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PROGRESSIVE FAILURE ANALYSIS OF HYBRID COMPOSITE
LAMINATES UNDER STATIC TENSILE LOADING
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Joint School of Nanoscience and Nanoengineering, North Carolina A&T State University,
2907 E. Lee Street, Greensboro, North Carolina 27401, USA

Abstract
During the past decade use of both carbon and fiberglass composites have increased in aerospace,
marine and automotive applications. One of the drawbacks of using carbon composites is that they are
strong in axial direction but weak in transverse direction and hence are susceptible to impact damage.
On the other hand fiberglass composites have excellent impact resistance, but typically less strength in
axial direction. Recently aerospace manufacturers have started using hybrid laminates, comprising of
both fiberglass and carbon materials. This paper presents the finite element modelling of the
progressive failure analysis of hybrid composite laminates. The progressive deformation and damage
mechanisms under static loading are investigated and compared with 3-D finite element progressive
failure analysis of hybrid laminates under static loading. The model predictions showed good
agreement with experimental data. The present modelling approach is computationally efficient and
provides an effective method for the design of the hybrid composites.
Key words: Finite element model, Hybrid composite, Progressive failure.
1. INTRODUCTION
During the past decade use of both carbon and fiberglass composites have increased dramatically in
aerospace, marine and automotive applications (Rice 2001, Fukushima 2009). One of the drawbacks
of using carbon composites is that they are very strong in axial direction but weak in transverse
direction and hence are susceptible to impact damage. On the other hand fiberglass composites have
excellent impact resistance, but typically less strength in axial direction (Li 2009, Chandra 1999).
Recently aerospace manufacturers have started using hybrid laminates, comprising of both fiberglass
and carbon materials (Artemenko 2008). One of the other drawbacks of use of composites is high
manufacturing cost. To overcome the high manufacturing cost, recently several manufacturers have
started using low cost vacuum assisted resin transfer molding process (VARTM) to fabricate
composite parts (Fu 2011). One of the difficulties involved with VARTM process is suitability of
epoxy resins for ambient temperature VARTM (O’Brien 2001). In particular when higher glass
transition temperatures are required (most of the aerospace components), the conventional VARTM
fails. Although it is possible to pursue a conventional VARTM inside an oven, it has limitations on the
size of the fabricated parts. An alternative H-VARTM© method, which uses a very low cost approach
to achieve the VARTM fabrication at elevated temperatures without use of an oven was employed for
the fabrication of these hybrid composites (Mall 2009). A combination of hybrid carbon and glass
fibers woven laminates in conjunction with high glass transition temperature resins demonstrates the
process. Mechanical properties of H-VARTM fabricated composite panels will be presented.
While the manufacturing can be achieved with the alternate process, the designs of stacking sequences
present significant challenges (Vanaja 2002). Computational modelling facilitates the analysis of
different stacking sequences towards developing an optimal design configuration (Pepyne 2000).
4
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Finite element methods is a strong tool which can be used in analysing elastic and dynamic properties,
thermal distributions, transient, wave propagation and magnetic fields (Kyriazoglou 2007). This paper
offers a finite element model which can be used for prediction of progressive failure analysis of hybrid
composites.
2. EXPERIMENTAL
2.1 Hybrid composite fabrication
2.1.1 Materials
The Epoxy resin Epon 862 and hardener DETDA were purchased from Miller Stephenson Chemical
Company Inc. and were used as per the manufacturer’s recommendation.
2.1.2 Fabrication process
Composite specimens were manufactured using the low cost technique known as Heated Vacuum
Assisted Resin Transfer Method (H-VARTM). H-VARTM uses vacuum to achieve a pressure
differential to flow resin across a fabric gradient. All composite laminates were manufactured using
this method. H-VARTM can be used in remote locations and does not require the use of an autoclave.
Three composite laminates were manufactured for this study. The glass laminate consisted of 4 plain
weave lamina. The carbon laminate consisted of 4 plain weave lamina. The hybrid laminate consisted
of 8 plain weave lamina. The stacking sequence of the hybrid is shown in Figure 1.a where four glass
lamina outlined the inner four carbon lamina.
A glass mold was used to generate a vacuum bag. The glass and carbon fabric sheets were placed into
the vacuum bg. Resin distribution media and release ply were installed. Vacuum was applied to the
bag to aid in wetting the fabric. Figure 1.b shows a completed bag with fabric sheets installed during a
vacuum loss test.

a

b

Fig 1. a) Stacking sequence of hybrid composite; b) Completed vacuumed bag of laid laminate.
Epon 862 and curing agent W were mixed with the ratio of 100:26.4 which recommened by
manufacturer. The mixture was hand stirred for 4 minutes followed by degassing at 70 °C for 30
minutes under a vaccum of 30 in Hg. The degassed resin was flown into the prepared vacuumed bag
and the composites were cured at 250 °F for 2 hours followed by another 2 hours postcuring at 300 °F.
Final composites were cut with water jet machine to the size of tension specimens. In order to obtain
5
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strain values during the tensile test, strain gages were applied to the specimens according to ASTM
E1237. In case of hybrid, specimens were notched before applying the strain gages (Fig. 2).
2.1.3 Fundamental properties evaluation
Speciments of glass, carbon and hybrid composites were tested for obtaining their tensile strength
using ASTM D3039/D3039M. An Instron test frame 3384 was utilized to apply the load to the
specimens and record the stress-strain curves.

a

c

b

Fig.2 Tension samples a) glass fiber, b) carbon fiber and c) hybrid composites.
2.2 Finite element model
The finite element model was built using Brick element and was analyzed using ANSYS 14.0. The
model shown in Figure 2 which contains 71,672 nodes and 64,384 elements. Table 1 shows the
geometrical parametyers of the model and comparison with samples made using H-VARTM
technique. The model consists of 8 layers including 2 layers of glass fibers followed by 4 layers of
carbon fiber and another 2 layers of glass fibers, where each of these are divided into 2 sublayers; one
reperesenting the fibers longtitual properties and another one for transversal properies of fibers.
Therefore there are a total of 16 sublayers in the numerical model. This model is built based on the
actual configuration of woven fabric (Fig. 4) where half of the tows going from left to right (weft) and
the other half going from bottom to top (warp); therefore at each point in one layer, two yarns are
presented (one weft and one warp). In order to create the same structure, each layer in the numerical
model is divided into two sublayers repesenting weft and warp. Weft and warp of glass and carbon are
shown in different colors where each layer is made from stacking sublayer 1 and sublayer 2 (Fig. 5).
Table 1. Geometry description of model and experiment samples (Unit: inch).
GLASS

CARBON

HYBRID

MODEL

EXPERIMENT

MODEL

EXPERIMENT

MODEL

EXPERIMENT

LENGTH

6.9972

7

6.9972

7

6.9972

7

THICKNESS

0.0487

0.0487

0.038

0.038

0.0835

0.0835

WIDTH

0.4998

0.4995

0.4998

0.4982

0.9996

0.9972

0.25

0.25

HOLE
DIAMETER
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The input values of Young’s modulus and poisson ratio and shear modulus were obtained by
performing experiments on two different composite systems, one made out of 4 layers of glass fiber
and 862 epoxy resin and the other with 4 layers of carbon fiber in the same matrix. The experimentally
obtained properties were then used in conjuction with simplified micromechanics equations to predict
all the three dimensional propertoies including tensile modulii, poisson’s ratios and shear modulii and
are given in Table 2. In addition experimental results for the failure strengths were used to determine
the onset of failure in hybrid laminates. The failure stress of glass and carbon in 90 degrees was
considered to be equal to failure stress of matrix itself (Epoxy 862) since the fibers do not have
compatable strength in 90 degree. In order to verify the mechanical criteria used in the hybrid model, a
model of glass and carbon composite were built and the progressive failure behavior of models and
experiment were compared (data not shown). Figure 3. shows a schematic of the finite element model.
Warp and weft elements were stacked on each other to build the necessary thickness of the hybrid
laminate. A single lamina consists of 2 layers in the numerical model. Warp and weft elements were
alternated longitudinally as well as laterally. This system was followed throughout in order to build the
complete finited element model.

Fig.3 Finite element model of notched hybrid composite.
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Warp
Weft

Fig.4 Schematic of component in woven fabric (Peled et. al., 1998).
Weft

a

Warp

b

Weft

c

Warp

d

Fig.5 Finite Element Model of sublayers: a) glass sublayer 1, b) glass sublayer 2, c) carbon sublayer 1,
d) carbon sublayer 2.
The model was built on the assumptions that the effects of undulations are negligible and the laminate
can be fully represented using 3-D mosaic elements. Once the finite element model was complete,
model was subjected to appropriate boundary conditions.
Table 2. Mechnaical criteria used in Finite Element Model (Unit: Msi).
GLASS

CARBON

0 DEGREE

90 DEGREE

0 DEGREE

90 DEGREE

FAILURE STRESS
E1

0.06
4.73

0.009
1.03

0.18
12.4

0.009
0.873

E2

1.03

4.73

0.873

12.4

E3

1.03

1.03

0.873

0.873

G12

0.448

0.448

0.351

0.351

G23

0.574

0.448

0.437

0.351

8

G13

0.448

0.574

0.351

0.437

PR12

0.28

0.06

0.34

0.02

PR23

0.43

0.28

0.46

0.34

PR13

0.28

0.43

0.34

0.46
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2.2.1 Progressive failure analysis
In order to study the hybrid laminate behaviour under tensile loading, one end of the model was fixed
in all three dimensions while a displacemnet of 0.01 in X direction (increment of 0.01) was applied to
the other end. After each load step, the maximum stress in all four types of laminas and reaction forces
at nodes where displacements were applied were calculated. Those elements for which assigned failure
criteria have satisfied, were not used for load transmission. This was achieved by lowering the
modulus of the failed elements to essentially zero. This method prevents load transmission through the
failed elements simulated as if the element is no longer capable of carrying further load.
3. RESULTS AND DISCUSSION
3.1 Mechanical properties of glass, carbon and notched hybrid composites
Three types of composites were made and were tested to obtain their mechnaical proeprties: glass
composite (4 layers of E-glass fabric in Epoxy 862 matrix), carbon composite (4 layers of AS4 carbon
fabric in Epoxy 862 matrix) and hybrid composite (2 L of G + 4 L of C + 2 L of G in Epoxy 862).
Figure 6 presents the experimental data which shows that the strength of 91.6 Ksi for carbon
laminates, 25.7 Ksi for glass glass laminates and 34.16 Ksi for hybrid laminates. This result indicate
an increase of 33% in mechanical strength of glass composite by adding carbon layers.

Modulus (Ksi)

Tensile stress at Maximum Load (Ksi)

8000

100
80
60
40
20
0

6000
4000
2000
0
G

C

H

G

C

H

Fig.6 Young’s modulus and tensile strength of glass (G), carbon (C) and hybrid (H) composites.
3.2 Finite Element Model data
Three dimensional finite element model was used for the prediction of notched hybrid composite. The
load was applied in the form of displacements (increment of 0.01 inches to one end while the other
end was fixed) and at each step, elements which have exceeded their failure strength were removed
from load carrying capability. Figures 7 and 8 show the failed elements after applying different
displacements (pink elemts are the one which have failed).
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a

b

c

d

Fig.7 Failed elements at different tensile displacements: a) 0.02”, b) 0.03”, c) 0.04” and d) 0.05”
Table 3 shows the number and attribute of failed elemets at each load step. The total number of failed
elemets are 6,876 from which 74% are glass weft (glass in 90 degree), 20% are carbon weft (carbon in
90 degree) and the rest are warp of glass and carbon. The failure starts around the hole and among the
glass wefts and expands in 45 degree plane (shear plane). This behaviour was expected since a
unidirectioal load is applied to the model where yarn align with the load holds huge portion of the
stress while yarn in 90 degree is weak and cannot hold large stress which results in its failure.

10
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Fig.8 Failed elements at 0.06 in displacement (complete failure of the hybrid laminate).

Table 3. Failed elemets number and attribute.
Glass
Extension

0 degree

90 degree

0 degree

90 degree

0.01

-

-

-

-

0.02

-

8

-

4

0.03

8

24

-

12

0.04

8

52

8

40

0.05

40

696

24

132

0.06

252

4304

100

1164

Total

308

5084

132

1352

%

4.48

73.94

1.92

19.66

(in)
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3.3 Comparison of model prediction and experiments
Table 4 shows the obtained mechanical data from the model and experiments. The model predicts a
maximum load of 3170 lb which was 12% higher than the experimental load of 2824 lb. This
difference was also observed in maximum stress values. The values of extension and maximum strain
are closer with only 7% difference. These data indicates that the finite element model behaves slightly
stiffer than the actual fabricated composites. This was expected since the finite element model is
asuumes no presence of defects while the fabricated composites typically have defects like voids, tow
distortion and micro-delaminations.
Table 4. Comparison of mechanical proeprties predicted by model and obtained from experiment.
MODEL

EXPERIMENT

DEVIATION %

MAXIMUM LOAD (LB)

3170

2824

12.25

MAXIMUM EXTENSION (IN.)

0.06

0.056

7.14

MAXIMUM STRESS (PSI)

37979.26

33913.62

11.98

MAXIMUM STRAIN

0.008575

0.008

7.18

Figure 9 shows a load verses extension of hybrid composite and its model. It is obvious that except a
slight error in obtaining maximum load (12%) and maximum extension (7%), the model is able to
predict the progressive failure behaviour of the hybrid composite. Most notable is how well the
numerical model followes the experimental load-extension trace. In this regard, the numerical model
fits very well.
3000

Load (lb)

2500
2000
1500

Experiment
Model

1000
500
0
0

0.02

0.04
Extension (in)

0.06

Fig.9 Experimental and Analytical Comparison of Load vs. Displacement
4. CONCLUSIONS
A three dimensional finite element was developed to predict progressive failures in hybrid composite
12
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laminates. The finite element model accurately predicts the mechanical behaviour under static tensile
loading and also provides a good estimation of failure strength (12% deviation) and strain (7%
deviation). The potential of this model has far reaching implications due to the hybrid configuration,
which is likely to have many structural applications including aerospace, automotive and alternate
energy such as wind turbine blades. Given the high costs of today’s composite material and the ultra
high costs of test equipment and testing, the present finite element model offers a reasonable
alternative in designing and fabricating innovative hybrid composite materials.
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USE OF HIGH PRESSURES AND HIGH TEMPERATURES IN PRODUCTION OF
YTTERBIA-BASED CERAMIC RADIATION SOURCES FOR BRACHYTHERAPY
Alexander A. Antanovich1, Vadim V. Brazhkin1, Igor P. Zibrov1, Vladimir P. Filonenko1,
Sergei V. Akulinichev2, Vasily I. Derzhiev3
1

Vereshchagin Institute for High Pressure Physics, Russian Academy of Sciences,
142190, Moscow, Troitsk, Russia

2

Institute for Nuclear Research, Russian Academy of Sciences, 142190, Moscow, Troitsk, Russia
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Ltd “Deliz”, 141400, Moscow region, Khimki, Russia

Abstract
Method and apparatus for sintering ceramics of high density of ytterbium oxide for use in
brachytherapy are suggested
Keywords: high-dose-rate brachytherapy, ytterbia-based ceramic, high pressure
1. INTRODUCTION
High-dose-rate brachytherapy (HDRB) is a modern method for treatment of oncological diseases,
when an ionizing radiation source is inserted directly into a tumor through a catheter and removed
after the end of the treatment session, thus substantially reducing irradiation of the normal tissues and
organs in the patient. Usually, Iridium-192 (Ir-192) is used for HDRB as a radiation source in the form
of metal wire with the diameter 0.6 mm and the length 3.0 mm. A new, more effective radionuclide
Ytterbium-169 (Yb-169) is currently researched as a possible replacement of Iridium-192 in the
HDRB technology. Yb-169 is generated by irradiation of a target containing Ytterbium-168 (Yb-168)
isotope by neutrons in the core of a nuclear reactor. Since metallic samples with Yb-168 are not
available yet, it has been proposed to produce radiation sources from a ceramics based on ytterbia
(Yb2O3) powder enriched with Yb-168 isotope. Taking into account that Yb-168 enrichment in
ytterbia powder can be up to 40% now, it is necessary to develop the ceramics with the highest
possible density to achieve its high specific activity. At atmospheric pressure, Yb 2O3 has cubic
structure with the density of 9.2 g/cm3. In available works on the production of ceramics from Yb 2O3
(Powell B.R. et al., 1971; Son K.J.et al. 2006), powders of this oxide were initially formed at relatively
high pressures, and then sintered at high temperatures. In the first work, the forming pressure was 0.35
GPa, and the maximum density of the ceramics (8.7 g/cm3) was achieved by 30-minutes sintering of
the formed sample at 2200o C. In the second work, the forming pressure was approximately 1.3 GPa,
and the sintering was performed at 1150 o C for 3 hours. Sintered samples were cylinder-shaped with
the diameter of 1 mm and the length of 1 mm. Their density was only 6.0 g/cm3, too low to allow their
effective usage in the HDRB technology.
The article describes an alternative method for production of small-size high density ceramic samples
from Yb2O3 powder by its sintering at high pressures.

14
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2. METHOD, EQUIPMENT, AND RESULTS
First, initial ytterbia powder with cubic structure is formed in a metal mold at the pressure of 0.1-0.5
GPa without addition of any plasticity agents. Internal diameter of the molds is selected depending on
the objectives of the experiment. A mold with the internal diameter of 3 mm was used for
development of the ytterbia sintering technology, a mold with the internal diameter of 1 mm was used
for improvement of the sintering technology and determination of the sample shrinkage, and a mold
with the internal diameter of 0.8 mm was used to produce deliverable samples. Fig. 1 shows a photo of
the mold with the internal diameter of 0.8 mm consisting of a matrix and two dies. The upper surface
of the matrix is spherical to facilitate pouring fine powder into its hole. The matrix is made of a hard
alloy, and the dies are made of a special hardened steel.

Fig. 1
Next, the sample formed undergoes thermobaric treatment in a toroid-type high pressure chamber
(Khvostantsev L.G.,. Vereshchagin L.F,. Novikov A.P., 1977) with the 15-mm diameter of its central
impression. Lithographic stone container with the reaction cell is placed between two profiled hardface anvils of the high-pressure chamber. One of the two anvils of the high-pressure chamber and
lithographic stone containers used in the experiments are shown on Fig. 2.

15
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Fig. 2
Fig. 3 shows arrangement of the reaction cell for the chamber used for Y2O3 sintering. Lithographic
stone container (1) with the internal hole with the diameter of 7 mm and graphite heaters (4) with the
inner diameter of 5 mm is lathed on a lathe. End heaters made from the mixture of hexagonal graphite
and hexagonal boron nitride with the weight ratio 1:1, tablets of hexagonal boron nitride powder (3),
and the tablet (5), which consists of either hexagonal boron nitride powder or the mixture of hexagonal
boron nitride powder and sodium chloride powder (with the weight ratio 1:1), are pressed in specially
manufactured standard molds. Tablet 5 is used as a medium transferring the pressure to sample.

Fig. 3

16
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The above-mentioned mixture of powders for this tablet is selected to facilitate extraction of the
sample after its thermobaric treatment. After its extraction from the reaction cell, the tablet with the
sample is submerged into hot water and, after a short period of time, it dissolves completely, releasing
the sample.
The sample is oriented horizontally in the tablet (to reduce the effects of the thermal gradient). To
achieve that, a horizontal hole is drilled in the middle section of the tablet with the diameter equal to
the sample diameter. Fig. 4 shows a photo of one of such tablets.

Fig. 4
Our experiments were performed in a 2000 t press. Fig. 5 shows a photo of the working area of the
press. Prior to the experiments, high-pressure chambers were calibrated vs. pressure (by using phase
transitions in Bismuth) and vs. temperature (by measuring melting temperatures of reference metals
with a chromel-alumel thermocouple).
The high pressure sintering technology was tested using the samples formed in a mold with the
diameter 3 mm. Fig. 6 shows a photo of two sintered samples formed in this mold.

17
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Fig. 5

Fig. 6
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The next series of experiments aimed at the improvement of the sinteing technology was performed on
the samples formed in the molds with the diameter of 1.0 mm or 0.8 mm. A photo of one of these
sintered samples (formed in the mold with the diameter of 1.0 mm) is provided on Fig. 7.

Fig. 7
Usage of high pressures in the sintering process is advantageous because it also allows to produce
ytterbia modification with the monoclinic structure (Hoekstra H.R., Gingerich K.A., 1964; Hoekstra
H.R., 1966; Herman V.N., Podurets A.M., Tarasova L.F., 1982) with the density 10.04 g/cm3, whereas
its original modification with cubic structure is 10% more light (9.247 g/cm3).
Fig. 8 contains a reprint of 1000o C isotherm for rare-earth oxides from the work (Hoekstra H.R.,
1966) , which clearly demonstrates that ytterbia converts from the cubic phase ( ) into the monoclinic
phase ( ) at this temperature at pressures >3 GPa.
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Fig. 8
Sintered samples with cubic structure had light color, whereas sintered samples with the more dense
monoclinic structure had dark color.
To evaluate the samples after the thermobaric treatment, we measured their density by means of
hydrostatic weighing, determined their phase composition by means of X-ray techniques, and analyzed
crystalline particle sizes and presence of impurities by means of SEM.
Three examples of ytterbia ceramics production at high pressures are provided below.
Example 1.
A cylinder-shaped sample with the diameter of 1 mm and the length of 2.0 mm was formed from
ytterbia powder in a metal mold at 0.5 GPa. The sample was placed into a graphite pot with a cover
filled with hexagonal boron nitride, and was annealed in a resistance furnace at 400 o C for 2 hours.
After the annealing, the pot containing a tablet of ytterbia was placed in a lithographic stone container,
and underwent thermobaric treatment in a high pressure chamber at 4.0 GPa and 1100 o C for 60
seconds. The speed of its heating was 50o C/s, and the speed of its cooling was 100o C/s. After the
thermobaric treatment, the density of the sample was 9.1 g/cm3; its phase composition was 100% of
the cubic phase; the color of the sample was light; the size of its crystalline particles was up to 20 m
(Fig. 9).
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Photo of the sample

Microstructure of the sample

Diffraction pattern

Fig. 9
Example 2.
A sample was prepared for thermobaric treatment by the same method as described in Example 1.
The treatment was performed at 8.0 GPa and 1200o C for 15 seconds, with the heating speed 20o C/s,
and the cooling speed 100o C/s. After the thermobaric treatment, the density of the sample was 9.4
g/cm3; its phase composition was 60% of the monoclinic phase + 40% of the cubic phase; the color of
the sample was grey; the size of its crystalline particles was up to 5 m.
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Example 3.
A sample was prepared for thermobaric treatment by the same method as described in Example 1.
The treatment was performed at 8.0 GPa and 1000o C for 5 seconds, with the heating speed 100o C/s,
and the cooling speed 100o C/s. After the thermobaric treatment, the density of the sample was 10.0
g/cm3; its phase composition was 100% of the monoclinic phase; the color of the sample was black;
the size of its crystalline particles was 0.05-0.15 m (Fig. 10).

Microstructure of the sample

Photo of the sample

Diffraction pattern

Fig. 10
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3. CONCLUSION
We demonstrated viability of the high pressure method for production of high-density ceramics from
ytterbia.
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PATH SEARCH ON STAIRS AUTONOMIC MOBILE ROBOT MOVING
INSIDE A BUILDING
Arnas Papsys
Kaunas University of Technology, K. Donelaicio g. 73, LT-44029, Lithuania

Abstract
When autonomic mobile robot works inside a many-storeyed building, it contacts with computer by
airwaves. Computer processes visual information obtained from robot’s video camera and according
to this information controls the robot. Passing from one floor to another is performed through the
floors connecting stairs. Without possibility to orientate on the stairs mobile robot may choose wrong
path or bad position of movement in regard to a stair and fell down from the staircase. In the study we
are using a mobile robot equipped with the video camera and light source. The robot is orienting
according to bars of rays on the staircase construction, determining beginning and end of the stairs
and extrinsical object. A view fixed by video camera is processed using Canny and Hough
transformation synthesis. Activate form allows orientation on the stairs at any time of day, even with
given textural impurity of the stairs when contours of the stairs are blurring into general textural
entirety.
Key words : autonomic mobile robot, computer vision, stairs, structured light.
1. INTRODUCTION
The main systems of orientation are technical and computer visions that are used by autonomic mobile
robots (AMR) or autonomic mobile movement platforms. Both have advantages and disadvantages. It
could be stated that computer vision (when all information is transferred to computer or computers
network) processes, analyzes and formulates control commands and sends them back to AMR.
Theoretically it has unlimited power and program resource. A negative aspect of this system is
security of quality of information obtained and transferred. In technical vision all information is
processed by AMR itself, but this depletes its limited power resource. However both are used for
AMR control. Orientation in the environment is possible by using features of objects when they are
available. It is efficient to use a video camera with help of which a view of environment is being
accepted and a known object is being detected on it [1] in accordance to position of which AMR is
able to orient. In search of objects’ features or determination of movement path, good result can be
obtained by using synthesis of two sources of environment observation, video camera and laser
scanner [7]. For environment scanning and object detection it is popular to use a stereo vision for
which two spot lasers are used, one for horizontal plane and another for vertical. With this system the
stairs are being recognized according to the length of vertical lines, in other words according to the
possible stairway length that can be 12-25 cm [8]. Stereo vision is used in autonomic movement
platform by using two video cameras for recognition of stairs and steps detecting their contours and
separating line of Hough transformation [6]. Also one linear laser was used for recognition of stairs,
which forms vertical lines according to the form of the stairs where algorithm of Douglas-Peucker is
used for processing of visual information, that is, for detection of key spots. There are processed both
visible lines of stairway and riser [4]. Features of the stairs are detected by using one video camera, the
view is analyzed using expanded filter of Kalman [9], where laser scanner serves as additional channel
to get information on the object [3,13]. Sufficient light present in the view obtained, for recognition of
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video camera lines Otsu method and Hough transformation are used [5]. AMR moving towards set
direction can determine that it is moving on stairs according to the data of sensor of inner position that
is tracing intervals of position change of particular time-span [14,12]. This variant can detect the fact
of stairs presence with help of laser ray directed down according to the front of platform and forming
its reflection from moving plane, and evaluating change of distance as beginning of new stair [2]. This
method is suitable for orientation of AMR position on the stairs according to side wall as well [11].
Big influence in stairs recognition and orientation during movement has the height video camera and
laser are mounted, instantaneous amount of stairs detected and distinguishing from possibly detected
step depends on this [10].
The goal of the research: According to the stairs’ features to determine a path of movement on the
stairs and obstacles on it.
The research method: Geometrical modeling, Canny, principles of Machalabo, Hough
transformation.

Last

e

h

stair
Simple
stair
First
stair

H

Fig. 1. Stairs’ scheme, e – width of stair, h- height of riser
2. CREATION OF GEOMETRICAL MODEL OF STRUCTURAL LIGHT BAR ON THE
STAIRS CONSTRUCTION
In this case we will perform geometrical modeling in striving to determine a change of form of
structured light (SL) bar in accordance to the stairs’ geometrical form.
We have three sections in Fig. 2, V1, V2, H in common case:
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V1 and V2 are parallel to each other:
(4)

k 2.

where k is direction coefficient.
H is straight to them:
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and divides them in twain.
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Distance between V1 and V2 equals S:
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Fig. 2. Bars of SL source on smooth surface
Fig. 2 presents red color bars SL source on smooth surface. As seen from the picture, it is composed of
three sections, two of which are parallel to each other (vertical), and one (horizontal) is perpendicular
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to them. Geometrical model of the stairs is created by using Matlab software in accordance to the
measurements of real stairs in proportion M 1:10. Geometrical model consists of three stages shown in
Fig. 4, which are sufficient for analysis of form of structured light bar. Lets assume that SL source is
in front of the staircase construction and is canted so that centers of intersection of horizontal SL bar H
and verticals V1,V2 , among which is section S, is on the second riser. Horizontal bar H is formed on a
smooth plane and takes full length of stair construction. This is a formed section the length of which
is:

H

xn

1

xn

2

yn

yn

1

2

( zn

1

zn )2 ;

(9)

Vertical bars of SL source V1 and V2 are transforming into multi-refractional straights in accordance to
the form of the stairs construction in the place where they have a contact to stairs construction surface,
which means they are composed of the sections that have a consistent interrelationship and their length
depends on measurement of stairways and risers. Measurements en, hn are calculated from the
equations:
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n

Fig. 3. Evaluation of stair angle in accordance to 2 known distances (fragment of multi-refractional
straight Vn)
According to the calculated lengths of sections we can calculate what is the angle composed of vertical
sections interconnected on the point [13]. This shows a presence of stair if there is angle between
two sections which, in theoretical aspect, should be straight, which means, it makes 90o between two
interconnected sections V1 and V2 in the bars of multi-refractional straight. Angle n is calculated
according to the theorem of the straight triangle:

n

27

a tan( hn en 1 ) a tan(

1
en ) 180;
hn

Published by Info Invest, Bulgaria, www.sciencebg.net

(12)

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net

V1

V2

S
5
4

Z

3
2
1
0
15
10
Y

5
0

2

0

6

4

10

8

X

Fig. 4. Geometrical stairs model M 1:10 with structured light bars in common case
In evaluation of transformation of forms of V1 and V2 of SL bars into multi-refractional straights and
horizontal continuous bar H and its constituent section S, obtained from Fig. 4, the features in
searching movement path on stairs are tangible really enough. Therefore it is purposeful to perform
practical experiments on real stairs, summing up that AMR has to move not only upstairs bus
downstairs as well.
2.1. Streamlined algorithm of path search on the stairs
Formation of
position change
commands

Beginning

Recognition of the
first stair
Determination of
movement path
side edges

End
Yes

Yes
Passing
the
obstacle

No

No more
stairs

Passing the obstacle

Yes
Determination of
stairs number

Obstacle
detected

No

Movement towards
primary stair

Checking of
movement path

Formation of
commands for
movement on the
stairs

Fig. 5. Streamlined algorithm of path search on the stairs
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Recognition of a primary stair proceeds in accordance to the changes of form of vertical V1 and V2.
Changes between V1 and V2 have to be symmetrical and corresponding features of stairs. Features of
stairs depend on direction of AMR movement which is shown in views of Fig. 7 b,c and Fig. 9 a,b.
This condition and features show that path of AMR will go through the stairs in safe distance from the
sides of the construction. Number of stairs is detected from the side multi-refractional straights.
Horizontal section S between two vertical bars that are fragments V1 and V2 , shows that there is no
obstacle or stair defect between them. When obstacle is present, section S between two verticals has
interruption and that would be a feature that there is an obstacle on the path through the stairs. In
accordance to the size of the obstacle, AMR decides if it is needed to look for another path by making
a circuit of the obstacle or to go over the obstacle without any change of the movement path.
3. PRACTICAL EXPERIMENT OF PATH SEARCH ON THE STAIRS
Path search on the stairs is performed in accordance to the form of SL bar. In this particular case, SL
bar should show up geometrical features of stairs. During the practical experiment there were used a
source of red color SL, which means rays of 650 nm length, and video camera. This device of
environment scanning has a possibility of vertical movement and is mounted at the front of AMR.

a)

b)

c)

Fig. 6. Search for AMR movement path upstairs: a,b,c fragments of path scanning stages
As expected the light of SL gave a visually tangible effect, which can be processed by software and
allows performance of calculations required. As seen from the traced view in Fig. 6, in order to find
orientation features of the path as simple as possible, it is purposeful to binarize a view available and
to perform a set of view improvement procedures and eliminate objects that form irrelevant
information from the view theretofore. In this particular case we are interested in form of SL bar only.
In order to distinguish it from the common ground we are performing segmentation in the traced view
of red color by using principle of Machalabo. After segmentation of red color SL bar we filtrated its
corona, by using method of Canny contour exclusion. The rest ground was made black and segmented
SL bar is binarized, and we find the sections in the view by using Hough transformation. View
processing performed by using Matlab software functions combinations is shown in Fig. 7.
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a)

b)

c)

Fig. 7. Filtrated and binarized view of Fig. 6
Analyzing section S, in variants a, b and c of Fig. 7 it is seen that it has no interruptions, which means
there are no obstacles in the area of its connection with the surface and the surface is smooth.
According to its perimeter area, AMR can move upstairs. Vertical straights V1 and V2, in Fig. 7 variant
a are straight which means they are on the smooth plane, in variants b and c it transforms into multirefractional straights that consist of sections having consistent interrelation as en and hn in Fig. 3,
where two neighboring sections constitutive of multi-refractional straight V1 or V2 are forming straight
angle n.
When AMR needs to find path downstairs

bar‘s
corona

a)

b)

Fig. 8. Search of AMR movement path downstairs: a,b fragments of path scanning stages
Procedures of processing of video information are analogous as in determining the path upstairs.
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a)

b)

Fig. 9. Filtrated and binarized view of Fig. 8
Features of path for movement downstairs are transformations of forms of the straights V1 and V2 to
the sequence of sections having vectoral direction, where in common entirety with H they have
features of pyramid form. Inner section of the straight H, like earlier, shows throughput of AMR
movement path, with no interruptions, which means that there are no obstacles in its area of
connection with the surface and the surface is smooth. According to its perimeter radius AMR can
move downstairs.
Tracing of extrisinsic object on the path of AMR movement on the stairs

a)

b)

Fig. 10. Checking of path throughput for AMR movement on the stairs: a –extrisinsic object found
upstairs, b- extrisinsic object found downstairs, fragments of scanning stages
During the experiment an extrisinsic object was placed to make an obstacle on the path of AMR
movement which was scanned while checking path throughput. In the Fig. 10, there are interruptions
of section S seen visually.
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a)

b)

Fig. 11. Filtrated and binarized view of Picture
View processing procedures for Fig. 11 are analogous to that of determining path upstairs or
downstairs. But in this case horizontal section S, with help of which the path throughput of AMR is
checked, has interruptions that show presence of the obstacle on the stairs. As indicated in Fig. 7 and 9
when there are no obstacle on the path of AMR, S is solid. According to the number of interruptions in
section S it is possible, in theoretical aspect, to determine a number of obstacles present on the path,
and according to the beginning (X0,Y0,Z0) and the end (X1,Y1,Z1) of interruption height in the
coordinates it is possible to determine a size of the obstacle. Obstacle’s height is important to AMR
while making decision if to make a circuit by searching for new path on stairs or its technical
possibilities allow going over the obstacle with regard to power input.
CONCLUSIONS
After performance of the practical experiment it was determined that theoretical transformation of
structured light bars form in accordance to the model of stair construction when AMR is moving
upstairs, inaccuracy of stair sections intersection angle makes 10,7% assuming that in case of
theoretical modeling it is perfectly straight. Performed experiments showed that features of boundaries
of movement path are directly depending on direction of AMR movement. It was noticed during the
experiment that in determination of path stairs construction according to the form of structured light
bars is very important quality on which accuracy of identification of path orientation features,
selection of movement position and formation of teams depend. This method is suitable for
determination of movement path on rough and smooth surface as well. However this method of
movement path searching has a disadvantage. Working environment of AMR has to be light
conductive. This disadvantage could be eliminated using additional ultrasonic sensors.
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INFLUENCE OF THE FILLER TYPES ON MECHANICAL PROPERTIES
OF A HETEROGENEOUS MATERIAL
Artem . Filippov, Tatiana . Brusentseva
Khristianovich Institute of Theoretical and Applied Mechanics, Siberian Branch of the Russian
Academy of Sciences, Novosibirsk, Russia

Abstract
As a subject of research was chosen the epoxy resin Primer-204 as a matrix and different types of
dioxide silica nanopowder «Aerosil» with various average size and specific surface area of particles.
With increase of the concentration the Young modulus of heterogeneous material increases. So at a
volume concentration of 0.5% increase in Young's modulus of a mixture of powders A-200 and A-300,
A-380 was 4.4%, 3.8% and 2.3% respectively. For the effect of the size epoxy filler concentrations up
to 1% have been identified due to small differences in the values of variables. The mathematical model
of the two-phased heterogeneous mixture was constructed and the equations expressing the Young
module of a mixture from mechanical characteristics and volume concentration of components were
obtained, according to hypotheses of equality of stress and strain. Prediction of the Young module of a
heterogeneous material based on epoxy resin with filler is possible by means of the received
mathematical model of identical stresses up to this volume concentration.
Key words: Nanocomposite; Polymer matrix composites; mechanical properties.
1. INTRODUCTION
When a need in a material with a new combination of properties arises, it is not always that new
polymers should be synthesized and their production, launched, because this way is very long,
complicated, costly, and not necessarily leading to a success. Physical modification of already
available polymers with other substances, whose function is to add mechanical strength to the
modified material and make it less costly and possessing a special combination of filler-defined
properties, offers an alternative strategy in solving the problem. It is therefore not surprising that, in
recent years, in polymer science synthesis of polymer composite materials (PCMs) has become an
urgent matter. Development of scientific background for obtaining such composite materials has
allowed a substantial widening of PCM application area achieved using commercially available
engineering polymers.
Thus, a promising strategy in synthesis of PCMs consists in obtaining, in some process sequence, a
desired combination of two dissimilar phases, a filler and a matrix. Here, a number of additional
factors involved in the interaction of polymer and filler molecules need to be taken into account:
The presence of a polymer layer with a lower mobility. Part of polymer molecules gets adsorbed on
the filler solid surface to become immobile. This immobility spreads to some distance over the length
of macromolecule thus decreasing its mobility. The closer the adsorbed- macromolecule segment of
interest lies to the point of macromolecule attachment to the filler surface, the smaller is the total
number of the degrees of freedom this segment possesses.
The elastic modulus and the hardness of filler particles are usually much greater than the elastic
modulus and the hardness of typical polymers; so, fillers normally cannot withstand without fracture
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large deformations like those withstood by polymers. Of course, substitution of part of polymer
volume with hard particles reduces the capability of the whole composition to withstand deformations.
The filler particles hamper the growth of microcracks in the composite materials at particle sizes being
smaller than some critical size. During deformation of the composite material, the particles act as
sources of defects and cracks generated in the polymer. The width of cracks and the size of
delaminated material fragments both vary in proportion to the size of disperse particles. If the particle
size is smaller than some critical value, then the material suffers no fracture. Simultaneously, polymer
delamination from the filler and microcrack formation require consumption of some energy applied to
the sample. As a result of the dissipation of energy in the composition volume, the mechanical strength
of the composite increases. If the size of filler particles is greater than the critical size, then
introduction of such a filler into the polymer leads to generation of large cracks, thus causing a
material fracture at lower loads as compared to the case of a material without filler.
The purpose of the present study was to obtain an experimental and theoretical dependence of PCM
mechanical properties on the characteristic size of filler particles and filler concentration.
The object of the present study was Primer-204 epoxy resin modified with Aerosil silicon dioxide
nanopowders.
In preparation of structural PCMs, the main purpose of the filling procedure is normally obtaining a
reinforced polymer material with improved mechanical properties. The improvement is normally
achieved through introduction of an additive with a high elastic modulus and a high ultimate strength.
2. MATERIALS AND PROCESSES
As the binder in the prepared mixture, Primer-204 epoxy resin was used. The epoxy resin was chosen
as a two-component compound that could be filled with filler particles; this compound is often used as
a composition suitable for producing self-leveling floors. The characteristics of Primer-204 epoxy
resin are listed in Table 1.
Table 1. Description of the matrix
Composition

Modified epoxy resin,
polyamine hardener, special additives

Density of mixture (at +20°C)

1.10 kg/l (according to State Standard
28513)

Viscosity of mixture

610 mPa*s
(right after mixing (at +25°C))
410 mPa*s
(following
+30°C))

30

min

(self-heating

700 mPa*s
(following 1 hour (strong self-heating))
Adhesive strength

not less than 2.5 N/mm2

Elasticity modulus according to State Standard
11262-80

750±50 mPa

Tensile strength according to State Standard 1126280

25±5 mPa
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Aerosil silicon dioxide powders, presenting reinforcement components, were used as fillers for the
polymer material. Some characteristics of the powders are indicated in Table 2.
Table 2. Description of the filler
-200

-300

-380

Specific surface area, m2/g

200±25

300±30

380±30

Mean particle size, nm

13

9

7

SiO2 content, %

>99.8

>99.8

>99.8

Surface

hydrophilic

hydrophilic

hydrophilic

To epoxy resin, an Aerosil was added, and the resulting mixture was given an agitation treatment
performed with the help of an ultrasonic disperser and lasting for five minutes. As a result, the mixture
was heated to 60 ° and became homogeneous. The mass concentration of powders in the prepared
mixtures was varied from 0 to 2 % at 0.2-% step. After cooling to room temperature, the epoxy resin
containing a nanopowder was mixed together with amine hardener to be subsequently poured into
moulds and put to tensile tests performed according to State Standard 11262-80. Following 24 hours,
the samples were withdrawn from the moulds, and the top portion of each sample was removed by
grinding. The specimens thus obtained were put to tensile tests performed at a fixed rate of
deformation of 5 mm/min. As a result, curves of stress versus strain could be plotted, and the Young
modulus and the ultimate stress of the mixture could be determined.
3. THEORETICAL TREATMENT
Equilibrium equations for the composite under uniaxial loading
To obtain the dependence of the elasticity moduli and Lame coefficients on the concentration for a
multi-phase medium, we consider some volume
occupied by a two-component heterogeneous
material. Apparently, the volumes occupied by the two mixture components will sum to the volume of
the whole mixture,
2.

1

c1 =

1

We introduce the volume concentrations

; c2 =

2

ci :

; c1 c 2 1

Then, for each of the materials the volume density can be represented as
where

0
11

and

0
22

are the fixed densities of each of the components.

We express the strains in terms of displacements for the first component:
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In tensor notation, we have:
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Similarly, for the other component we obtain
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If all components in the material are isotropic, then the Hooke law can be written for each component
1
ij

as
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, where µ is the shear modulus, and

Lame constant.
We assume that the strains in each component are identical:
(1)
ij

(2)
ij

Then, we obtain an equation system
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We substitute the last two equations into the second equation:
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The resultant multi-component mixture should be isotropic and, hence, the Hooke law, i.e. the
dependence of stress on strain, should have the form
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Using the hypothesis of identical strains (the third equation in the system), we obtain:
1 1

2 2

1 1

2

.

2

In terms of Lame constants, the Young modulus of an isotropic material can be written as

(3

E

2 )

.

Then, for the heterogeneous mixture formed by three components we have:

(3

E

(
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1 1
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The obtained formula can be used to represent the Young modulus as a function of volume
concentrations involving Lame coefficients. The system of equilibrium equations can be solved using
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(1)
ij

the hypothesis of identical stresses,

(2)
ij .

The strains will be different in the three materials;

yet, on introduction of the mean value, we obtain:
0
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The system can be conveniently solved using the converse Hooke law (dependence of stain on stress)
for each of the components:
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Then, the system with identical stresses will look as
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As the result of these equations, the Young modulus can be written as
1
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The derived formulas reproduce the Voigt and Reuss dependences. It is not surprising since the
adopted assumptions of identical strains or displacements reproduced respectively the Voigt and
Reuss hypotheses. In fact, here we have another derivation of the expression for the mechanical
characteristics of mixture in terms of filler volume concentration. Plots of derived dependences are
shown in fig. 1.
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E2

identical strains
identical stresses

E1
0

0.2

0.4
0.6
filler conent

0.8

1

Fig. 1. Young's modulus of the filler concentration
Dependences are lines describing the change in Young's modulus of the mixture when the
concentration of the components. If the modulus of elasticity E2 >> E1, change is a monotonic
increase of mixture modulus from E1 to E2 from 0 to 100%. It can be seen that the hypothesis of
equality of deformation gives higher estimates of the Young's modulus of the mixture.
4. COMPARISON OF THE RESULTS OF THEORETICAL AND EXPERIMENTAL
APPROACHES
The experimental values of Young's modulus for different silica powders with different concentrations
are presented in Table 3
Table 3. Experimental data of uniaxial tension
mass concentration

Young's modulus, MPa

0
0,002
0,004
0,006
0,008
0,01
0,012

Aerosil -200
664±25
669±38
672±42
681±36
689±54
694±73
701±68

Aerosil -300
660±16
665±67
670±52
675±42
680±28
685±42
691±61

Aerosil -380
660±23
661±47
665±19
669±67
671±53
675±89
-

709±75
719±56

702±38
715±68
727±85
738±75

693±67
-

0,014
0,016
0,018
0,02
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Table 2 shows, the increase in Young's modulus of a mixture of all kinds of powders occurs with
increasing concentration of filler. So at a volume concentration of 0.5% increase in Young's modulus
of a mixture of powders A-200 and A-300, A-380 was 4.4%, 3.8% and 2.3% respectively. A further
increase in the filler concentration is difficult because of a sharp increase in the viscosity of the
mixture is not cured, difficulties with uniform dispersion of the particles and curing. Adding more
filler is only possible when using solvents.

Relative modulus E/E0

1.3

1.2

1.1

1
0

0.002
A-200

A-300

0.004
0.006
filler content
A-380
equality strain

0.008

0.01

equality stresses

Fig.2 Relative Young's modulus of the volume filler concentration
For different types of filler observed the same dependence of Young's modulus. For the effect of the
size epoxy filler concentrations up to 1% have been identified due to small differences in the values of
variables. Thus, under the given concentrations for the amplification effect of the matrix and filler
were found
To construct a theoretical one and comparing data requires information about the density of the
powder and its mechanical properties (Young's modulus, Lame coefficients). Powder density equated
to the density of quartz 2200 kg/m3, Young's modulus E = 100 GPa, Poisson's ratio = 0,3. Volume
concentration converted through mass as follows:

k1

1
1

k1

2
2

1

Experimental data showed that the model of stresses equality may be used to predict the modulus, E,
of a material containing silica nanoparticles as a function of the modulus,E1, of the particles, and of
the modulus, E2, of the polymer containing no silica particles.
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5. CONCLUSIONS
As a result of the performed study, we have developed a process for obtaining a heterogeneous
material based on disperse-filled epoxy-resin binders. Parameters of the processes enabling the
obtaining of composite materials with a nanopowder uniformly distributed throughout the matrix have
been identified. A comprehensive analysis of the effect due to nano-additives has allowed us to
substantially improve the elastic-strength characteristics of the epoxy-resin composites. In terms of
examined parameters, composites containing Aerosil-200 nanopowder were found to be the best ones.
It was also found that, with decreasing the filler specific surface area, the Young modulus of the
disperse-filled material increases in magnitude.
Further decrease in the filler specific surface area leads to a decreased rate of growth of elasticity
modulus.
The proposed mathematical model for heterogeneous medium, yielding an expression for the Young
modulus of mixture versus mechanical characteristics and volume concentrations of mixture
components under an assumption of identical strains and stresses, proved to be in a qualitative
agreement with the behavior exhibited by the filled polymer in the examined range of component
concentrations.
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Abstract
In this studying, Co-B catalysts were prepared by sol-gel method via kinds of cobalt source for
clarifying the effect of these for characteristic properties of Co-B catalysts. Co sources,
cobalt(II)chloride
(CoCl2.6H2O),
cobalt(II)sulfate
(CoSO4.7H2O)
and
cobalt(II)nitrate
(Co(NO3)2.6H2O), were used as a metal source with boron oxide (B2O3) while citric acid (C6H8O7)
used as organic ligand to forming sol-gel structure. The crystalline structures of Co-B catalysts were
determined by X-ray diffraction. The N2 sorption technique was used for analyzing catalysts surface
area. The variety of Co-B catalysts morphological properties were investigated via scanning electron
microscope. By the effect of cobalt sources the Co-B catalyst’s properties were altered that clarified
from analysis results. The amorphous Co-B catalyst produced from CoCl2.6H2O as metal source had
the largest porous surface area with 122.7 m2.g-1. Investigation of hydrolysis were performed under
variety of temperatures (22, 40 and 60 oC), NaOH concentrations (1-15 wt. %) and NaBH4/Co-B
catalyst ratio (2-40 wt./wt.) ratios in order to investigate the activation of Co-B catalyst. The
maximum hydrogen generation rate 0.84L H2.min-1.g-1 was obtained under 40 °C, 10 wt. % NaOH and
9.52wt./wt. NaBH4/Co-B catalyst ratio. Yet the kinetic investigations, the reaction order was found
that zero order with 0.9954 coefficient of correlation and 51.83 kJ/mol activation energy.
Key words: Sol-gel, Co-B Catalyst, Boron
1

INTRODUCTION

Due to its non-toxic, environmental friendly, availability to easily and low cost production, hydrogen
is recognized as competitive alternative energy to fossil fuels (Yang et al. 2011). Hydrogen can be
stored as a compressed gas, as a liquid, in a chemical compound (e.g., chemical hydrides or metal
hydrides), or physically held within nanoporous structures (Santos & Sequeira 2011). For vehicular
applications, the U.S. Department of Energy (DOE) has set storage targets; the gravimetric
(volumetric) system targets for near-ambient temperature (from 40 to 85 oC) and moderate pressure
(less than 100 bar) is 9.0 wt. % (81 g/L) for 2015 (Umegaki et all. 2009). Among various hydrogen
storage media, chemical hydrides have been regarded as the most promising materials for hydrogen
supply and storage due to their capability in supplying ultra pure H2 and their larger H2 storage
capacity (Liu et al. 2012).
The NaBH4 is non-flable, non-toxic, selective and environmentally friendly as one of the light weight
complex hydride with high hydrogen capacity (10.6 wt.%). The hydrolysis reaction of NaBH4 is
efficient and 4 mol H2 per mol NaBH4 is generated in the reaction. The x (mole of water) is generally

43

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
was 2 in the reaction (Amendola et al. 2000). Basically, NaBH4 is self-decomposable in aqueous
solution and can be stabilized by alkalization (Retnamma et al. 2011).
(1)
The Co-B catalysts are known optimal catalyst as not only with its activeness for hydrolysis reaction
of sodium borohydride (NaBH4) but also its economic cost. In literature Co-B catalyst are prepared by
chemical reduction method by using NaBH 4 as a boron source and also for supports prepared by
sol-gel and impregnation methods (Akdim et al. 2009, Delmas et al. 2011, Jeonga et al. 2007, Liu & Li
2008, Lu et al. 2012). The sol–gel method for catalyst preparation has several advantages such as a
well-defined pore size distribution, high purity control of reactants, homogeneity, very large and
controlled porosity combined with the ability to form large surface area ( Tanaka et al. 2002, Lecloux
& Pirardi 1998, Ward & Ko 1995).
In this study, Co-B catalyst was prepared by sol-gel method for hydrogen production by hydrolysis of
NaBH4. Different Co sources (CoCI2.6H2O, CoSO4.7H2,O, Co(NO3)2.6H2O) and B2O3 are used as
metal preciouses and boron source, respectively in order to syntheses of Co-B catalyst. The structural
property of the Co-B catalyst is characterized by XRD, BET, SEM and ICP-OES analysis methods.
The hydrolysis reactions were performed under variety of temperatures, % (wt.) NaOH concentrations
and NaBH4/Co-B catalyst ratio in order to investigate the activation of prepared Co-B catalyst that has
improved properties.
2

EXPERIMENTAL

2.1 MATERIALS
All reagents used in this research were of analytical grade. Cobalt(II)chloride (CoCl 2.6H2O),
cobalt(II)sulfate (CoSO4.7H2O) and cobalt(II)nitrate (Co(NO3)2.6H2O), from Merck, citric acid
(C6H8O7) from Carlo Erba, boron oxide (B2O3) from Eti Mine Works General Management-Turkey,
sodium hydroxide (NaOH) from Labor Technic and sodium borohydride (NaBH4) from Fluka were
used as received.
2.2 PREPARATION OF Co-B CATALYST
The Co-B catalyst was prepared by the sol-gel method. Hence 0.5 M B2O3 solution was prepared and
then mixed with C6H8O7 and Co sources as CoCI2.6H2O, CoSO4.7H2,O, Co(NO3)2.6H2O (C6H8O7: Co
source= 1: 0.2) as an oligomer and a metal precursor. Then an aqueous solution was mixed with
magnetic stirring for 2 hours and then gel structure was maintained. Soon after, the obtained gel was
dried at approximately 100 °C under the vacuum condition for overnight to eliminate the remaining
water molecules. Moreover removing organic components from the structure, dried gel was calcined at
500 °C for 4 hour. The catalysts code were given as Cat-1, Cat-2 and, Cat-3 for Co sources
CoCI2.6H2O, CoSO4.7H2,O and, Co(NO3)2.6H2O, respectively.
2.3 CHARACTERIZATION
To characterized obtained Co-B catalyst, crystalline structures were determined by XRD technique
(Philips PanalyticalX’Pert-Pro diffractometer) with CuK radiation ( = 0.15418 nm) at an ambient
temperature by using a at operating parameters of 40 mA and 45 kV with step size 0.02° and speed of
1°/min. Phase identification of solids were performed by inorganic crystal structure database (ICSD).
By N2 adsorption at 77.35 K, the Brunauer-Emmett-Teller (BET) surface area (SBET) of the catalyst
was measured. The surface morphology was observed by scanning electron microscope (SEM,
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CamScan) and the chemical composition was investigated by inductively coupled plasma optical
emission spectrometry (ICP-OES; Perkin Elmer Optical Emission Spectrometer Optima 2100 DV).
2.4 HYDROGEN GENERATION TEST
For catalytic activity measurements, system shown Fig.1 was used. Hydrogen generation volume was
measured, as a function of time, during the hydrolysis of alkaline NaBH4 (0.12 M) solution in the
presence of Co-B catalyst (NaBH4/catalyst: 2.38, 4.76, 9.52, 19.04 and 39.66 wt./wt.) at variety
temperatures (22, 40 and 60oC). As an alkaline stabilizer, NaOH was used with 1, 5, 10 and 15
wt.%.ratio in NaBH4 solutions. The generated hydrogen quantity was measured though a water
displacement method. Datas were received by time for calculating kinetic results as specific hydrogen
generation rate, activation energy and reaction order.

Figure.1 Hydrogen generation system: a-Temperature controlled magnetic stirrer, b-Three necked
reactor, c-Co-B catalyst, d-Alkaline NaBH4 solution, e-Injector, f-Silicon pipe for H2 gas exit,
g-Thermocouple, h-Beaker with full of water, l- Generating H2 gas volume, j-Laboratory stand,
k-Jacket
3

RESULTS AND DISCUSSION

3.1 Co-B CATALYST CHARACTERIZATION
In the present study, Co-B catalyst were prepared trough sol-gel method that boron oxide was used as
a boron sources for the first time. Pink-to purple gel obtained after the drying at 100 °C and dark
brown-black solids were formed after the heat treatment at 500 °C.
The XRD pattern of Co-B catalysts prepared by sol-gel technique is shown in Fig. 2. Co-B catalysts
show a specific single broad peak at around 2 = 45 attributed to the amorphous phase of Co-B
structure as Co-B catalyst powders produced (Patel at al. 2010, Feng et al. 2007). This formation

45

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
indicated that in the Cat-1, besides Cat-2 included Co sources that did not convert into the Co-B
structure. Cat-3 had amorphous structure.

Amorphous phase of characteristic peak at 45o

Figure.2 XRD pattern of Co-B catalysts powder
Table.1 BET and SEM analysis results of Co-B catalysts
Catalyts Code

BET Surface Area,
2

Average Particle Size,

-1

µm

Cat-1

122.70

20

Cat-2

0.48

107

Cat-3

8.40

17

m .g

The specific surface area estimated from BET measurement as given in Table.1. These results shows
that Cat-1 was prepared from CoCl2.6H2O has advanced surface area compared with Cat-2 and Cat-3
moreover this result support Cat-1was proper catalyst with the amorphous structure observed by XRD.
Moreover the prepared Co-B catalyst has one of the largest surface area reported in the literature
without support. In addition to this, the elemental analysis of the Cat-1 performed by
ICP-OES
spectroscopy gives a content of 21.62 wt.% in Co and 13.57 wt.% in B.
In Fig. 3 illustrated a SEM image of the Cat-1 catalysts prepared in this study. The SEM image of
amorphous Cat-1 powder show porous like morphology with a size of average 20 µm and also
particles dimension were between 5 and 28 µm.
During catalyst preparation, firstly the use of alkoxide as citric acid provide polymerization and
polycondensation reactions. These reactions were to allow branching to occur before particle growth.
Hence the product gives large surface area and pore volume upon calcination. After formation of gel,
its ageing, removal of water and heat treatment. With this processes the condensation slows down to
form a weakly branched network. The collapse of this network during calcination leads to a decrease
in the surface area and pore volume (Perego & Villa 1997, Campanati et al. 2003, Schmidt 2001,
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Ward & Ko 1996). Despite spherical shaped Co-B catalysts were prepared by chemical reduction
method in literature, we obtain Co-B catalyst has a vugular structure by the sol-gel method (Fernandes
et al. 2009, Liu &Li 2008).

(a)

(b)

Figure. 3 SEM images of Cat-1: (a) x 100, (b) x 1000
3.2 Co-B CATALYST HYDROGEN GENERATION KINETICS
Fig.4 shows the function of reaction time obtained by the hydrolysis of sodium borohydride by Cat-1.
The hydrogen production starts immediately without any induction time and reaches the 100% of the
theoretical H2 yield. The effect of NaOH concentration (1, 5, 10 and 15wt.%) on the hydrogen
generation rate was studied by performing series experiments using several concentrations of NaOH
while keeping catalyst and NaBH4 quantities constant at various solution temperatures (22, 40 and
60oC). The concentration of NaBH4 is 0.12 M and NaBH4/Co-B catalyst wt./wt. is 9.52:1 during the
hydrolysis of NaBH4 for determined optimum reaction conditions.
NaBH4 hydrolyzes to generate hydrogen without catalysts unless it is base-stablized. Therefore, to
control the hydrogen generation rate, NaOH was added to NaBH4 solution to make the solution basic
[28]. By increasing the NaOH content from 1 to 15 wt.%, there is no functional increasing is observed
in the hydrogen generation rate. At 22oC reaction temperature, NaBH4 solutions with 5 and 20 wt.%
NaOH concentration hydrolysis reactions much more faster completed. In addition to this, solution
having 1wt. % NaOH content hydrolysis reaction last about 180 min. Increasing in the reaction
medium temperature results the hydrolysis reaction’s completion period is shriking. At 40oC, solution
with 10 wt. % NaOH concentration gives the shortest period for hydrolyses reaction. Also reaction
time varying from 25 to 50 min. At 60 oC, the hydrolysis reaction complete about 40 min. with 15 wt.
% NaOH in the longest period in various NaOH concentrations. When analysed the reaction results,
the most fast conditions were determined as 40 oC and 10 wt. % NaOH concentration.
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Figure. 4 Hydrogen generation yield with respect to time at temperatures of 22, 40, 60 oC and with the
concentrations of NaOH 1, 5, 10 and 15 wt. % with 0.12 M NaBH4
For kinetic analysis, it is preferable to convert the hydrogen generation rate into the reactant (sodium
borohydride) concentration- both as function of time. If the rate of consumption of NaBH 4 (CNaBH4)
with respect to time is equal to a reaction rate constant, the reaction has zero order kinetics
(independent of any concentration).
= ( )

(2)

where C is the concentration, r is the rate of reaction, k is the reaction rate constant base on the
solution volume. Integrating the differential Eq. (2) it then becomes:
= ( ) .(

)

(3)

A plot of (CNaBH4,0- CNaBH4) should be a linear function of time, where the slope is simply the reaction
rate constant. If the Arrhenius law is used Eq. (3) then comes:
=

.

.(

)

(4)

A plot of Arrhenius law’s slope is activation energy of NaBH4 catalytic hydrolyses and also its
intercept is Arrhenius constant (Fogler 1999, Levenspiel 1999, Hung et al. 2008).
As can be Fig.4 the datas collected from the hydrolysis system as shown in Fig. 1 were analysis by
least-square method for investigate the reaction order. While all reaction kinetics were investigated
depended on the % (wt.) NaOH concentration, the zero order kinetic was found most proper one for
hydrolysis of NaBH4 in the presence of Cat-1 (Fig.5).
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Figure.5 Zero-order kinetic of 1.2 M NaBH4 hydrolysis reaction with respect to time at temperatures of
22, 40, 60 oC and with the concentrations of NaOH 1, 5, 10 and 15 wt. %
NaBH4 hydrolysis via Co-B catalyst shown in all temperatures and varying wt.% NaOH
concentrations zero-order reaction kinetic model is given more fitting results than first and second
order reaction kinetic model. For all wt.% NaOH concetrations reaction kinetic parameters as
activation energy and reactions rate constant were calculated from Arhennius graphic in Fig. 6.
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Figure. 6 Arrhenius plot for 0.12 M NaBH4 with the concentrations of NaOH of 1, 5, 10 and 15 wt.%
Table.2 Zero- order reaction kinetics results of NaBH4 hydrolysis by Co-B catalyst
NaOH

H2generation rate (40oC),

kJ/mol

Arrhenius Constant,
min-1

1

49.76

13.38

0.66

5

42.00

10.55

0.62

10

51.83

14.48

0.84

15

30.38

5.64

0.63

Concentration,
wt.%

Activation Energy,

L H2.g-1catalyst.min-1

Table. 2 indicate that activation energy and H2 generation rate of NaBH4 hydrolysis by the Cat-1 wais
varifying by hydrolyses medium NaOH concentrations. For example; reaction medium having 5 and
15 wt.% NaOH content hydrolysis reaction rate are roughly same. Also with 30.38 kj/mol activation
50

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
energy 15 wt.% NaOH medium has the minimum H2 generation rate. As result of kinetic investigation,
hydrolyses conditions that 40 oC and 10 wt.% NaOH concentration were found optimum for the Cat-1
with 0.84 L H2.g-1catalyst.min-1H2 generation rate, 51.83 kJ.mol-1 activation energy and 14.48 min-1
Arrhenius constant.

H2 Generation Rate, l
H2/min. g Cat-1

Fig. 7 shows the H2 generation rate measured using the prepared Co-B catalyst and 0.12 M NaBH4
with wt. 10 % NaOH at 40 oC. To examine the effects of catalyst loading on the hydrogen generation
rate, 2.38, 4.76, 9.52, 19.04 and 39.66 NaBH4/Co-B catalyst ratios of the catalyst were employed.
Obviously, there is no functional relationship between increasing in Co-B catalyst amount and
H2generation rate as seen Fig. 7. For NaBH4 hydrolysis reaction via Cat-1, 19.04 as NaBH4/Cat-1
ratio gave maximum hydrogen generation rate with 1.1 L H2.g-1catalyst.min-1.

1; 19.04;
1.10896
1; 9.52;
0.844
1; 4.76;
1; 2.38;
0.63966
0.59791

1;
39.66666667;
1.047666667

NaBH4/Cat-1,g/ g

Figure. 7 Effect of NaBH4/Cat-1 ratio on hydrogen generation rate
4

CONCLUSION

In this study, to develop a low-cost high performance catalyst for hydrogen generation from alkali
NaBH4 solution prepared by sol-gel method from boron oxide as a boron source for the first time. The
characterization of the prepared Co-B catalysts were carried out by XRD, BET, SEM, and ICP-OES
analysis. The characterization results show that the catalyst with amorf crystalline, porous structure
and high surface area was produced from CoCl2.6H2O. Then, the activity of Co-B catalyst to the
hydrogen generation reaction was measured by varifying temperature and wt. % NaOH concentration.
With increasing reaction temperature hydrolyses reaction rate increased and yet there was no
functional alteration in it with increasing in NaOH concentration. All the hydrolysis reaction were
completed with 100% conversion fitting with zero-order kinetic model and optimum hydrolyses
reaction conditions were determined as 40 oC and 10 wt. % NaOH with 9.52 NaBH4/catalyst. For this
conditions Co-B catalyst results in a 0.84 L H2.g-1catalyst.min-1H2 generation rate, 51.83 kJ/mol
activation energy and 14.48 min-1 Arrhenius constant for hydrogen production.
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Abstract
In order to fulfill the future world energy demand, all energy resources may need to be utilized.
Despite the efforts and the commitment for renewable power to account for a significant share of the
total electricity supply, coal is still one of the most important electricity producing fuels.
Coal fly ash (CFA) is generated during the combustion of pulverized coal in coal fired power stations;
as such it is an industrial by-product that if not put to beneficial use, is a recognized environmental
pollutant.
This study investigated the chemical modifications of coal fly ash treated by two steps with heat and
acid treatment for the environmental applications. Modification of coal fly ash observed in this study
influenced changes in property of treated fly ashes. The effect of the modification of fly ash was
determined by XRD and SEM techniques.
Key words: Coal Fly Ash, Modification, Acid and Heat Treatment
1. INTRODUCTION
Coal is a valuable and plentiful natural global resource. Not only does coal provide electricity, it is
also an essential fuel for steel and cement production, and other industrial activities [1].
Coal is also commonly used in electrical power plants. Because of the inevitable decline in world
reserves of petroleum and natural gas and rising demand for energy, coal is a major alternative along
with nuclear power to meet these needs. Coal is a major fuel source for Turkey, used primarily for
power generation, steel manufacturing, and cement production. Total lignite and hard coal reserves are
estimated as 8075 and 1130Mtoe, respectively (Y lmaz and Uslu, 2007).
As per data position at year’s end-2005, 30.5% of worldwide lignite reserves of 207 Gt were located in
Asia (63.2 Gt), 20.5% (42.5 Gt) in Oceania, 19.5% (40.5 Gt) in Europe, 17.8% (37 Gt) in North
America, 8.9% in the CIS (18.4 Gt), 2.7% (5.6 Gt) in Central and South America, 0.1% (0.2 Gt) in
Africa, with very small quantities in the Middle East (Fig. 1). Depending on the growth scenario
assumed for lignite mining, different quantities of reserves will be transferred to the category “already
produced” until the year 2100 (Thielemann et. al., 2007).
Rich lignite deposits are spread all over the country. Afsin-Elbistan, Mugla, Soma, Tuncbilek,
Seyitomer, Beypazar and Sivas basins constitute the most important lignite reserves (Fig.2)

54

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net

Fig. 1 Worldwide distribution of lignite’s total potential in 2005 (Thielemann et. al., 2007)

Fig. 2 Coal Deposites in Turkey (Y lmaz and Uslu, 2007)
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Coal fly ash is generated during the combustion of pulverized coal in coal-fired power stations; as
such it is an industrial by-product that if not put to beneficial use, is a recognized environmental
pollutant (Blissett and Rawson, 2012). Hundreds of millions of tons fly ash are produced around the
world every year. Fly ash is important material which has found several industrial applications. But it
needs modification so the purpose of this study is to investigate the morphologic and crystal properties
of fly ash after two step treatment.
2. MATERIALS AND METHODS
Steam turbines needs to burned coal to provide water vapor which is necessary to produce electrical
energy. Thus the thermal energy of coal converted to the electrical energy (Fig. 3). For this purpose,
lignite and anthracite coal types are used (Tokyay, 2013).

Fig.3 Coal converted to electricity [2]
The coal fly ash utilized in this study was obtained from the Tunçbilek Thermal Power station located
at Kütahya, Turkey (Fig. 4). The studied fly ash is a residue from lignite combustion using a
pulverized coal firing with the furnace exit gas high temperature.
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Fig. 4 Tuncbilek location, Turkey( Sensogut and Cinar, 2007)
A large part of (%50-85) fly ash which is carried by flue gasses were amorphpus as a result of rapid
cooling. In thermal power plants burning temperature is between of 1000-1400 ° C. The mineral
phases of fly ash which obtained from the burning of this range of coal have different types and terms
of quantity. The shape of caol ash can be spherical, angular, irregular depends on the type of coal,
granulometry of coal and the burning temperature of thermal power plant. If burning temperature is
less than the 1100 ° C, non-uniform shaped particles occurs. At high temperatures (> 1600 ° C), the
impurities which contained from the coal melt and formed hollow spheres that named as senosfer. At
times smaller spheres particles can be fill in the large spherical particles. This type is called plerosfer
grains. Combustion temperatures round 1300-1500 °C rounds, hollow, outer surface rough or smooth
of fly ash particles are obtained (Tokyay, 2013).
2.1 Methods
The sample was oven-dried at 105 °C overnight before use. The raw fly ash samples were first
screened through 80-mesh size to eliminate the larger particles. The unburnt carbon (4–6%) along
with other volatile materials present in fly ash were removed by calcination at 800 °C for 2 h. Fly ash
samples were further treated with hydrochloric acid to increase their activity. The acid treat-ment
helped to dealuminate the fly ash and removed iron to a certain extent. At the end of the treatment, the
mixture was filtered, washed thoroughly and oven-dried at 105 °C for overnight. The final solid
products were then subjected to physical and chemical analysis (Fig. 5).
Chemical composition of the initial and treated fly ashes was analyzed by energy dispersive X-ray
fluorescence (XRF) (Philips). The fly ash samples were characterized by X-ray Diffraction (XRD)
using Phillips X’Pert diffractometer with Cu K radiation. The samples were scanned over the 5–50 °2h
interval. Scanning electron microscopy (SEM) (CamScan, Apollo 300 model) was performed on the
samples.
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Fly Ash

Dried at 105 °C

Screened throught 80 mesh

Calcination 800 °C, 2 hour

HCl treatment
(%10 HCl, 25 °C, 1 hour, 150 rpm, s/l:1/25)
Dried at 105 °C
Fig. 5 Process flow diagram for fly ash modification
3. RESULTS AND DISCUSSION
Chemical composition of the fly ash showed in Table 1. The major components of all fly ash were
oxides of Si and Al, and various other oxides.
Table 1. Chemical Composition of fly ash
Compound

%

SiO2

61.5

Al2O3

22

Fe2O3

8

MgO

3.4

CaO

2.01

K2O

1.4

TiO2

0.74

XRD patterns of the samples were presented in Fig. 6. The XRD pattern of the fly ash showed the
presences of quartz, iron oxide (Fig.6 a).
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a) Untreated fly ash

b) Heat and Acid treated fly ash
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The HCl treated fly as had a similar XRD pattern to the untreated fly ash (Fig.6 b). SEM images of the
fly ash samples were shown in Fig. 7

a)

b)

c)
Fig.7 a)Fly ash untreated x1000 b) Fly ash untreated x3000 c)Heat and HCl treated fly ash x1000
SEM observation of the fly ash showed the presence of micro-particles in the shape of smooth balls
(microspheres) (Fig. 7a and b). After treating with HCl, the ball-shaped particles of fly ash were partly
transformed into agglomerations of undefined shape with no observation of crystal formation (Fig.
7c).
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JATROPHA BIODIESEL THROUGH ETHANOL FUMIGATION
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Abstract
Performance and emissions characteristics of a Diesel engine are taken away from optimum values
when biodiesel is used as a fuel. In this research Ethanol fumigation at engine inlet was used to
mitigate the negative effect of biodiesel properties. Five percent increase in engine efficiency relative
to biodiesel was achieved with 23 percent of ethanol fumigation. Smoke opacity and carbon monoxide
emission were decreased by 50% and 30% respectively. Nitrogen oxide and unburned hydrocarbon
emission were increased. Five percent reduction of carbon dioxide was observed with ethanol
fumigation. That was attributed to lower carbon/hydrogen ratio in ethanol as compared to biodiesel.
Key words: Diesel engine, efficiency, emissions, biodiesel, alcohol
1. INTRODUCTION
Use of alternative fuels of different origin in internal combustion engines is the subject of extensive
research especially in countries with limited resources of crude oil. Fatty Acid Methyl Esters (FAME,
biodiesel) made from vegetable oil and animal fat become popular as a fuel for diesel engines. FAME
have physical and chemical properties different from those of petroleum fuel oil (D, diesel oil),
therefore diesel engine designed to operate on diesel oil shows non-optimal performance and
emissions parameters when runs on biodiesel (Lapuerta et al. 2008).
Jartopha (Bannikov and Chattha 2013), Pongamia (Bannikov et al. 2010) and Mastard (Bannikov and
Vasilev 2012) biodiesels were tested in single cylinder direct injection diesel engine. The common for
all the fuels tested was the increased specific fuel consumption, reduced carbon monoxide (CO),
unburned hydrocarbons (HC) and smoke emission as compared to diesel oil. Nitrogen oxides (NO x)
emissions proved to be very sensitive for test and engine conditions, but in most tests were reduced.
Close inspection revealed that increase in specific fuel consumption of biodiesels was partly due to
their lesser heating values and partly due to decreased fuel conversion efficiency. Heating value of the
fuel is its inherent property and cannot be changed, but efficiency can be improved. Investigation of
test results showed that the reason for reduced efficiency was higher bulk modulus and better selfignition properties of biodiesels than that of diesel oil. Advanced fuel injection and shorter delay
period resulted in earlier start of combustion of biodiesels, reduced maximum rate of heat release and
eventually increase in negative compression work and reduced efficiency. It was concluded, that
efficiency of the engine running on Jatropha, Pongamia and Mastard biodiesels can be improved by
decreasing their cetane number. That may be done by adding alcohols to biodiesel and/or
biodiesel/diesel oil blends (Bannikov and Khan 2012). Alcohols have low cetane number and high
oxygen content, with the latter being additional improver of combustion efficiency, hence fuel
conversion efficiency.
Goal of this research was the optimization of engine performance characteristics running on biodiesel
by using alcohol additives.
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Alcohol may be either blended with diesel fuel (Rakopoulos et al. 2007) or added to engine inlet air,
we call the latter “fumigation”. Further, fumigation may be done by carburetion (Bhupendra et al.
2011) or injection (Dhandapani Kannan et al. 2012, Noboru Noguchi et al. 1996, Hayes et al. 1988,
Cheung et al. 2008). Blending of alcohol has some limitations. First, methanol-diesel fuel blends are
not stable (Eugene et al. 1984). Second, in some small diesels (like engine, tested in this research) high
pressure fuel pump is mounted in crank-case and heated by splashing lubricating oil to temperatures
above boiling point of methanol- and ethanol-diesel oil-biodiesel blends. As a consequence, vapor
plugs block the pump and engine stops (Bannikov and Vasilev 2013). Fumigation by carburetion has
disadvantage of an increased flow resistance in the inlet manifold (Bhupendra et al. 2011).
In this research optimization of engine characteristics running on biodiesel was implemented by
injecting alcohol into the inlet air.
While selecting alcohol two candidates were considered, namely methanol and ethanol. Both have low
cetane number, are comparatively cheap and can be produced from renewable sources. Methanol was
rejected because of its toxicity and corrosion activity.
2. EXPERIMENTAL SETUP AND FUELS
AC1 Lister-Petter four-stroke single-cylinder diesel engine was used for testing fuels. Engine
specification is given in Table 1. Swinging field dc machine was used to start and load the diesel.
Engine test bench was equipped with all necessary instrumentation for measuring engine speed, load,
fuel and air flow rates, temperatures of lubricating oil, inlet air and exhaust gas etc. Data of cylinder
pressure, fuel line pressure, and injector needle lift were acquired by AVL Indimodul 621 indicating
system and processed by Indicom software. AVL DITEST diagnostic system was used for exhaust gas
analysis and measurement of exhaust opacity. More details of experimental setup can be found
elsewhere (Bannikov and Khan 2012).
Ethanol was injected into inlet port of an engine. Fuel injection setup included the fuel pump, fuel
injector, electronic control unit, pressure regulator and fuel tank. The pressure drop across injector was
maintained constant of 0.85 bar (gauge). Fuel flow rate was controlled by changing injection pulse
frequency.
Table 1. Engine specification
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Rated power, kW

5.0

Rated speed, rpm

3600

Maximum torque, Nm

15.6 at 2650 rpm

Combustion system

Direct injection

Bore/stroke, mm

76.2/66/67

Engine displacement, l

0.304

Compression ratio

18.5

Injection timing (static), °BTDC

26°
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Properties of fuels tested are provided in Table 2.
Table 2. Properties of fuels
Property

D

J

Ethanol

Density @ 15°C kg/m

831.9

881.8

792

Kinematic viscosity @40°C, cSt

3.348

4.62

1.5@20°C

Lower heating value, MJ/kg

42.41

38.30

26.95

Cetane number

50

47

8

3

3. TEST RESULTS AND DISCUSSION
Engine was tested at the brake mean effective pressure (bmep) of 5.0 bar and speed of 3600 rpm being
fuelled with diesel oil, and neat J biodiesel with and without ethanol fumigation.
First, effects of properties of biodiesel on engine performance are discussed. As seen from Fig. 1a,
higher bulk modulus of biodiesel resulted in advanced by 1.3 crank angle degree (c.a.d.) injection of J
relative to D.

Fig. 1. Fuel injection and combustion characteristics. Bmep = 5.0 bar; N = 3600 rpm.
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Higher cetane number of biodiesel decreased ignition delay period by 0.9 c.a.d. relative to D (Fig. 2b).
Advanced injection and shorter delay period resulted in earlier by 2.2 c.a.d. start of combustion of
biodiesel relative to diesel oil (Fig. 2c).

Fig. 2. Indicator diagram and rate of heat release. Bmep = 5.0 bar; N = 3600 rpm.
Increased consumption of biodiesel required to maintain the same load as for D resulted in longer by
3.6 c.a.d. combustion duration as compared to that of diesel oil (Fig. 2d). Thus, properties of biodiesel
mentioned above predetermined the cylinder pressure and rate of heat release changes as illustrated in
Fig. 2.
Biodiesel showed higher pressure during premixed combustion, hence higher negative compression
work of the cycle (Fig. 2a), lesser maximum rate of heat release and lower premixed burn fraction,
whereas fuel fraction burn in diffusion combustion phase was increased. As a consequence, brake fuel
conversion efficiency ( b ) with biodiesel was decreased by 7.5% relative to diesel oil (Fig. 3). 16%
increase in brake specific fuel consumption (bsfc) was attributed partly to decreased efficiency and
partly to lesser heating value of biodiesel.
At the next stage of experiment biodiesel flow rate was reduced and ethanol flow rate was adjusted to
keep the same bmep of 5.0 bar at the same speed of 3600 rpm. Engine was tested at Jatropha
biodiesel/ethanol volume ratios of JE 83:17 and JE 77:23. As seen from Fig. 1, five percent increase in
engine efficiency with JE 77:23 in comparison with J was achieved with moderate increase (1.6%) in
specific fuel consumption. Such an improvement of brake efficiency was the result of low cetane
number of ethanol. Decrease in cylinder charge temperature due to ethanol vaporization also
contributed to longer ignition delay. Start of combustion was retarded with JE 77:23 by 1.2 c.a.d.
relative to J; pressure and rate of heat release curves of JE 77:23 are now closer to that of diesel fuel
rather than to J. One more reason for improved efficiency is the lesser by 6.4 c.a.d. burn duration of JE
77:23 than that of J (Fig. 1d).
Engine emissions were also affected by fuel properties. Considerable decrease in CO and smoke
emissions were achieved with ethanol fumigation (Fig. 3). NOx emissions with ethanol injection were
increased relative to J and reached those of diesel oil. Undesirable effect of ethanol fumigation was the
increased by 300% HC emissions. But in spite of so high relative increase in HC emissions their
absolute values were low; maximum bsHC are of order of 1 g/kW·h.
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Fig. 3. Engine performance and emissions characteristics. Bmep = 5.0 bar; N = 3600 rpm.
Despite increased fuel consumption emission of carbon dioxide (CO2) was decreased by 5% with
ethanol fumigation relative to J which is undoubtedly good news. The reason for that was the lower
C/H ratio of JE 77:23 (5.98 vs. 6.37 that of J). That is with the same mass of fuel burned less carbon is
available in JE 77:23 for CO2 formation.
4. CONCLUSIONS
Jatropha biodiesel with ethanol fumigation and diesel oil were tested in direct injection diesel engine.
Based on results following conclusion have been made.
1. Use of biodiesels resulted in decreased engine efficiency and increased fuel consumption.
Emissions of nitrogen oxides and soot have been reduced when engine ran on biodiesel. Slight
increase in carbon monoxide and unburned hydrocarbon emissions were observed at high
load.
2. Ethanol fumigation at the rate of JE 77:23 resulted in five percent increase in engine
efficiency relative to neat Jatropha biodiesel with moderate increase (1.6%) in specific fuel
consumption. Fifty percent reduction in exhaust opacity and thirty percent reduction in CO
were achieved with only eight percent increase in NOx emissions. Undesirable effect of
ethanol fumigation was the three hundred percent increase in HC emissions. Regardless of
high relative increase in HC emissions their absolute values were low; maximum bsHC were
of order of 1 g/kW·h.
3. Five percent reduction of CO2 was observed with ethanol fumigation. That was attributed to
lower C/H ratio in ethanol as compared to biodiesel.
4. It was concluded that alcohol addition is the effective method of an optimization of
combustion characteristics of biodiesel for better engine efficiency. In this research fumigation
of ethanol in proportion JE 77:23 showed good results with respect to both engine efficiency
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and emissions. Alcohol selection (methanol, ethanol, butanol etc.), method of addition
(blending or fumigation) and biodiesel/alcohol ratio require further investigation.
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ADVANCED HEAT RECOVERY EQUIPMENT FOR HIGH TEMPERATURE
COMBUSTION PLANTS
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Abstract
The fundamentals of heat recovery processes and plants (high-temperature recuperators) have been
advanced basing upon complex of theoretical, computation (CFD modeling) and experimental
researches. Some new designs of high temperature heat recovery facilities for industrial furnaces are
under consideration: tube convective recuperators of RE type equipped with the internal inserts –
secondary emitters inside the tubes – for metallurgical furnaces, and the high-efficient two-passage
radiative recuperators of RRD type – for the furnaces of machinery engineering branch. Benefits of
new heat exchangers comparing to the existing analogues have been estimated: provision of additional
fuel saving by means of increase the combustion air preheating temperature and rise of recuperator’s
thermal stability due to lowering the tube walls temperature.
Key words: combustion air preheating, heat recovery, high temperature recuperator, heat transfer
enhancement, industrial furnace.
1. INTRODUCTION
It is expedient to combine the heat generating equipment with heat recovery systems to increase the
value of power efficiency of high-temperature combustion plants (furnaces, steam generators) in
accordance with presentation the Carnot cycle (Kondepudi & Prigogine 1999). Heat recovery
equipment (recuperators, regenerators (Gizinger, Wicker & Ballinger 2010; Honger, Gehl &
Damagala 2010) provides enhancement of the upper potential of the heat transfer medium (theoretical
(adiabatic) combustion temperature), on the one hand, simultaneously with decreasing the lower (basic
– exhaust gases) temperature, on the other hand. Correspondingly the upper potential is presented by
available heat related to hot source. Lower potential related to cold source is presented by heat
reception.
Despite of exceeding the efficiency of regenerative burner system up to 30% in comparison with the
recuperative system (Honger, Gehl & Damagala 2010; Teufert & Damagala 2010), the prevalence of
recuperative recovery systems, both composed of the centralized recuperator or equipped with the
recuperative burners (Gizinger, Wicker & Ballinger 2010) for the reheating furnaces is much more
extent in the industry than the regenerative facilities.
The last time trend is to increase the temperature of combustion air (oxidant) in steel reheating
furnaces till 600 C (873 K) despite of the most widespread recuperative systems are providing an air
preheat till 450°C (Gizinger, Wicker & Ballinger 2010; Teufert & Damagala 2010). Operation
situation becomes more complicated in case of utilization of sulfur-containing fuels, particularly the
process gases (coke-oven gas). Service life of the ordinary recuperators made of high quality heat- and
corrosion- resistant steel tubes usually doesn't exceed 1-2 years in the case of applications the sulphur
– containing fuels (for example, coke-oven gas) and high-temperature air preheating.
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2. DEVELOPMENT OF NEW CONCEPT AND DESIGN OF HIGH TEMPERATURE TUBE
RECUPERATOR
Purpose of development was to elaborate the new concept, designs and mathematical models of hightemperature tube recuperators of prolonged 2 – 5 times service life in conditions of attack of corrosive
media.
The following statements and ideas have been found by our researches as a basis to prolong the
recuperator’s service life:
1. Breaking time by rupture stresses is enhanced 12 – 20 times for the tubes and welded joints in the
range of 530 – 650 C in case of only 70 – 100 C decrease of the tube wall temperature.
2. The limiting step of heat exchange within the system “combustion products flow – recuperator
tubes’ walls – combustion air flow” falls on internal (within the tubes) constituent.
Increase of resulting heat transfer coefficient within the system “combustion products – tube walls –
air flow” while reduction of tube wall temperature due to enhancement of internal (inside the tubes)
coefficient of convective heat exchange to the tube walls – gives an opportunity for increase the
service life of high temperature recuperator as well as allows us to lower the specific amount (mass) of
metal unit of recuperators output.
The inserts enhancing the flow turbulence and correspondingly – the coefficient of convective heat
exchange – are used last decades (North American Mfg Co 1982; Tanbour & Rahmani 2008).
However significant increase of hydraulic (aerodynamic) resistance of the channel and great flow
pressure losses by the length of heat – exchange tubes are restricting the possibilities of wide
implementation the proposed technique.
Reduction of tube walls temperature Tw in the recuperators of proposed design (RE) by combustion
with an air of increased preheating temperature Ta is provided due to implication of radiative
component into the limiting (internal inside the tube) component of heat transfer by means of
arrangement the secondary emitters – the inserts in form of radial ribs within the tube channels.
2.1. CFD modelling results
The theoretical analysis been carried out, was founded upon mathematical models of heat transfer
processes within the tube site without and with the internal inserts. The calculations have been
performed grounded upon
simple averaged engineering approach with account of balance equations for the system of
parallel tubes (Cone 1980; Soroka & Sandor 2002);
zone method of complicated heat exchange within the system of surface and volume elements;
CFD modelling.
The CFD comparative calculations were performed for the straight tube of 1m length (results are
discussed below) and for the U-similar tube loop with the inserts in form of radial ribs.
In Table 1 the computation results of preheating the air stream of m&a flow rate moving in the tube
arranged in cross flow of combustion products are presented. Computations have been carried out by
boundary conditions of the 3rd kind (cross flow temperature and coefficient of heat transfer are given –
see data above the Table).
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Main purpose of computations makes comparison of modernized recuperative section MD with the
inserts of various type inside the 1m length tube with the ordinary (of basic design BD) 1m tube
without the inserts. Tubes sizes (outer diameter/thickness) make 90/4.5 mm.
The resulting characteristics for comparison of MD and BD designs are temperatures of air preheat
Ta,ex and maximum temperatures of tube wall Tw,,max of insert Tin,max.
The following parameters have been varied under consideration the inserts impact on thermal
characteristics of heat exchange tubes: initial temperature of air flow to be preheated (Ta,en = 300, 600,
900 K), tube emissivity (emissivity factor t = 0.9); insert emissivity (emissivity factor in = 0.9), air
flow rate ( m&a = 0.0802; 0.2 kg/s), number N of radial ribs serving as the insert (N = 0, 2, 4, 8). Main
data for various N values and initial air flow temperatures Ta,en are collected in Table 1.
TABLE 1. Main thermal and hydraulic characteristics of recuperative tube of various channel design
/ Results of CFD modelling (Tf =1223 K, f-w = 50 W/(m2 ))

m&a , g/s

0.0802

0.2

Channel design
MD with the inserts
Parameter

BD

BD
Diameter
partition

Star-4

,en, K

Star-8

MD with
the
inserts
Star-4

300
380

420

451

482

361

390

1165

1141

1109

1065

1100

1018

1140

1096

1059

1019

1054

954

–

1067

999

863

–

745

Tin , K

–

972

872

689

–

570

pa, Pa

88

144

203

320

435

873

Tw,a = Tw,max – Ta

785

721

658

583

739

628

0.92

0.84

0.75

0.57

0.14

0.10

1.00

0.91

0.81

0.62

1.00

0.73

,

,K

w,max,

K

Tw , K
in,max,

e=(

,

–

K

,en)

e% eD / eBD

/ pa

m&a ,Ta,en

,en, K
,

,K

w,max,

71

K

900
939

955

968

983

924

938

1193

1184

1173

1159

1165

1136
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Tw , K

1182

1166

1153

1138

1149

1110

–

1155

1136

1107

–

1070

Tin , K

–

1126

1102

1061

–

1027

pa, Pa

134

220

314

536

694

1587

Tw,a = Tw,max – Ta

254

229

205

176

241

198

0.29

0.25

0.22

0.15

0.03

0.02

1.00

0.88

0.75

0.54

1.00

0.70

in,max,

e=(

,

–

K

,en)

e% eD / eBD
Note: e%
D

pa

m&a ,Ta,en

e%BD , e%
MD

The cases of the most effective influence of the insert arrangement within the tube are related to
variant of minimal Ta,in – in respect of increase of air flow temperature at the tube exit and to base of
bigger m&a – in respect of reduction tube wall temperature. Increase of the insert emissivity in causes a
little bit improvement the recuperative tube characteristics (increase of Ta,ex and reduction of tube wall
temperature Tw,,max of order 20…25 K) while the max insert temperature is increased more than 200 K.
Growth of air flow rate causes some additional improvement the thermal stability of the recuperator
due to arrangement the inserts within the tubes.
Basing upon consideration of the presented data it has been settled the adequacy of assumed idea: the
more is number of the ribs N the higher is an air flow temperature increase, the lower is the tube wall
temperature Tw and the characteristic difference Tw,a. Pressure losses pa is changed oppositely to the
trend of variation Tw,a and main heat exchanger criterion E (see e ~E in Table 1).
The data obtained due to calculations provide an opportunity to determine main characteristic of heat
exchanger – combined heat and hydraulic criterion E ~ e= t p (Zhukauskas 1982). The e value
indicates the power cost of flow preheating; the higher is , the more acceptable is heat transfer
facility. As a rule, rate of increase t is lower than rate of pressure losses p growth by enhancement
the heat transfer process but some exceptions are occurred.
The numerical relative values of e% eMD / eBD are given in the Table 1 under condition of e%BD is
assumed as 1.0.
2.2. Experimental set-up and testing
The way chosen to enhance heat exchange process within the tube by preheated air flow moving
consists in arrangement the insert acting as a secondary (intermediate) emitter inside the tube.
Advantages of heat transfer enhancement in high temperature plants and facilities due to installation of
secondary emitters till present were studied and used only for the cases of arrangement the inserts
within combustion products as emitting/ absorbing (opaque) medium (Demchenko, Dolinsky, & Sigal
2007; Günter & Sun 2006; Soroka, Val & Shpilski 1991). In conditions and designs under present
consideration the inserts are arranged within the transparent medium – in the air channels.
2.2.1. The computerized firing rig has been developed and installed in the Gas Institute, Kiev. The
methodology has been embodied in simultaneous tests of two recuperative sections comprising each of
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three parallel U – formed loops: of MD and of BD types arranged in the same conditions: by
temperature pattern and of flowing over by hot combustion products within the furnace chamber (see
Fig.1). Numerical information on advantages of the new (MD) recuperator design in dependence on
process parameters has been obtained providing continuous monitoring of thermal and hydraulic state
of the loops by means of using analogy – to digital [A/D] converters, by operation of data transmission
and on – line data processing systems.
Two most perspective designs of modernized recuperative sections have been used by the tests
performing:
of type MD1 equipped with the inserts of cross – shaped cross – section and arranged only
within straight sites of the U – similar loops;
of MD2 type distinguished of the inserts arrangement both at the straight and curvilinear sites
of 3rd loop along with the inserts located at the straight sites of each of three loops.

Figure 1. Structural diagram of the test sections (both of BD and MD types design) of hightemperature recuperator.
The tests include determination both hydraulic (aerodynamic) and heating constituents of combined
characteristic of the recuperative sections to be studied and compared. The thermal tests have been
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carried out by different furnace (flue gases) temperatures Tf in conditions of varied mass (volume) air
flow rate m&a V&
a, N .
The following main thermal parameters were studied in frame of this subsection:
temperature of air preheating at the exit of recuperative section Ta,ex = Ta,max;
temperature of the tube wall at the recuperative section Tw, including averaged value Tw,av;
temperature of the tube insert within recuperative section Tin;
characteristic temperature difference Tw,av – Ta,ex.
Below are demonstrated dependences of outlet air preheating temperature ,e at the exit of
recuperative section and temperature difference Tw,av – ,e for averaged wall temperature and exit air
temperature as the functions of external tube temperature (within the furnace chamber) Tf –
respectively for the sections to be compared: MD1 and BD.
Really experimental data demonstrate advantages of modernized recuperative sections. By relatively
low temperatures within the furnace chamber (Tf 750 K) air preheating temperature ,e (MD) is
differed only a little-bit of ,e value for BD section (Fig. 2) while at indicated Tf 750 K the
difference (Tw,av – , )BD > (Tw,av – , )MD. Distinction between mentioned differences for BD and
MD designs becomes greater when Tf is growing.
If outer temperature Tf is rising, the coefficient of outer heat transfer out from the system “furnace
chamber / combustion products” to the tube walls outside become higher for both (BD and MD)
sections. But for the basic design of recuperative section (BD) where the limiting effect of internal
heat transfer tells more strongly upon resulting heat exchange than in case of MD section, coefficient
of heat exchange k = out in ( out + in) –1 in basic design being increased less than for the MD section.
Opportunity to increase k due to out rising is higher for MD section than for BD one. By this reason air
preheating temperature ,e in function of Tf as well as difference Tw,av – Ta,ex are rising more rapidly in
MD than in BD section (see Fig. 2):
[

,e

(MD) –

,e

( D)]/ Tf > 0

(1)

Figure 2. Dependence of air preheating temperature ,e on furnace (flue gases) temperature Tf :
1,
– modernized section MD1 equipped with the cross-shaped inserts;
2, – section of basic design (BD) without the inserts. Air flow by each of the compared sections
m&a = 0.062 kg/s = const.
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It could be seen by observing the experimental data that air preheat to 750 K temperature in the section
equipped with the inserts (MD) is attained by heating medium (flue gases, combustion products)
temperature of 1010 K while the same air flow m&a = 0.062 kg/s preheat in the BD recuperative section
requires temperature of Tf = 1110 K. Reduction of necessary flue gases temperature ahead of
recuperator of any type serves as an ordinary means of prevention the recuperator body overheating
(in case under consideration – of overheating the tube walls of recuperator).
As to characteristic temperature differences Tw,av – Ta,ex, the same values of mentioned difference in the
recuperative sections BD and MD are related to the values Tf which are differed much stronger than by
case of comparison the sections ensuring the same Ta,ex, Accordingly Fig. 3 the characteristic
difference 100K = idem is provided by Tf (MD) – Tf (BD) 265 K while by difference 130K = idem
mentioned difference Tf (MD) – Tf (BD) reaches 415K.

Figure 3. Dependence of temperature difference between averaged recuperative tube temperature Tw,av
and air preheating temperature ,e on furnace (flue gases) temperature Tf : 1, – modernized section
MD1 of the cross-shaped inserts; 2, – section of basic design (BD) without the inserts. Air flow by
each of the compared sections m&a = 0.062 kg/s = const.
2.2.2. By processing the above mentioned data the following characteristic values have been computed
to generalize thermal and heat transfer characteristics of the recuperator designs to be compared (MD2
and BD):
amount of heat Qa has been transferred to an air mass flow m&a (volume flow rate at normal
conditions V& ) by preheating within the recuperative section:
a, N

Qa

c pm m&a (Ta ,ex Ta ,en ) c pmV&
a,N

a,N

(Ta ,ex Ta ,en )

where cpm, c pm – specific averaged heat capacity of air: mass and volume values – respectively;

(2)
a,N

–

normal air density;
Coefficient of heat transfer k between primary (combustion products, flue gases) and secondary
(air flow) heat transfer media averaged by working tube surface Frs of the recuperative section (MD,
BD), i.e. of all three loops together would be determine by balance equation:
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k = Qa / t· Frs ,
where t =
media.

(3)

tf–a – logarithmic mean temperature head between primary and secondary heat transfer

By conditions of mutual arrangement of the tested sections within the firing rig and of both heat
transfer media movement the calculation equation for definition t would be acceptable in the next
form (Hausen 1976):
t

(Ta ,max Ta ,en ) / ln [(T f

Ta ,en ) / (T f

Ta,max )],

(4)

Tf, Ta,en, Ta,max – temperatures respectively: flue gases, air flow at the inlet and outlet of recuperative
section under consideration;
The constituent of heat transfer coefficient – the inner (inside the tube) heat exchange coefficient w-a
between the tube wall and secondary heat transfer agent – air flow has been studied experimentally
within each of the i-th loop (i=1, 2, 3).
Let’s consider the results of comparison the heat efficiency of the recuperative sections to be installed
within the furnace (combustion chamber) simultaneously (juxtaposed in parallel).
In Fig.4 are shown respectively the thermal characteristics of the sections BD and MD2 at the same
heat supply conditions, while in Fig.4 the characteristics of MD2 are considered under two different
outer conditions. In Fig.4 are presented comparative data on heat absorption Qa = Qmax by air flow
correspondingly within BD and MD2 in dependence on air flow through recuperative section V&
a , N . By
the same outer heat source temperature (combustion products of Tf 1215 ± 20K) Qmax for MD2 is
increased approximately 15% in comparison with BD while coefficient of heat transfer k is enhanced
by 25 – 35%.

100

Figure 4. Comparison of the main thermal characteristics of the recuperative section of MD2
design (1) with those of BD section (2): dotted lines ( , ) – total heat fluxes transferred to air
Qa = Qmax , solid lines ( , ) – coefficients of heat transfer k between primary (combustion products )
and secondary (air flow) media. Furnace flue gases (outer) conditions: Tf,= 1215±20 K= idem.
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By increase flow velocity within MD2 section by 2.2 times the relevant heat transfer coefficient k
would be increased twice, up to 60W/(m2 K).
&
Comparison of mutual disposal of the curves Qmax = f1( V&
a , N ) and k = f2( Va , N ) for MD2 section design
with those of BD section ensures the conclusion on the nature of the modernized recuperator’s
superiority: in BD case the opportunities of outer heat supply to the tube surface are restrained by
inner (inside the tube) possibilities of heat exchange from the tube wall to air flow. In the same time in
case of modernized design an internal heat exchange is enhanced due to the insert arrangement within
the tube. As a consequence the possibilities of heat reception are expanded and the limitations of
internal heat exchange (coefficient w-a) impact on k values would be removed.

3. DEVELOPMENT OF HIGH-EFFICIENT TWO-PASSING RADIATIVE RECUPERATORS
OF RRD TYPE
Radiative heat transfer represents the main component in the heat flux to reception surfaces from the
combustion products. The channel for combustion products flow in the radiative recuperators has
considerable size by the whole length (height) of heat exchange (reception) surface. Radiative
recuperators have a vide spread in the furnaces of various purpose where combustion products
temperature makes 1300 – 1700 K at the inlet to recuperator or at furnace exit (Oyelami 2012, Pioro
et. al 2006). By this reason the great demands are made of thermal stability of metallic heat exchange
surfaces in recuperators, the counter – flow scheme being used under inlet gases temperature of 1270 –
1470 K while by flue gases temperature over 1470 K – the co-flow scheme.
Radiative slot recuperators represent as a rule two coaxial casings where the combustion products are
flowing within the inner housing while an air flow is moving by the annular slot (Tebenkow 1975).
The casings are made of steel sheet 5 – 10 mm thickness, inner diameter of the central casing makes
0.5 – 3.5 m – in dependence on recuperator output and the air slot width makes 8 – 60 mm. There is an
opportunity to manufacture the recuperators by layout of one-sided (Fig. 5a) and double- sided heating
(Fig. 5b).
In both cases the relatively insufficient area of heating (heat exchange) surface makes shortcoming of
the recuperators design because air flow is heated only within the single annular slot channel while
working space of transportation the flue gases flow is used unpractical. Heat exchange surface
between “hot” and “cold” flows is insufficient.
It has been proposed to use the secondary emitters in form of radial partitions to enhance heat exchange
within flue channel of the slot recuperators (Kardas, Larson & Nesbitt 1975). These facilities increase
the heat flux by radiation to inner shell and thus are enhancing the heat efficiency of recuperator.
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Figure 5. Radiative slot recuperator: a – with one-sided heating; b – with double-sided heating.
The original design of radiative two-passage recuperator of RRD type has been developed in Gas
Institute of National Academy of Sciences of Ukraine (see Fig. 6) (Soroka et. al 2012). The relevant
design is characterized by rational mutual arrangement the heating surfaces as we by secondary
emitter’s installation within the flue channel. By means of improvement the recuperator design we were
succeeded in combustion air preheating temperature Ta,ex enhancement and in increase of heat flux Qa
transferred to air flow as the secondary heat-transfer medium.
High efficiency of recuperator under consideration of RRD type is provided due two-stage air preheat.
The 1st heating stage is performed within inner annular channel by two coaxial shells with double-sided
heating from combustion products. The last flow is directed from the furnace exhaust upwards to the
recuperator inlet and than is divided by two combustion products flows: central cylindrical and
peripheral annular one. The 2nd heating stage represents the peripheral annular channel filled in with
moving downwards air flow. The channel is surrounded from inner side with the steel shell been
flowed over with the peripheral flue gases flow (of combustion products). The thermal insulation
makes coating upon the external side of the outer casing of peripheral air flow. Both air channels of coflow (parallel (-current)), and counter current flows are connected by the system of radial tubes above
the recuperator top.
To increase an efficiency of heat exchange between primary (combustion products) and secondary (an
air flow) heat transfer media within the central flue gases channel of the radial ribs been crossed
between themselves, is arranged. The auxiliary emitters made of plane radial ribs are installed within
the combustion products annular channel. Mentioned indices are ensuring increase of total heat flux to
the walls of recuperator channels.
In Fig. 7 the impact of extension the heat the heat exchange surface (the relative area F%) upon an
temperature of air preheating Ta,ex within the recuperator of bell-type furnace is shown in curve 1
(Wendt & Kühn 2011). In the last work the recuperator design doesn’t presented. The modern bell-type
annealing furnaces are equipped with high-efficient individual recuperators for each of burners or with
centralized recuperator. The process under consideration is related to the number of low – and of
middle-temperature thermal treatment process (840 – 880 K) (Mishin, Sarychev & Lebedev 1999).
Meanwhile taking into account the variety of the annealing processes for steel ingots (bright and dark,
spheroidizing, prehydrogen firing etc) as well as of other firing process the range of working
temperatures up to 1400 K. Maximum are preheating temperature for recuperators of bell-type furnaces
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makes 730 K, an average air preheat temperature by annealing process makes 630 K or a little-bit
lower. In these conditions power loss with flue gases behind recuperator constitutes up to 28 % (Wendt
& Kühn 2011).

Figure 6. Radiative recuperator of RRD type design developed by Gas Institute, NASU. Combustion
products flow is shown by thick lines, air flow – by pale (thin) lines.
Further increase air of preheating temperature till 900 K provides additional reduction of natural gas
flow rate by 11 % in the technology under consideration however demands a significant enhancement
of recuperators heat exchange surface (Wendt & Kühn 2011).
The results obtained in paper (Wendt & Kühn 2011) are compared with our data. The a,ex temperatures
accordingly our computations are marked as the dots and joined by respective curves (Fig.7) in
dependence on F% value influence. The correlations between F% value and exit air temperature a,ex for
radiative recuperators of new original design of (RRD type – radiative recuperators of double-passage)
(Soroka, Sandor & Vorobyov 2012) (Fig.6).

79

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
The following conditions of recuperator’s efficiency comparison by enhancement of heat exchange
surface F%in new design were tested: increase of recuperator’s height or / and of diameters of shells.
The criterium of heat exchange surface change F% ( D2 D3 D4 ) H / F0 , where F0 – area of basic (of
one-sided) design heat exchange surface, H and Di – respectively the recuperators height and diameters
of shells. Ratio of diameters was supported as invariable (constant) value by variation the heat
exchange surface: D4/D3 = const, D4 /D2 = const. – diameters of heat exchange surfaces (Fig.6).

Figure 7. Dependence of combustion air preheating temperature Ta,ex, , on relative value of
recuperative heat exchange surface F%, %: 1 – curve by data of paper (Wendt & Kühn 2011);
2, – the dots accordingly our computations for radiative recuperator of RRD type by increase of heat
exchange surface due to rise the recuperators height H; 3, – accordingly our computations for
radiative recuperator of RRD type (Fig. 6) by effect upon heat exchange surface by means of change the
diameters of heat exchange surfaces; 4, – accordingly our computations for radiative recuperators
with one-sided heating by effect on the surface due to change the recuperator height H.
In the Fig. 7, curve 4 the computation dots are marked as well for radiative recuperator of traditional
design likely the slot design heat exchanger with one sided heating (Fig. 5 a). The recuperator design is
distinguished with parallel (current) flow of combustion products and air flow to be preheated
(Tebenkow 1975). As could be seen from the Fig.7 the high efficient RRD type recuperators proposed
by our team provides an opportunity for great increase an air preheating temperature (up to two times –
in °C) in comparison with traditional design of radiative recuperators with one-sided heating.
The following initial data have been chosen for calculation the basic version of radiative recuperators
of RRD type by evaluation the dimensions influence ( F%=100 %): inner diameter of outer shell D1=1.3
m, the diameters of annular channels: for air flow delivering D2=1.24 m, for flue gases removal D3 =
0.87m. Inner diameter of central flue gases channel D4 = 0.8 m. Width of air slot channels is equal to
0.025m. The recuperators height makes H=3m.
Combustion products temperature at the recuperators inlet makes Tf,en = 1173 K; for air flow inlet Ta,en =
&a = 0.786 kg/s; m&fl = 0.825 kg/s.
298 . Mass air and combustion products flows make respectively: m
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For basic design of radiative recuperator with one-sided heating the similar sizes with RRD type
recuperators have been taken: diameter of outer shell D1 = 1,3 m; recuperator height = 3 m. Width of
air flow makes = 0.025 m. Mass air and flue gases flows as well as initial temperatures of the flows
performing heat exchange process were taken of the same values as assumed above for calculation the
RRD type recuperators.
CONCLUSIONS
1. One of the main directions of fuel saving in high temperature power and process equipment: boilers
and furnaces – make heat recovery of waste (flue) gases behind the furnace exit. The recuperators
present high temperature heat recovery facilities for directing portion of waste heat back, in principal
process and furnace. Heat recovery process is fulfilled by means of preliminary preheat of oxidant (an
air flow– first of all) and fuel (in case of low calorific (LCV) gases) – sometimes – in recuperative
heat exchangers. Creation of advanced recuperators and enhancement of heat recovery degree are
provided by intensification of heat exchange process and due rising the exchange surface between flue
gases and medium to be preheated (combustion air, LCV – gases).
2. The recuperators are divided for convective and radiative (radiative – convective) types. Both types
of mentioned heat exchangers were advanced in frame of the studying under consideration. The
development results have been analyzed and presented in the paper.
For the case of tube convective recuperators two designs have been studied: of MD1 type – when the
inserts were arranged within the straight sites (sections) of the tubes – and of MD2 type – when the
inserts (secondary emitters) were arranged inside the tubes (fully or partially) by the whole length of
straight and curvilinear sections of the tubes.
3. New concept of efficiency enhancement of tube recuperators has been proposed and tested both by
computations and experimental tests. As a result the final rising the temperature of combustion air
preheating as well as lowering of tube walls temperature along with reduction of characteristic
temperature difference Tw,a between air preheating and of tube walls has been proved in frame of
researches. The novelty and know-how of the concept makes using of secondary (intermediate)
emitters inside the tubes filled in with transparent medium (combustion air).
4. It has been stated that internal heat transfer enhancement by means of the inserts arrangement inside
the tubes as well as the advantages of modernized design (MD) with the secondary emitters – as a
whole – are increasing by flue gases temperature rise at the inlet to the recuperator. Basing upon the
computation results and experimental, data a growth of air preheating temperature Ta,ex has been
proved along with reduction of tube walls temperature Tw and decrease of the appointed temperature
difference Tw,a = Tw – Ta.
5. It has been found that total heat flux absorbed by MD2 recuperative section is enhanced by 15% in
comparison with BD section while coefficient of heat transfer k in the system “combustion products of
temperature 1215 ± 20 K – tube wall – air flow” is increased by 25…35%. The heat exchange
coefficient between the tube wall and air flow is increased in modernized design of recuperator even
stronger than that of k, sometimes up to 1.8 times, thus fully removing obstacles for intensification the
heat transmission.
6. New design of high-efficient radiative recuperators of RRD type has been proposed. The developed
design is distinguished with enhanced heat exchange surface and is intended for reheating and heat
treatment furnaces of machinery engineering branch of industry. Application the recuperators of RRD
type insures substantial increase of air preheating temperature along with great (up to two times)
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increase of heat reception by air flow from flue gases in comparison with the recuperators of
traditional design.
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MODERN APPROACH TO THE PROBLEM OF FOSSIL GAS FUELS REPLACEMENT
BY ALTERNATIVE FUELS
Boris Soroka 1
Gas Institute, National Academy of Sciences, Kiev, Ukraine

Abstract
New scientific and engineering fundamentals of fuels substitution have been developed instead of
obsolete methodology “Interchangeability of Fuel Gases” developed in USA and existing from the
middle of XXth century. To perform the complex prediction of total or partial substitution of given flow
rate of natural gas NG for alternative gases AG the following parameters are to be predicted: plant
utilization efficiencies – regarding fuel and energy utilization, the last in form of heat H and exergy
eff efficiencies, saving or overexpenditure of the NG flow rate in the gas mixture with AG, specific fuel
consumption bf and specific issue of harmful substances Ct – pollutants in the combustion products
(CNOx) and greenhouse gases (CCO2).
Certification of alternative gas fuels and fuel mixtures as a commodity products is carried out in frame
of our approach with necessary set of characteristics, similar to those accepted in the world practice.
Key words: alternative fuel, fuel replacement (substitution), natural gas, process gases, theoretical
combustion temperature, thermodynamic equilibrium computations, total enthalpy.
INTRODUCTION
The trends and situation in area of fuels utilization as primary energy sources is distinguished by
continuous change – by countries and from year to year. New energy sources are arisen due to prove
and opening the new deposits of fossil fuels and gas fields as well as by means of implementation the
processes of using the non traditional fuels. At any rate bigger half of primary energy demands are
provided at the expense of hydrocarbons (of order 60 % – see below) both of natural or casing – head
gases and by crude oil.
Last time period is characterized by essential widening list of the fuels types been used in industry,
residential and district heating systems, engines etc (Soroka, 2010; Ptasinski et al., 2006; Houa et al.,
2011). This situation is caused by deficiency and increasing cost of hydrocarbon fuels all over the
world (excepting USA (Liss, 2012) and by attempt to substitute natural gas for alternative gas fuels
(AGF). The same is related to the types of the appropriate oxidants. Along with serious spreading of
oxy – fuel processes particularly in metallurgy (Vestenberg et al., 2007), application of humidified
or/and of oxygen depleted oxidants (air) took a new impulse because of environmental reason or
accounting needs of cogeneration systems (Fossum and Beyer, 1998; John, 2002). An air of lower O2
content is using as an oxidant when combustion system of thermal plant is supplied with lean flue
gases from other cogeneration units instead of normal combustion air. That’s why creation of modern
scientific and engineering foundation of fuels replacement is of paramount importance (Soroka
(HiTACG), 2010).
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1. STATE-OF-THE-ART / PRESENT APPROACHES TO ACCOUNT TYPE OF FUEL
The problem of replacement of the combustible of any composition and caloricity by other fuel gas
(“Interchangeability of Fuel Gases”) (Weber, 1996) has appeared some decades ago in connection
with season change the need for gas flow rates. The problem is actual when the combustible
composition is changed while the gas equipment been installed (the burners) is kept.
An existing methodology of fuel substitution in case of its composition change and if the fuel type is
varied (mentioned “Interchangeability of Fuel Gases”) was developed in the second half of XX-th
century mainly from the combustion stability standpoint and from the demands for the flame
characteristics supporting, firstly for the conditions of utilization the domestic fuels and appropriate
appliances.
It’s understandable that for these cases the simplest burners are used without any special auxiliary
facilities for control the flame characteristics and for provision of burning stability. As a consequence
the criteria of supporting the stable flame and the for combustion completeness have been assumed as
the principal requirements. American Gas Association (AGA) has selected the following
characteristics (Weber, 1966):
lifting index IL (for guaranteeing the upper load limit);
flashback index IF (to ensure the lower load limit);
yellow tip index IY (soot formation indicator to ensure the combustion completeness).
The last index makes the environmental criterion in conditions of change the fraction of primary air
supplying the burner (particularly – in the ejection devices) under the condition of using the installed
burner system by replacement the type of fuel.
The above mentioned characteristics are used in frame of other generalizing criteria: factor C, Knoy
formulas, Weaver indexes.
Some other criteria are wide – spread ones for accounting the type of fuel used: Wobbe number,
higher and lower – to estimate the carrying capacity of the burners and pipe – lines, and Devecchi
number – to account the fuel flammability.
Listed criteria give a possibility to evaluate approximately the expected range of stable combustion by
burner operation with fuel s (substituting) by means of physical modeling or by the tests of the
experimental (pilot) or industrial equipment with gas a (base or adjustment substituted one) (Weber,
1966).
It’s obvious that mentioned approach doesn’t meet modern conditions and is not sufficient.
To estimate the results of replacement one fuel type for another under application for specific process,
the physical and chemical properties of the combustible must be defined. For example in case of the
natural gases been extended in Europe the following set of characteristics of fuel gas, combustibleoxidant mixture and combustion products is used (Erdgas-Datenblatt, 2012):
Total (TCV – higher) Qh and Net (NCV – lower) Ql calorific values (combustion heats),
MWh/m3;
Wobbe numbers (indexes): lower – Wol and higher – Woh, MWh/m3;
fuel gas density , kg/m3;
relative (to an air) gas density G;
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methane number MZ;
air to gas volume stoichiometric ratio (min) Lst, m3/m3;
oxygen to gas ratio, stoichiometric (min) O2, m3/m3;
content (vol.) of main combustion components in wet and dry stoichiometric mixture of
combustion products, %;
specific yield of wet and dry combustion products per unit of gas, m3/m3;
emission factor: specific yield of CO2, t/TJ;
“flame” temperature (without dissociation account), K;
burning velocity of stoichiometric gas-air mixture un, m/s;
ignition temperatures of the mixture in air Tig, K;
burning limits (limits of flammability) in air, %, vol.
Analyzing the structure of gas consumption and taking into account the modern challenges, the energy
and environmental aspects become the defining items by solution the problem of gas supplying.
Previous limitations and earlier criteria of gases interchangeability have lost the principal significance
and must be changed by more actual characteristics and requirements being represented mainly by
power and environmental criteria separately and in combination.
2. STRUCTURE OF ENERGY SOURCES BY ESTIMATION THE OPPORTUNITIES OF
NATURAL GAS SUBSTITUTION
The constituents of primary energy sources produced in the World and data on fuel and energy use by
branches of application make necessary background by decision the problem on substitution the
hydrocarbons by cheaper and more accessible alternative fuels of various origin.
In Table 1 the information is given on total primary energy production and the structure of different
energy sources in some European countries. For comparison the respective data are presented for
Ukraine, USA and World on the whole. As could be seen the distribution of energy sources in Europe
and first of all in European Union countries is distinguished by significant variety. The same statement
is related to share of natural gas to be partially substituted by alternative gas fuels (AGF) in future.
Type of preferable AGF to be chosen depends on the application purpose of the plant under
consideration: for industrial sector – the process gases, for example of metallurgical production, for
residential sector – bio-fuels and the gasification products.
Main end – use sectors of primary energy production make the next ones: residential, transportation,
industrial and commercial with the trend of growth each of them and the total energy consumption in
2012 – 2035 (AEO, 2012). The largest relative growth for future in USA for example is expected in
the commercial sector which currently accounts for smallest share of end use energy demand while the
second-largest increase in total primary use.
The industrial sector in USA takes 31 % of total U.S. natural gas use demand (Liss, 2012; NGPO,
2009) while generally the shares of power generation and of industrial sectors account for roughly two
– thirds of total U.S. natural gas consumption (Liss, 2012). In both two last mentioned sectors the
process gases could be used as AGF: high-temperature fuels like coke oven gas (COG) by any
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industrial or power generation applications while low-calorific, low-temperature fuels like blast
furnace gas could be used in municipal and residential sectors.
Accordingly Figure 1 more than 40 % of total natural gas consumption in Ukraine has been spent for
purposes of heating the domestic and industrial premises. The industrial sector in Ukraine takes 39 %
of total natural gas consumption making the principal share.
Some European countries have an exclusively ambitious intends on reduction of traditional fuels use
and their replacement for renewable energy sources and alternative fuels. For example, the Federal
Cabinet of Germany has adopted on September 28th, 2010, an energy concept for green-friendly,
reliable and accessible energy supply (Marx, 2010).
Mentioned concept guides the energy policy in Germany for next few years. Objective of the energy
plan makes reduction to 2020 the greenhouse gases emission by 40% and to 2050 – by 80…95 %.
Development of renewable energy sources for power generation is an important part of the plan. The
target is provision the share of renewable energy in electricity production of 35 % by 2020 and 80 %
by 2050. Primary energy consumption can be halved by 2050 (Marx, 2010).
TABLE 1 Primary Energy Production / Shares of various energy sources in total gross energy
consumption by fuel in Europe, 2009; Ukraine, 2009; 2010 in comparison with USA, 2010 (AEO,
2012) and the World, 2007 (AER, 2010) data.
Total
Consumed
Energy,
megatons
OE*

Coal

Oil

Germany

326.6

22.1

34.9

23.6

10.7

8.5

France
United
Kingdom
Italy
Spain
Ukraine, 2009
Ukraine, 2010

262.7
206.8

4.3
14.3

33.9
36.0

14.7
37.8

40.4
8.6

7.6
3.0

0.0
0.1

– 0.9
0.1

168.9
130.2
112.3
130.52

7.6
8.1
30.3
28.0

42.1
48.5
12.2
10.1

38.0
24.1
36.3
42.3

0.0
10.5
19.3
17.9

9.5
9.3
2.2
2.0

0.0
0.0
0.0
0.0

2.3
– 0.5
– 0.3
– 0.3

Turkey
Poland
Sweden
Finland
Greece
Hungary
Norway
Switzerland

100.0
95.3
45.9
34.0
30.6
25.3
28.8
28.2

30.2
54.1
4.2
15.8
27.5
10.2
2.0
0.5

31.0
26.3
27.8
30.0
55.5
28.5
39.0
46.4

28.9
12.6
2.7
10.3
9.7
36.3
19.1
9.7

0.0
0.0
29.6
17.9
0.0
15.8
0.0
25.9

9.9
6.6
34.8
23.3
6.1
7.3
42.6
17.2

0.0
0.6
0.0
0.1
0.0
0.1
0.1
0.9

– 0.1
– 0.2
0.9
3.1
1.2
1.9
– 2.7
– 0.7

USA, 2010

2470

21

37**

25

9

7
1-liquid
biofuel
8.2

–

–

–

–

Country

World, 2007

1195

Power Source, %

27.9

35.3

Natural Nuclear
gas
power

22.9

5.7

* 1 ton OE (Oil Equivalent) = 11.630 kWhHi = 41.868 GJ;
** petroleum + other liquids.
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Analysis of energy and fuel balances composed of components basing upon net and total heat values
of each constituent defined in MtOE (Oil Equivalent) or in Mt of equivalent fuel is insufficient
because it deals with the first thermodynamics law only but doesn’t take into consideration the
second thermodynamics law. It means that relevant researches have been performed disregarding the
“quality” of the fuel energy or neglecting the fuel-oxidant mixture potential.
The fuel potential could be presented as a function of adiabatic combustion temperature by means of
application the different parameters: efficiency of fuel utilization, process Tex to adiabatic
temperature TT ratio and ratio of specific excess total enthalpies of combustion products taken at Tex
and TT temperatures – respectively.

FIGURE 1 Structure of natural gas end-use consumption in USA, 2008; 2010
and in Ukraine, 2010.
3. STATEMENT THE PROBLEM OF CREATION THE SCIENTIFIC FUNDAMENTALS OF
THE FUELS REPLACEMENT
Substitution one fuel for another type or the fuel-oxidant mixture for other one makes complex
multifactor problem which causes change of power, technological, environmental (ecological) and
operating characteristics of thermal plants. The opportunities of new methodology to be proposed have
to assist the solution of applied (including industrial needs, district and local heat supply) tasks. But
the universal approaches of updating the problem have not been developed till present.
It’s understandable that an option of representative energetic and environmental characteristics of fuels
makes the most important constituent of the problem under consideration.
Replacement of fuel – oxidant mixture composition is connected with a change of the following
characteristics:
thermal capacity of plant;
temperature conditions within the heating (working) space of furnace (boiler);
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efficiency of fuel and heat utilization within the thermal plant;
carrying capacity of the burners, nozzles and pipe-lines;
stabilization of flame, range of stable burning by variation the thermal capacity and by
change the “fuel : oxidant” ratio;
flame characteristics, beginning of its geometry and including the optical properties
(emissivity, absorptivity);
(CO2).

emission of harmful substances (NOx, CO, SOx, PAH, Soot) and of greenhouse gases

The problem of fuel type replacement is not settled only by change the fuel flow rate in accordance
with new calorific value (combustion heat of substituting s fuel instead of base (“a”) one). Moreover,
in separate cases partial substitution of natural gas for low calorific gases (LCV-gases) sometimes
doesn’t provide the saving of natural gas but even causes over expenditure of absolute consumption of
natural gas. Situation of such kind have occurred by firing the reheating furnaces of rolling mills with
the mixture of natural gas and blast furnace gas. New fuel sometimes would not be able to ensure the
process on principle. It’s explained first of all by necessity to account not only the 1st (energy balance
conservation) but also the 2nd thermodynamic law (account of fuel-oxidant potential and energy
utilization efficiency) (Kondepudi and Prigogine, 1999). Efficiency has been taken into account by
thermal characteristics value related to “hot” source and “cold” heat absorber. In accordance with our
approaches we use the energy value (including its chemical constituent) in form of specific excess
total enthalpy H f ,T and the exergy Ef,T been computed basing upon total enthalpy of the working
(heat transfer) media (Soroka, 1993).
4. CONCEPT AND CONSTITUENTS OF PROPOSED FUNDAMENTALS
The concept of proposed scientific and engineering fundamentals makes providing and supporting the
combination of power and environmental components of operation characteristics of the boilers and
the industrial furnaces in going from hydrocarbon fuels to low-calorific (alternative) fuels and the fuel
mixtures. It necessary to predict the plants’ characteristics under operation with any “substituted” and
“substituting” fuel gases to provide the proper measures.
Mentioned below constituents of new gas fuels interchangeability fundamentals are included into the
proposed background:
1. Method and computer code of calculation the required consumption of alternative fuel (s) as well as
an estimation of environmental impact in the conditions of complete or partial substitution the
hydrocarbon fuel taking into account the fuel potential lowering and reduction the combustion
temperature for alternative LCV fuel-oxidant mixture, the following characteristics have been
proposed as defining values.
specific heat consumption bH;
specific fuel consumption bf;
specific issue of harmful substance, for example CNOx;
specific issue of greenhouse gases (CCO2).
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2.
New and/or advanced existent and known in the world techniques of calculation the fire
engineering characteristics of alternative gas fuels and of their mixtures with natural gas by means of
determination
2.1. Whether a gas under consideration is flammable;
2.2. Limits of flammability (upper and lower limits of flame propagation);
2.3. Burning velocity
propagation un (SL);

–

laminar

flame

velocity

–

or

normal

speed

of

flame

2.4. Methane number of gas fuel MZ.
3. Methods and the results of numerical analysis of influence the alternative fuel’s composition and
parameters as well as oxidant (air): fuel ratio on
3.1. Heat engineering combustion characteristics of the fuels and mixtures:
Total (TCV – higher) Qh and Net (NCV – lower) Ql calorific value (combustion heat);
Wobbe number, higher – Woh and lower – Wol;
Devecchi number;
molar, volume Lst and mass

st

stoichiometric ratio;

theoretical (adiabatic) combustion temperature TT;
fuel and heat utilization efficiency – depending on parameters of thermal process.
3.2. Thermodynamic equilibrium composition of combustion products (up to 100 components),
including the content of harmful species (NOx, CO, SOx) and greenhouse gases (CO2);
3.3.Heat-and-power engineering and heat physical (transport) properties of combustion products:
coefficient of dynamic and kinematic viscosity;
coefficient of heat conductivity;
thermal diffusivity;
degree of blackness (radiative ability) and specific radiation flux.
3.4. Thermodynamic properties of combustion products in dependence on temperature and pressure:
specific volume;
molar mass M;
characteristic gas constant;
specific heat capacity at constant pressure and at constant volume;
specific values of enthalpy H and entropy E;
dew point Tr.
4. The original author’s computer codes on combustion thermodynamics and kinetics, providing
calculation of above mentioned characteristics of the gases under consideration in the conditions of
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substitution the hydrocarbons (natural gas) for alternative fuels have been developed in the Gas
Institute, NASU.
Thus, list of appropriate characteristics of the fuels and combustion products proposed to define in
frame of our fundamentals is wider and more representative than suited to European gas fuels (ErdgasDatenblatt, 2012). For example, the adiabatic (theoretical) combustion temperature is more physical
value than “flame” temperature, calculated without dissociation account (Erdgas-Datenblatt, 2007).
Specific yields of pollutants (CNOx, CCO2) are more adequate values than those mentioned above in
paragraph “State-of-the-art” because the pollutants yield by our approach is defined with account of
the process or plant efficiency.
Comparison of some characteristics of fuel gases defined by our original techniques and taken from
reference publications (Erdgas-Datenblat, 2007; Erdgas-Datenblat, 2012) is presented in Tables 2 and
3.
In Table 2 are given the results of our calculation the main heat engineering characteristics of fuels, as
an example of the natural gases extended in Europe (subscript “calc”) and the values taken from
German reference data (Erdgas-Datenblatt, 2012). These data are concerned Net (lower) Ql and Total
(higher) Qh calorific value (combustion heat).
TABLE 2 Main heat engineering characteristics of European natural gases accordingly
E.ON – Ruhrgas data (Erdgas-Datenblatt, 2012) and by our computations (calc)
Composition

Types of European natural gases

Parameter,

Erdgas H

Erdgas L

Dimensions

Nordsee

Misch

Russ.

Holland

Verbund

Weser/Ems

CH4, vol.%

90.4

91.18

97.01

83.14

84.46

85.16

N2, vol.%

0.94

1.27

0.83

11.17

10.70

10.83

CO2, vol.%

1.67

1.57

0.17

1.56

1.66

1.85

C2H6, vol.%

5.72

4.98

1.41

3.29

2.56

1.79

C3H8, vol.%

1.13

0.74

0.43

0.53

0.39

0.24

C4H10, vol.%

0.30

0.20

0.13

0.18

0.13

0.09

C5H12, vol.%

0.08

0.04

0.02

0.07

0.04

0.02

C6H14, vol.%

0.03

0.02

0.01

0.06

0.05

0.03

TT, K

2224

2222

2222

2209

2208

2206

Qhref , kWh/m3

11.57

11.37

11.19

10.10

10.03

9.88

Qhcalc , kWh/m3

11.46

11.27

11.08

10.03

9.95

9.80

Qh, %

0.95

0.88

0.98

0.69

0.80

0.80

Qlref , kWh/m3

10.45

10.27

10.09

9.12

9.05

8.91

Qlcalc , kWh/m3

10.36

10.18

10.00

9.05

8.98

8.84
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Ql, %

0.86

0.88

0.89

0.77

0.77

0.79

3
Wo ref
h , kWh/m

14.67

14.54

14.77

12.60

12.59

12.45

3
Wo calc
h , kWh/m

14.59

14.45

14.68

12.54

12.51

12.37

Woh, %

0.54

0.62

0.60

0.48

0.62

0.64

Wolref , kWh/m3

13.26

13.13

13.32

11.37

11.36

11.22

Wo calc
, kWh/m3
l

13.19

13.06

13.24

11.32

11.29

11.16

Wol, %

0.53

0.53

0.60

0.44

0.64

0.53

Note: Q = (1 – Q

calc

/ Q ref )·100%; Wo = (1 – Wo calc / Wo ref )·100%;
ref

calc

The comparison of experimental data of un with that un accordingly our calculations for the case
of combustion of the air mixtures of the natural gases from different gas fields is shown in the Table 3.
The discordance un = (1 – un calc / un ref )·100% of the German measured data (Erdgas-Datenblatt,
2007) and of our predicted values doesn’t exceed 4.65%.
Checking of two-parametric MF generalization to calculate un of six European natural gases (Table 3)
has been conducted in methodological work by B. Soroka (Soroka, 2009). Good accuracy of burning
velocity definition of stoichiometric ( = 1.0) cold air mixtures of natural gases of high ([CH4] > 80%)
methane content has been shown.
All the thermodynamic calculations have been performed by means of our original computer code
“FUEL” connected with searching for equilibrium state of reacting system, definition of properties of
the mixtures of chemically equilibrium components. The technique is based upon supporting the
condition
to
meet
the
Gibbs’
energy
change
of
the
system
dG = 0 by reaction proceeding (Warnatz et al., 2001).
As the main energy characteristic the total enthalpy H, accounting energy of the component(s)
formation, was used for the process occurrence by the p = const (isobaric process) or excess enthalpy
H at current temperature Tin respect to that at basic (standard) temperature T0.
By our calculations the Net (NCV) and Total (TCV) calorific values (combustion heat) were defined
accordingly inquiry definitions of these fuel parameters by means of application the thermodynamical
properties of equilibrium combustion products at theoretical combustion temperature TT and at
standard temperature 298 K (25 ºC) as the zero reading for the specific total enthalpies values. The
same basic temperature for computations the combustion processes is recommended by reference
(Erdgas-Datenblat, 2007; Erdgas-Datenblat, 2012).
Our technique of calculation the NCV and TCV is considered in the next section.
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TABLE 3 Comparison of burning velocities un and dew point values Tr accordingly
E.ON – Ruhrgas data (Erdgas-Datenblatt, 2007) and by our computations (calc)
Composition

Types of European natural gases

Parameter,

Erdgas H

Erdgas L

Dimensions

Nordsee

Misch

Russ.

Holland

Verbund

Weser/Ems

CH4, vol.%

87.18

87.50

97.63

83.08

85.46

88.08

N2, vol.%

0.92

2.65

0.83

9.21

9.21

8.71

CO2, vol.%

1.99

1.96

0.09

1.74

1.74

2.55

C2H6, vol.%

7.96

6.80

1.00

3.97

2.91

0.61

C3H8, vol.%

1.58

0.90

0.32

0.81

0.47

0.04

C4H10, vol.%

0.30

0.16

0.11

0.22

0.15

0.01

C5H12, vol.%

0.05

0.02

0.01

0.06

0.03

<0.01

C6H14, vol.%

0.02

0.01

0.01

0.04

0.03

<0.01

, m/s

0.43

0.43

0.43

0.41

0.41

0.41

uncalc , m/s

0.415

0.412

0.410

0.407

0.406

0.402

un, %

3.49

4.19

4.65

0.73

0.98

1.95

Trref , K

332.04

332.13

332.55

332.06

332.18

332.37

Trcalc , K

332.74

332.86

333.27

333.27

332.91

333.12

Tr, %

0.21

0.22

0.22

0.36

0.22

0.23

u

ref
n

Note: un = (1 – un calc / un ref )·100%; Tr = (1 – Tr calc / Tr ref )·100%;
5. SOME EXAMPLES OF APPLICATION THE TECHNIQUE OF THE FUEL
SUBSTITUTION
Accordingly proposed concept all the proper procedures are carried out with thermodynamically
equilibrium combustion products of the considered fuels (Soroka, 1993; Soroka and Sandor, 2000).
The similar assumption regarding the state of working medium has been made by the authors
(Ptasinski et al., 2006) by evaluation the exergetic efficiencies for idealized gasification installation in
which chemical equilibrium is attained.
Main power criteria defining energy and fuel consumption in the plant by comparison the fuels make
efficiency of fuel utilization and of heat utilization – both in form of useful fraction of enthalpy and
exergy.
1.
The calculations are performed by plant consideration as “ideal furnace” with the single form
of heat losses – heat removed of the furnace with flue gases (“fl”) at the exit cross-section of plant
(“ex”). The following efficiencies of the plant accordingly our developments (Soroka, 1993) have been
obtained and used:
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for fuel utilization:

H f ,T

id
f

(1)

H f ,ex

H *f ,T

for energy utilization:
a) heat efficiency
id
H

(2)

H f ,ex

1

H f ,T

b) exergy (serviceability) efficiency
eff

1

Eex
ET

Tex

TT
1

1 ( H f ,ex T0 T dH f , fl ) / ( H f ,T
T0

T0 T 1dH f , fl )

(3)

T0

The comparative data on plant efficiencies by natural gas (NG) and blast-furnace gas (BFG)
combustion are presented in Figures 2, a – d in dependence on operation temperature Tfl. The
condition of provision the equal temperature values for the combustion products within the plant and
the flue gases at the plant exit Tex = Tfl is assumed by carrying out the computations under substitution
one fuel for another one.
Mentioned data in Figure 2 demonstrate the significant increase of any of compared efficiency values
f, H, eff for the case of NG using against the respective values for BFG. The higher are the operation
temperatures (Tex), the more would be the differences of the efficiency values by compared fuels
application.
2.
Evaluation of the alternative fuels in comparison with the fossil fuels is provided by both
power and environmental criteria. First of mentioned characteristics is presented by furnace efficiency
on fuel utilization and by inverse value – by specific fuel heat consumption bf; the second criteria is
determined by toxic substances concentration in flue gases and by specific toxic substances formation
Ct (particularly t NOx). Both criteria are related to the unit of the plant production (output of the
industrial furnaces) or unit of energy produced (power generating systems with the boilers).
Thermodynamic analysis has the advantage of providing the selection of accessible, inexpensive fuels,
which allow generation of power or implementation of an industrial process under ensuring the
requirements of saving expensive hydrocarbon fuel (natural gas or fuel oil). The widely available
gaseous by-products of metallurgical plants (process gases: coke-oven, blast-furnace, converter gases
and the mixtures of the mentioned gases with natural gas) can be used in power-generation plants and
in the industrial furnaces (Soroka and Sandor, 2000). Feasibility of a given fuel application depends on
the relationship between available potential Hf,T of the fuel mixture and the required enthalpy Hf,fl
of heat-transfer medium while process efficiency makes a function of the operating temperature of the
process under consideration (Tex – for “ideal” equipment (furnace)).
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FIGURE 2 Dependence of fuel utilization efficiency idf (a, b) and exergy efficiency efid (c, d) on exit
temperature of flue gases Tfl by combustion of air mixture of natural gas (a, c) and that of blast–
furnace gas (b, d). Combustion air preheating temperature, K (°C): 1 – 298 (25);
2 – 873 (600); 3 – 1473 (1200). Air excess factor : dotted lines – 1.0; solid lines – 1.1.
In some cases when using mixtures of the aforesaid gases with natural gas it is found that instead of
the expected fuel saving the absolute consumption of natural gas in mixture is actually higher than by
using the single natural gas. Let us assume that, in order to implement a process of temperature Tex it is
necessary to burn the fuel flow rate Bf1 if using fuel with component 1 only. In the case of joint
combustion of two fuels: f1 and f2, the consumption of component 1 changes by the absolute amount
Bf1 and relative value Bf1 in the mixture in comparison with Bf1.
The variation in absolute consumption of one of the fuel components – designated as f1 (for example,
natural gas) when used jointly with another component in the mixture (the mixed fuel would be
designated f1+2) – can be estimated by means of numerical solution the equation for the relative change
of consumption of fuel 1 obtained from the enthalpy balance of the fuel-using plant (“ideal” furnace):
Bf 1
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H f 1,T

1
(1

B%)

H f1

2,T

H f 1,ex
H f1

1 ,

2, ex
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where B f 1

B f 1 / B f 1 ; B% B f 2 / B f 1.

The minus sign for Bf1 designates the relative saving component’s 1 flow rate when it is mixed with
component 2, whereas the “+” sign designates over-expenditure of component 1. However, in some
cases, saving of natural gas by substitution by another fuel cannot be reached. These cases are related
to mixing the natural gas with low calorific (LCV) gases.
Some results on influence the fuel mixture composition on consumption of natural gas being mixed
with process gases is considered in Figures 3 basing upon thermodynamic approach. Not each of the
alternative fuels could be used for the steel preheating because this process is related to the hightemperature treatment operation.
As could be stated from consideration the Figures 3, an opportunities of reduction the natural gas (NG)
consumption in the mixture with the process gas is limited in case of low-calorific gases (blast–
furnace gas (BFG)) within the range of comparatively low operation temperatures – below Tfur = 1450
K.
Any heat (enthalpy) saving is not observed and continuous over expenditure of required heat is
marked for the case of BFG – NG mixture combustion due to admix the BFG to NG within the
temperature range Tfur {800; 1600 K}. In case of high-temperature coke-oven gas combustion jointly
with the natural gas, NG saving as well as the required heat (enthalpy) reduction would be fixed by
any furnace process temperature Tfur {800; 2200K}. Similar analysis and results have been obtained
by Chinese authors (Vestenberg et al., 2007) but many years later than we’ve proved this statement
(Soroka and Sandor, 2000).
3. Advancement the problem of interchangeability of fuel gases was carried out particularly in frame
of studying the possibilities to increase the natural gas (NG) flow rate by means of dilution the natural
gas with alternative gas fuels (AGF). Estimation of substitution opportunities of one fuel type for
another has been testified, and the limits of replacement the NG by some LCV gases were defined
accordingly official norms for natural gas (NG) acting in Ukraine. The same standards are serving in
other states of Independent Countries Union (former Soviet Union). Accordingly state standard
(norms) GOST 5542-87 “Combustible natural gases for industrial and municipal purpose” prolonged
by action in 2010 action for indefinite period, the restrictive demands for NG characteristics are
concerning the following parameters:
3.1. Limit (maximum) O2 concentration in gas – no more than 1% (vol.).
3.2. Minimal limit for NCV – Net Calorific Value (lower combustion heat value) – no less than Ql,min
= 31.8 MJ/m3 by 298 K (20 ºC) temperature and 1.01325 bar atmospheric pressure while combustion
heat value of NG, supplying by means of cross-country gas pipe-line, makes Ql 33.6 MJ/m3 as a
rule. Accordingly European data for Russian natural gas the Total (TCV) and Net (NCV) calorific
values make Qh = 40.28 MJ/m3 (11.19 MWh/m3),
Ql = 36.32 MJ/m3 (10.09 MWh/m3) – respectively by 273 K (0 ºC) and 1.01325 bar conditions for gas
volume (Erdgas-Datenblatt, 2012).
Calculation of Net (NCV – lower) Ql and Total (TCV – higher) Qh calorific value (combustion heat)
has been performed in accordance with definitions (White, 1966).
Net calorific value (NCV), Ql: number of Btu evolved by the compete combustion at constant pressure
of one standard cubic foot of gas with air; temperature of gas, air, and products of combustion being
60 F (288.5 K), all water formed by combustion reaction remaining in the vapor state.
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Total calorific value (TCV), Qh: number of Btu evolved by the compete combustion at constant
pressure of one standard cubic foot of gas with air; temperature of gas, air, and products of combustion
being 60 F (288.5 K), all water formed by combustion reaction being condensed to liquid state.

FIGURE 3 Influence of admixing the process gases: coke-oven gas (COG) (a, b) and blast furnace gas
(BFG) (c, d) – to natural gas (NG) on NG saving or overexpenditure (a, c) and heat (enthalpy) save (+)
(overexpenditure (–)) (b, d) in dependence on fraction of process gas in mixture with NG. Furnace
process
temperature
Tfur
=
Tfl
=
Tex,
K:
1
–
800;
2
–
1200;
3 – 1450; 4 – 1550; 5 – 1600; 6 – 2100; 7 – 2200.
By our numerical calculations and comparison with European gases characteristics (ErdgasDatenblatt, 2012) the combustion heat values were related to the composition of gases given in Tables
2 and 3, considered gas amount – 1 m3 taken at 273 K (0 ºC) and atmospheric pressure 1.01325 =
101.325 kPa bar while total enthalpies of equilibrium combustion products mixture are computed at
theoretical combustion temperature TT and at basic standard temperature 298 K.
The calculation procedure of Ql and Qh searching in conformity with aforesaid definitions has been
proposed and performed:

97

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net

H

where

H

in ,To

H

prod ,To

;

(5)

H T0 ;

(6)

H

in ,To

H

prod ,TT

H

prod ,To

Ql ;

(7)

H

prod ,TT

H

prod ,To

Qh ,

(8)

prod ,To

prod , T0 – equilibrium combustion products including equilibrium H2O (liquid + vapor) at
prod , T0 – combustion products including total H2O in vapor phase at T0;
prod , T0 –

T0;
combustion products including total H2O mass liquid phase (water) at T0.

3.3 Range of Higher Wobbe numbers Woh calculated through TCV – Total Calorific Value Qh :

Wo h

Qh / G 0.5

Qh / ( M f / M a ) 0.5

(9)

makes 41.2…54.4 MJ/m3 by above mentioned conditions for m3.
The feasible admixtures of alternative gas fuels (AGF) to NG without violation the standard’s
requirements could be proposed as a means of increase the fuel flow rate basing on minimal values of
two last mentioned limitations: Ql and Woh – see Figures 4 and 5. The ranges of acceptable Ql and
Woh
standing
rule
values
for
NG
in
accordance
with
GOST 5542-87 are darkened in both mentioned Figures.
The Figures 4 and 5 illustrate the procedure of definition the possible limits of admixing to NG of the
AGF presented by LCV-gases: syntheses SG1, SG2 and biogases BG1, BG2. The values of
parameters to be estimated for the fuel mixtures are defined as weighted sums of respective parameters
of fuel components:
Qh,mix = Qh,NG DNG + Qh,AGF DAGF;

(10)

Mf,mix = Mf,NG DNG + Mf,AGF DAGF;

(11)

Gf,mix = Gf,NG DNG + Gf,AGF DAGF.

(12)

Generally, for each of parameters Xf,mix

{ HT,mix; Mf,mix; Gf,mix } to be estimated:

Xf,mix = DNG (Xf,NG – Xf,AGF) + Xf,AGF

(13)

The characteristics Xf,mix of AGF and NG gases forming the mixtures are collected in Table 4 along
with the gases compositions.
To realize the procedures all the data presented in Figures 4 and 5 are reduced to the normal m3 of
mixed gas (Nm3 – taken at 273 K (0 ºC) like is adopted in recommendations (Erdgas-Datenblat, 2006;
Erdgas-Datenblat, 2007; Erdgas-Datenblat, 2012).
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FIGURE
4
Dependence
of
main
characteristics of fuel gases mixture
(natural gas (NG) + synthesis gas (SG)) on
volume fraction of synthesis gas fsg, % (vol.),
to define limit content of SG in mixture that
meets the standard’s GOST 5542-87
requirements: a – by Net Calorific Value
(NCV) Ql; b – by Higher (Total) Wobbe
Number Woh. Substituting gas: 1 – synthesis
gas SG 1 (gasification products of wood
waste); 2 – synthesis gas SG 2 (products of air
gasification of wet wood).

FIGURE
5
Dependence
of
main
characteristics of fuel gases mixture
(natural gas (NG) + biogas (BG)) on volume
fraction of biogas gas fbg, % (vol.), to define
limit content of BG in mixture that meets the
standard’s GOST 5542-87 requirements: a –
by Net Calorific Value (NCV) Ql; b – by
Higher (Total) Wobbe Number Woh.
Substituting gas: 1 – biogas BG 1; 2 – biogas
BG 2.

The lower permissible values of Ql (a) and of Woh (b) are taken from GOST 5542-87 298 K
(20 ºC) and recalculated for 273 K (0 ºC).
Basing on two last mentioned limitations the feasible admixtures of alternative gases (AGF) to NG
could be defined and proposed without violation the standards – see Figures 4 and 5.
Range of available addition the synthesis gases produced by wood gasification is shown in Fig. 4, a, b
and the same for biogases – in Fig. 5, a, b. Composition of AGF-gases both for synthesis and biogases
are tabulated (Table 4) along with other necessary data been used to make the estimations of
acceptable admixtures to NG in frame of acting standard.
Analysis of presented data has shown that the demand for provision the limitations by Ql,min is much
more strict than by Woh,min numbers. The admissible content of AGF-gases in mixture with NG could
be maintained at the fraction value up to 30 % from the standpoint of regulated Woh numbers while
from the Ql values the NG fraction in the gas mixture exceeds 90 % for any evaluated AGF-gases.
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TABLE 4 Main characteristics of alternative gases to estimate the replacement potential in frame of
NG standard
#

Properties

Natural
gas

SG2

BG1

BG2

NG

CH4

10.48

2.67

62.99

55.69

95.82

C2H6

1.30

0.09

0.0

0.0

2.812

C2H4

4.03

0.0

–

–

0

0.0

0.05

0.005

0.004

0.779

0.0

0.0

0.007

0.005

0.202

0.0

0.0

0.02

0.037

0.028

10.02

13.11

–

–

0.0

41.10

14.20

0.0

0.0

0.0

0.0

0.0

0.06

0.24

0.03

N2

14.34

52.97

12.29

20.68

0.149

CO2

17.54

14.36

22.44

19.60

0.0

O2+Air

1.18

2.6

2.188

3.75

0.028

0.93

0.92

0.83

0.854

0.577

C4H10
C5H12
H2
CO
C6H14

Dimensions of quality, % vol.

Composition

Biogases

SG1

C3H8

1

Synthesis gases

2

Relative density
G

–

3

Qh

MJ/m3

13.54

4.54

25.02

22.5

40.90

Ql

MJ/m

3

13.18

4.18

22.54

20.3

36.94

Woh

MJ/m3

14.04

4.75

27.40

24.34

53.86

Wol

MJ/m

3

13.64

4.36

27.70

21.96

48.60

6

Volume
stoichiometric
ratio Lst

m3/m3

2.94

0.79

5.91

5.23

9.83

7

Mass
stoichiometric
ratio st

kg/kg

3.16

0.86

7.10

6.13

17.04

4

Note: heat values are given at
(Erdgas-Datenblatt, 2012)

298 K (25

ºC) for

1 Nm3 at

273

K (0

ºC)

6. INDUSTRIAL OPTIMIZATION OF FUEL FURNACES
The theoretical statements were validated by our testing of two multi-zone reheating furnaces of
pusher type being of 170 t/hour nominal output in Hungary. The following gaseous fuels were
compared by firing of the furnaces equipped with the radiant burners: under combustion of natural gas,
of coke-oven gas along with the case of using the mixtures of the natural gas with coke-oven gas or of
the natural gas with the blast-furnace gas. Combustion air was initially preheated till 573…623 K

100

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
(300…350 C). In the 90-th years the new types of recuperators have been installed, providing air
preheating till 803 K (530 C).
The following conclusion, being fairly coincided with the theoretical results and described above,
were made basing upon industrial investigations: the higher is the combustible mixture’s potential, the
lower would be specific fuel (fuel heat) consumption bf. The fuel-oxidant mixture potential is defined
by the excess total enthalpy of the unit of combustion products Hf,T, kJ/kg, under theoretical
combustion temperature TT.
By this reason if the furnace is firing with coke-oven gas bf is approximately 20…25 % less than by
firing with natural gas under supporting the other process parameters in the furnace (output,
characteristic temperatures), at the same value. The industrial and thermodynamic calculations data for
this case have been collected and analyzed in the presentation (Soroka and Sandor, 2000).
Use of the mixture of the natural gas with the blast-furnace gas is not efficient from the standpoint of
natural gas saving for reheating furnace. Over-expenditure of the absolute flow rate of natural gas has
been arisen by use of fraction of blast-furnace gas 50 % and more in the mixture with natural gas. The
same results could be seen from the thermodynamic calculations data (Figures 3).
By carrying out the combined power and environmental optimization of the furnaces, the dependences
of specific fuel consumption bf and specific NOx formation – CNOx have been evaluated in dependence
on the furnace output Gfur value. Fuel heat consumption bf makes the following values at Gfur =
160…200 t/hour under air preheating 573 K (300 C): 1.55 MJ/kg – by firing the furnace with straight
(pure) natural gas; 1.62…1.96 MJ/kg – by use the mixture of natural gas with the blast-furnace gas,
including input in the last value of 1.45…1.77 MJ/kg – the share related to natural gas fraction in the
mixed gas;
the higher is the combustible mixture’s potential, the higher is NOx concentration
([NOx]) at the furnace exit under conservation of other parameters at the same level. For
example, [NOx] concentration may be less by 40 % on the average when heating the furnace
with natural gas against [NOx] value by coke-oven gas combustion. Consideration of NOx
formation in terms of CNOx smoothes down the divergence between mentioned indices by
comparison the characteristics of combustion products of natural and coke-oven gases;
the strong dependences of the main furnace indices: bf and CNOx – on the furnace
output Gfur has been stated. It was found the similarity of the dependences bf – Gfur (main
power performance) and CNOx – Gfur (main environmental performance);
minimal values of the mentioned indices (bf and CNOx) meet the optimal furnace
output, but sometimes the value of the last Gfur,opt exceeds the region of real furnace operation
and of output range. Region of optimal output Gfur,opt is the same for both indices: energetic
(fuel utilization) and environmental.
As a result the furnace operation by optimal output makes the simplest method of bf and CNOx
substantial (up to 2 and more times) reduction without any improvement of the furnace design.
CONCLUSIONS
Purpose of elaboration the modern approaches to adequate gas fuels replacement is to account and
provide up-to-date requirements to the processes and the plants of fuel use, mainly in power and
industry, independently of combustible fuel type.
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New scientific and engineering fundamentals of fuels substitution have been developed instead of
obsolete methodology “Interchangeability of Fuel Gases” developed in USA and existent from the
middle of XX-th century or in addition to the generalizing criteria been collected in the previous
approaches on fuels replacement. Energy efficiency demand and the stringent environmental norms by
replacement the hydrocarbon fuels (natural gas – NG) by accessible low-calorific fuels.
To perform the complex prediction of the opportunities and consequences of total or partial
substitution of the necessary amount of natural gas NG for alternative gases AG, the following
parameters have been proposed to compute and take into account: plant utilization efficiencies –
regarding fuel and energy utilization, the last in form of heat H and exergy eff efficiencies; saving or
over expenditure of the NG flow rate in the gas mixture with AG, specific fuel consumption bf and
specific issue of harmful substances Ct – pollutants in the combustion products: CNOx, CCO2 – as the
toxic and greenhouse components respectively. Specific power (fuel use) bf and environmental Ct
indices in this case are related to the unit of useful energy or to unit of the plant output.
Certification of alternative gas fuels and fuel mixtures as a commodity products is carried out in frame
of our approach with necessary set of characteristics, similar to those accepted in the world practice
(see list of characteristics of natural and alternative gases at the European market) (Erdgas-Datenblatt,
2006; Erdgas-Datenblatt, 2007; Heroin, 2007].
NOMENCLATURE
AGF

alternative gas fuels

B

fuel consumption, kg/s

bf

specific fuel heat consumption, MJ/kg

BFG

blast-furnace gas

BG

biogas

bH

specific heat consumption, MJ/kg

COG

coke-oven gas

Ct

pollutive substance “t” concentration, ppm

,

value and excess value of specific total exergy, kJ/kg

, H

value and excess value of specific total enthalpy, kJ/kg

G

relative density

Gfur

furnace output value, t/hour

IF

flashback index

IL

lifting index

IY

yellow tip index

LCV

low-calorific gases

Lst

air to gas volume stoichiometric ratio (min), m3/m3

M

molar (molecular) mass, g/mol

MZ

methane number
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NG

natural gas

OE

oil equivalent

Q

calorific value (combustion heat), MJ/m3, kWh/m3

SG

synthesis gas

T

temperature, K

TCV

total calorific value

un

normal (laminar) flame propagation velocity, m/s

Wo

Wobbe number (index)

X

parameter to be estimated

[Xt]

specific yield of pollutants harmful substances (toxic and greenhouse gases)

eff

exergy (serviceability) efficiency, %

f

efficiency of fuel utilization, %

H

heat efficiency, %
air excess factor

st

mass stoichiometric ratio

Subscripts and Superscripts
calc

calculation results

ex

exit cross-section of plant

f

fuel

fl

flue gases

fur

for condition within the furnace

h

total (higher) calorific value (combustion heat)

id

ideal furnace

in

initial combustion components (fuel+oxidant)

l

net (lower) calorific value (combustion heat)

min

minimal value

mix

mixture

opt

optimal output

prod

combustion products

r

dew point

ref

literature data
at theoretical combustion temperature TT

T
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Abstract
The DC electric power transmission through power lines represents one of the most important
concerns of the electricity producers and users. Unfortunately the polymeric insulated cables have an
important disadvantage: the development of a space charge inside the insulation (which modifies the
electric field repartition) and especially its long persistence after the voltage switching-off.
In this paper a computation method of the electric field in the homogeneous polymeric insulation of a
DC cable is presented. It is assumed that the cable is in operation and some charge layers near the
inner and outer semiconducting layers are presented. The computations are done for a medium
voltage cable and show that an important local increase of the electric field (near the inner
semiconductor layer) is produced. This increase depends on the sign and amount of the charge and on
the layer thickness and may lead to the breakdown of the insulation at lower voltages.
Key words: power cables, lifetime, polyethylene, water trees, failure

1. INTRODUCTION
High-voltage direct current (HVDC) electric power transmission system uses direct current for the
transmission of electrical power (Arrillaga 1998). The most common reason for choosing HVDC over
AC transmission is that HVDC is more economic than AC for transmitting large amounts of power
over long distances.
Even though HVDC conversion equipment at the terminal stations is costly, overall savings in capital
cost may arise because of significantly reduced transmission line costs over long distance routes.
HVDC needs fewer conductors than an AC line, as there is no need to support three phases. Also,
thinner conductors can be used since HVDC does not suffer from the skin effect. These factors lead to
large reductions in power transmission cost for a long distance HVDC system (Hincomni 1996). On
the other hand, HVDC transmission losses are quoted as about 3 % per 1,000 km, less than typical
losses in an AC transmission system. Generally, DC line losses are 30–40 % less than with AC lines,
at the same voltage levels (Wikipedia).
The disadvantages of HVDC are in conversion, switching, control, availability and maintenance.
HVDC is less reliable and has lower availability than AC systems, mainly due to the extra conversion
equipment (Wikipedia). The required converter stations are expensive and have limited overload
capacity. At smaller transmission distances, the losses in the converter stations may be bigger than in
an AC transmission line.
An important disadvantage of DC cables represents the existence of the space charge inside the
insulation. This charge may appear during the manufacturing processes (breaking of the polymer
molecules etc.), thermal and radiative degradation of insulation, charge injection from the electrodes
with defects (protuberances etc.) etc. This charge (positive and/or negative) is fixed (on the traps
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related with the insulation defects) especially near the semiconducting layers. This may leads to the
apparition of some charge layers, whom thickness and densities depend on the content and dimensions
of the insulation defects, electric field strength, characteristics of the semiconductor-insulation
surfaces, content and dimensions of the water trees etc. (Notingher 2005; Wang et al. 2008; Suh et al.
1994; Li et al. 1997; Li, Fouracre&Crichton 1994; Fouracre, Given&Crichton 1986).
The presence of space charges leads to the modification of the electric field inside the insulation,
respectively to its increase near the semi-conductive layer, and to the decrease of the partial discharge
and electrical trees inception voltage, making easier the breakdown of the insulation at voltages close
to the operating level (Notingher 2005). On the other hand, due to the large relaxation times of the
charge in polymers, polymeric insulations are still charged even after the switching-off of the voltage.
This leads to the apparition of high electric fields in the cables vicinities, compromising the safety of
the operator. For this reason, the computation of the electric field in homogeneous or inhomogeneous
(especially that contain water trees) medium or high voltage cable insulation, in the absence or
presence of the space charge has been an important research topic (Buller 1967; Stancu et al. 2009;
Abou-Dakka, Bulinski&Bamji 2004; Mizutani et al. 2004).
Thus, in (Acedo et al. 2001; Radu et al. 2000; Notingher, Radu&Filippini 2000), the distribution of the
electric field has been calculated in the presence of water trees without considering space charges. The
electric field computation by the boundary element method in the presence of space charges has been
done in (Bamji, Bulinski&Prasad 1993). The calculation of the electric field in electrostatic regime,
considering a parabolic variation of the charge density and an exponential variation of the permittivity
in water treed areas, is shown in (Stancu et al. 2009; Stancu et al. 2006), where it is considered that
water trees are continuous and they have developed either toward the inner semiconductor or the outer
semiconductor.
In this paper, the analytical calculation of the electric field in the insulation of a medium voltage cable
is presented. If in the previous papers (Stancu, Notingher&Plopeanu 2011; Stancu, Notingher&Plopeanu
2012) it was considered that the insulation contains water trees, in this paper it is assumed that the
insulation is homogeneous and contains one or two charge layers (positive or negative) near the inner
and outer semi-conductive layers. The values of space charge density used in the calculations have
been determined from space charge measurements carried out by the thermal step method (TSM) in
flat samples (Notingher jr. et al. 2009).
2. COMPUTATION MODEL
In order to calculate the electric field the cylindrical insulation of a medium voltage cable was
considered (Figure 1). The insulation (polyethylene of relative permittivity r) is bounded by the inner
semiconductor layer of outer radius r1 and potential V1 respectively by the outer semiconductor layer
of inner radius r2 and potential V2 (Figure 2). It is considered that the insulation contains one or two
charge layers (positive or negative) and has a cylindrical shape (of thickness lc and volume density v).
As the electrodes but also the charge layers have a cylindrical shape, the electric field is plane parallel
(radial). The computation was done in plane domains D having a crown circular shape. The
electrostatic regime of the electric field and the cylindrical coordinate system (r, , z) with Oz parallel
with the axis of the cable were considered. Because the electric field does not depend on the and z
coordinates, for numerical computation of the potential V(r) and electric field E(r) in a point P(r) from
the calculation domain, the following equations were used:
- The Poisson equation:
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1
r (r )
r r

V (r )
r

v

r

(1)

- The theorem of electrostatic potential:

Er

V r
,
r

where the permittivity (r) and the volume space charge density
inside the insulation (Stancu 2008).

(2)

v(r)

are known in each point P(r)

Boundary (at the interfaces between the semi-conductive layers and insulation) and the source
conditions (volume charge density values near the semi-conductive layers) are added to the equations
(1) and (2).

Fig. 1. Medium voltage cable: 1 – Conductor, 2 – Inner semiconductor layer,
3 – Insulation, 4 – Outer semiconductor layer, 5 – Sheath, 6 – Jacket.
3. COMPUTATION OF THE ELECTRIC FIELD
The numerical computation of the electric field was done for three computation domains D, with the
charge layers: a) near the inner semiconductor layer, b) near the outer semiconductor layer and c) near
both the semi-conductive layers.
3.1. Charge layer near the inner semi-conductive layer
3.1.1. Computation domain
The computation domain D is presented in the Figure 2. It consists of two sub-domains: D1 where a
charge layer has developed (of known average density vmed), bounded by the cylindrical surfaces S1
(of radius r1) and S2 (of radius r1 + lc, lc representing the charge layer thickness) and sub-domain D 2
without charge, bounded by the surfaces S2 and S3 (of radius r2). The numerical computations were
done for lc [0.1...1] mm, 1 (r) = 2 (r) = 2.2 0, 0 = 8.85x10-12 F/m, vmed [- 0.1...+ 0.2] C/m3 and
V1 = 20 kV.
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r1

+ ls

Fig. 2. Computation domain of the electric field in the presence of
a charge layer near the inner semiconductor layer.
The charge density in the sub-domain D1 – v(r) – was considered either constant (
0.2 C/m3), or parabolic variable with r-coordinate, respectively:

v

r

v0

ar 2

br

v

=

v(r)

= - 0.1...+

e ,

where v0 represents the charge density value near the inner semiconductor layer and a, b and e are
calculated.
Using the condition that the total charge Q1 contained in a region with the length and section identical
to the one of the sub-domain D1, in the case of a constant charge vmed (Figure 3):

Q1

r1

vmed

to be equal to the one of a variable charge density

Q1

the values of

v0

'

r1 l c
r1

v0

v,

ar 2

lc

2

r1

2

respectively Q1’:

br

e r 2 dr .

were calculated.

It results:
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v0

vmed r1 l c

r1

lc

ar 4

r1

2

br 3

dr

(3)

er 2

r1

Fig. 3. Variation of the charge density

v

with the r – coordinate in the sub-domain D1.

3.1.2. Equations
Boundary and the crossing conditions are added to the equations (1) and (2) as follows:
-

Boundary conditions
V(P) = V1, P

S1

V(P) = V2 = 0, P
-

S2

Crossing conditions on the surface S2:

V1 P
dV1 P
dr

V2 P , P

S2

dV2 P
,P
dr

S2,

where V1 (P) and V2 (P) represents the values of the potential in the point P
expressions corresponding to the sub-domains D1 and D2.
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3.1.3. Equations of the potential and electric field
Using the equations (1), (2), (4) and (5) the equations of the potential and electric field were obtained:

V1 r

v0
1

E1 r

v0
1

r4
a1
16
a1

r3
b1
9

r3
4

b1

V2 r

r2
3

r2
e1
4
e1

r
2

C1 ln r C 2
C1
r

(6)

C 3 ln r C 4

C3
r

E2 r

the values of the constants a1, b1, e1, C1...C4 being presented in the Annex 1 (Stancu 2008).
3.1.4. Results
3.1.4.1. Positive charge case

vmed

> 0)

Figure 4 is concerned with the variation of the electric field E with respect to the coordinate r in the
absence and in the presence of a positive charge layer. It comes out that the presence of the charge
near the inner semi-conductive layer leads to the decrease of the electric field in this area and to its
increase in the outer area. The maximum electric field value is obtained at the tip of the charge layer.
For lc = 1 mm, Emax = E (9 mm) = 5.064 MV/m with 10.64 % higher than its value in the absence of
the charge layer.

Fig. 4. Variation of the electric field E with the r – coordinate in the absence (1)
and presence of a positive charge layer with lc = 0.1 mm (2), lc = 0.5 mm (3)
and lc = 1 mm (4) (
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Increasing the charge layer thickness, the electric field E decreases near the inner semi-conductive
layer (from 4.638 MV/m for lc = 0.1 mm to 0.304 MV/m for lc =1 mm) but also at the tip of the charge
layer (from 5.064 MV/m for lc =0.1 mm to 5 MV/m for lc = 1 mm). Near the outer semi-conductive
layer the electric field E increases (from 3.172 MV/m for lc =0.1 mm to 3.506 MV/m for lc =1 mm)
(Figure 5).

Fig. 5. Variation of the electric field E with the charge layer thickness lc: near the inner semiconductive layer (1), at the tip of the charge layer (2) and near the outer semi-conductive layer (3)
3
vmed = + 0.106 C/m , V1 = 20 kV).
Increasing the vmed values (from 0.106 C/m3 to 0.2 C/m3) the electric field E decreases near the inner
semi-conductive layer (from 3.638 MV/m to – 15.5 MV/m) and increases at the tip of the charge layer
(from 4.923 MV/m to 5,952 MV/m) and near the outer semi-conductive layer (from 3.218 MV/m to
3.891 MV/m) (Figure 6).
3.1.4.2. Negative charge case

vmed

< 0)

Figure 7 is concerned with the variation of the electric field E with respect to the coordinate r in the
case of a negative charge existence. It comes out that the charge presence near the inner semiconductive layer leads to the increase of E in this area and to its decrease in the outer area. Therefore,
for lc = 1 mm and vmed = - 0.106 C/m3, the electric field value E is 94.5 % higher than in the charge
absence.
The values of E increase with lc near the inner semi-conductive layer (from 5.66 MV/m for lc = 0.1
mm to 9.993 MV/m for lc =1 mm) and to its decrease at the tip of the charge layer (from 5.08 MV/m
for lc = 0.1 mm to 4.089 MV/m for lc = 1 mm) and near to the outer semi-conductive layer (from 3.165
MV/m for lc = 0.1 mm to 2.831 MV/m for lc = 1 mm) (Figure 8).
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Fig. 6. Variation of the electric field E with the average charge density vmed: near the inner semiconductive layer (1), at the tip of the charge layer (2) and near the outer semi-conductive layer (3)
(lc = 0.5 mm, V1 = 20 kV).

Fig. 7. Variation of the electric field E with the r – coordinate in the
presence of a negative charge layer with lc = 0.1 mm (1), lc = 0.5 mm (2)
and lc = 1 mm (3) (
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Fig. 8. Variation of the electric field E with the charge layer thickness lc: near the inner semiconductive layer (1), at the tip of the charge layer (2) and near the outer semi-conductive layer (3)
3
vmed = - 0.106 C/m , V1 = 20 kV).
3.2. Charge layer near the outer semi-conductive layer
3.2.1. Computation domain
Figure 9 is concerned with the computation domain D which contains the charge layer near the outer
semi-conductor. It consists of two sub-domains: D1 (without charge), bounded by the cylindrical
surfaces S1 (of radius r1) and S2 (of radius r2 - lc, lc representing the charge layer thickness) and D2
(with charge), bounded by the surfaces S2 and S3 (of radius r2). The numerical computations were done
for lc [0.1...1] mm, vmed [- 0.1...+ 0.2] C/m3 and V1 = 20 kV.

Fig. 9. Computation domain of the electric field in the presence
of a charge layer near the outer semiconductor.
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3.2.2. Equations
The crossing conditions on the surface S2 are added to the equations (1), (2) and (4):

V1 P
dV1 P
dr

V2 P , P

S2

dV2 P
,P
dr

S2,

(7)

where V1 (P) and V2 (P) are the values of the potential in the point P
corresponding equations of the sub-domains D1 and D2.

S2 computed with the

3.2.3. Equations of the potential and electric field
From (1), (2), (4) and (7) the equations of the potential and electric field in the sub-domains D1 and D2
were obtained:
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C1 ln r C 2
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4
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2

C3 ln r C 4
C3
,
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values of the constants a2, b2, e2, C1...C4 being presented in the Annex 2 (Stancu 2008).
3.2.4. Results
3.2.4.1. Positive charge case

vmed

> 0)

Figure 10 is concerned with the variation of the electric field E with respect to the coordinate the r for
positive charge layers of different thicknesses. It comes out that the presence of a charge layer near the
outer semiconductor leads to the increase of the electric field in this area ant to its decrease in the outer
area. Therefore, for vmed = 0.106 C/m3, the electric field value in the coordinate point r = 13 mm is
115.8 % higher than its value in the absence of the charge layer
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Fig. 10. Variation of the electric field E with the r-coordinate in the absence (1)
and presence of a positive charge layer with lc = 0.1 mm (2),
lc = 0.5 mm (3) and lc = 1 mm (4) (

vmed

= + 0.106 C/m3, V1 = 20 kV).

Figure 11 is concerned with the variation of E with respect to the charge layer thickness lc – for vmed =
0.106 C/m3. It comes out that increasing the charge layer thickness, the electric field decrease near the
inner semi-conductive layer (from 5.143 MV/m for lc = 0.1 mm to 3.672 MV/m for lc = 1 mm) and at
the tip of the charge layer (from 3.19 MV/m for lc = 0.1 mm to 2.44 MV/m for lc = 1 mm) and to its
increase near the outer semi-conductive layer (from 3.67 MV/m for lc = 0.1 mm to 11.564 MV/m for
lc = 1 mm).

Fig. 11. Variation of the electric field E with the charge layer thickness lc: near the inner semiconductive layer (1), at the tip of the charge layer (2) and near the outer semi-conductive layer (3)
3
vmed = + 0.106 C/m , V1 = 20 kV).
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Fig. 12. Variation of the electric field E with average charge density vmed: near the inner semiconductive layer (1), at the tip of the charge layer (2) and near the outer semi-conductive layer (3)
(lc = 0.5 mm, V1 = 20 kV).
Increasing the values of vmed, the electric field E decreases near the inner semi-conductive layer (from
4.992 MV/m to 3.42 MV/m) and at the tip of the charge layer (from 3.195 MV/m to 2.2 MV/m) and at
its increase near the outer semi-conductive layer (from 5.199 MV/m to 25.2 MV/m) (Figure 12).
3.2.4.2. Negative charge case

vmed

< 0)

In the presence of a charge layer near the outer semi-conductive layer, the electric field E increases
significantly near the inner semi-conductive layer and decreases near the outer one reversing even its
sign (Figure 13). This phenomenon, appropriate to DC cables, was also obtained by Bodega (Bodega
2006) which explain it by the increase, about 12 %, of the homo-charges (+ 22.5 kV), when the
difference between the conductor and sheath temperature is 20 ºC.
Increasing the negative charge layer thickness values, the electric field increases near the inner semiconductive layer (Figure 14, curve 1) and at the tip of the charge layer (Figure 14, curve 2) and to its
decrease near the outer semi-conductive layer (Figure 14, curve 3).
3.3. Charge near both semi-conductive layers
3.3.1. Computation domain
Figure 15 is concerned with the computation domain D which contains two charge layers. It contains
three sub-domains: D1 (with vmed1 0 and 1 = 2.2 0), bounded by the cylindrical surfaces S1 (of
radius r1) and S2 (of radius r1 + lc1), sub-domain D2 (with vmed = 0 and 2 = 2.2 0), bounded by the
surfaces S2 and S3 (of radius r2 - lc2) and D3 (with vmed 0 and 3 = 2.2 0), bounded by the cylindrical
surfaces S3 and S4 (of rayon r2). For space charge density v (r) the following variation laws were
considered:

v

r

v0

a1 r 2

b1 r

e1

in D1 and
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v

r

v0

a2 r 2

b2 r

e2

in D2.

Fig. 13. Variation of the electric field E with the r – coordinate in the
presence of a negative charge layer with lc = 0.1 mm (1),
lc = 0.5 mm (2) and lc = 1 mm (3) (

vmed

= - 0.106 C/m3, V1 = 20 kV).

Fig. 14. Variation of the electric field E with the charge layer thickness ls: near the inner semiconductive layer (1), at the tip of the charge layer (2) and near the outer semi-conductive layer (3)
3
vmed = - 0.106 C/m , V1 = 20 kV).
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Fig. 15. Computation domain of the electric field in the presence
of two charge layers near the inner and outer semiconductor.
3.3.2. Equations
Crossing conditions on the surfaces S2 and S3 are added to the equations (1), (2) and (4):

V1 P
dV1 P
dr
V2 P

dV2 P
dr

V2 P , P

S2

dV2 P
,P
dr
V3 P , P

S2

(9)

S3

dV3 P
,P
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where V1 (P), V2 (P) and V3 (P) are the values of the potential in the points P
corresponding equations of the sub-domains D1, D2 and D3.

S2,3 computed with the

3.3.3. Equations of the potential and electric field
From (1), (2), (4) and (9) the following equations were obtained:
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values of the constants a1, b1, a2, b2, e1, e2, C1...C6 being presented in the Annex 3 (Stancu 2008).
3.3.4. Results. Discussion
Figure 16 is concerned with the variation of the electric field E with respect to the coordinate r for two
positive charge layers of thicknesses lc1 = lc2 = lc [0.1...1] mm and vmed = 0.106 C/m3. It comes out
that the electric field E decreases near the inner semi-conductive layer and increases the outer semiconductive layer (Figure 16, curves 3 and 4). These variations are more important with the increase of
lc (Figure 17, curves 1 and 4). Therefore, for lc1 = lc2 = lc = 1 mm, E values increases with 158.4 % to
those in the absence of the charge reaching to 8.166 MV/m.
As a consequence, the probability of partial discharge and electrical trees inception increases leading
to a breakdown of the insulation.

Fig. 16. Variation of the electric field E with the r – coordinate in the absence (1)
and presence of charge layers with lc = 0.1 mm (2), lc = 0.5 mm (3) and lc = 1 mm (4)
vmed
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Fig. 17. Variation of the electric field E with the charge layer thickness lc: near the inner semiconductive layer (1), at the tip of the charge layer with the thickness lc1 = lc (2), at the tip of the
charge layer with the thickness lc2 = lc (3) and near the outer semi-conductive layer (4)
(

vmed

= + 0.106 C/m3, V1 = 20 kV).

4. CONCLUSIONS
Considering charge layers near the semi-conductive layers and having a constant or parabolic variable
charge density with respect to the axis of the cable, relatively simple expressions of the electric field
were obtained.
The electric field modify in the presence of space charge, depending on the position and layer
thickness, but also on their sign and of the applied potentials to semi-conductive layers.
The maximum values of the electric field increases considerably with the charge density and layer
thickness, two times higher than in the absence of the charge. Therefore, the probability of partial
discharges and electrical trees inception at lower voltages increases. As a consequence, the probability
of the insulation breakdown at nominal voltage increases.
The electric field computation in DC cable insulation in the presence of the space charge, considering
the electro-kinetic quasi-stationary regime will be presented in a future paper.
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SELF-HEALING PHENOMENA ON CORRODING STEEL
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Abstract.
The application of polymeric nano-particles was investigated as an approach to control corrosion
and/or self-heal corrosion damage on steel in simulated alkaline medium and reinforced mortar. The
“self-healing agent”, present in the closed inner volume of PEO-b-PS vesicles was Ca-based and
chosen as such due to the natural predominance of Ca in the investigated system. The vesicles’
concentration was 0.0024 wt.% in the model medium and 0.025 wt.% per cement weight for the case
of mortar. Therefore, a “self-repair” or “self-healing” of the steel product layer solely due to the Cacomponent is not realistic in view of these minimal concentrations. The most plausible mechanism is
the nature of incorporation of the Ca-containing vesicles in the product layer, enhanced chloride
binding effects and adsorption on active sites on the steel surface. A more uniform and stable surface
layer, initial pitting formation and propagation, but consecutive “healing”, are evidenced by surface
analysis and electrochemical response i.e. largely reduced anodic and corrosion currents and no
further pit propagation are observed when Ca-containing vesicles are present in the model medium.
Corrosion products-free steel/cement paste interface is relevant for the reinforced mortar, containing
Ca-rich vesicles in contrast to vesicles-free and empty vesicles-containing matrix.
Key words: corrosion; concrete; polymeric nano-particles; CVA; SEM; XRD; XPS
1. INTRODUCTION
Reinforced concrete has the potential to be durable and capable of withstanding a variety of adverse
environmental conditions. However, one of the major difficulties in the engineering practice,
originating at the nano/micro level, is the multi-dimensional nature of steel corrosion. In the frame of a
recent approach to corrosion control in reinforced concrete, the application of polymeric nanomaterials was studied. Among other formations, polymeric micelles of 50 nm size (from the di-block
polymer PEO-b-PS) were investigated at an extremely low concentration of 0.025 wt.% per cement
weight. The results show superior performance with respect to corrosion resistance and bulk matrix
properties of the micelles-modified cement-based systems [1-4]. The outcomes are due to phenomena
as nucleation sites effect, accelerated chloride binding and barrier effects. Further, these type of nanomaterials were hypothesized to possibly lead to self-repair of Cl-induced corrosion damage within
altering their structural morphology and/or composition.
124

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
The next step of the above approach was to employ nano-materials as carriers of Ca-containing
compounds (calcium being chosen due to its’ natural predominance in the investigated systems).For
establishing the effects on corrosion resistance, stabilized (kinetically frozen) PEO113-b- PS760
vesicles (220 nm) were investigated as “empty” and Ca-containing ones [1-5]. The aim of these
studies was to investigate the possibility for maintained positive effects on the cement-based
microstructure, along with increased corrosion resistance and self-healing (or repair) of corrosion
damage, resulting from Ca-based “core” release. The tests were performed in model pore solutions
(vesicles concentration of 0.0024 wt.%), prior to studies in reinforced mortar (vesicle concentration as
previously for micelles i.e. 0.025 wt.% per cement weight). This paper summarizes some main
outcomes as follows: some results from the investigation on corrosion resistance of St37 steel
electrodes in cement extract, modified with the above defined vesicles [5]; visualization of the positive
effects with respect to corrosion resistance in reinforced mortar and steel/cement paste interface (for
more details on the electrochemical behavior of reinforcing steel, please see [3]; finally, this work
substantiates the improved corrosion resistance via evidence of self-healing effects through correlating
electrochemical performance (mainly cyclic voltammetry) and steel surface analysis.
2. EXPERIMENTAL
2.1 Materials
Model environment and reinforced mortar: for cement extract (CE) as a simulated pore solution and
for the reinforced mortar, respectively, OPC CEM I 42.5N was used. The pH of CE is 12.6 – 12.9,
chemical composition is: Ca – 201 mg/l; K – 3.85 mg/l; Na – 1.33 mg/l; Al – 4 mg/l and Fe - < 1 mg/l;
a portion from the prepared 0.5 g/l vesicles solutions was added to CE (or added as mixing water for
mortar). The final concentration was 0.0024 wt. % in CE and 0.025 % by weight of cement in mortar.
Corrosion-inducing factor was 1% NaCl for CE and external 5% NaCl as corrosion-inducing medium
for the mortar. The reinforced mortar specimens were cast in w/c ratio 0.5, c/s ratio 1:3, cured in a fog
room (20°C, 98 % relative humidity) for 28 days and further lab conditioned.
Steel: St37electrodes of surface area 4 cm2 were used for tests in CE; Construction steel FeB500 HKN
(109 cm2) was centrally embedded in the mortar specimens. All steel bars and St37 electrodes were
equally treated prior to treatment in the relevant solutions and/or casting in the mortar specimens
(grinding, polishing, acetone cleaning and water rinsing for St37 and acetone cleaning and water
rinsing for FeB500 HKN prior to casting). Three replicates per condition were tested. Sample
designation is as follows: group CE – control cases; CEn – corroding cases; CEV and CEVC stand for
the non-corroding cases of steel in CE and mortar, modified with “empty” and “Ca-containing”
vesicles, whereas CEVn and CEVCn stand for the corroding, vesicles-containing cases respectively.
Polymeric vesicles: Vesicles were prepared via dialysis from PEO113-b-PS760 block-polymer [1-5].
In order to distinguish between “barrier” effects and “self-healing” due to Ca-release, both “empty”
and Ca-containing vesicles were used. Their hydrodynamic radius was approximately 220-250 nm,
identified by dynamic light scattering (DLS) measurement and transmission electron microscopy
(TEM).
2.2. Methods
Electrochemical methods: Autolab-Potentiostat PGSTAT 30 (Metrohm, NL) was used. Potentiodynamic polarization (PDP) and Cyclic voltammetry (CVA) were employed, using a common 3electrode cell arrangement (saturated calomel electrode, SCE, as reference electrode). PDP was in the
range of -0.2V to +1.0V vs open circuit potential (OCP) at a scan rate 0.5 mV/s; CVA scans were in
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the potential region of 1.4V to 0.6V at a scan rate of 5 mV/s (all electrochemical measurements are
as generally employed for the systems under study).
Surface analysis:. X-ray photoelectron spectroscopy (XPS) was carried out in the UHV chamber of an
electron spectrometer ESCALAB-MkII VG Scientific with a base pressure of about 1 10 10 mbar
(during the measurement 1 10 9 mbar). The photoelectron spectra were obtained using
unmonochromatized Al K (h = 1486.6 eV) radiation. The instrumental resolution measured as the
full width at a halfmaximum (fwhm) of the Ag3d5/2, photoelectron peak is about 1 eV. The energy
scale is corrected to the C1s (peak maximum at 285 eV) for electrostatic sample charging. The fitting
of the recorded XPS spectra was performed, using a symmetrical Gauss-Lorentzian curve fitting after
Shirley-type subtraction of the background. Except scanning the steel surface after 7 days i.e. product
layers formed on the steel electrodes in each relevant condition, consecutive mechanical polishing of
equal pressure and time duration was performed in depth of the layer in the vacuum chamber of the
spectrometer. This technique was chosen in order to avoid influence on the chemistry of the formed
layers, which would otherwise be relevant if Ar sputtering was used. The XPS measurements resulted
in quali- and quantifying of the composition of the product layers in depth i.e. for each specimen, four
in depth scan results were recorded.
3. RESULTS AND DISCUSSION
3.1. Corrosion behavior of St37 steel electrodes in model solution (cement extract).
All electrochemical measurements were performed on defined time intervals (e.g. 1h, 2h, 24h, 3d, 7d)
after OCP stabilization. For reinforced concrete, concrete pore solution respectively, simulated here as
cement extract (CE), the steel surface is considered to be passive if OCP is equal or more anodic than 270 mV SCE. When chlorides (or other corrosion-inducing factors) are present, passivity is lost,
localized corrosion initiated and OCP readings shift to more cathodic values. Figure 1 depicts OCP
evolution for all investigated cases in cement extract.
1h

3h

24h

4d

7d

100

Eocp mV vs SCE

0
-100
-200
-300
-400

CE

CEV

CEVC

CEn

CEVn

CEVCn

-500

Fig.1 Evolution of OCP values for steel electrodes in cement extract with time of treatment: CE –
control; CEV and CEVC – controls with empty and Ca-bearing vesicles;
CEn – corroding; CEVn and CEVCn - corroding with empty and Ca-bearing vesicles
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As can be observed, the OCP values fall in the region of passivity and shift towards more noble
potentials at the end of the test for all specimens, except CEn and CEVn. For the latter two cases
corrosion initiated at the end of the testing period. This result is as expected for specimens CEn
(corroding steel in vesicles-free CE). The OCP readings for steel, treated in vesicles-containing CE
exhibit pronounced differences, depending on the vesicles’ composition. Empty vesicles (specimens
CEVn) do not result in noble potentials (approx. – 400 mV recorded after 7 days i.e. corrosion
initiation). In contrast, the presence of Ca-bearing vesicles in the CE results in maintaining steel
passivity (approx. -20 mV were recorded for specimen CEVCn after 7 days treatment). Figure 2
depicts the calculated polarization resistance values (Rp) for steel electrodes treated in all investigated
solutions after 24h, 4d and 7d (after IR correction, the latter derived from impedance spectroscopy).
Polarization resistance Rp for control and corroding cases (steel in model solutions)
control cases

KOhm.cm2

3000

2000

24h
4d
7d
corroding cases

1000

0
CE

CEV

CEVC

CEn

CEVn

CEVCn

sample type

Fig.2 Polarization resistance values, derived from PDP tests with time of treatment for control and
corroding cases
As seen from the plot, a trend of increasing Rp (increased corrosion resistance) was observed within
treatment for the control cases (CE, CEV and CEVC), which is a general outcome within the
stabilization of the steel passive layer in alkaline medium as cement extract. For the corroding cases
(CEn, CEVn and CEVCn), Rp values are significantly lower and maintain this trend, except for
specimen CEVCn, for which initially low but increasing Rp values were recorded, whereas this is not
the case for specimens CEn and CEVn. Obviously, the Ca-bearing vesicles introduce altered
properties of the product layer on the steel surface, which differ from these in specimens CEVn. In
other words, barrier effects (empty vesicles, specimen CEVn) can be distinguished from chemical restructuring on the steel surface and/or in the bulk volume of the environment (Ca-bearing vesicles,
specimen CEVCn). An example (as in-direct visualization) of initial corrosion initiation and further
steel surface layer “repair” is evident from the PDP response for specimens CEVCn with time – Fig.3.
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Overlay corroding case CEVCn
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Fig.3 PDP response for specimen CEVCn with treatment for 3h, 24h, 4days and 7 days.
The initially low corrosion current and anodic currents for 3h, line 1 in Fig.3, further increase with
chloride-induced corrosion – curves 2 and 3, accompanied by cathodic shift of corrosion potential.
After 4 days treatment (line 3), corrosion potential (Ecorr) shifts back in anodic direction; after 7 days
a more pronounced difference is observed (Ecorr around 0mV), accompanied by significant decrease
in corrosion current (line 4, Fig.3) and lower anodic currents around Ecorr. The result can only be
denoted to attempts for “self-repair” or “self-healing” of the product layer, since if only barrier effects
were present a more significant “drop” in anodic currents would be recorded in the potential region of
0.12 to 0.45 V.
The above discussed results and considerations are actually proved by cyclic voltammetry (CVA),
from which electrochemical behavior in terms of pitting initiation, propagation and attempts for steel
re-passivation can be obtained.
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Fig.4 (a) CVA scans (1st cycles) for control specimens (CE, CEV and CEVC) after 1h treatment
(stabilization) and (b) – after 7 days treatment; (c-f) 1st, 5th, 10th and 20th cycles for all corroding
specimens (CEn, CEVn and CEVCn) after 1h treatment (stabilization) in the relevant solutions.
For the control (non-corroding) conditions, passive behavior is observed within the full scale of the
tests for both 1h and 7 days treatment (Fig.4a)b)). Both forward and reverse scans present very low
current densities in the potential region of -0.6 V to 0 V – generally the passive region for steel (St37)
in this environment in the FW scan. Slightly higher currents can be observed for specimens CEV and
CEVC in the reversed scans, compared to specimens CE. This is denoted to diffusion limitations with
respect to the vesicles adsorption on the steel surface and further de-sorption with polarization (i.e.
initial barrier effects), rather than chemical and structural alterations in the product layers due to the
presence of vesicles (both empty and Ca-bearing ones). The result is due to initially increased
heterogeneity of the passive layer and oxygen diffusion limitations, leading to impeded formation of a
stable passive layer. Since these cases (Fig.4a)b)) are control such, these alterations are not of a large
significance with respect to corrosion behavior; for pronounced positive effects of the vesicles (if any
in control conditions), treatment for longer time intervals is needed.
As far as the corroding cases are concerned, a well distinguished positive effect of the Ca-bearing
vesicles is observed. Fig.4c) presents an overlay of the 1st cycles: well visible is pitting formation for
both CEn and CEVn specimens at potentials around – 0.37V, whereas no pitting formation is observed
for specimen CEVCn. With cycling – Fig.4d), pitting is initiated also in specimens CEVCn at
potentials more anodic than those for CEn and CEVn (approx. 100 mV difference), although currents
in both forward and reversed scans remain the lowest for specimens CEVCn. Similar observations
hold within further cycling (Fig.4a): at the end of the test, however, re-passivation behavior is relevant
for specimen CEVCn – Fig.4f. The close proximity of the corrosion potential in the FW and reverse
scans at the end of the test needs further investigation (incl. longer treatment). It is most likely related
to restructuring of the steel product layer in the presence of Ca-bearing vesicles.
The electrochemical response of the steel electrodes in model environment i.e. cement extract, is
further elucidated by surface analysis (XPS), including quali- and quantification of the product layers
in depth, partial results of which will be briefly given in what follows.
3.2. Surface analysis – XPS results for steel electrodes treated for 7 days in CE.
XPS was performed on the surface of all specimens (after 7 days treatment). The product layers’
composition was recorded on the “as treated” surface as well as in depth of the layers. Fig.5 presents
the ionizations of O1s and C1s on the top surface layers (depth “0”, Fig. 6) and the ionizations for
Fe2p3/2 and Ca2p in depth of the product layer (depth “4”, Fig.6). Figure 6 summarizes the XPS
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Fig.5 XPS ionizations for O1s, C1s (dept “0”, see also Fig.6 ) and Ca2p and Fe2p3/2 (in depth, “4”) of
the layers.
Since the interest with respect to the above discussed electrochemical behavior is mainly in terms of
the corroding specimens (vesicles free and Ca-containing), Figs. 5 and 6 present the results for
specimens CEn and CEVCn only (the atomic percentages of Ca, Cl and Fe, recorded for the control
specimens CE are depicted in Fig.6 (right) for comparative purposes). The amounts of carbon on the
surface and in depth of the layers are denoted to both carbonates and polymeric particles for the case
of specimen CEVn and CEVCn and only denoted to carbonates for specimens CEn. Analysis of the
peaks for the relevant ionizations (examples given in Fig. 5, C1s and Fe2p3/2) allows differentiation
of the relevant contributions. For the surface layers (dept “0”, Fig.6) the following is observed: with
respect to carbon, the highest percentage is recorded for specimen CEVCn, followed by CEVn and
CEn (Fig.6, left) i.e. surface adsorption of vesicles is most-likely relevant (see features in C1s, Fig.5).
Chloride containing iron oxides/hydroxides are characteristic for the surface of specimens CEn (Fig.5,
O1s). The iron content for specimens CEn is the highest (Fig.6, right) and denoted to significant
corrosion product accumulation on the surface of CEn. The calcium content for specimens CEn is also
the highest on the surface (Fig.6, left) but decreases in dept of the layer (Fig.6, right) i.e. only surface
adsorption and physical binding of Ca is relevant for specimens CEn, rather than Ca-substitution in the
formed product layer. In contrast, for specimens CEVCn, the highest Ca content in dept of the product
layer, highest Cl content and lowest (from the corroding cases) Fe content were recorded (Fig. 6,
right). The results denote for the formation of a stable iron oxide layer, including Ca-substituted such,
in depth of the layer (Fig.5, Ca2p and Fig.6, right) and enhanced chloride chemical binding.
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Fig.6. (left) Atomic concentrations in the outermost surface of the product layer (dept “0”) and in
depth of the layers (right).
With respect to iron oxides and hydroxides, all specimens exhibit a mixture of these with a larger
portion of the latter in the outermost (dept “0”) sections of the layers (pronounced peak at 531.6 eV in
O1s, corresponding to OH-) and a larger portion of the former (oxides) in depth of the layers
(hematite/magnetite based layers as evident from the characteristic features of Fe2p3/2). As also
observed, metallic iron appears in dept of the layers as well (~706 eV), which is as expected within
product layer removal. The morphological (not hereby presented, partly reported in [8]) and chemical
alterations in the product layers formed on the steel surface in the presence of Ca-containing vesicles
result in a “self-repair” or “self-healing” effects and enhanced chloride binding, which in turn result in
increased corrosion resistance with time of treatment. In contrast, for steel treated in vesicles-free or
“empty” vesicles containing solutions, chloride-containing iron-oxy/hydroxides and lower amount of
Ca-containing compounds are relevant, which results in pitting formation and propagation and
inability for surface layer re-passivation, as evidenced by CVA tests.
3.3. Corrosion behavior and steel/cement paste interface in vesicles-modified reinforced mortar
specimens.
The influence of “empty” and Ca-bearing vesicles on corrosion performance and steel/cement paste
interface was investigated in reinforced mortar. As previously introduced, the vesicles concentration
(both empty and Ca-bearing ones) was 0.025 wt.% per cement weight. The electrochemical
performance within 300 days of treatment is reported in detail in [3]. With regard to the aims of the
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present work, this section briefly summarizes visual evidences for the positive effects of Ca-bearing
vesicles in terms of “self-healing” and “self-repair” of the steel surface, as previously recorded and
above discussed for model solutions.
Polarization resistance Rp vs time of conditioning
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Fig.7 Evolution of OCP values (steel in reinforced mortar) with time of conditioning – 3 days- 204
days. Corrosion medium for the corroding specimens – external 5% NaCl solution
Figure 7 depicts the Rp values recorded in the frame of 204 days. As seen from the plot, passivity is
relevant for all control cells, evident from the significantly larger Rp values of above 6 kOhm.cm2.
For the corroding specimens: corrosion initiation was recorded within 14 days of treatment (5% NaCl
as external medium was used), corresponding to approx. two to three times lower Rp values, compared
to control conditions. Should be noted that not all corroding cells behave analogically with time: for
example the vesicle-free mortar presents low, but stable values until 43 days, after which an even more
significant drop in corrosion resistance was recorded. Similarly, the empty vesicles-containing mortar
presents fluctuation of Rp values, which stabilize in the very low resistance limits after 24-43 days. In
contrast, for the reinforced mortar, modified with Ca-bearing vesicles, the Rp values gradually
decrease, but depict an increasing trend after 43 days. At the stage of 204 days, these latter specimens
are characterized with 1.5 times higher corrosion resistance, compared to the vesicle-free and empty
vesicles-containing mortar. In other words, similarly to the previously discussed influence of Cabearing vesicles on steel corrosion in cement extract, the same trend of behavior appears to be present
in reinforced mortar. The influence of Ca-bearing vesicles is evident here as well, being more
pronounced on later stages as 300 days (not hereby presented, for more elaborated discussion and
presentation on electrochemical performance for the full scale test, pls. see [3]). The responsible
mechanism, leading to increased corrosion resistance is again enhanced chloride binding in the bulk
cement-based matrix on first place and subsequently in the product layer on the steel surface. This is
the case, since chloride apparently reached the steel reinforcement (corrosion was initiated, Fig. 7) but
impeded and halted later on, as evidenced by direct observation of the steel surface and adjacent
cement paste – Figure 8.
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Fig.8 Light microscopy of the product layer on the steel surface (after 300 days of conditioning) – left
column and the adjacent cement paste (right column) after breaking open the reinforced mortar
specimens: vesicles-free specimen (top), empty vesicles-containing specimen (middle) and Ca-bearing
vesicles-containing specimen (bottom).
As seen from the light microscopy investigation (also proved via electron microscopy, [3,8]), a
significant corrosion damage was observed in the vesicles-free specimens (Fig.8, top). Corrosion
products penetrated and deposited in the adjacent cement matrix (Fig, 8, top, right). For the specimens,
containing “empty” vesicles, corrosion initiation was similarly recorded (Fig.7), although lower
amounts of iron oxides/hydroxides were deposited in the adjacent cement paste (Fig.8, middle). In
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contrast to the previous two cases, no steel corrosion was observed in the case when the mortar matrix
contained Ca-bearing vesicles (Fig.8, bottom). The above observations are supported by X-ray
analysis (XRD) directly on the steel surface and on the (grinded) cement paste, previously present in
the vicinity of the steel bars – Figs. 9 and 10.

Fig.9 XRD patterns for a control specimen and all corroding specimens (CoKa radiation) at the
conditioning time of 300 days: A akaganeite, Ar aragonite, C calcite, G goethite, H hematite, L
lepidocrocite, MG magnetite and W wustite (W in MG composition) [3]
corroding

corroding +
empty vesicl es

Ca(OH) 2
Quartz
Fridel’s Salt
Akaganeite
Lepidocrocite
Geothite
CaCO 3 - calcite
Aragonite
Monosulphate hydrate

corroding +
Ca-vesicles

Fig.10 XRD patterns for the cement paste in teh vicinity of the steel surface for all corroding
specimens, (using Cu Ka radiation) at the conditioning time of 300 days.
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The products formed on the steel surface include a mixture of iron (oxy) hydroxides and
calcite/aragonite (CaCO3), also corresponding to Ca-substituted iron oxides/hydroxides. Goethite (G)
and lepidocrocite (L) are prominent corrosion products in rust layers, and akaganeite (A) is identified
in corrosion products in chloride-containing environment. For the corroding specimens significant
difference was observed between the vesicles-free and the vesicles-containing specimens: except for
MG and G, the vesicles-free specimen shows the presence of akaganeite and lepidocrocite. For the
vesicles-containing specimens a relatively clean surface was observed (the XRD patterns were similar
to the control case) with predominance of the more protective magnetite. When the adjacent cement
matrix was investigated, the XRD patterns do not exhibit the significant difference as recorded for the
relevant steel surface. This is denoted to the fact that the cement paste was grinded in order to be
tested and the contribution of iron oxides and hydroxides was masked by the larger amounts and
predominance of the constituents of the cement paste. However, certain features appear to be present
only in the corroding, vesicles-free case (Fig.10, top), e.g. akaganeite and lepidocrocite, explaining the
observed corrosion products penetration into the cement matrix (Fig. 8).
4. CONCLUSIONS
This study reports on the influence of vesicles (PEO113-b-PS780, both as “empty” and Ca-containing
formations) on the corrosion performance of steel in cement extract and in reinforced mortar. In the
presence of both vesicle types corrosion resistance was increased, but the effect was significantly more
pronounced when Ca-containing vesicles were involved. Clear differentiation between “barrier”
effects and “self-repair” can be made: corrosion was initiated but impeded later on and no corrosion
product was observed only in the presence of Ca-bearing vesicles. The positive effect was confirmed
via cyclic voltammetry and by morphological observation and surface analysis of the steel
reinforcement: for the vesicles-free specimens -FeOOH and Fe3+OOHCl, were observed, which are
the predominant corrosion products in rust layers (especially for chloride-containing environment).
For the vesicles-containing specimens, lower accumulation of products was recorded when empty
vesicles were involved and no corrosion product formation was detected when Ca-containing vesicles
were used. The steel surface layer for the vesicles-containing specimens mainly consisted of stable
Fe3O4 and -FeOOH. The results indicate that the presence of Ca-containing vesicles improves the
protective properties of the steel surface layer and further ceases the initially commenced corrosion
process. The concentration of 0.0024 wt.% vesicles in the model solutions and 0.025 wt.% per cement
weight is minimal and therefore self-repair or self-healing of the product layer solely due to the Cacomponent release is not realistic. The most likely mechanism is the nature of incorporation of the Cacontaining vesicles in the steel product layer, enhanced chloride binding effects and adsorption on
active sites on the steel surface.
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Abstract
In this paper, attention is paid to selected ethical and legal problems, which have been brought about
by the artificially assisted reproduction. I am giving attention to human reproduction and the
consequences of an "involuntary childlesness". In order to evaluate concrete methods of the AR from,
it is necessary to explain various concepts and the substance of the relevant procedures.
Key wards: Law, ethics, reproduction, family, children, methods of assisted reproduction,
parentnood,dignit.
INTRODUCTION
The proclamation of the United Nations Population Commission that one of the fundamental family
right isto have as many children as they wish and to have them at the time considered the most
appropriate dates back to 1972. It is possible to deduce from this proclamation that the UN Population
Commission considers family as the most appropriate environment for birth and upbringing of
children –that is traditional family consisting of persons who are biologically designed to have
children and pass on to children the classic family model based primarily on emotional relationships
between a man and a woman in addition to satisfy their biological needs within the institution of
marriage or a similar union. Furthermore, it is possible to deduce that there are no restrictions on
family planning except the biological and health ones. Family and parenting should be planned; it is in
the interest of society to broadly contribute to family support and thus to promote the optimal
environment for upbringing and versatile development of children. ´A long-term problem is the
definition of the concept of family in social sciences. There are many different definitions of family. It
is primarily characterized in terms of its position in a social system and in terms of relationships,
social functions and basic social processes taking place in family´.2Family is really a typical product
of society; it forms a fundamental social group that is characterized by family and emotional
relationships.
In the current society, the concept of family is based on a long-term development of social relations
and old traditions, which created the family model accepted by law and morality. As the basis of
family is considered a bond of persons of different sexes which enter into a long-lasting union on the
ground of mutual affection in order to create the family environment to meet their emotional,
economic and biological needs. The marriage based on the expression of free will of both parties by
manner provided by law is considered the long-lasting bond. One of the natural and typical purposes
of a permanent bond between man and woman is both satisfying sexual needs and reproduction.
Reproduction is natural not only for humans but for the whole animal kingdom, including human

2

HRUŠÁKOVÁ, M., KRÁLÍ KOVÁ, Z. eské rodinné právo. 3., p epracované a dopln né vydání. Brno: Dopln k, 2006. p.
9.
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beings. Unlike other animals which select individuals for the purpose of fertility intuitively, human
reproduction depends not only on intuition but also on common sense; it is a conscious process.
What role does family provide in contemporary society? What is the status of family and what
function does marriage (or similar family legal bonds) take? Whatever is the reason for the desire of
people to have their own children? There are many reasons although the emotional ones prevail at the
present so-called post-modern society, I think. It is possible to say that reproduction of people is only
an option, not a matter of course or even a necessity. ´Since we belong as one of many species to the
animal kingdom, biological rules apply to us. They predispose every individual to be an actor at least
two phenomena ... own birth and death´.3The way of human living from birth to death is completely
individual. Each person develops physically, intellectually and emotionally; he himselfcreates the
hierarchy of values, preferences and way of life, which is not constant throughout life. Moreover,
society and social relations are subject to continual evolutionary changes. The mode of social
intervention into individual behaviour has an incredible variety of forms - from the simple and
immediate ones that are not usually realized until a clear societal pressure by law, statutes and rules of
different levels and forms of coercion.4
As aforementioned, the decision whether human will give life to offspring or how many of them
he/she will have is very individual. It is determined by a number of limits that can be divided into two
groups - the biological, social, and environmental limits.
1. The biological limits include: fertility influenced by age; sterility caused by other factors than
age restrictions; other health risks.
2. The social limits include: culture, customs, traditions; living standard; economic level;
priorities etc.
With regard to the subject of this article, all limits of human reproduction will not be examined in
detail.5Theattention will be paid to the biological causes of fertility limitations which may significantly
affect the quality of human life in terms of psychological suffering and individual perception of
meaning of life, in addition to possibilities of solution to infertility in accordance with the level of a
development in medicine and other related fields.
´Globally, it is estimated that approximately every fifth marriage is considered infertileat present. The
problem is at the side of woman in fifty percent of cases, at the side of man in forty percent, and the
problem is two-sided in ten percent of cases. The general trend is the evidence of a declining male
fertility. While WHO stated to 1 ml of ejaculate an average of 100 million sperm in early eighties,it
states only 20 million now (Hanzelka 1999 - verbal communication)´.6Although these figures are
based on a screening of couples, it is possible to assume that the results will be the same for unmarried
couples. These findings give evidencethat the possibility of natural reproduction declines in
postmodern human population.

3

RABUŠIC, L. Kde ty všechny d ti jsou? Porodnost v sociologické perspektiv . Praha: SLON, 2001. p. 21.
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RABUŠIC, L. Kde ty všechny d ti jsou? Porodnost v sociologické perspektiv . Praha: SLON, 2001. p. 22.
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The issue of birthrate from the sociology point of view is addressed by RABUŠIC, L. Kde ty všechny d ti jsou? Porodnost
v sociologické perspektiv . Praha: SLON, 2001.
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Ibid., p. 99.

138

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
1

FAMILY AND PARENTHOOD AS SOCIAL VALUES

In the Czech legal order, parenthood is protected by statutes at thehighest legal force, specifically by
Article 32 of the Charter of Fundamental Rights and Freedoms that guarantees the protection of
parenthood and family as well as a special protection of children and young people, i.e.whose
personality develops. In accordance with international conventions and with regard to the position of
not legally competent, it is requiredto guarantee and secure their interest and welfare. Article 32 of the
Charter also guarantees special care and status of pregnant women, equality of all children (born in
and outside marriage), the right of parents to educate their children, and to state support for parents
raising children. Furthermore, Article 10, Paragraph 2 of the Charter guarantees the right of everyone
to protection against unauthorized intrusion into his/her private and family life. In our society and in
the Czech legal order, family relationships are traditionally associated with the development of the
whole society. This tradition is reflected in principles of family lawwhich express goals and principles
of legal regulation. The central principle of Czech family law is welfare of a child. The Family Act 7
represents a special statute regulating family relationships. In accordance with the provision of
Article 10 of the Constitution of the Czech Republic, international treaties ratified by the Czech
Republic area part of our legal system. It is necessary to realize that a number of international treaties
became a part of our legal system. In relation to family law (and other related) associations, it is
primarily the issue of the Convention on the Rights of the Child. The Family Act and other legal rules
are in accordance with this Convention and other international conventions adopted mainly by the
United Nations and the Council of Europe. Respect for traditional family and family relationships
follows from provisions of Section 1, Sub-section 2 of the Family Act that states: ´The main purpose
of marriage is foundation of family and proper upbringing of children.´ Amendment to the Family Act
of 1998 as well as later amendments and changes including the Registered Partnership Act8 respected
the principle that the basis of family law is the family based on marriage according to its definition in
Section 1, Sub-section 1: ´Marriage is a permanent union of a man and a woman establishedin
the manner provided by law´.9 The social purpose of marriage stems from its fundamental functions
(biological, economical, and educational). Educational function is based on the main social purpose of
marriage and comes to the fore (and actually it is applicable) where spouses educate minors, regardless
of the fact whether the spouses are their parents (biological, legal). These functions are consistent with
principles of realization of fundamental human rights set by the United Nations in the Universal
Declaration of Human Rights (1948).
It should be stressed that theregistered partnership is similar to the institution of marriage. It is a
permanent union of two persons of the same sex;its creation, content and termination is regulated by
law. Partners also have parent duties in the sense that the parental responsibility of one of the partners
shall apply to the other one. ´The existence of a partnership is not an obstacle to the exercise of
parental responsibility towards his child or an obstacle to custody of his child into his care. The
partner, who is the parent, is required to ensure the child's development and consistently protect its
interests with using appropriate educational means so as not to affect the child's dignity and
endangerhis health, physical, emotional, intellectual and moral development´ (Section 13, Sub-section
1 of the Registered Partnership Act). If one partner is the parental responsibility holder and lives in
household with another partner, his/her partner shares upbringing and care of the child. These cases
already exist; they will probably occur in practice more often. The adoption of the Registered
Partnership Act entails other ethical and legal issues. In this respect, I agree with Elischer: ´It's not just
7

Family Act No. 94/1963 Coll., as amended.

8

Registered Partnership Act No. 215/2006 Coll., as amended.

9

HOLUB, M. Zákon o rodin . Komentá a p edpisy související. Praha: 2005.
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about adoption which is, and will be, a controversial issue, but especially the phenomenon of
homoparentality, i.e. homosexual parenting that is created, and will be created,ex varii causarum. Life
facticity will not wait until the legislator sets boundaries´. 10
Proceeding from provisions of the European Convention on Human Rights, it is not possible to derive
from them the right to the application of assisted reproduction methods in the form of the right to
procreation or any order for States to ensure the application of these methods for unmarried
heterosexual couples in case of giving this opportunity to married couples. In this regard, nothing
canbe derived for homosexually oriented persons. 11 The Council of Europe let the national legislation
of Member States opt for accepting traditions, beliefs, or even tolerance of their citizens. Dignity and
welfare of child are highlighted in provisions of the Act; hence, I assume that the registered
partnership is not a ´sub-category´ of marriage in our legal system but only its equivalent so it is not
permitted to enter into the registered partnerships between persons of different sexes. 12
Methods of assisted reproduction have been developed in order to satisfy parental desires of
heterosexual couples which desire to have a child but for some reasons (primarily health problems)
they cannot realize their desire naturally, without help. Although it is a kind of ´correction´ of nature,
in these cases medicine only corrects what would be possible and natural under normal circumstances
and reproductive health of a couple.
In the case of people of the same sex, however,it is not any small ´correction´. In plain terms, it is not
possible to give life to offspring by fusion of gametes of the same sex in nature. Therefore, it is not
natural to base family, whose main purposes are reproduction and joint education of children (not only
common children), on a legal union of two persons of the same sex.
1.1

Reproduction as nature of every human being

In short, it is natural to have children and fulfilreproductive mission in nature and human community
that is its part. It is not a duty but a natural thing; hence nature has endowed some individuals with
male and female sex cells. The fusion of male and female gametes (sperm and oocytes) is the only
way to give birth to another human being.
Reproduction is one of the most natural features throughout the animal kingdom including human,
through which the reproduction of the entire population is secured. However, the need to satisfy sexual
needs of a person is not necessarily associated with the intention to realizethe reproduction
simultaneously. The natural human desire to have children, to educate them, to point emotions (noncomparable to others) at themis very individual indeed. The desire to have a child is natural but the
absence of this desire is not pathological. There may be numerous reasons; it is not necessary to
discuss this issue in more details here. Anyway, the desire to have a child prevails amongst the
majority of people.
The problem is when people are not able to have children for various reasons. It is proved that the
inability to have children leads to lots of problems for many people. Nevertheless, it should be stressed
that perception and evaluation of one's own or partner's sterility is very individual.

10

Ibid., p. 146.

11

ŠANTAVÁ, S. Sou asná právní hlediska reproduk ní medicíny. eskoslovenská gynekologie, 2003. Vol. 68, No. 5, p.
366-369.
12

In more detail: ELISCHER, D. N kolik zastavení nad úpravou alternativních forem soužití. In Nad je právní v dy. Býkov:
2006. p. 145 and following.
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Sterility causes many psychological disorders such as hypersensitivity or severe depression, which
may proceed to a chronic disease requiring professional medical care, not only the psychiatry one,
because depression can cause a range of other diseases with psychosomatic origin. Reduced perception
of life quality caused by deepening frustration may eventually lead to problems in partner life; in the
case when a marital relationship gradually loses its original meaning, the basic functions of marriage
are disrupted, which often leads to itsbreakup and divorce. Even similar relations disintegrate due to
involuntary childlessness. Problems can grow over limits of personal life: it is confirmed that
infertility, problems in dealing with the situation andfinding the optimum solution acceptable to all
parties (potential mother and father) lead to a decreased ability to work. Therefore, impacts include
adverse effects of economic character. After all, serious problems might occur in human relations in
general. Finally, problems deepen mutually and the situation can become unbearable. If it is certain
that the natural way, i.e. fertilization through sexual intercourse between a man and a woman cannot
lead to procreation, partners must choose (after consideration of all circumstances and consultation
with experts)as follows:
a) They decide for life without children. Of course, such a decision may not be definitive; it
depends on the reason for sterility. In the case of marital or partnership break up, participants
of these relations can choose another option. In the case of sterility only on the one side of
a relationship, the desire to have a child can be fulfilled in a new relationship.
b) The couple opts for one of the foster care forms. Substitute family care and its possibilities are
regulated by the Family Act; the form is chosen with regard to couple´s capabilities and
availability of the options. It depends on the decision of partners,or alternatively individuals.
c) They use some assisted reproduction method. Currently, there are developed and applied
numerous methods of assisted reproduction in practice; the methods have their own specifics
so it necessary to opt for the form which is the most optimal for the infertile couple (or
patient). Next chapters deal with these particular methods in detail.
1.2

Assisted reproduction as the solution forinfertile couples

Every person has individual ideas of needs for his/her comfort; it is essential to distinguish between
health and social needs although both create well-being of human. Professor Edwards, who is credited
with the birth of the first child conceived bymethod of in vitro fertilization (IVF), said that the desire
for a child is genetically determined and that the desire is ranked among the most natural desires and
needs of the vast majority of people and couples. Therefore, it is necessary to regard fertility as a basic
human need that must be supported. 13 New variations of the original techniques of ART (artificial
reproductive technology) are still expanding and individual procedures are chosen by teams of
physicians and embryologists so as to ensure the best possible outcomein addition to eliminate any
potential risk and burden of a mother and a child. Thenumber of healthy born children conceived by
some of assisted reproduction methods (even in cases and diagnoses that were condemned to failure
recently) gives evidence of success. Arguments pro and con regarding the development and
application of new technologies are rising almost at the same rate. Schematic overview of various
alternatives of human reproduction including the use of ART is mentioned for subsequent evaluation
from law and ethics point of view.

13

FRITH, L. Reproductive Technologies. In The Concise Encyklopedia of the Ethics of New Technologies. Academia Press,
2001. p. 352.
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1.3

Variants after the decision of a couple (man and woman) to have a child

Hereinafter, the text is concerned with various reproductive options that are currently available for
humans. The attention is especially paid to the issue of genetic parenthood, methods of fertilization,
and the question of legal parenthood. Subject taken into consideration are represented by a man (M)
and a woman (W) as the couple with the intention of having a child in addition to a donor of human
gametes (D).
Biological parents

Method of fertilization

Woman gives birth to baby (wife)

a) W + M

naturally

W = legal mother

b) W + M

ID – donor insemination (donor M)

W = legal mother

c) W + D

ID (donor D)

W = legal mother

d) W + M

IVF a ET– in vitro fertilization + embryotransfer W = legal mother

e) W + D

IVF a ET (sperms D)

W= legal mother

f) D + M

IVF a ET (oocyty D)

W = legal mother

g) D + D

IVF a ET (gametes D)

W = legal mother

a) The first option is the most ideal and natural way of human reproduction without any legal or
ethical problem. Biological parents are a man and a woman who decided to have a child; nothing
impeded them to conceive naturally. In the Czech Republic, the determination of legal parents is
governed by the Family Act; the woman who gave birth to the child is the child´s mother, the
father is determined according to three rebuttable presumptions of paternity.
b) The second option is the simplest method of artificial fertilisation in the cases when natural
fertilisation is not possible for various reasons.Sperm cells are obtained from the spouse (partner)
of the recipient. Indication is determined by a treating physician; the necessary prerequisite for
this type of fertilization is the informed consent of both spouses (partners). There is no legal or
ethical problem; legal parenthood is determined as in the previous version.
c) This is the situation of using donor sperm from an anonymous donor for the insemination of
a mother. Anonymity is the prerequisite for this method. Records regarding donor are archived in
the workplace where the insemination was performed for the case of a serious genetic disease;
medical facilitymay provide a listing of the documentation regarding the donor under legal
regulations. Informed consent of both subjects constituting the infertile couple with recommended
the best practices in assisted reproduction constitutes the legal certainty for determining paternity
under the Family Act.
d) Oocytes and sperm are collected from the infertile couple; IVF and ET method is practised for
therapeutic reasons; the entire process proceeds like normal fertilization but only a part of it takes
place in a laboratory. Similarly,it is necessary to obtain informed consent of an infertile couple
with the whole procedure including possible variants (e.g. freezing of cells or embryos, their
further use, risks, etc.). In the case of success, the infertile couple have a child that is the pairs´
child from a biological and legal point of view. Likewise, this method is lege artis; if conditions
for the indication of this procedure are kept, there are no legal (only minimal ethical) obstacles. In
this case, medicine only corrects that would be natural under ordinary circumstances and fertile
abilities of a couple. Arguments against the application of this method is based on Vatican´s
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reasoning that condemns all interference in the process of fertilization and calls them a trespass
against the will of God.
e) The oocyte is obtained from a woman from an infertile couple, sperm from a donor. If legal
requirements are fulfilled and the indication is proper, and on condition that the informed consent
of the infertile couple is given, it is the therapeutic method of treating infertility of lege artis.
Requirements for gamete donation are described above. Current legislation allows donation of
male germ cells under conditions defined by law. In terms of ethics, the donation has always been
a problem; it is a challenge even at present.
f) The oocyte is obtained from a donor and sperm cells are obtained from a man from an infertile
couple. There are many cases of impossibility to use the oocyte of a woman for various reasons
(as abovementioned) but the woman is able to undergo pregnancy and give birth to a healthy
child. Therefore, it is the application of IVF and ET when donor´s oocytes are fertilized in vitro
by the sperm of the man from the infertile couple. Similarly, this situation meets the requirements
of lege artis procedures. However, it is absolutely necessary to respect the legal prerequisites
fortissue and gametes donation of tissue and gametes inter vivos.
g) Human gametes for methods of IVF and ET are obtained from donors; biological parents of the
child conceived this way are not identical with the infertile couple. As a matter of fact, this is the
most serious and discussable situation from the ethical point of view. In accordance with the
present legal regulation, determining of legal parenthood is the same; the informed consent of the
infertile couple with realization of IVF and ET under these conditions is crucial. It is an
affirmative expression of will of persons qualified to perform legal acts; the consent may be
revoked no later than the method is finished, i.e. before the embryo is transferred into the mother's
body. Hence, it is essential (especially in the interests of a future child) to strictly follow the rules
for this option, which means well-defined indications, only on the basis of written request of
a man and a woman creating the infertile couple, and the affirmative declaration of subscribers
that they agree with this practice and the use of donor gametes. Ethical problems are almost
identical to the previous two options. However, these options have the advantage that at least one
of the couple is thebiological parent. Nevertheless, this option may be ethically acceptable, for
example, if it is proven and well known that during pregnancy the mother-child interaction
creates a deep emotional bond. The desire for a child,that brought a woman to the centre for
assisted reproduction, is usually so strong that the realization of this desire overcomes any
potential contradictory feelings out of the awareness that thebaby is not biologically their own
child. Furthermore, the lifestyle in pregnancy, physical and psychological well-being, and a happy
partnership are important factors affecting the relationship between the expected child and both
parents.
1.4

Variants of giving birth by ´surrogate mother´

Special situations that may arise during the use of IVF and ET methods are the cases of impossibility
to getpregnant due to serious health reasons threatening the life of mother or child, on the grounds of
developmental disorders, or because of hysterectomy. Technologies of assisted reproductionenables
that the child is given birth by another woman (surrogate mother), the so-called ´mother – hostess´.
Hereinafter, I mention the possible variations that may occur in connection with IVF and ET, in which
gametes of a person from an infertile couple or from third persons are used.

143

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
Genetic parents

Method of fertilization

Woman gives birth to baby
‚mother – hostess‘ (S)

a) W + M

IVF a ET

S = právní matka

b) W + D

IVF a ET

S = právní matka

c) D + D

IVF a ET

S = právní matka

d) D + M

IVF a ET

S = právní matka

e) D + M

ID (oocyty D = S)

S = právní matka

Under the Family Act, themother of a child is the woman who gave birth to the child. The amendment
to the Health Care Act (through adopting Act No. 227/2006 Coll.) legalizedthe possibility of using
surplus embryos of an infertile couple for artificial insemination of another woman, provided that the
infertile couple claims that they do not intend to use the embryo for further artificial insemination and
that they gives consent to the use of the embryo. The consent shall be recorded in the medical
documentation regarding the recipient; it shall be signed by all the participants.
2

THE MOST IMPORTANT CURRENT PROBLEMS OF ASSISTED REPRODUCTION

As early as 1985 International Federation of Gynecology and Obstetrics (FIGO)14 created a Committee
for the Study of Ethical Aspects of Human Reproduction and Women’s Health and so the international
forum for the research of ethical aspects of assisted reproduction came into existence with the
attendance of obstetricians and gynaecologists, paediatricians, other medical staff members, and
lawyers to represent the widest possible spectrum of religious, cultural and geographic points of view.
Since that time the most acute current questions in connection with the progress of reproduction
technologies and further related areas have been dealt with.
These are the most discussed ethical problems at present:
1, Surrogate motherhood
FIGO has reservations about the question of surrogate motherhood especially based on prevailing
opinion that the practice of surrogate motherhood could disrupt specific traditional family values. If
this practice is used, then it is necessary to pay strict attention to the fact that surrogate motherhood
(and above all the surrogate mother) not become the aim of commercial interests of individuals or
agencies. When state legislation enables the practice of surrogate motherhood, then it is necessary for
it to be in specified limited cases and on the condition that every individual case will be judged and
approved by an ethical commission.
2, Research on human embryonic cells
Research on embryos and pre-embryos15 is possible, from the ethical point of view, to evaluate the
gain of new findings concerning the progress of processes which are useful for the improvement of the
treatment of infertility, for control of reproduction and also for the enabling of genetic screening
necessary for the prevention and cure of congenital diseases. The research is subjected to quite
detailed oversight both on the international level and on the internal level in the Czech Republic. It is
14

International Federation of Gynecology and Obstetrics. Available from WWW <http://www.figo.org/>

[cit. 07.03.11].
15

Pre-embryonic stage can be defined as the period from conception to 14 days.
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necessary to remind ourselves of the fact that without embryo and pre-embryo research it could not
have been possible to reach the current level of reproduction technologies and pre-natal and
preimplantation diagnostic, 16 which by the way enable the prevention of many abnormalities in the
embryo progress with all the consequences these abnormalities bring. Thanks to present research it
was found that embryonic stem cells are the most advantageous for use in so called therapeutic
cloning, which represents further specific ethical problems concerning not only the research but even
the moral status of the embryo, its manipulation and further usage. We can consider research to be
ethical if embryos are not produced for research purposes. Moreover such research is not necessary
with regard to the reality that assisted reproduction centres have at their disposal a relatively great
number of spare embryos available for transfer to a woman’s womb for the purpose of pregnancy.
Transfer of the embryo to another animal body and vice versa is unacceptable as well as manipulation
of the genome for the purpose of creating clones, hybrids and chimeras. Embryo research is ethically
acceptable on the condition that the informed permission of reproductive cell donors has been obtained
in advance.
3, Reduction of multiple birth pregnancy
This type of pregnancy very often occurred in connection with assisted reproduction. Even if it seems,
especially in cases of assisted reproduction, incomprehensible, multiple birth pregnancy is not always
welcomed by parents and doctors. Objectively, multiple birth pregnancy represents a bigger risk for
mother and child, which is why every kind of such pregnancy is considered to be risky at present.
Unfortunately it often ends, in spite of all special care, in spontaneous abortion. Current pre-natal
diagnostics are on such a level that it is moreover possible to recognize precisely if all embryos are
generated normally. In spite of the fact that there are more than two embryos it is almost certain that
children will be born prematurely with a very low birth weight which brings great risks. Ethically it
seems reasonable if multiple birth pregnancy is reduced to avoid health damage to child and mother.
In cases where abnormalities of developing embryos are found, selective reduction is understandably
acceptable. Ethically disputed are those cases where there are no abnormalities but the mentioned
dangers threaten. In such cases the doctor should consider the most suitable procedure. In cases where
there is no serious danger but the mother wishes reduction, or in cases where the doctor himself
hesitates, it is necessary for an ethical commission to decide about the prospective reduction. Informed
permission of the mother is necessary. Preimplantation and pre-natal genetic screening enables the
prevention of many serious physical and emotional problems which the birth of a dead or disabled
child brings, and also enables selective reduction of multiple birth pregnancy, which means the healthy
development and successful delivery of a healthy child who might otherwise be endangered. On this
problem of multiple birth pregnancy FIGO has expressed itself to the intent that reduction cannot be
considered as an artificial termination of pregnancy, because the aim of the procedure is not to end
pregnancy but to ensure its successful continuation. 17
4, Donation of gametes and embryos
Donation of gametes and embryos is a much discussed ethical problem. It would not be possible to
solve many cases of infertility even with the help of assisted reproduction without using donated
reproductive cells. From the ethical and medical point of view the donation of sperm cells represents
the smallest problem. Nevertheless donation of sperm cells is definitely not free from ethical

16

Preimplantation genetic diagnostics must not be confused with pre-natal diagnostics which includes all diagnostics before
the birth of the child regardless of natural conception or in vitro. In more details e.g.: FRITH, L. Reproductive
Technologies. In Ethics of New Technologies. 2001, s. 352 and folowing.
17

Attitude of FIGO committee, 1989. In International Journal of Gynecoogy & Obstetrics. London: FIGO, 1999.
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objections. It is still a donation of gametes which primarily requires moral acceptance by the donor. If
the donation is acceptable to the donor himself and he is a person who fulfils all medical and
psychological criteria for donation of reproductive cells, there is no reason to refuse it. The conditions
of donation oocytes are from the point of view of a woman donor the same as those of a sperm cells
donor, but for a woman donor the taking of reproductive cells represents the overcoming of a moral
barrier and a quite unpleasant medical procedure, demanding medical examination and preparation.
But if a woman, who fulfils all criteria for donation, decides to help an infertile couple, there is no
doubt about her ethical objection. From the ethical point of view the most complicated situation is that
where infertile couple are donated by embryo. It is a situation where the relationship between mother
and child is based on pregnancy, delivery, and subsequent attitudes and emotions. As was mentioned
above, this emotional relationship can be decisive for the further life of the child, mother and father,
but there are the greatest risks of possible conflict caused by different genetic potential. In connection
with embryo donation it is necessary to deal with the question of the moral status of the embryo. It is
evident that the embryo as the subject of donation has the status of a thing, not a human being.
According to the Czech legal code a thing cannot be the subject of law but the object. If the personal
status of an embryo were admitted from the very beginning of fertilization a problem could arise
about right of disposal and its usage. In spite of this it is necessary to perceive the embryo as a
potential human being and to provide it with special legal protection from the beginning of its
existence. In all donation cases it is necessary to request a clear token of goodwill of the donor and the
infertile couple, who will be the future legal parents, and to observe donor anonymity. If these
conditions are not fulfilled, we cannot talk about ethical acceptable procedures, and ART would be
outside the bounds of ethics and morality. In order not to overstep this boundary, law and state
authority which forms law, must be respected. There must be definite consensus between state
authority, morality, law and justice.
5, Moral status of the embryo
There are many questions concerning human life, and many different answers to them in connection
with the beginning of human life. At present from the biological point of view there is agreement on
the idea that human life starts with cell nucleus fusion of oocyt and sperm. It is not possible to find out
in the first 20-24 hours if oocyt after fertilization develops. When should the moral status of the
embryo be admitted and when should the subject legal protection start? Answers differ and are related
to moral, world opinion and professional attitudes to the subject, which express an opinion on this
problem or take a stand on it. If we could define the nature of the human embryo in existence it would
be easy to determine its status. To allow someone ontological status means to involve him in the
human moral community and to assign him all moral laws including the right to life and not to be
killed. 18 In modern applied philosophy the question of the moral status of the embryo started to be a
topical issue by the beginning of the seventies of last century when legalization of abortion and
ethical problems connected with the progress of reproductive technologies came to the fore.19
There are two current concepts in bioethical discussions:
-

18

Ontological personalism - the pre-embryo and embryo are human beings

HOLM, S. The Moral Status of the Pre-personal Human Being. Conceiving the Embryo. Ed. by Evans, D.,

Hague: Martinus Nijhoff Publishers, 1996. p. 193 – 221.
19

HOLM, S. Emryology , Ethics of. In Ethics of New Technologies. 1998. p.87 and folowing.
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-

Empirical funkctionalism - a human being becomes a person during pregnancy or a certain
time after delivery. 20

According to the first group the embryo is a substance, because it can develop (dependent on the
mother, of course) it has got its own existence, autonomy, it grows and develops as a particular
individual.21 ‚The human embryo is entitled to all rights allowed to a human being. It has the right to
life, bodily and genetic integrity, and the right to have a family.‘22 The Catholic Church also holds this
attitude. For the second group a typical view is that the embryo starts to be a human being from the
moment of fertilization, this being becoming a person at a specific developmental stage. The
biological description of the embryo is irrelevant to the presumed definition, because it was given in
advance. We cannot distinguish a human being from a personal being according to biological
arguments, but on the basis of the presumed definition of a person. 23 Even the supporters of this
concept do not reach agreement on when a man is assigned the status of a person. They have still not
reached any consensus. For all that, in many countries, women were free to choose termination of
pregnancy up to the end of the 12th week. A woman’s right to decide about her child’s existence or
non-existence, about the right to decide freely about her maternity, was preferred to the embryo’s
moral status from the moment of fertilization. However from the 12th week of pregnancy the woman’s
rights make concessions to the embryo’s rights. After the end of the 12th week of pregnancy abortion is
possible only on the basis of genetic tests which confirm disability of the fetus. The embryo is a
potential human being with the right of protection to a certain extent until it reaches the moral status of
a human being. And as a potential human being, the position of the embryo should be respected until it
is interrupted by other social or maternal concerns. 24 ‘The question what a man is, if an embryo is a
human being, has not been given any satisfactory answer that could be accepted by everybody, either
by natural sciences or philosophical anthropology. The still unclear status of the embryo allows one to
express a request: if it has not yet been proved that the embryo is not a human being, we should
consider it a person.’25 In spite of considerable differences among theories of the embryo’s moral
status and questions concerning the beginnings of human life, it is necessary to grant certain legal
protection. In most democratic countries, in cases where the development of the human embryo takes
place in the mother´s body, strengthened protection of the pregnant woman is provided as well as of
the health and development of the embryo. It is the woman who decides about further development up
to a certain period of time. In connection with IVF absolutely different situations arise than in cases of
natural fertilization. Oocyte is fertilized outside the woman’s body, and for purposes of assisted
reproduction more embryos are created and conserved for further usage. If we admit the personal
status of the embryo from the very beginning of its existence, it would not be possible to accept its
donation, experimentation and further usage for therapeutic purposes and research.

20
PALAZZANI, L. The Nature of the Human Embryo: Philosophical Perspectives. In Ethics and medicine.1996. Vol. 12,
No 1.
21

LAJKEP, T. LAJKEP,T. Status lidského embrya z hlediska filozofické antropologie. In Bioetika.

Available from WWW <http://www.volny.cy/bioetika/clanky/status_embrya_2003_4.html> [cit. 23.01.08].
22
23

Ibid., p. 2.
Ibid., p. 2.

24

PILKA, L. Status embrya z hlediska asistované reprodukce. In Sborník k interdisciplinární konferenci Status embrya.
Brno: MU, 1999. p. 23 – 27.
25

LAJKEP,T. Status lidského embrya z hlediska filozofické antropologie. In Bioetika.
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6, Manipulation with embryos
Pre-natal diagnostics and genome intervention of an unborn child on account of congenital and serious
hereditary diseases can be positively evaluated when we compare the interventions with concrete
hereditary transmitted diseases which represent great suffering (physical and mental) as well as many
further negative impacts for the afflicted individual, the family, and the society. Economic expenses
for suitable conditions to enable dignified life, medical expenses, the very complicated social position,
problems with reproduction and seeking a partner represent only a plain enumeration of problems
concerning the afflicted individual´s life. The awareness of hereditary disease impacts does not mean
that we would try to separate them from society as unwanted. As long as we can minimize their
suffering it is necessary to take into account all pros and cons of methods which provoke controversial
opinions related to their development and application. We need to ask if such technologies are good
and fair in relation to affected individuals and the whole present and future population. We can also
ask how would affected individuals perceive the reality, that there would exist a contingency i.e.
possible intervention into their genome, which would be ethically controversial but could prevent their
disability, but parents and other persons who decided about possible intervention, did not decide to
intervene and left it all to nature.
I am sure these people would react in a different way if they had to come to terms with the awareness
that somebody, mostly parents, had decided they will be exposed to a sure and high risk of hereditary
disease even if there was a certain possibility of choice. The possibility would represent ethically
problematic intervention into their genetics, but it would totally change all their life which could be
different from the very beginning. Risk of genetically transmitted diseases has represented and still
represents one of the most compelling reasons for man to have his own children. Thanks to medical
genetic methods it is possible to find out reliably the risk of transmission of hereditary diseases these
days. In case there are hereditary diseases or their symptoms in the family of potential biological
parents it is natural that these persons should be tested for preventive genetic examination on the basis
of which they can know the probability of having healthy children. At present genetic counseling and
examination are accessible to everybody and thanks to the use of various methods, and knowledge
about diseases and their heredity, it is possible to determine risk of disease transmission to
descendants. When we find certain genetic abnormality in predictive genetic examination it need not
always mean the individual, in our context the descendant, will get ill. Then genetic examination needs
to be combined with genetic counseling where persons or couples together with specialists consider
further possibilities and solutions according to the kind of disease and extent of risk. After the
conception of a child, with the help of pre-natal diagnostics we can find if there is any disability or
probability of disability, then parents (especially the mother) have the right to decide if the pregnancy
will be or will not be terminated. 26 This decision must be in accordance with the moral conviction of
both parents, above all the mother. This is the only way to reduce impacts on their psyche. The
mother’s situation is in any case incomparably extraordinary because she is going through
psychological and physical changes during her pregnancy and she is in constant contact with a child.
There are cases where the mother felt apathy during her pregnancy or felt her child as something
which brings only problems, worries and limitations, but most pregnant women feel a deep bond from
the very beginning of their pregnancy.27

26

Detailed conditions of termination of pregnancy see the law about induced abortion (Act No. 66/1968Coll., as amended).

27

Analogous is the case where a pregnant woman is not the biological mother of a child, which is great ethical problem - the
so called ‘mother – hostess’.

148

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
From the above mentioned reasons a pregnant woman who is sure a child will be disabled can decide
not to terminate pregnancy. The reasons can be subjective (moral persuasion, emotional relation etc.)
or external. There can be another person who represents authority and whose attitude and opinions
influence the parents’ decision, it can even be a certain social conservative group (often with religious
influences), it can be an unsuitable advertisement supporting the right to life come what may. If
parents who decide not to bring a disabled, excluded child into the world (by the decision of others)
are morally judged it is necessary to underline that by this decision those people do not respect the
right of every man to his own dignity (see agreement about human rights and dignity). These standards
have been formed for a very long time they come from human experience with various kinds of human
suffering, experience restricting human rights even in the name of positive right and ideology,
scientifically justified. The conception of basic human rights and freedom stand in confrontation with
categorical imperatives and it is not ethical to restrict the human dignity of one who freely decides on
the basis of very serious arguments even if he ends the possibility of the origin or continuation of
human life, which would not be free from suffering and probably not fully dignified. It is very
important to distinguish preventive precautions which enable pre-implantation and pre-natal gene
diagnostics from the approach to disabled people. The international organization Disabled People
International (DPI) which concerns itself with the safeguard of disabled peoples’ rights and supports
their socially equal position, published in 2000, with the assistance of the European Union, its position
on bioethics and human rights as regards the threat of new genetics.15 As emerges from their position,
embracing many statements, disabled people feel endangered by new methods of genetic diagnostics
which effect the genetics of a future man. They feel discriminated against by society’s concentration
on preventing the origin and birth of disabled people instead of making their life equal and useful.
‘Today’s society prefers performance, career, success, health, youth and beauty to man’s dignity and
usefulness. The mainstay of European culture has always been the ethical principle of reciprocal help
and responsibility. Slowly but surely, quite inconspicuously the main criterion becomes what is useful
for society (as much well-being as possible for as many people as possible) and quality of life becomes
a significant conception. But it is taken from a hedonistic point of view and moreover it is judged
externally not by the man himself but by someone who is not involved. Such a person cannot see
someone else in all interconnected dimensions. If such life quality is considered to be an absolute
value then it is evident that some life will be perceived as useless or even inhuman. The utilitarian
mentality endangers not only disabled, but all human beings. It is illustrated by modern models of
euthanasia. There life quality is connected with its value – unworthy of life.’28 It is necessary to agree
with much, but if the effort of researchers and medicine to reduce people’s suffering, improve their
life, reverse their endangered destiny, is to be evaluated only from this aspect, then we have to
condemn old and respected methods as for example vaccination, plastic surgery, ultrasound, bodily
organ transplantations, incubators and many other achievements which the human population takes for
granted. What is the answer of disabled people to the question of having a disabled child? I know
some of them who did absolutely everything to have a healthy child. The quality of life of ill and
disabled people will always be in all aspects restricted when we compare them with healthy people
with full use of their powers. Naturally it is up to society how approachable it will to them and which
employment it will find for them. It is not only a moral question but political too. On the other hand it
is up to everybody to decide about his future, at least in many respects.

28

MUNZAROVÁ, M. Lidé s postižením, bioetika a lidská práva. Available from WWW
<http://www.cdk.cz/ts/clanky/23/lide-s-postizenim-bioetika-a-lidska-prava/> [cit. 23.01.08].

149

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
CONCLUSION
As has been described, involuntary childlessness causes misery. Fertility is one of the aspects of the
physical condition and health of a man. That is why the care of sterile persons is a part of medicine.
Robert Winston, the leading British specialist on fertility problems, has declared ‘sterility is a current
and serious illness influencing our sexuality and well-being.’29 If health is defined as the optimal state
of a physically and mentally functioning human organism – the definition of WHO, then it is
necessary to put sterility on the list of illnesses. Researchers are obliged to go all out to reduce the
suffering of people caused by illnesses and provide help for them in accordance with current medical
methods. In 1977 The World Health Organization expressed the necessity among other things of
concern over the reproductive health of individuals and the whole society. Assisted reproduction
represents the optimization of solving the involuntary childlessness of those people who ask their
doctors for help. Everybody can freely decide whether to have children (under which conditions and
circumstances) and whether to undergo some steps for ensuring their development, or alternatively, if
he leaves everything to nature or God, to be responsible for his moral convictions. As legal norms are
binding on all without regard to religious belief, moral standard etc., it is necessary for all medical
methods and new technologies to be compared with respect to all most important social normative
systems and for legislators to form legal regulations with knowledge and understanding.
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APPLICATION OF THE ANALYTIC HIERARCHY PROCESS (AHP) TO EVALUATION
OF VARIANTS OF A PLANNED ROAD INVESTMENT PROJECT
El bieta Szafranko
University of Warmia and Mazury in Olsztyn, Faculty of Technical Sciences, Olsztyn, Poland

Abstract
For successful development, economic exchange and broadly understood international cooperation, it
is essential to possess a coherent transportation network. There are many regions endowed with
outstanding, legally protected wildlife areas, but the economy, which grows continuously, requires
construction of new roads and upgrading of the existing routes. One of the priorities is therefore to
maintain the intact condition of natural environments over large areas covered by protection schemes.
This paper discusses problems arising when making decisions about new investments and the barriers
encountered while performing road investment projects. It has been suggested to support the decisionmaking process with the AHP method. This is a method which enables the user to consider various,
frequently immeasurable and hardly comparable criteria in order to determine their importance. The
method can be helpful when selecting a variant that will best satisfy the investor’s expectations.
Key words: road investment projects, selection criteria, selection of an investment project variant, the
AHP method
1. INTRODUCTION
When planning and designing a transportation network, we come across many problems typical of
such investments. They can occur while preparing a given project or making decisions about the plan,
but also when performing the construction works. Constructing a road is a large investment project
and as such requires careful preparation, very good management and high financial outlays. Good
preparation and planning are particularly important. At these early stages, one must foresee all
possible difficulties and inconveniences associated with the project. (Šelih et al. 2008)
Most road construction projects involve elaboration and analysis of several variants. (Zavadskas et al.
2007) Most often, such variants comprise different routes of future roads as well as different design
and technological solutions. Although the economic aspect is certainly an important component of the
above analysis, the regulations governing the natural environment conservation and protection can
significantly affect the final shape of a road construction project as well as the costs of its execution.
What needs to be done is to prepare several variants of a planned road which will take into account
conservation of valuable natural habitats, required protection of the acoustic climate, construction of
passages for animals, protection of birds, protection of surface and groundwater, protection and
management of roadside plant assemblages, landscape management, fulfilment of the required
environmental compensations, environmental risks and monitoring of the wildlife status. Possible
social conflicts are also identified and consultations with local communities are arranged in order to
avoid the former. Besides, it is necessary to analyse whether a planned road construction project
complies with the local spatial management plans.(Al-Harbi 2001) Costs of road construction are
reviewed, including costs of natural environment protection (constructing safe passages for animals,
protecting water bodies, protecting from noise), restrictions on the timing of actual construction works,
location of road user service areas and other road maintenance facilities.
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Making decisions while pursuing a road investment project, in a situation as complicated as shown
above, requires application of an efficient decision-support method, a method that will enable the
decision makers to consider all significant aspects (criteria) and, on the other hand, will help to best
satisfy all the criteria. The Analytic Hierarchy Process (AHP) method seems to be suitable. This paper
present the AHP method and shows its applicability, by taking a section of a road planned to be built
in an area characterised by high natural quality as a case for analysis. (Abu Dabous, Alkass 2008)
2. DESCRIPTION OF THE AHP METHOD
The Analytic Hierarchy Process (AHP) is one of the multi-criteria analytic methods, with which it is
possible to evaluate all available variants of an investment project. (Saaty 1990, 1994) The AHP
approach enables the user to take into consideration various criteria which condition the attainability
of the project’s goal. By being a universal method, the AHP has proven practically useful in solving a
broad scope of problems, from military through social and economic to technical ones. (Abu Dabous,
Alkass 2008) The underlying provision of the method is that an overall goal is attainable by reaching
subordinate goals, which lead to obtaining the main goal. Alternative solutions are considered, which
– to a different extent- satisfy the expectations. How a given decision option fulfils the overall goal
depends on the degree to which it satisfies the main criteria and, appropriately ranked, sub-criteria.
Decomposition of a problem facilitates our evaluation and is the essence of the AHP method.
In this method, a problem is solved by going through three stages (steps), arranged in an integrated
and logical sequence:
1.
presenting the problem’s structure and constructing a hierarchy model (determination
of criteria),
2.
evaluating the criteria on a nine-point scale by pairwise comparison and construction
of an assessment matrix A (analysis of the matrix, determination of vectors of priorities),
3.
evaluating and arranging the variants by setting the priorities (main weights),
including the analysis of sub-priority vectors.
In order to analyse the variants, a 4-level hierarchy structure model is usually constructed (fig. 1).
Overall goal

Main goal 1

Sub-goal
1

Sub-goal
2

Main goal 2

Sub-goal
3

.. ……..

level 1

Main goal 3

…………

level2

Sub-goal
n
level 3

Variant 1

Variant 2

Variant 3

level 4

fig.1. The structure of 4-level hierarchy model (the author’s own elaboration)
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In the above hierarchical structure, we can distinguish:
the overall goal (level 1), which means execution of a planned project (in this case,
construction of a section of a road connecting two points in a transportation network),
main goals – describe the main criteria related to the execution of the planned
investment project (e.g. economic criteria, environmental criteria, etc.),
sub-goals are defined in a narrower range, under each of the main goals, and they
enable the user to formulate more precise requirements and to understand better the main goal
(e.g. within the economic criterion, such questions as the cost of executing the project, costs of
purchasing the land under construction, etc.),
variants – alternative options of how the goal can be reached, which – to a different
degree - satisfy the goals defined previously.
When applying the method, the number of criteria compared on the same level should be limited to
just a few comparable ones so that it is possible to construct a cohesive matrix of comparisons. It is
also necessary to assume some degree of simplification in modelling the analysed problem, to
collaborate with experts and to review references as well as opinion surveys.
During the evaluation, all the criteria on a given level are compared in pairs and their mutual relations
are established; thus, a decision must be made which of these criteria and to what extent will be more
important for the execution of the planned project. The evaluation is achieved using an evaluation
scale elaborated by Professor Thomas Saaty, which is presented below in a tab. 1.
Tab. 1. AHP fundamental scale (Saaty 1990, 1994)
Score

Specification

9

Predominance of one criterion over the other is absolute and proven to the highest degree

7

One criterion is very strongly preferred to the other and the preference is proven in practice

5

One criterion is preferred to the other

3

One criterion is slightly more preferred to the other

1

Both criteria contribute to the same degree to attaining the goal

2,4,6,8

Intermediate values, used only when necessary

The number of pairs creating the matrix and submitted to analysis depends on the number of defined
criteria (tab. 2).
Tab. 2. Number of nodes aij (Saaty 1990, 1994)
Number of criteria

1

2

3

4

5

6

7

n

Number of nodes

0

1

3

6

10

15

21

n(n 1)
2

The next step involves construction of a comparison matrix A, in which we place the scores
determined while evaluating the criteria. (Saaty 1990, 1994) The matrix has certain specific features:
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the diagonal consists of values equal one because it contains a comparison of each criterion to itself, a ij
= 1 for i=j; the elements aij are a reciprocal of the elements aji. Logically, all aij >0. When the
preferences (aij) are established, we can calculate elements aji a ji

1
. The pairwise assessment and
aij

establishment of other elements enables the user to construct a preferences matrix. Below, a matrix
constructed for 4 criteria is shown.

a11
a 21
A =

a 31
a 41

1
1
a12
1
a13
1
a14

a12
a 22

1
1
a 23
1
a 24

a32
a 42

a13

a14

a 23

a 24

a33

1
1
a 34

a 43

[1]

a34
a 44

1

In this case, for the number of criteria = 4, the number of nodes = 6.
The literature contains calculations formulas for the subsequent steps leading to the calculation of
the value of a priority criterion.
These are:
Calculations of the value of a normalised matrix:

wij

aij

[2]

n

a ij
i 1

Determination of the value of the vector of sub-priorities:
n

wj

w j aij

[3]

j 1

where:
n

wij
wj

i 1

i,j = 1…n

n

[4]

To verify whether the above procedure has been correct, we determine:
-

the matrix’s own maximum value:
max

-

1
wi

n

aij w j
i 1

value of the consistency index:
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C .I .
-

max

n

[6]

n 1

consistency ratio:

C.I .
, where the CR should reach a value <10%
R.I .

C.R.

R.I. - random index whose value depends on the ‘n’ number of compared components (tab. 3).
Tab. 3. Value of the random index (RI). (Saaty 1990, 1994)
n
R.I.

1

2

3

4

5

6

7

8

9

10

0.00

0.00

0.58

0.90

1.12

1.24

1.32

1.41

1.45

1.49

3. IDENTIFICATION OF A DECISION-MAKING PROBLEM
Investment projects such as construction of sections of roads are particularly difficult. In most cases,
especially when planned roads will run across areas characterised by different quality of the natural
environment, it is necessary to design several alternative routes and propose different technical or
transportation solutions. Having prepared several alternatives, it is now possible to find the solution
which will most closely respond to the project’s underlying assumptions. By taking into considerations
analyses of investment projects carried out in a region endowed with high quality natural values and
based on expert opinions, it has been found out that four groups are criteria are most often considered
while working on road construction plans. Each group comprises most frequently cited sub-criteria.
Three alternatives of the discussed project were analysed. (Šelih et al. 2008)
In the project discussed in this paper, the following criteria and sub-criteria were applied:
A.

transportation and communication sub-criteria:

A1 - transport performance (number of vehicles x kilometres per hour)
A2 – costs due to the time it takes to transport loads, including the time wasted due to traffic jams
or extension of the route,
A3 – length of the road in km,
A4 – costs due to maintenance of vehicles (repairs, fuel).
B – economic sub-criteria
B1 – costs of constructing the road
B2 – costs of purchasing the land
B3 – costs of compensation paid
C – environmental sub-criteria
C1 – incursion on protected areas
C2 – length of routes running through forested areas
C3 – number of trees to be felled
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C4 – cutting across routes travelled by wild animals
C5 - cutting across watercourses
D – social and planning sub-criteria
D1 – number of buildings to be demolished
D2 – number of buildings 0-50 m away from the planned road
D3 – number of buildings 50-100 m from the planned road
D4 – acreage of the land to be repossessed
D5 – collisions with the planned spatial management
According to the guidelines for using the AHP method, as described above, a hierarchy of the
problem was determined (fig. 2) and the following were defined:
-

the decision goal – execution of the investment project,

main goals, referred to as the main criteria (in this case, these are transportationcommunication, economic, environmental and social and planning criteria)
-

intermediate goals (sub-goals or else sub-criteria) written out for every main criterion.

The analysed alternative solutions are different in the actual course of a planned route and therefore
they can satisfy the previously set decision goal and sub-goals to a different extent. Below, a brief
description of each variant is presented. An evaluation spreadsheet has been prepared for their
evaluation (tab. 4).
Variant 1 – it most closely responds to the environmental and spatial criteria, less so to the
transportation criteria and is the least profitable economically. This is the longest route but bypasses
several environmental collisions.
Variant 2 – is the least expensive one, considering both the costs of construction works and the
purchase of land or compensation due; it responds to the transportation criteria and – partly – the
environmental ones. This is the shortest route but does not fulfil completely the transportation or
environmental expectations.
Variant 3 – it most completely satisfies the transportation criteria and design-related requirements, in
terms of both setting the routes and other demands; economically, it is superior to variant 1 but inferior
to variant 2; it will partly satisfy the environmental requirements.
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D5 – collisions with the planned spatial management

D4 – acreage of the land to be repossessed

D3 – number of buildings 50-100 m from the planned road

D2 – number of buildings 0-50 m away from the planned road

Environmental
sub-criteria

D1 – number of buildings to be demolished

C5 - cutting across watercourses

C4 – cutting across routes travelled by wild animals

C3 – number of trees to be felled

C2 – length of routes running through forested areas

Economic
sub-criteria

C1 – incursion on protected areas
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B3 – costs of compensation paid

B2 – costs of purchasing the land

Transportation
sub-criteria

B1 – costs of constructing the road

A4 – costs due to maintenance of vehicles (repairs, fuel).

A3 – length of the road in km,

A2 – costs due to the time it takes to transport loads

A1 - transport performance (number of vehicles x kilometres per

Journal of International Scientific Publications:
Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net

Overall goal
Social and planning
sub-criteria

Variant 3

Fig. 2. Hierarchy of criteria and sub-criteria (the author’s own elaboration)

4. SOLVING THE PROBLEM WITH THE AHP METHOD

The calculations were carried out according to the procedure discussed above. The evaluation of the
particular criteria compared pairwise was completed including the transportation, economic,
environmental and spatial considerations.
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Tab. 4. The comparison matrix for the main criteria (the author’s own elaboration)
Superior criteria

A

B

C

D

A

1

0.5

0.1429

0.5

B

2

1

0.3333

3

C

7

3

1

5

D

2

0.3333

0.2000

1

sum aij

12.0000

4.8333

1.6762

9.5000

Tab. 5. The value of the normalised matrix and the priority vector for the superior criteria
Vector of priorities

Superior criteria

A

B

C

D

sum wij

A

0.0833

0.1034

0.0852

0.0526

0.3246

0.0812

B

0.1667

0.2069

0.1989

0.3158

0.8882

0.2221

C

0.5833

0.6207

0.5966

0.5263

2.3269

0.5817

D

0.1667

0.0690

0.1193

0.1053

0.4602

0.1151

wj

For the main criteria:
-

we set the matrix’s own maximum value:

1
wi

max

-

n

aij w j = 12 x 0.0812 + 4.8333 x 0.2221 + 1.6762 x 0.5817 + 9.5 x 0.1150 = 4.11528
i 1

the value of the consistency index:

C .I .
-

the inconsistency ratio:

-

C.R.

n

max

n 1

=

4,11528 4
= 0.0384
4 1

C.I .
where C.R. should reach a value <10%
R.I .
C.R.

0,0384
0,9

R.I. = 0.9 ( Tab.3.)

0.0427 x 100% = 4.27%

In many cases, it is necessary to additionally analyse the sub-criteria. They are set in groups
subordinated to the main goals. Analysis of groups of sub-criteria, on one hand, is necessitated by the
limited number of criteria compared directly with one another and, on the other hand, by the fact that
some of these criteria would be difficult to compare directly. Comparability of criteria, in turn, ensures
that we can construct a coherent comparison matrix, which is an essential condition. Sometimes,
matrices for selected (most important) sub-criteria are constructed. Whenever it is necessary to
establish a hierarchy of all included sub-criteria, all their groups undergo analysis. In our example, we
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present calculations for the sub-criteria from the group that attained the highest value of the priority
vector, i.e. the environmental criterion C.
Tab. 6. Comparison matrix for the sub-criteria of the environmental criterion.
Environmental

C1

C2

C3

C4

C5

C1

1

2

3

2

3

C2

0.5000

1

2

3

1

C3

0.3333

0.5

1

2

0.3333

C4

0.5

0.3333

0.5000

1

0.3333

C5

0.3333

1

3

3

1

sum aij

2.6667

4.8333

9.5000

11.0000

5.6667

sub-criteria

Tab.7. Value of the normalised matrix and priority vector for the sub-criteria
under the environmental criterion

max

Environmental
sub-criteria

C1

C2

C3

C4

C5

sum wij

Vector of priorities
wj

C1

0.3750

0.4138

0.3158

0.1818

0.5294

1.8158

0.3632

C2

0.1875

0.2069

0.2105

0.2727

0.1765

1.0541

0.2108

C3

0.1250

0.1034

0.1053

0.1818

0.0588

0.5744

0.1149

C4

0.1875

0.0690

0.0526

0.0909

0.0588

0.4588

0.0918

C5

0.1250

0.2069

0.3158

0.2727

0.1765

1.0969

0.2194

5,33125 ; C.I .

0,08281; C.R. 0,073939 x 100% =7.39% < 10% ; R.I. = 1.12 ( Tab.3.)

The calculations conducted on the group of environmental sub-criteria yielded the highest value of
sub-criterion C1: incursion on protected areas is w1 = 0.3632, which therefore weighs most heavily on
selecting the most suitable project’s variant. The second most important criteria were C5 – crossing
watercourses w5 = 0.2194 and C2 – length of the road running through forested areas w2 = 0.2108.
In the case analysed in this article, we have 3 alternative variants of the project’s execution. They were
briefly characterised in the third part of the article. The three variants cannot be compared directly.
Each will differently fulfil the criteria distinguished previously. A simplified analysis is often
performed, which takes into account satisfying one or two most important main criteria. However,
since we are interested in a complex analysis of the variants, we shall compare them pairwise with
respect to all the criteria listed before.
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Tab. 8. Comparison matrix for variants with respect to criterion A
variant

w1

w2

w3

w1

1

0.5

0.3333

w2

2

1

0.5

w3

3

2

1

sum

6

3.5

1.8333

Tab. 9. Values in the normalised matrix and priority vector with respect to criterion A

max

wij

w1

w2

w3

Sum of wij

Priority vector Wiw

w1

0.166667

0.142857

0.181818

0.491342

0.1638

w2

0.333333

0.285714

0.272727

0.891775

0.2973

w3

0.5

0.571429

0.545455

1.616883

0.5390

3,01118 ; C.I .

0,00559 ; C.R. 0,00964 x 100% =0.96% < 10% ; R.I. = 0.58 ( Tab.3.)

Tab. 10. Comparison matrix for variants with respect to criterion B
variant

w1

w2

w3

w1

1

0.3333

0.5

w2

3

1

3

w3

2

0.3333

1

sum

6

1.6667

4.5

Tab. 11. Values in the normalised matrix and priority vector with respect to criterion B

max

wij

w1

w2

w3

Sum of wij

Priority vector wiw

w1

0.166667

0.2

0.1111

0.477778

0.1593

w2

0.5

0.6

0.666667

1.766667

0.5889

w3

0.333333

0.2

0.222222

0.755556

0.2519

3,07037 ; C.I .

0,03519 ; C.R. 0,060664 x 100% =6.066% < 10%; R.I. = 0.58 ( Tab.3.)

Tab. 12. Comparison matrix for variants with respect to criterion C
variant
w1
w2
w3
w1
1
3
5.0000
w2
0.3333
1
2
w3
0.2
0.5
1
sum
1.5333
4.5
8
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Tab. 13. Values in the normalised matrix and priority vector with respect to criterion C
wij

max

w1

w2

w3

Sum of wij Priority vector wiw

w1

0.652174 0.666667

0.6250

1.943841

0.6479

w2

0.217391 0.222222

0.25

0.689614

0.2299

w3

0.130435 0.111111

0.125

0.366546

0.1222

3,005395 ; C.I .

0,0027 ; C.R. 0,00465x 100% =0.465% < 10% ; R.I. = 0.58 ( Tab.3.)

Tab. 14. Comparison matrix for variants with respect to criterion D
variant

w1

w2

w3

w1

1

2

3

w2

0.5

1

2

w3

0.3333

0.5

1

sum

1.8333

3.5

6

Tab. 15. Values in the normalised matrix and priority vector with respect to criterion D

max

wij

w1

w2

w3

sum of wij

Priority vector wiw

w1

0.545455

0.571429

0.5000

1.616883

0.5390

w2

0.272727

0.285714 0.333333

0.891775

0.2973

w3

0.181818

0.142857 0.166667

0.491342

0.1638

3,01118 ; C.I .

0,00559 ; C.R. 0,00964 x 100% =0.96% < 10% ; R.I. = 0.58 ( Tab.3.)

The values of the priority vector obtained for the analysed variants demonstrate that, depending on the
analysed criterion, different variants prove to be superior. The is caused by the fact that the analysed
criteria are satisfied differently by the analysed variants. A question arises which of the analysed
aspects (criteria) will prevail when making the final decision.
5. CREATING A HIERARCHY OF THE VARIANTS
The final stage in the AHP analysis of the variants consists of determination which variant fulfils best
the determined criteria. For this aim, computations are run in order to calculate to what extent
particular criteria are satisfied by the subsequent variants. Values of the priority vectors for each of the
main criteria and for particular variants in the context of the analyse criteria are studied as sums of
their products:

wiA
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where:
wj - vector of priorities for the main criteria
wiw - vector of priorities for the variants
Computations of the global priority for the analysed variants will look as follows:
For variant one:
W1 = 0.5817 x 0.6479 + 0.1151 x 0.5390 + 0.0812 x 0.1638 + 0.2221 x 0.1593 =
0.3769 + 0.0620 + 0.0133 + 0.0354 = 0.4876
For variant two:
W2 = 0.5817 x 0.2299 + 0.1151 x 0.2973 + 0.0812 x 0.2973 + 0.2221 x 0.5889 =
0.1337 + 0.0342 + 0.0241 + 0.1308 = 0.3229
For variant three:
W3 = 0.5817 x 0.1222 + 0.1151 x 0.1638 + 0.0812 x 0.5390 + 0.2221 x 0.2519 =
0.0711 + 0.0189 + 0.0438 + 0.0559 = 0.1897
6. SUMMARY
Three variants have been suggested while planning to execute a road investment project. The analysis
presented above have enabled us to distinguish four groups of criteria which play an important role in
designing and executing such construction projects. The analysis carried out with the AHP method
allowed us to decompose the main criteria, which helps to realise what actually matters in establishing
the weight of the main criterion. The AHP analysis, which entails determination of sub-criteria,
requires users to conduct surveys, analyse various solutions and consult experts. This article contains a
detailed analysis of the environmental criterion, and the result of this analysis provided designers and
engineers with new information to consider. The analysis has demonstrated that the final decision with
respect to the environmental criteria was most strongly affected by the subcriterion which dealt with
the incursion on protected areas. The analysis of the main criteria showed that the highest priority was
assigned to the environmental criterion (C), with the economic one (B) in the second place. The
hierarchy of the variants, constructed in the last part of the article, proved that variant 1 is best for
reaching the analysed goals and this result was most significantly shaped by the high degree to which
this variant fulfils the environmental criteria.
The above analysis confirms the applicability of the AHP method as a tool supporting decision making
while choosing a variant project of a road construction investment. This method enables users to
choose an optimum solution while simultaneously considering many factors, including the ones which
are difficult to measure or compare.
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APPLICABILITY OF LINEAR PROGRAMMING IN MANAGING
SUPPLIES FOR LARGE CONSTRUCTION PROJECTS
El bieta Szafranko
University of Warmia and Mazury in Olsztyn, Faculty of Technical Sciences, Olsztyn, Poland

Abstract
Construction projects are highly varied. Next to some small buildings of general use, there are large
construction projects in civil engineering or industrial construction, road construction projects
underway including all accompanying infrastructure. In order to complete construction projects, it is
necessary to supply required materials from which the constructions are raised. Proper planning of
the supplies enables contractors to carry out work according to previously approved deadlines. When
roads are built, the distance between suppliers and a site where given materials will be used change
as the work progresses. It is not an uncommon development that the supplier used at the beginning
turns to be located too far away as the work continues. In order to plan the supplies well, it is
advisable to use mathematical methods which support the decision-making process. This article
suggests using linear programming, especially the transport problem, which enable one to find a
solution easily.
Key words: management in the construction industry, managing a construction project, supporting
decision-making, supplies of construction materials
1. INTRODUCTION
Being a component of the market economy, the construction industry is governed by certain general
rules. However, it has many specific characteristics, for instance it has a highly varied structure. Next
to some small buildings of general use, there are also large building projects in civil engineering or
industrial construction. Whole housing estates are built alongside typical facilities. Large industrial
compounds are raised as well. Recently, in Poland, there have been many road building projects
including all necessary infrastructure. Building projects require supplies of adequate amounts of
building materials, which will be used for raising planned constructions. Good planning of the supplies
of materials enables contractors to complete work according to previously established deadlines.
When buildings are raised on a specific site, finding suppliers is relatively simple and depends on
prices as well as a distance to the site. However, when construction work stretches over many
kilometers, distances between suppliers and a site where their materials will be used change as the
work progresses. It is not an uncommon development that the supplier whose services we use at the
beginning of the project proves to be located too far in respect of the subsequent site of the
construction work (fig. 1). Once we add to this situation the fact that, as the work progresses, time
passes and prices of building materials change, we may discover that finding good suppliers could
prove to be quite a difficult task.
2. REVIEW OF REFERENCES
In a situation so complicated from the point of view of managers, the relevant literature suggests
several methods supporting the decision-making process, methods which aid both construction
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companies and contractors. Despite its specific character, a construction company is governed by the
same rules as companies which belong to other branches of economy. As in other firms, building
companies need early warning systems (Kapli ski 2007) and methods for evaluation of a financial
situation and risk. There are many different methods suggested, for example: a discriminant analysis
(Kapli ski 2008), neural networks (Baetge, Krause. 1993); and network methods (Szafranko 2008),
multifactor modeling (Zavadskas et al. 2008). It is also important to make proper decisions regarding
the execution of the construction process itself. Some of the aforementioned methods are applicable
here as well, for example when choosing an alternative design (Nowak 2005) selecting contractors
and analyzing tender bid documentation (Plebankiewicz 2009), (Abidali, Haris 1995), and cost
estimates of designs (Zavadskas et al. 2004). Optimalisation of decision-making processes is often
attained with an aid of simple mathematical methods (Sakalauskas, Zavadskas 2009), e.g. linear
programming (Ko niewski, Or owski 2005).

fig. 1. Diagram of the set of supplies changing as the work progresses (the author’s own elaboration)
Application of mathematical methods in management and decision-making processes is often named
operational research. Operational research is defined as scientific methods for solving problems in
executive decision-making (Figueira et al. 2005; Lin et al. 2008; Ustinovichius et al. 2007). The range
of applicability of operational research encompasses:
making mathematical, economical and statistical descriptions or models of decisions in
situations characterised by a large complex uncertainty,
analysis of dependences which determine likely consequences of the choice of decisions and
formulation of appropriate effectiveness measures in order to assess the results.
The course of actions in operational research (Wagner 1976; Cheng, Lin 2006;) can be divided into
stages:
1.

formulating the problem and the aim of the activity,

2.

building and testing a model,

3.

determining values of the model’s parameters,
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4.

solving the pre-defined model,

5.

interpreting the results,

6.

implementing the results.

The first steps are very important, i.e. formulating the problem and determining numerical values of
the analyzed phenomenon. Formulating the problem and the aim of the activity relies on becoming
aware that there is a certain problem, recognising its constituents and interrelations between them as
well as conditions and available means for an action to be undertaken. Another significant element is
the choice of a criterion for optimalisation. A good choice of this criterion determines the value and
usability of the subsequent results. In order to solve the model, it is necessary to know specific
numerical values of the parameters. Although it is sometimes very difficult to determine the values of
the parameters, it has to be done for the sake of solving the problem. Likewise, it is often necessary to
correct the assumptions as the process of solving the problem progresses (fig. 2), so as to achieve a
logical reply.

Fig. 2. Diagram of the flow of operational actions (the author’s own elaboration)
3.

MATHEMATICAL MODEL OF THE PROBLEM

Among the linear programming methods, there is transport problem. It is most often applied to derive
the optimum planning of transport of uniform material between a certain number of suppliers Di (who
have available supplies in the amount of ai) and customers Oj (who order supplies in the amount of bj).
Optimalisation can be applied to the total cost of transport (the most frequent case), time or distances
covered while completing the orders.
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Fig. 3. The network diagram of the problem (the author’s own elaboration)
The transport problem also has a simple network interpretation (fig. 3). The network is two-part and
complete, i.e. all its nodes can be divided into two groups: supplies nodes – dispatch points (numbered
1,2,3, ... m) and reception nodes (numbered 1,2,3, .... n). Each supplies node had n arches running
from this node to each reception point (transport along routes ij). The arch must be described by the
parameters which determine such items as unit costs of transport, time of transport or distances. Most
often, it is a unit cost.
The problem involves determination of such values of transport x ij so as to minimize the total cost of
transport
F (x)

m

n

i 1

j 1 ij ij

c x

(1)

min

where xij – searched volume of transport,
cij – unit cost of transport
between supplier i and buyer j.
Under the conditions:
n
j 1
m

x ij

ai

, ,..., m
i 12

x ij

bj

j 1,2,..., n

x ij

0

i 12
, ,..., m

i 1

(2)
(3)
j 12
, ,..., n

Both the assumptions for the previously described situation and the solution can be written in the form
of a matrix.
The matrix presentation of the input data:
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c 11
c 21

c 12
c 22

c 13
c 23

...
...

c1 n
c 2n

...

...

...

...

...

c m1

cm 2

cm3

...

c mn

b

b1

b2

C ij

j

...

bm

ai

a1
a2

(4)

...
an

(5)

The matrix presentation of the solution:

x ij

x 11

x 12

x 13

...

x1 n

x 21
...

x 22
...

x 23
...

...
...

x2n
...

x m1

xm2

xm3

...

x mn

(6)

In order to check whether the obtained solution is an optimal one, optimality indices ij. for the set
transport programme should be established.
The matrix of optimality:

11
ij

21

...
m1

12
22

...

...

m2

cij – ( ui

...
...

23

It can be demonstrated that optimality index
ij

...

13

...

m3

1n
2n

(7)

...
mn

ij for variable xij can be presented as
vj )

i=1,2,...,m ; j=1,2,...,n

(8)

We now establish the values of all m + n of dual variables (i.e. potentials) ui and vj. For this purpose,
we take advantage of the property stating that for base variables (routes with transports)
ij =
0. There are m + n – 1 such variables. It is therefore possible to construct a m + n –1 set of equations
with m + n unknown uj and vj and unit costs of transport cij as free terms. Using dual variables
calculated in the above way, it is possible to compute the remaining values ij.
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Fig. 4. Diagram for calculations in a transport problem (the author’s own elaboration)
The condition for achieving optimality is that for all the set values the non-negativity condition
0 be fullfilled. The procedure is illustrated by the diagram in fig. 4.
4.

ij

A CASE STUDY

The problem will be analysed based on an example of supplies of crushed stone aggregate needed to
build 20-cm thick road foundation under a 35-km long section of regional road. It is assumed that the
materials will be delivered at points located along the route at 5-km intervals. Three suppliers located
at different distances along the road under construction have declared to be able to supply the
materials. The prices of the materials are likewise varied. Another point for consideration is the cost of
transport, which depends on the distance to cover in order to bring the materials (Tab. 1).
Because aggregate is transported using heavy-duty vehicles and the material itself is delivered in large
quantities, this part of work has a significant effect on the wear-out of the road infrastructure and
burdens the traffic with heavy lorries. Therefore, the analysis should also include an estimated
duration of the total transport distance.
In order to plan the deliveries, the demand for the material has been estimated for all the stages in the
construction project. The total amount of the material needed to complete the work is 36 000 m3 (72
000 tons). The calculation is based on the work timetable and cost analysis, from which the demand
for aggregate during each stage of construction work was derived. (Tab. 2).

170

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
Tab. 1. Set of deliveries including prices and cost of transport (the author’s own elaboration)
No

Supplier

Price

Distance

Price for

PLN/t

km

Transport

Customer

PLN/t

1

Nr 1

2

Nr 2

3

Nr 3

65

5

22,5

1

68

7

31,5

2

70

13

58,5

3

72

17

76,5

4

75

20

80,0

5

79

25

100

6

82

30

120,0

7

56

17

76,5

1

57

12

54,0

2

60

10

45,0

3

60

25

67,5

4

64

20

90,0

5

69

22

99,0

6

70

27

121,5

7

55

32

128,0

1

57

29

116,0

2

59

22

88,0

3

62

19

76,0

4

67

15

60,0

5

68

11

44,0

6

68

6

24,0

7

Table 2 Demand for material at particular work stages (the author’s own elaboration)
No

Point of delivery

Demand (t)

1

1

10 000

2

2

10 000

3

3

12 000

4

4

12 000

5

5

10 000

6

6

10 000

7

7

6 000

171

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
In order to adjust the example to the model’s conditions, a ficticious buyer O8 was added and the
suppliers’ resources were established on a slightly higher level. This way we ensure more flexibility in
planning the transport. The problem is presented in Tab. 5 and the preliminary solution obtained with
the minimal index method can be found in Tab. 6.
The value of the objective function is 7939 thousand PLN.
F1 ( x )

10

87 , 5

10

99 , 5

12

105

12

127 , 5

2

155

1 154

9

127

10

112

6

92

3

0

7939 tys .

The value of the objective function (Tab. 6) suggests some modifications in the pattern of supplies. In
the preliminary solution, buyer 5, located in the middle section of the constructed road, should be
supplied from 3 sources, which may lead to some chaos in the organization of work. It is therefore
suggested to slightly shift the fronts of work, which would lead to some correction in the supplies.
(Tab. 3)
Tab. 3 Corrected demand for material (the author’s own elaboration)
No

Point of delivery

Demand (t)

1

1

10 000

2

2

12 000

3

3

12 000

4

4

13 000

5

5

19 000

6

6

10 000

7

7

6 000

The solution which includes the suggested correction can be seen in Table 7, and the value of the
objective function is calculated below:
F2 (x)

10 87,5 12 99,5 12 105 13 127,5 0 155 0 154 9 127 10 112 6 92 3 0

7801,5tys.

The value of the objective function after correction is 7801.5 thousand PLN and is lower than the one
obtained before, which proves that the correction was advisable.
The matrix of the solution obtained:

X

5.

10

12

0

0

0

0

0

3

0

0

12

13

0

0

0

0

0

0

0

0

9

10

6

0

ANALYSIS OF THE SOLUTION

In the above solution, supplies will be carried out by 3 subsequent suppliers.
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Fig.5 The network diagram of the solution(the author’s own elaboration)
Because supplier 1 was the most expensive, it is suggested that he supplies only points 1 and 2. Points
3 and 4 will be supplied by the second supplier. The third supplier, the least expensive one, appears at
stage 5 and carries out the supplies to points 6 and 7. Because the first supplier is the most expensive
one, he is left with surplus material, which in this solution will be purchased by the ficticious
customer. In the transport pattern thus obtained, distances and related costs of transport are also
important. The solution confirms that as the work progresses, suppliers should be changed and even if
the material transported over a shorter distance is slightly more expensive, it will eventually prove to
be a better choice in terms of the total cost of supplies. The solution can also be illustrated as a
network model. The solid line shows these connections for which the supplies are actually transported.
The diagram on fig.5 clearly illustrates the example of a road construction project used as an
example in this paper.
6.

TESTING THE OPTIMALITY OF THE SOLUTION

Determination of the potentials and indices of optimality ij has been performed in the form of tables
which correspond to the matrix presentation of the problem. Because all the optimality indices fullfil
the non-negativity condition ij 0, the solution obtained is optimal. For the analysis to be complete,
a comparison of the total length of transport for both solutions was performed.
The comparison of the distances covered by transported supplies shows that in solution 2, with the
corrected preliminary assumptions, the total sum of distances covered by transport units carrying the
material was lower than in the first solution. This is a very important observation because transport of
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aggregate involves heavy lorries and the material itself is delivered in huge quantities. Transporting
aggregate for road building can have serious negative influence on the state of repair of existing roads
and brings heavy burden to the traffic system.
Tab. 3 Determination of the values of potentials ui i vj (the author’s own elaboration)
Position in the
matrix

Cij

ui

vj

13

128,5

0

-106

22,5

14

148,5

0

-128,5

20

16

179

0

-140

39

17

202

0

-120

82

21

132,5

1

-87,5

46

22

111

1

-99,5

12,5

26

168

1

-140

29

27

191,5

1

-120

72,5

28

0

1

0

1

31

183

28

-87,5

123,5

32

173

28

-99,5

101,5

33

147

28

-106

69

34

138

28

-128,5

37,5

38

0

28

0

28

Tab. 4. Determination of optimality indices
Position in the
matrix

174

ij

ij(the author’s own elaboration)

Cij

ui

vj

11

1

87,5

0

-87,5

12

2

99,5

0

-99,5

15

3

155

0

-155

18

4

0

0

0

23

5

105

1

-106

24

6

127,5

1

-128,5

25

7

154

1

-155

35

8

127

28

-155

36

9

112

28

-140

37

10

92

28

-120
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Tab. 5. Presentation of the problem in the form of a transport table (the author’s own elaboration)
O1

O2

O3

O4

O5

O6

O7

O8

ai

D1

87,5

99,5

128,5

148,5

155

179

202

0

25

D2

132,5

111

105

127,5

154

168

191,5

0

25

D3

183

173

147

138

127

112

92

0

25

bj

10

10

12

12

12

10

6

3

Tab. 6. Initial solution obtained with the minimal coefficient method(the author’s own elaboration)
O1

O2

O4

O5

O6

O7

O8

128,5

148,5

155

179

202

0

154 1

168

191,5

0

25
(13)(1)

0

25
(19)(9)

D1

87,5

D2

132,5

111

105

D3

183

173

147

138

127 9

112 10

92

bj

10

10

12

12

12

10

6

10

99,5 10

O3

12

127,5

12

6

ai
25 (22)
(12)(2)

3

3

Table 7 Initial solution for corrected assumptions (the author’s own elaboration)
O1

O2

O4

128,5

148,5

O5

O6

O7

O8

155 0

179

202

0

154 0

168

191,5

0

25
(13)(1)

0

25
(19)(9)

D1

87,5

D2

132,5

111

105

D3

183

173

147

138

127 9

112 10

92

bj

10

10

12

12

12

10

6

10

99,5 12

O3

12

127,5

13

6

ai
25 (22)
(12)(0)

3

3

Tab. 8 Calculation of the length of transport in km. (the author’s own elaboration)
Variant
2-deliveries

Total
km

10

400

2000

2800

12

480

3360

80

1600

0

0

0

0

0

0

0

0

0

10

12

480

4800

12

480

4800

15

12

480

7200

13

520

7800

1-deliveries

xij

10

400

2000

7

10

400

15

20

2

18

0

23
24

km

xij

11

5

12

175

Variant

Total
km

Connections
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25

20

1

40

800

0

0

0

35

15

9

360

5400

9

360

5400

36

11

10

400

4400

10

400

4400

37

6

6

240

1440

6

240

1440

sum

30440

29200

7. CONCLUSIONS
The method discussed in this article can easily aid optimalisation of supplies to construction projects
which have specific characteristics. When building roads, for example, the work is conducted over a
length of tens of kilometers. It is then extremely important that suppliers are adequately chosen so that
their transport vehicles would not travel unnecessarily long distances. Linear programming is a very
convenient and simple method which enables the user to do calculations on a computer with very
popular software.
However, when using mathematical methods to support decision making, one should remember to
check the calculations constantly. Constant analysis of the work done, starting with the stage of
analysing the problem, determining the parameters and selecting an algorhythm of the procedure, and
going through such stages as the interpretation of the results and implementation of the solution
obtained, is recommendable.
As a result of the calculations performed, we generate a series of figures and it is very important to
read them well. At this point, it is recommendable to return to the assumptions and established data
regarding the decision variables and to the values of the parameters determined at the beginning
Implementation of the results of the calculations is possible having carefully analysed the solution. It
is equally important that the persons making decisions on the basis of the results of operational
research participate in the work of the team involved in the analysis of the whole problem. Another
significant aspect is not to treat the result of a mathematical procedure literally. Mathematical methods
are just a supporting tool in a decision-making process and it is for us, people, to make the final
decision.
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FEATURES OF ULTRAFINE-GRAINED STRUCTURE FORMING IN Zr-1Nb ALLOY
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Abstract
Ultrafine-grained structure forming by the method combined reversible hydrogenation and hot
pressing in Zr-1Nb alloy was investigated. Preliminary hydrogenation to concentrations of (0.14–0.4)
% at 873 K is found to lead to yield strength decreasing in Zr-1Nb alloy during hot pressing by 1,5–2
times. During uniaxial compression at (70–72) % under isothermal conditions at a temperature of 873
K in Zr-1Nb alloy, hydrogenated to concentration of 0.22 %, homogeneous ultrafine grained structure
with an average grain size of 0,4 m was formed.
Key words: zirconium alloy, ultrafine-grained structure, hydrogen
INTRODUCTION
The formation of ultrafine grained (nano- and submicrocrystalline) states in metals and alloys is
known to improve significantly not only the level of their strength characteristics, but often to provide
the creation of properties complex that are required to work under certain conditions. Analysis of
published data showed the possibility of ultrafine grained state forming in metallic polycrystals by
severe plastic deformation, leading to increase of the material strength characteristics and satisfactory
plasticity, increase of hydrogen embrittlement resistance and hydrogen concentration in the alloy,
corresponding to the material transition to brittle fracture (Meyers, Mishra & Benson 2006; Kolobov
et al. 2001; Noskova & Mulyukov 2003; Zhu & Langdon 2005; Grabovetskaya et al. 2013).
One of the often used techniques of ultrafine grained structure formation is such severe plastic
deformation method as three dimensional pressing at elevated temperatures, making it possible to form
ultrafine grained grain/subgrain structure with dimensions of the elements of (0.1–0.5) m. An
advantage of this method is the possibility of using a simple pattern of deformation without the
necessity of application of complicated special tooling (pressing tool). In turn, the main disadvantage
of this method is looping of the “heating–hot pressing” (upsetting) cycle to achieve the dimensions of
the structure elements indicated above and significant material cost. At the same time method built
upon reversible hydrogen treatment and hot plastic deformation is known to reduce the deformation
resistance and decrease the number of cycles (amount of deformation) for hydride-forming materials
during three dimensional pressing of titanium alloys in order to form ultrafine grained structure
(Murzinova & Salishchev 2008; Grabovetskaya et al. 2006). This is due to the using of phase
transformations initiated by hydrogen presence in the alloy. However, depending on the material
characteristics (stacking fault energy, the possibility of twinning or martensite transformation,
temperature interval of diffusion-controlled process), the value of ultrafine grained structure elements,
and hence it’s properties may be different for different metals and alloys, even at the same pressing
modes and hydrogen concentrations in the material. Therefore research of the of structural and phase
state evolution during ultrafine grained structure forming with the use of initiated by hydrogen
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presence phase transformations in the materials on which such studies have not been conducted is
urgent and important.
A purpose of this work is investigation of the hydrogen concentration effect on the evolution of
structural and phase state of commercial Zr-1Nb alloy in forming ultrafine-grained structure by the
method built upon reversible hydrogenation and hot plastic deformation.
The assumption that application of the method combining the reversible hydrogenation and hot plastic
deformation for obtaining an ultrafine structure in the zirconium alloys, is based on the diagrams
similarity of Ti–H and Zr–H and in the presence both in zirconium and titanium polymorphic /
transformation (Lyakishev 1997; Borisova, Bochvar & Brun 1982; Zaimovskii, Nikulin &
Reshetnicov 1994).
TEST MATERIAL AND INVESTIGATION TECHNIQUES
The commercial Zr-1Nb alloy with the hydrogen content of 0.002 % (hereinafter, the hydrogen
concentration in the alloy is stated in wt %) was used as a material for the investigation. Samples of
the alloy in the initial state that were used in the work have a cylindrical shape with dimensions:
diameter of 20 mm, height of 30 mm.
Hydrogen alloying of the alloy up to concentrations of (0.14–0.4) % was carried out in gas media by a
Siverst type apparatus at temperature of 973 K. The hydrogen concentration in the samples was
measured by a RHEN 602 gas analyzer with 0.001 % accuracy. After alloying samples were
homogenized by annealing in a helium atmosphere for 8 hours at a temperature of 873 K. After
homogenization samples were quenched in water.
Deformation of preliminary hydrogenated samples by 70–72 % was performed in isothermal
conditions at a temperature of 873 K (0.41Tmelt) in accordance with a schedule of single uniaxial
compression with initial speed of 1,5 10–2 s–1.
Microscopic examination of thin foils was performed under optical microscope AXIOVERT-200MAT
(Zeiss, Germany) and an EM-125K transmission electron microscope. The size of structure elements
was measured from the relevant micrographs by means of the secant method. The phase composition
of the alloy was defined by the X-ray diffraction method using a Shimadzu XRD6000 diffractometer
in Cu K radiation.
Pressing and compression test were carried out at the special facility, equipped with automatic
recording of the load-time curve.
EXPERIMENTAL RESULTS AND THEIR DISCUSSION
Investigated zirconium Zr-1Nb alloy in the initial state has nonequiaxial fine-grained structure with a
grain size of 3-5 and 6-10 m in transverse and longitudinal sections, respectively. At the grain
boundaries and in the volume of grains particles with a sizes vary from a few tens of nanometers to a
few micrometers are observed (Fig. 1, a).
There is also a crystallographic texture in the alloy (Fig. 1, b). The preferential crystallographic
direction [100] of Zr phase coincides with the longitudinal axis of the cylinder.
Hydrogenation to concentrations of (0,13–0,4) % does not change the grain size, but leads to the phase
composition changing in the alloy (Fig. 2). In addition to the above-mentioned phases precipitations of
hydrides ZrH-86 ZrH2-225 with a pronounced texture appear in the alloy. This is most clearly
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appeared in the alloy Zr-1Nb-0,4 (Fig. 2, b). Prevailing crystallographic directions [220] of ZrH-86
hydride and [311] of ZrH2-225 hydride coincide with the longitudinal axis of the cylinder. The
diffraction reflections (220) of ZrH-86 hydride and (311) of ZrH2-225 hydride are superimposed on
the reflections (110) and (103) of Zr phase, respectively (Fig. 2, b).

Fig. 1. Microstructure (a) and diffraction portions (b) of zirconium Zr-1Nb alloy
X-ray diffraction studies of the samples after homogenization and subsequent quenching in water from
the homogenization temperature (873 K) showed that their phase composition is similar to the phase
composition of the alloy in the initial state (Fig. 2, c). However reflections on the diffraction portions
of Zr-1Nb-H alloys specimens after homogenization and subsequent quenching have a greater width in
comparison with unquenched samples and slightly shifted towards smaller angles, indicating the
hydrogen presence in the solid solution.
The structure of Zr-1Nb-H alloy samples quenched in a water from the homogenization temperature
and containing (0.13–0.4) % of hydrogen has the lamellar character (Fig. 3). However, the plate’s
dispersion of this structure is determined by the hydrogen concentration in the alloy. The most
dispersed lamellar structure is formed in an alloy containing 0.22 % of hydrogen (Fig 3, b).
It was determined by pressing of the quenched samples that the yield strength of the Zr-1Nb-H alloy
nonmonotonically depends on the hydrogen concentration (Fig. 4). The alloy with a hydrogen content
of 0.002 % has the highest yield strength. As the concentration of hydrogen in the alloy is increasing,
yield strength initially decreases and then increases.
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Fig. 2. Microstructure ( ) and diffraction portions (b – samples after hydrogenation, c – samples after
homogenization and subsequent quenching in water from the homogenization temperature) of
zirconium Zr-1Nb alloy hydrogenated to 0.4 %
Presence of minimum on the curve of the yield strength on the hydrogen concentration in the alloy is
apparently connected with two antagonistic factors: increasing in the alloy volume fraction of the less
hard Zr phase with the increasing of hydrogen concentration and solid solution phase hardening by the
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hydrogen. At low hydrogen concentrations in the alloy the first factor has a decisive influence on the
value of yield strength, at high concentrations – the second one prevails. A similar effect of hydrogen
on the value of yield stress is observed in titanium based alloys [Murzinova & Salishchev 2008].

Fig. 3. Microstructure of zirconium Zr-1Nb- alloy with different hydrogen content
after quenching from a temperature of 873 K
– 0,14 %; b – 0,22 %; – 0,4 %
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Fig. 4. The dependence of the yield strength on the hydrogen content in the Zr-1Nb alloy under
compression at 873 K
Electron-microscopic studies of the Zr-1Nb-H alloy structure after pressing demonstrated that the
character of the structure being formed in a single pressing at a temperature of 873 K to (70–72) %
also depends on the hydrogen concentration in the alloy. Figure 5 shows a typical structure of the Zr1Nb-0.14H alloy after pressing. On the light-field image of the alloy structure complex deformation
contrast does not allow to reveal structure elements. A dark-field image shows that as a result of hot
pressing the uniform ultrafine grained structure is formed in Zr-1Nb-0.14H alloy. Along with the
grain-subgrain structure elements with dimensions of (0.1–0.4) m with preferably large angle grain
boundaries (Fig. 5, b) there are grains in the structure with the grain size of about 1 m. The internal
structure of such grains is fragmented.
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Fig. 5. Electron micrographs of the Zr-1Nb-0.14H alloy structure after single-stage compression
to 72 %: – a light-field image; b and c – a dark-field image
Increase of hydrogen concentration to 0.22 % results in more uniform ultrafine grained structure
forming in the alloy by pressing (Fig. 6). The electron diffraction patterns of the structure obtained for
an area of 1.2 m2 show an appreciable number of reflections evenly distributed over a circle. This is
indicative of the presence of a large number of grain-subgrain structure elements in a unit volume and
of their substantial misorientation. The size of structure elements varies between 0.1 and 0.65 m (Fig.
6, b). The average size of grain-subgrain structure elements found from dark-field images is 0.4 m.
The phase composition of the Zr-1Nb-0.22H alloy is identical with that of the initial Zr-1Nb-0.002
alloy (Fig. 6, ). At the same time, there is no any texture in the [100] direction in the structure, but
there is a slight (March-Dolase coefficient is 0.77) texturing along the [101] direction.
Formation of homogeneous ultrafine grained structure by a single compression of the lamellar
structure to 72 % reduction in the alloy containing 0.4 % of hydrogen was not achieved. In this alloy
after deformation to 72 % reduction at 873 K along with grains having submicron sizes we observed
lamellar particles with a width of less than 1 m and a length of a few micrometers (Fig. 7). This is
presumably caused by the presence of coarse lamellar structure in the alloy before hot pressing.
Thus, performed research has shown that the most homogeneous ultrafine grained structure with an
average size of grain-subgrain structure elements of
0,4 m is formed in the Zr-1Nb alloy,
containing 0.22 % of hydrogen, with the use of above-mentioned deformation mode.
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Fig. 6. Electron micrographs of the Zr-1Nb-0.22H alloy structure after single-stage compression to 72
%: – a light-field image; b – a dark-field image; c – portion of diffraction patterns

Fig. 7. Electron micrographs of the Zr-1Nb-0.4H alloy structure after single-stage compression
to 72 %: – a light-field image; b –a dark-field image
Hydrogen presence in zirconium alloys is known to lead to hydrogen embrittlement (Zaimovskii,
Nikulin & Reshetnicov 1994). Therefore, after ultrafine grained state forming hydrogen should be
completely removed from the alloy. The most common method for hydrogen removing from metallic
materials is dynamic vacuum annealing. Removal of dissolved hydrogen from titanium and zirconium
alloys accompanied
transformation.
Thus, depending on the hydrogen concentration, heating conditions and annealing temperature the
additional refinement of the microstructure or grain growth of phase can be observed (Ilyin et al.
2002). In this work hydrogen was removed from Zr-1Nb-0.22H alloy by annealing in a dynamic
vacuum at 873
for 1.5 hour. Measurement of hydrogen concentration showed that the residual
hydrogen concentration in the alloy (~ 0.008 %) after mentioned annealing is higher in comparison
with its initial state (0.002 %). In addition, alloy structure research showed that during vacuum
annealing at 873 K growth of phase grains to (1–3) m occurs.
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CONCLUSIONS
Preliminary hydrogenation to concentrations of (0.14–0.4) % at 873 K leads to yield strength
decreasing in Zr-1Nb alloy during hot pressing by 1,5–2 times. During uniaxial compression at (70–
72) % under isothermal conditions at a temperature of 873 K in Zr-1Nb alloy, hydrogenated to
concentration of 0.22 %, homogeneous ultrafine grained structure with an average grain size of 0,4 m
was formed. However, the hydrogen removal by annealing in a dynamic vacuum at a temperature of
873 K results in grain growth in the alloy from submicron to micron size.
This work was supported by Russian Foundation for Basic Research (Grant

12-02-31558 mol_ ).
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Abstract
In this study to ensure network security which is one of the important elements were investigated
firewalls and consistency of written rules. For this purpose were sampled to investigate data mining,
machine learning, and how to use high-performance computing systems. In the first part of the study
are explained firewalls operating principles, types and importance and then are indicated the scope
and application of data mining science. As in the third section is highlighted the definition and the
advantages of machine learning and are introduced Weka software from of machine learning tools.
The fourth part of the study are examined using areas and advantages of high-performance computing
systems. The fifth part of the study about the relationship between the branches of science relate with
subject of study which is shown a sample analysis and application. For the analysis used in the
firewall logs to big data volume and this data which data mining, machine learning and is studied
how the examined using high performance computing system. As in the last part explained the
importance of advantages to provide of interdisciplinary systematic connection.
Key words: Firewalls, machine learning, data mining, parallel computing
1. INTRODUCTION
Firewalls are the primary devices functioning as a bridge between the present-day internet and intranet
infrastructures. Although it has different types in terms of function and structure, it basically serves for
protecting the information security of an institution or an organization.
Firewalls, one of the primary components of network and information system security, are deployed
for the purpose of preventing suspicious or unauthorized access in internet-based companies. The
firewalls are the most common security mechanisms employed to provide security for the private
networks in many companies and institutions (Hu, Ahn & Kulkarni May-June 2012).
The ability of a computer to connect to an another computer from any place makes a highly
advantageous situation, and it is of great fun for individual users at home. Yet, it proves a nightmare
for institutional security directors. That is, the release of financial information, product development
plans, and commercial secrets can give rise to terrible outcomes for most of the companies.
(Tanenbaum 2003).
Machine learning is the programming of computers using the sample data and past experience for the
purpose of optimizing a criterion. Human beings collect information and need data and experience as
well before finding a direct solution to a problem. In a similar way, these data are transferred to the
software for machine learning (Alpayd n 2010).
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Data mining, on the other hand, is the analysis of the data in order that the unexpected relationships
between the huge data can found and made easy to understand and useful. The relationships and
summaries obtained through data-mining searching methods are generally named model or pattern
(Hand, Mannila & Smyth 2001).
As to high performance computing, it is the general name for techniques employed to accelerate the
operation in the fields such as scientific applications involving complicated calculations (Balladini et
al. 2011).
2. FIREWALLS
Firewalls function in two parts which are software-based and hardware-based. Despite having types as
hardware and software, they all own a rule repository . The firewalls directs the incoming and
outgoing network traffic according to these rules available in their memories, hence it carries great
importance that these rules be written correctly. .
Recently, the firewall technology has matured in a way that it can coordinate with other firewall and
attack-detection systems. These systems can scan viruses in e-mails and harmful codes in web pages.
Accordingly, firewalls has become a Standard hardware for internet connections. Home users having
dial-up or cable/DSL internet access via a commercial internet service provider also use personal
firewalls for their own connections (Wack, Cutler & Pole 2002).

Figure 1. The location of the firewall in the network
1.1 Packet Filter Firewalls
This type of firewalls allows or denies the packet inspecting the title information of the incoming or
outgoing packets and they work on the network layer. When millions of packets incoming and
outgoing in the network taken into consideration, it can be seen that hardware requirements for this
type firewalls are considerably high (Shinder et al. 2003).
Packet filter firewalls can fall short when the security needs of the network to be protected become
complicated. Packet filtering rules do not own the ability to test the network against the new types of
attacks. If complicated filtering rules and their arrangements are required, it may become difficult to
administer the system (Ucan & Osman 2006).
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1.2 Application-Proxy Gateway Firewalls
These firewalls have far more advantages when compared to packet filter firewalls. Application-Proxy
Gateway firewalls are very strong in inspecting the network address and port-based network
connections. Besides this, they make it possible to employ commands special for the application
within the network traffic. Another advantage they pose is that they can adapt to the situation
regardless of the type of the identity confirmation which is found suitable for the institutional
infrastructure. Whereas packet filter firewalls perform identity confirmation according to the network
layer address, they have the ability to confirm users’ identities directly (Wack, Cutler & Pole 2002).
This type of firewalls have a flexible structure in terms of closing the port connection points users do
not need and opening them when needed. They work o the 7th layer, which is application layer of OSI
reference model. Therefore, they are the firewalls which are frequently preferred.
1.3 Dual-Homed Gateway Firewalls
Dual-homed gateway firewalls function between two interfaces connected to different networks with
two network interface cards. On one side of the network, generally untrusted connection requests
come and these firewalls do not allow the access of the unwanted requests coming from an untrusted
network into the trusted part of the network. In addition, IP packets are not directed (Tipton & Krause
(eds.) 2004).
In the architectural approach of this type of firewalls, two different network interface cards (NIC) are
employed instead of controlling the traffic at one point. These interface cards make the traffic
between the internal and external networks pass through this firewall. NAT ( Network Address
Translation) is generally used in this architectural application (Whitman & Mattord 2012).
1.4 Screened Host Firewalls
These firewalls have a more flexible structure than Dual-Homed Gateway Firewalls. However, this
situation may pose some disadvantages. In the Dual-homed Gateway Firewalls, an application
gateway is placed in the sub network the status of which is protected. This situation gives rise to
combination of the application gateway and the router. Filtering and screening of the router control the
access in a protocol-based way (Ucan & Osman 2006).
2. DATA MINING
Knowledge Discovery in Databases is modeling the huge databases with the equipments which
automatically search and analyze. Knowledge discovery can be understood from great and
complicated clusters of data and is a process which organizes determining the useful information.
Data-mining forms the nucleus of database knowledge discovery process which consists of algorithm
deductions which allow data analysis, model development, and finding previously unknown patterns.
Model data are used to solve the events which require predictions with the analysis of the new data
(Maimon & Rokach (eds.) 2010).
Data-mining is described as the process of discovering data models. The process should be automatic
or (generally) semi-automatic and the model is to bring some meaningful advantages. The data are
always available in great amounts (Larose 2006).
Data mining has plenty of applications in a set of fields including marketing, sales, web and ecommerce, law, production and recently national and cyber security. For instance, Data mining can
provide a company with the predictions which will help develop its marketing skills and targets
through analyzing the past trends available (Abedin et al. 2010).
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Firewall logs can also be made meaningful with the Data mining methods. This situation helps
increase the security by detecting a lot of situations which the system administrator cannot see even
though they cause security violations.
3. MACHINE LEARNING
Engineering techniques may fall short in solutions to some problems. For instance, no model exists for
increasing the motivation. Machine learning is needed here. Machine learning generally makes use of
test cluster to test its algorithms and a data table and educational data are required to achieve this.
Initially, the program is fed with education samples. This operation can be repeated by the operator.
The predicted values of the target variable according to the educational data are compared in relation
to the algorithm employed and the appropriate algorithm is determined. A great number of methods in
which test and education data can be used are available (Harrington 2012).
Firewall logs can be used as test and education data. Nonetheless, before this is, the data obtained
should be extracted and put into an analyzable form. Despite there being a lot of means for this, text
editors will be needed as well as program languages for rapid and effective extraction.
Machine learning methods can be employed to find and reveal the relationships which are difficult to
see among the large heaps of data (Nilsson 1996).
Similarly, there are a large number of programs which perform analyses through the use of machine
learning techniques. In the study, GNU machine learning software General Public License, which was
developed by Waikato University and has been distributed over the internet has been used.
3.1 Weka Software
WEKA software is a software containing the machine learning algorithms which can be easily applied
to the data clusters. It was developed at Waikato University, New Zealand and its name was derived
from Waikato Environment for Knowledge Analysis. Weka is also a name given to bird which was
found on New Zealand Islands and has become extinct. Weka has been developed with Java
programming language and can be downloaded for free with the General Public License. (Witten,
Frank & Hall 2011).
Weka interface involves methods such as regression, classification, clustering, collocation rules, and
attribute choice for the standard data mining problems. Data recognition is a highly important part of
Data mining and a lot of data are visualized and subjected to preprocessing. All the algorithms and
methods can be applied at this interface with a database query or to the data coming from a single file
(Maimon & Rokach (eds.) 2010).
Weka software can receive the data in “.arrf, .csv” formats so can it transfer them from a URL or a
database. In the study, Weka 3.7.9 and 3.2.3 version which was redesigned by Celis and Musicant so
that it could work in a parallel way have been employed. As Weka is a open source code software,
extensions have been released by a lot of developers. Of these extensions, Wekaserver has been added
to 3.7.9 version and has been utilized. This extension was developed by Pentaho and it is open to
everybody. All Weka versions and extensions use Java programming language.

190

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net

Figure 2. Weka Software Interface

4. HIGH PERFORMANCE COMPUTING (HPC)
Over the last ten years, parallel calculating techniques have turned into high performance computing.
At present the use of high performance parallel calculation and parallel application is increasing.
These parallel applications are being used in a wide range in search and industry and they are offering
user-friendly administration and development means (Foster et al. (eds.) 2011).
There are a lot of pieces of software making use of parallel calculation techniques. In this study,
Windows HPC Server software, which was developed by Microsoft, has been employed. Windows
HPC server uses two interfaces which are Enterprise and Private. A computer functioning as a bridge
connects to Enterprise and Private. There are two interface cards available on this computer. Headnode
is the common point to which the computers to be used in high performance computing will connect
besides it is a bridge between the two interfaces. Each connection point is called node and the other
computers to be used in high performance computing should be loaded with HPC Server. Yet, the
other computers are registered to the Headnode computer as members at the last stage of the
installation.
After the connection is achieved, the core and RAM information of the other computers can be seen
with the aid of the HPC Cluster Manager software of the Headnode computer. The computers
connected do not have to have the same features; however, their 64-bit support is of great importance
in increasing the success level of the computing.
The applications to be run for the use of HPC systems should also support parallel working.
Furthermore, it may be possible to use the programs lacking bus support with the additional software.
HPC systems are employed in the applications calling for the processing of high amount of data and in
carrying out the endless calculations. The use of the HPC systems poses various advantages. One of
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these advantages is time. This situation has been stated with a sample analysis in the conclusion part of
this study.
5. MATERIAL AND METHODS
Each of the disciplines which are subjects of this study has allowed the operations required for the
realization of the analysis. The meaningful information, which seems difficult to obtain on its own can
be obtained in this way.
Machine
Learning

Firewall
Logs

Discovere
d
Knowledg

Use of The
Discovered
Knowledge

Figure 3. The relationship among Firewall-Machine Learning-HPC
In this study, firewall logs have been employed for the experimental analysis. These logs have been
subjected to a set of operations to be organized in raw form in the .csv format. It has been seen that as
there is a great amount of data, it is impossible to transfer these data to the Weka software by keeping
them in a single file. Thus, MySQL database has been used. In addition, a need to use the additional
text editors for the organization of the data.
In the installation of the HPC Server, which has been employed in the study, 13 computers of two
different types in terms of Core and RAM have been used. These computers have been administered
and observed through HPC Cluster Manager software.
Weka-parallel 3.2.3 and Weka 3.7.9 x64-bit version were loaded to the each of the 13 computers used
in the study. Besides, WekaServer extension of Weka 3.7.9 was loaded to each computer as well.
Since Weka software is java-based, Java Jre 64-bit version was used.
After meeting the hardware and software requirements, the data of 5 million lines and 17 columns
have been analyzed firstly in a single computer and then analyzed with Weka 3.2.3 and WekaServer
software of Weka 3.7.9. The time of the analyses has been recorded and then converted to minutes
and transferred to the graphics.
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6. RESULTS
In this study, it has been seen that the use of high performance computing systems in the analysis of
the consistency of firewall rules with Weka software is highly time-saving. This situation is indicated
in Figure 3.
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300

Single Computer

200

WekaServer Plugin

100
0

Figure 4. Analysis Time Results
Also, as seen in the figure 3, two different types of parallel calculation techniques have been compared
with each other and it has been found that Weka has performed the analyses in a shorter period of time
in relation to the other parallel calculation technique.
And another result that we have obtained from this study is that the searches can be concluded more
rapidly and more effectively through forming an interdisciplinary bridge.
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Abstract
In this study, the stacking sequences of laminated composite beams under uniform distributed load are
optimised for the minimization of maximum normal and shear stresses. Genetic algorithm is used as
optimization technique. A unified three-degree-of-freedom shear deformable beam theory is used in
analytical solution. Initially, the stacking sequences giving the maximum values of normal and shear
stresses are obtained analytically among all possible configurations for various boundary conditions.
Then, the minimum stresses and corresponding stacking sequences among the maximum ones are
obtained by applying genetic algorithm. In order to improve the efficiency of the algorithm, elitism is
included. The processing time taken by both approaches are compared for different boundary
conditions.
Key words: Laminated composite beams, shear deformation beam theory, stacking sequence
optimization, genetic algorithm.
1. INTRODUCTION
Structural elements that are constructed of composite materials such as beams, plates and shells, have
wide application fields in engineering. Because of high elasticity modulus and strength, composite
materials are popular than conventional materials, besides, by changing the lay up, fiber orientation,
matrix and fiber material, the structures can be designed variously depending on desirable mechanical
properties. In this case, by choosing the convenient weight, geometry, natural frequency, deflection,
strength and buckling load parameter, stacking sequence, fiber orientation and layer thickness can be
optimized directly. Because of applicability in various variables and fittness functions, genetic
algorithm (GA) is widely used in the optimization of laminated composite structures. Di Scuvia et al,
optimized the weight and buckling load of the structure by maximizing the buckling load and
minimizing the weight respectively. They searched for the convenient stacking sequences in order to
satisfy the results by genetic algorithm and compared the results with the ones obtained by simulated
annealing (Di Scuvia et al, 2003). Walker and Smith investigated the bending analysis of eight layered
composite plates by a finite element method and by defining a fitness function depending on weight
and deflection parameters, they minimized it by use of genetic algorithm (Walker and Smith, 2003).
In this study, considering the shear deformation effects, on the basis of a unified beam theory
governing equations of rectangular cross-section composite beam are obtained. The same theory was
used in bending analysis of composite beams in previous studies (Karaçam and T marc , 2005). In the
study presented, the stacking sequences of laminated composite beams under uniform distributed load
are optimised for the minimization of maximum normal and shear stresses. During the optimization
process, genetic algorithm is used and elitism is included in order to improve the efficiency of the
algorithm. Initially, the stacking sequences giving the maximum values of normal and shear stresses
along the beam thickness are obtained analytically among all possible configurations for various
boundary conditions. Then; the minimum stresses and corresponding stacking sequences among the
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maximum ones are obtained by applying genetic algorithm. Additionally, the processing time depleted
in analytical, genetic algorithm solution for various boundary conditions are compared and shown in
tables.
2. ANALYTICAL METHOD
In the study, laminated composite beams with a rectangular cross-section, unith width, length of “L”
and thickness of “h” are considered (Figure 1). The coordinate system is replaced in the mid-plane of
the beam as 0 x L and –h/2 z h/2. The beam is assumed to be constructed of arbitrary number
of linearly elastic layers and under of a uniform distributed transverse load (q(x)) on its top plane.

Figure 1. Beam geometry and coordinate system
A unified beam theory at which classical and various shear deformation beam theories can be obtained
as a special case by a shape function which is depending on the thickness coordinate is used in the
study (Karaçam, 2005). The displacement fields used for the beam are in parallel with general shear
deformation shell theory (Soldatos and T marc , 1993) and given as follows;
( , )= ( )

( , )=

,

+ ( ) ( )

( )

(1)

The terms of U and W mentioned above, represent the displacement fields along x and z axis where u,
w and u1 represent the unknown displacement functions of the middle surface of the beam. “,x”
denotes the differentiation with respect to x.
The shape function ( (z)) is chosen as a cubic function of layer thickness that correponds to parabolic
shear deformation beam theory which satisfies the stress-free conditions at the top and bottom surface
of the beam.

196

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
4
3

(z) = (1

(2)

)

The displacement fields yield to the following kinematic relations:
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According to Hooke’s Law, the state of stresses for each kth layer is given as below. The terms of Qij(k)
are the reduced stiffnesses which include the material properties such as elasticity modulus (Eij), shear
modulus (Gij) and Poisson ratio ( ij) (Jones, 1975):
( )

( )

( )

=

0

(4)

( )

0

By use of these relations into force and moment definitions (T marc and Soldatos, 1995), the
constitutive equations can be obtained as below:
,

=

=

,

,

(5)

The superscript “a” stands for the additional shear effect. Aij, Bij and Dij are the material rigidities
which correspond to extensional, coupling and bending rigidities respectively. The terms more than
two indices occur because of shear deformation (Soldatos and T marc , 1993). “ ” is the resultant of
the transverse shear force. The governing equations for laminated composite beams under uniform
distributed load are given as follows:

,

,

,

=0

= ( )

(6)

=0

By the use of constitutive equations into the governing equations, a set of differential equations and
their derivatives depending on material rigidities and displacement functions are obtained as below:
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The boundary conditions at the edges of the beam when x=0 and x=L, are given as follows (Soldatos
and T marc , 1993):
=
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=
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Cantilever (A)

=
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Free (F)
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=0

By integrating and solving the equations (7) simultaneously and using the boundary conditions at both
edges, three unknown displacement functions with eight integration constants (Ck) are obtained as
below:
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3. GENETIC ALGORITHM
A genetic algorithm is an evolutionary optimization technique using Darwin’s principal of “survival of
the fittest” to improve a population of solutions. The principals of GA are firstly proposed by John
Holland from Michigan University. For optimization problems, he used evolutionary laws in genetic
algorithm. Instead of generating a single solution, GA generates a various set of solution which are
totally independent from each other. If the population size is suitably large, GA is not at the risk of
being stuck in a local optimum (Ghiasi et al, 2009). They are also derivative-free optimization
methods, as they do not need functional derivative information to search for a set of parameters that
minimizes or maximizes a given objective function. By using such algorithms in optimization
problems, robustness and flexibility can easily be obtained (Goldberg, 1989).
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An important limitation of traditional GA’s, especially in larger populations, is the time waste to
distinguish the convenient fitness function. In order to avoid this and increase the convergency rate,
additional methods such as artificial neural networks (ANN) are used (Walker and Smith, 2003,
Apalak et al, 2008). Besides, in addition to the classical genetic operators, elitist approaches can be
used to create new generations in genetic algorithm (Almedia and Awruch, 2009). In elitism, the better
individuals of a percentage of each generation are used in next generations. Thus; regardless of the
problem type (minimization or maximization problem), better populations will be obtained in each
generations with an increasing convergency rate. However, a larger population which also means a
high processing time or mutation genetic operator must be chosen in elitism in order to provide the
diversity among generations.
There are many uses of genetic algorithm in engineering designs. The algorithm is generally based on
natural selection, crossover and mutation which are also called as the genetic operators. It depends on
a random population which represents the potential solution. In each generation, the fitness values of
each individuals are calculated repeatedly. The process continues until the stopping criteria is
obtained. If not, the genetic operators mentioned above, are applied to improve the efficiency and the
convergency rate. In genetic algorithm, reproduction is usually the first operator applied to the
population. The individuals chosen are selected to be parents to crossover and produce offspring.
Crossover is the genetic operator at which the chromosomes are combined to each other in order to
produce new chromosomes (offsprings). Mutation is another genetic operator used in genetic
algorithm. It is generally used to maintain the genetic diversity from one generation to another. It
basically depends on altering one or more genes in a choromosome. A basic genetic algorithm
flowchart is given in Figure 2.

Figure 2. Genetic algorithm flowchart
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4. NUMERICAL RESULTS
In the study presented, the composite beam is assumed to be constructed of graphite/epoxy and under
a uniform distributed load and various boundary conditions. Mechanical properties of graphite/epoxy
are given as follows; E11=241,5 GPa, E22=E33=18,89 GPa, G23=3,45 GPa, G12=G13=5,18 GPa,
23=0,25, 12= 13=0,24.
The maximum normal and shear stresses are calculated at certain sections of the beam where the
maximum moment and shear forces may occur. The normal stresses are calculated at the edges of the
beam where x=0 or L and z=-h/2 in “Clamped-Clamped” (CC) and “Clamped-Free” boundary
conditions and in the middle of the beam where x=L/2 and z=-h/2 in “Simply Supported (at both
edges)” (SS) boundary conditions. The shear stresses are calculated in the middle of the thickness of
the beam where x=L/4 and z=0 for CC and CF boundary conditions and at both edges where x=0 and
z=0 for SS boundary conditions.
In Table 1 and Table 2, the comparison of normal and shear stresses for different cases are presented
respectively. Initially, the maximum normal and shear stresses and corresponding stacking sequences
are calculated among 1000 possible configurations analytically. Then, by use of genetic algorithm, the
minimization of maximum normal and shear stresses are carried out for a population of 100
individuals and 20 generations. In order to develop the algorithm and increase the convergency rate,
elitism is included into the algorithm. By the minimization of maximum normal and shear stresses for
various boundary conditions and loading type, the laminated composite beams can be designed more
safely in order to prevent the failure.
Table 1
Comparison of Normal Stresses and Stacking Sequences (Pa) (Increment 10 , L/h=50,
Generation=20, Population=100)
Boundary
Condition
CC
CF
SS

GA Result &
Stacking Sequence

GA Result (with Elitism) &
Stacking Sequence

8

3,8508.10

5,8068.106

6,2632.105

10 /40 /60

80 /40 /60

60 /60 /60

9

4,0197.10

8

4,8398.10

1,8475.106

20 /60 /60

20 /0 /70

20 /80 /60

Analytical Result &
Stacking Sequence

7

1,9115.10

3,6808.10

3,6808.106

10 /80 /80

0 /80 /80

0 /80 /80

6

The minimization of normal and shear stress values are carried out in four ways. As it can easily be
seen from Table 1 and Table 2, the maximum values of normal and shear stresses and corresponding
stacking sequences are obtained from analytical solution for all boundary conditions. In order to obtain
the minimum value of the maximum stresses at certain section, genetic algorithm is applied. In each
generation, the maximum normal and shear stresses and their corresponding stacking sequences are
kept in memory and after the 20th generation, the stacking sequence giving the minimum among the
maximum stresses is selected. It is obvious from the tables that the results of genetic algorithm with
elitism included converges to minimum better than the other solutions.
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Table 2
Comparison of Shear Stresses and Stacking Sequences (Pa) (Increment 10 , L/h=50,
Generation=20, Population=100)
Boundary
Condition

Stacking Sequence

3,6561.10

1,2318.105

4,4131.104

0 /60 /80

40 /0 /90

0 /10 /50

6

CC

CF
SS

GA Result &

GA Result (with Elitism) &
Stacking Sequence

Analytical Result &
Stacking Sequence

9

4,0197.10

2,6892.10

5,3396.106

20 /60 /60

40 /70 /90

80 /0 /70

6,9898.105

4,9528.104

1,5659.104

10 /80 /80

80 /10 /30

0 /90 /90

8

During the optimization of stacking sequences, the processing time is also calculated. In Table 3 and
Table 4, the comparison of processing time for normal and shear stresses are given respectively. The
results are obtained for all three combinations of boundary conditions. Initially, the processing time is
obtained analytically for all possible configurations. Then, for a population of 100 individuals and 20
generations, the processing time is obtained by genetic algorithm. It can be observed from Table 3 and
Table 4 that the time values obtained by GA solution are higher than the analytical solution.
Individuals with low fitness values in each generation may cause to this. In genetic algorithm solution,
the minimum of normal and shear stress values are generally obtained at 7th and 9th generations. When
elitism is included into the algorithm, the processing time decreases because of better populations with
high fitness values. In elitist solution, the minimum values are generally obtained in 2nd and 3rd
generations.
Table 3
Comparison of Processing Time (s) for Normal Stresses
Boundary
Condition
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Analytical Solution

GA
Solution

GA (with Elitism)
Solution

CC

338

652

92

CF

366

637

224

SS

367

408

87
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Table 4
Comparison of Processing Time (s) for Shear Stresses
Boundary
Condition

Analytical Solution

GA
Solution

GA (with Elitism)
Solution

CC

330

579

85

CF

344

398

76

SS

318

994

74

5. CONCLUSIONS
In the study; by use of a unified shear deformation beam theory, the stacking sequences of composite
laminated beams under a uniform distributed load are optimized in order to minimize the maximum
normal and shear stresses for different boundary conditions. For each layer, the fiber angles are
assumed to be changing between 0 and 90 with an increment of 10 . Since the composite beams
considered are quite thin, the differences in numerical results have been observed between analytical,
and genetic algorithm solutions. The minimum values of the stresses are obtained with a developed
genetic algorithm in which elitism is included. During the optimization process, in order to observe the
efficiency of the algorithm, the processing time for all solutions are also calculated.
The application of evolutionary methods for engineering designs has demonstrated to be powerful and
sufficient enough for leading the search process to an optimal solution. The study presented can be
extended as an optimization problem by taking failure into consideration for different layer thickness,
number of layers, stacking sequences and material properties. Besides; by the minimization or
maximization of parameters such as deflection, frequency, buckling load, normal and shear stresses
and using together, the study can be investigated as a multi-objective optimization problem.
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APPLICATION OF RISK ANALYSIS IN HIGHWAY TUNNELS
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Abstract
Safe operation of the tunnel is important for the function of the transport infrastructure. Tunnels are
structures, which are used to carry persons and general cargo, in order to shorten transport routes
and improve traffic safety. Risk analysis will be good aid for designers for design tunnel with possible
correction.
Key words: dangerous goods, emergency exits, expected risk value, risk analysis, risk model.
1. INTRODUCTION
In April 2004 European Union adopted Directive 2004/54/EC on minimum safety requirements for
tunnels in the trans-European road network with a length exceeding 500 m. Two years later, according
to this directive, the Government Decree SR n. 344/2006 Z. z. (hereinafter referred to government
regulation) was approved, in which the Slovak Republic has committed to establish a uniform
methodology for determining the risk analysis of security tunnels. Risk model for the risk analysis of
road tunnels in Slovakia has been developed on the base of Austrian model TuRisMo (Tunnel Risk
Model) and established by Technical specifications 02/2011 „Risk Analysis for Slovak Road Tunnels“
(hereinafter TS) in October 2010. Besides the principle of the whole model of risk analysis, model
characteristics based on simulation calculations were also included. There were considered extensive
data of acquired from documentation, respectively data that more accurately capture the reality of the
Slovak tunnels. The model in TS is designed in the way to allow changes in model parameters
additionally. It should be mentioned that the use of the model is not easy according to given data base,
which is made up of the output data of simulation models that are not described in detail in this
regulation. Therefore, a typical user of these specifications without access to databases will not be able
to make a correct calculation of the expected value of risk. TS determine only the boundary
requirements of simulation conditions, without a detailed derivation of the output data needed to take
account of specific danger. Nowadays, safety documentations of Slovak tunnels in operation are
updated first time according to new legislative risk model. Risk analysis of prepared, built and
operated road and highway tunnels should increase their safety. At the Department of Construction
Management, Faculty of Civil Engineering, University of Žilina the calculations for bi- and
unidirectional tunnels were performed. Models of influence formulation of individual tunnel elements
are processed and within the solution of project “Centre of Transport Research”, founded by the
ERDF, should be processed prediction models on estimation of operating phases.
2. TECHNICAL SPECIFICATIONS TP 02/2011
Technical specifications TP 02/2011 Risk analysis for Slovak road tunnels serve like a methodical
base on quantitative determination of road tunnels risk parameters in Slovak highway and road
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network longer than 500 m. It is possible to improve safety operation of new prepared tunnels by
utilization of risk analysis results.
2.1 Technical safety of road tunnels
Realization of quantitative risk analysis is only one step of evaluation of technical safety of road
tunnel which consists of the following four steps:
1) specific hazard analysis – qualitative safety control with systematic evaluation of all relevant
safety and technical parameters of the tunnel. It is used to identify specific risk aspects and
special characteristics of tunnel and also as a background for determining the risk model input
data.
2) safety evaluation on the base of Slovak and international technical-safety guidelines –
minimal requirements of government regulation must be unbroken. Besides in this step can be
associated also other regulations like a background for arbitration (e.g. Slovak regulation for
fire safety of road tunnels or national specifications other countries of various domains).
3) risk analysis and risk assessment – quantitative application of risk model and prospective
realization of other risk analysis steps for deeper exploration of special questions (e.g.
transport of dangerous goods) incl. estimation of possible supplementary safety measures.
4) safety documentation – elaboration of safety documentation in terms of government
regulation requirements.

Fig. 1 Basic structure of tunnel risk analysis
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Damage scenarios of
failures/accidents

Knot of frequency and
damage scenarios

Fi – Threats to people in
a fire as a consequence
of failure
[no;yes]

Ei – Fire or leakage
ofdangerous goods
[no;yes;no;yes]

Di – Consequences of
failure/accident by fire
[no;yes]

Ci – Vehicle attendance
at failures [PV;GV;B]

Bi – Rear impact
[no;yes]

.A1 – Number of failures
[failures/1 mil. veh. km]
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D1

C1
F1
D2

D3

B1

C2

F2

S P1

F3

S P2

E1

D4

F4

E2

S P3

D5

C3
F5

S P4

D6

F6
A1

Fig. 2 Fragment of tree event for risk analysis of road tunnel with unidirectional traffic
A1-basic volume for number of failures in tunnel; B1-secondary accident after failure without rear
impact; B2- secondary accident after failure with rear impact; C1-failure of passenger vehicle; C2failure of goods vehicle; C3-failure of bus; D1-neither fire after failure of passenger vehicle; D2- fire
after failure of passenger vehicle; D3- neither fire after failure of goods vehicle; D4- fire after failure
of goods vehicle; D5- neither fire after failure of bus; D6-fire after failure of bus
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2.2 Structure of risk model
Risk analysis model examines the personal risk of tunnel users, which means that all parameters are
used only to accidents with personal injury. It is detected the statistical value of risk for risk of tunnel
users, namely the value of statistically expected number of fatal casualties per year. Effects of
dangerous goods are considered only a simplified model. For deeper disquisition of risks from the
transport of dangerous goods through the tunnel is needed to use special risk model DG-QRA which
was developed in the framework of the joint OECD/PIARC. The risk analysis model consists of two
main elements (Fig. 1):

-

quantitative frequency analysis

-

quantitative analysis of the accident consequences

By frequency analysis – using event tree (Fig. 2) – to calculate the potential numbers of events for
a set of defined scenarios of damages. Based on the initiating event (failure or accident), whose
frequency is known, is generated by several degrees different possible sequences of events that lead to
different damage scenarios. Damage scenarios are different types of events, vehicles involved,
damages and the like
The E1, E2 (up to E18) express participation costs for the transport of dangerous events, such as fire
involving a truck, leakage of dangerous goods in a fire involving a truck. Threats to people in a fire as
a result of failure express values of F1 to F6. The values of E and F are combined damage scenarios
(SP).
By analyzing of accident consequences for each damage scenario are estimated effects of the
accident:

-

by accident only with mechanical damages based on an assessment of accidents in tunnel with
injured people from the data file of about 450 accidents in the Austrian road tunnels and
adaptation to conditions in accordance with Slovak statistical data from the period 200 to 2009

-

by accidents with fire – based on a model estimation of the damage proportion

-

by one-dimensional model of the spread of smoke is calculated temperature distribution and
concentrations of pollutants as a result of fire in the tunnel, taking into account tunnel
ventilation; using the model of evacuation simulation are simulated escape movements of
stricken road users and are combined with the results of the model spread of smoke

2.3 Application boundaries of risk model
The scope of applications is limited by types of tunnels examined in the analysis of the extent of
damage, which satisfy the conditions:

-

cross-section of the tunnel with two riding lanes without lay bay lane (square or vaulted
section)

-

surface area of the tunnel (no beams)

-

natural, longitudinal or transverse ventilation of exhaust fumes (no combined ventilation
systems)

-

maximum time fire detection

-

longitudinal slope < 3 % - ventilation system mast be designed to meet the targets in every
situation
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-

exhaust smoke fire is put into operation immediately after detection

In addition to the main assumption of risk calculation model must meet many other frameworks for
longitudinal and transverse ventilation system, an evacuation model and the impact of various factors.
Before using the parameters entering the calculation is necessary firstly to verify that the calculation
basis in accordance with the actual tunnel under investigation. If one of the preconditions for the
calculation is not suitable, then it should be possible to estimate the effects of the damage first quality
check. If the relevant effects can be expected, the data should be supplemented either estimated based
on existing data or to the corresponding additional simulation.
2.4 Evaluation of tunnel risk analysis results
Process of risk evaluation consists of several steps which are shown in the follow block diagram
(Fig. 3)
Start
Definition of the system
Hazard identification
Probability analysis

Consequence analysis

Risk estimation

Risk criteria

Risk reduction

(additional)
safety measures

Risk evaluation

nie

Acceptable risk?
áno

Stop

Fig. 3 Block diagram of risk evaluation process
2.4.1 Specific hazard analysis
This is a quality security monitoring with a thorough evaluation of all serious safety and technical
parameters of the tunnel. If it is possible to identify the specific characteristics then is needed to
quantitative analyse their effect on safety. The regulation is a proposal for the structure of a specific
analysis of hazards as a checklist in terms of recommendations for the structure of PIARC road tunnel
safety documentation shall contain the following elements:
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-

details of transport (transport documents)

-

horizontal and vertical alignment

-

solution of the tunnel construction

-

technological equipment of the tunnel

2.4.2 Relative risk evaluation
Relative risk evaluation consists in axiom that the tunnel with its all specific safety-technical relevant
characteristic cannot allocate higher risk as a similar reference tunnel which satisfies in all points and
authoritative parameters to minimal requirements of government regulation. This approach enables
achieve that through the medium of prescriptive measures is possible to keep minimal safety level also
by respecting of specific curiosities of individual tunnel. The principle of relative evaluation can be
shown with follow diagram (Fig. 4).

Fig. 4 Relative tunnel risk evaluation of results
2.4.3 Absolutely risk evaluation
Absolutely risk evaluation complements the relative evaluation and its goal is to provide information
about absolute risk margin. Based on the expected value of risk (specified risk analysis) the studied
tunnel is assigned to risk (hazard) class according to Tab. 1:
Expected Risk Value

Hazard Classifications

Lower thresholds

Upper threshold

-

0,02

I

> 0,02

0,10

II

> 0,10

0,50

III

> 0,50

-

IV

Tab. 1 Distribution of hazard classes
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This classification provides an overview of the absolute risk level of tunnel (regardless of whether it
was under government regulation assessed as safe or not) and can serve as an additional criterion for
safety relevant technical decision.
3. PARAMETRIC ANALYSIS
3.1 Parameters of evaluated tunnels
The following values of parameters are selected:

-

tunnel length: 700, 1500, 3000, 5000, 7000 m

-

distance of emergency exits:

-

length of connecting bar section:

-

AADT (annual average of daily traffic) – traffic volume:

-

density of vehicles in traffic:

300 m
0m
17 500 veh/24h

80 % (personal vehicles - PV)
18 % (heavy good vehicles - HGV)
2 % (buses - B)

-

number of traffic jams:

-

density of transport of dangerous goods:

100 h/year
3 % (from total number of HGV)

3.2 Principle of evaluation
Values of input parameters are sorted from TP (AADT, density of vehicles in traffic, number of traffic
jams a density of transport of dangerous goods) like averages in Slovak conditions. Lengths of tunnels
were stated on the basis of analysis model accident consequences principles. Length 700 m responds
to maximal tunnel length with natural ventilation with unidirectional or bidirectional traffic. Lengths
700 m, 1500 m a 3000 m are minimal tunnel lengths from intervals, by which the change of extend
damages values for fire events and events with dangerous goods is considered. Simultaneously
presenting values by which the longitudinal ventilation system is used in unidirectional traffic
anymore. Principle of parametric study of influence mentioned parameters is based on two phases of
tunnel lifecycle and possible changes those parameters during them:
1) design phase of tunnel (tunnel length, distance of emergency exits, length of connecting bar
section)
2) tunnel operation (AADT, density of vehicles in traffic, number of traffic jams, density of
transport of dangerous goods)
By calculation program TUN_RISK of Department of Construction management, University of Žilina
were obtained partial data according to evaluated parameters, while two parameters were changeable
(during the modelling) and others were invariable.
3.3 Results of evaluation
Influence of distance between emergency exits on final value of risk in bidirectional tunnels with
longitudinal ventilation is shown in Fig. 5 and in unidirectional tunnels with natural ventilation in Fig.
3.
Impact of distance between emergency exits practically doesn’t evocate any change of risk. The value
of risk changes just very slightly from 2.10-5 to 38.10-5 depending up the length of tunnel. This
210

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
heightening for every 50 m of distance between emergency exits is very small inasmuch as the length
impact of emergency routes on risk of tunnels users is objectively important. Risk margin is absolutely
independent from the distance of emergency exits in short unidirectional tunnels with natural system
of ventilation (Fig. 6).

Fig. 5 Influence of emergency exits distance on risk margin in bidirectional tunnels

Fig. 6 Risk margin in unidirectional tunnels with natural system of ventilation
Impact of risk increase within change of length of connecting bar section (every 25 m) in
unidirectional tunnels uniform length is small. The value depends on type of ventilation system and
tunnel length. Graphic trend is presented in Fig. 7.
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Fig. 7 Risk margin of unidirectional tunnels with longitudinal system of ventilation
The risk value improved, depending up the AADT in bidirectional tunnel 3000 m of length with
longitudinal ventilation, supported by point exhausting, is presented in Fig. 8. The risk values in equal
length tunnels with transverse ventilation are from 10 to 15 % lower than in tunnels with point
exhausting. Approximately from the intensity 23 000 veh/24h till 27 000 veh/24h, those tunnels
already falls with-in the highest class of hazard IV (according to Tab. 1).

Fig. 8 Risk margin of tunnels with point exhausting system of ventilation
Risk margin doesn’t depend to proportion of DG or it can be said that this dependence is very low. But
the accidents from tunnels (Mt. Blanc, Gotthard, Fréjus, etc.) demonstrated that just small accident can
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lead to a catastrophe. Colored marking represent different percentage proportions of personal vehicles,
HGV and buses (Fig. 9).

Fig. 9 Risk comparing of 3000 m long bidirectional tunnel with point extraction
Other dependence represents comparison with small changes in vehicle densities. But the results are
very different and it is admirable that the risk, at the second figure with same densities of HGV and
buses, has downtrend. The risk doesn’t change with the increasing portion of DG in HGV traffic. Risk
model in solves a problem of dangerous goods transport, but insufficiently. TP advises to use DGQRA model, but without an interconnection of results with Slovak risk model for road tunnels.

Fig. 10, 11 Risk comparing of 5000 m long unidirectional tunnels with transversal system of
ventilation according to proportion of DG and vehicle densities in traffic
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4. CONCLUSIONS
Results from performed calculations indicate:

-

according to model of risk was demonstrated influence of tunnel length, traffic volume and
density of vehicles in traffic providing that additional conflict point of connecting bar section
including also with its territory gravity, what is with the speed of 80 km/h 222 m (at 100 km/h
278 m), is a measure of the impact of this parameter may be sufficient

-

a very small proportion of the traffic impact of vehicles with dangerous goods. It would be
convenient to resolve the influence also with consideration to shutout of transportation from
tunnels (in Slovak republic and abroad also)

-

number of traffic jams affects the extent of damages in case of fire, an increasing number of
people in the tunnel, only with very small measure

-

impact of distance between emergency exits is in specification considered by very small value.
Due to the people self-rescuing, the distance between emergency exits is required to be higher.

REFERENCES
Danišovi , P 2010, ‘Analýza rizík a návrh opatrení na prevádzku tunelov’, PhD thesis, University of
Žilina, Slovakia.
Ministry of Transportation, construction and regional development of the Slovak Republic 2010,
Analýza rizík pre slovenské cestné tunely, TP 02/2011, Slovak Road Administration, Bratislava
This contribution is the result of the project implementation: “Centre of Transport Research”
(ITMS 26220220135) supported by the Research & development Operational Programme funded by
the ERDF.

"We support research activities in Slovakia/project co-founded from the resources of the EU"

214

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
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Abstract
The deformational properties of asphalt mixtures measured by dynamic methods and fatigue allow a
design the road to suit the expected traffic load. Quality of mixtures is also expressed by the resistance
to permanent deformation. Complex modulus of stiffness and fatigue can reliably characterize the
proposed mixture of asphalt pavement.
Key words: fatigue, complex modulus, asphalt mixture, rheology, deformation properties.
1. INTRODUCTION
The pavement has specified conditions to ensure safety, continuity and traffic efficiency. The
pavement has to full-fill criteria, which are defined by design methodics; it has to have a necessary
bearing capacity and has to withstand environmental load.
Materials used in structural layers of pavement are assessed following the qualitative conditions. The
European standard STN EN 13 108-1: Asphalt mixtures, Material specifications. Part 1: Asphalt
concrete defines a term „functional conditions“. The functional conditions are properties of asphalt
mixtures which are defined by tests (fatigue test, rutting test, triaxial test). It is possible to use several
types of tests to measure complex modulus and fatigue in accordance with the European standard STN
EN 12697. The tests differ applied load and intensity. This article describes the measurement of
deformational properties by two-point bending test.
2. MEASUREMENTS PRINCIPLE OF DEFORMATIONAL PROPERTIES AND FATIGUE
BY TWO-POINT BENDING TEST
The rheology characters materials are tested with the complex modulus method.
The basic deformation characteristics include modulus of elasticity, deformation modulus, modulus of
stiffness, creep modulus, Poisson's ratio.
Complex modulus is the ratio of tension and deformation at steady, harmonically variable oscillation in
consideration of their mutual time shift.
E

E 12

0

E 22

1
2

0

(1)

Fatigue is decrease of material resistance by repetitive loading in comparison with resistance by single
loading [1].
According to the Slovak dimensioning method the fatigue is given by
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S = a - b.log Ni.
Where

(2)

a, b
Ni

- fatigue coefficients
- number of load cycles.

Measurement of the complex stiffness modulus is performed at the short-term alternating harmonic
load. It expresses the proportion of maximum amplitudes of excitation tension ( 0) and deformation
induced by it ( 0) and their phase shift ( ). The stress (force), which varies sinusoidally in time, is
applied on to the element of linear viscoelastic material, the strain (deformation) varies in time with
the same frequency as the stress, but it lags behind by the phase. Graphical representation of
measurement and complex modulus evaluation is represented in Figure 1 and 2.

Fig. 1 Complex modulus

Fig. 2 Measurement of complex modulus Lp length of period, -phase-shift, As-amplitude
forces; Ad-amplitude deformations

3. TEST EQUIPMENT
The tests of the complex modulus and fatigue were carried out in the laboratory of Department of
Construction Management. The equipment works with constant deviation. It is possible to change the
frequency from 0.1 to 30Hz and temperature for the tests from -20 to 30ºC.
Bending tests are widely used for measuring the stiffness modulus and assessing the fatigue resistance
of asphaltic paving materials. The two-point bending test on trapezoidal specimens is, arguably, the
most repeatable and reproducible bending test method detailed in the relevant EN 12697 standards. In
this test, the specimen is mounted as a vertical cantilever. The base is fixed and the top is moved
sinusoidally with a constant displacement amplitude. The trapezoidal specimens are tested
simultaneously and stiffness are subjected to a constant strain amplitude at a selected frequency and
temperature until the stiffness modulus decreases to a user-selected target level (normally 50 percent
of its initial value).
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Fig. 3 Two Point Trapezoidal Bending Beam Machine (from Cooper Technology)
4. TESTED MIXTURES AND MEASUREMENTS RESULTS
4.1. Mixtures
The mixtures were composite from aggregate and binders. A binder in 1st mixture (A1) is classic
asphalt binder B 50/70 and in 2nd mixture (A2) polymer modified bitumen PmB 70/100-83. A mixture
is the same, only asphalt binder is other (B 50/70 or PmB 50/70-83). The mixture is for both
pavements AC11.
MIXTURE

MIXTURE 1 (A1) [%]

MIXTURE 2 (A2) [%]

Binder type

Bitumen 70/100

PmB 70/100-83

Binder

5,60

5,60

Filer

7,08

7,08

0/2 mm

29,26

29,26

2/4 mm

15,58

15,58

4/8 mm

22,66

22,66

8/11 mm

19,82

19,82

Together

100,00

100,00

Tab. 1 Percentage of aggregate in the mixture of AC 11 [%]

217

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
4.2 Measurements results
4.2.1 Complex modulus
The measurements were performed on trapezoidal specimens according to Figure 4.

Po yo Po yo

Dimension of the
specimens

b
h
e
B

D

14 mm

B

56 ± 1 mm

b

25 ± 1 mm

e

25 ± 1 mm

h

250 ± 1
mm

Key: P0 – acting force; y0 – deformation
Fig. 4 Scheme of measuring
A temperature for measuring is +15 °C and frequency 10 Hz. The measuring was prepared though by
temperature from - 10 °C to + 27 °C. The results are on Table 2 and Figure 5. The complex modulus
(E*) is different by temperatures + 10 °C and + 15 °C by the same frequency (10 Hz):
E*T=10°C; F=10 Hz = 8364,7 MPa
E*T=15°C; F=10 Hz = 5938,0 MPa
The course of complex modulus by temperature and frequency shows Table 2. Complex modulus may
be measured by < 50.10-6 (microstrains).

Temperature
[°C]
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COMPLEX MODULUS E* [MPa]
Frequency [Hz]
1

5

10

15

20

-10

14158

16769

17744

17700

18503

-10

14351

17063

18073

18219

18970

0

10727

13551

14698

15062

15538

0

10874

13723

14927

15407

15943

10

4991

7827

8923

9586

10009

10

4494

7098

8122

8778

9233

10

4832

7844

9138

9818

10260

10

3786

6256

7276

7873

8272
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15

3021

5749

7055

7773

8366

15

2151

4284

5315

5958

6451

15

2339

4759

5867

6506

7014

15

2216

4436

5515

6173

6660

27

695

1798

2487

2915

3275

27

713

1755

2460

2922

3327

Tab. 2 Values of complex modulus by different temperatures of mixture 1 (AC 11)

Fig. 5 Scheme of dependency E* of frequency (T = -10 °C to +27 °C) for mixture 1
The similar results were measured on mixture 2 (with PmB 70/100-83):
E*T=10°C; F=10 Hz = 5844,0 MPa
E*T=15°C; F=10 Hz = 4032,0 MPa.
4.2.2 Fatigue
The results of the measurements are from specimens, which were loaded by temperature T = + 10 °C
with loading in unit of measure COOPER by frequency F = 25 Hz. The fatigue line is estimated in a
bi-logarithmic system as a linear regression of fatigue life versus amplitude levels. Using these results,
the strain corresponding to an average of 1.106 cycles ( 6) and the slope of the fatigue line 1/b was
determined for number of the specimens in Table 3. The parameters are:
a)
b)

6
6

c) slope l/b
d) estimation of the residual standard deviation sN
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e) correlation coefficient r2.
Fat

Category

min

[strain x106]

Fat

min310

310

Fat

min260

260

Fat

min220

220

Fat

min190

190

Fat

min160

160

Fat

min135

135

Fat

min115

115

Fat

min100

100

Fat

min85

85

Fat

min70

70

Fat

min60

60

Fat

min50

50

Fat

minNR

-

Tab. 3 Values of fatigue (EN12697-24:2003; part 24)
The results of the measurements are on Table 4 and the examples of the mixtures fatigue in form of
Wöhler´s diagrams are on Fig. 6 and 7.

Mixture

-6

b

r2

[mikrostrain]

[-]

[-]

25

87,44

-0,206

0,955

0,143

4,61E-10

Fat

min85

25

139,00

-0,294

0,116

0,827

3,47E-08

Fat

min135

T

F

6.10

[ °C ]

[Hz]

1

+10

2

+10

Tab. 4 Values of fatigue ( 6)
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Fig. 6 Fatigue of mixture A1

Fig. 7 Fatigue of mixture A2
4.2.3 Master curve
For evaluation by means of principal curves - after introducing the gas constant - at the frequency of 3
to 97 Hz is valid the relation (Verstraeten, J. (1972): Moduli and critical strains in repeated bending of
bituminous mixes: application to pavement design):
T

exp

H 1
R T
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where

H

- the apparent energy activation (2*105 Jmo1-1)
- universal gas constant (8.31434 Jmo1-1°K-1)

R

Cavity less fracture

Cavity

Cavity-Fracture-Aggregate in fracture

Fig. 8 The figuration of mixtures by Scanning electron microscope after fatigue test
T, Ts

- temperatures expressed in °K (Ts is the reference temperature).

The example of master curve for mixture 1 (A1) shows Figure 10.
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Fig. 10 Master curve in dependent on temperature and frequency (for mixture A1)
The results obtained from measuring construction layers by the effects of moving cart weighing 100
kN (design method now use 115 kN too in Slovak Republic) imply that:
by reducing the temperature, the value of E*, E1, E2,
(FI) decreases

0

rises and vice-versa, the phase angle

value of phase angle ( ) is temperature dependent, lower values were obtained at ±0 ºC, when
a flexible component of viscoelastic material is demonstrated
value of maximum tension ( 0 ) expresses the size of the harmonic excitation force (P0) which
effects the free end of the testing sample.
5. CONCLUSIONS
It is recommended that the functional test of fatigue for asphalt mixtures design is used during the
design of asphalt mixtures; such test will determine the mixture life expectancy of pavement regarding
its operational performance. It is important to know not only the proportional strain at 1 million cycles
6, but also the trend of fatigue line from Wöhler diagram for the assessment of mixtures following
fatigue resist. If the trend of fatigue line is different, it will be necessary to consider which mixture is
more suitable for particular construction layer. As an addition, master curves should be used to assess
the asphalt mixtures in shortened mode during which the influence of temperature, frequencies and
amount of applied strenght is excluded.
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RECOVERY OF TECHNOGENOUS WASTES IN THE PRODUCTION
OF PIGMENTS AND FILLERS
L. G. Gerasimova, M. V. Maslova
Tananaev Institute of Chemistry and Technology of Rare Elements and Mineral Resources,
Kola Scientific Center, Russian Academy of Sciences, Apatity, Murmansk oblast, Russia

Abstract
The issues of solid waste enrichment disposal and processing of mineral raw materials, ash from
burning of liquid and solid fuels and waste chemicals are relevant worldwide. The growing volume of
the production and processing of raw materials increases the amount of waste, creating environmental
problems which are particularly serious for northern regions. This makes the current research on
recycling with the production of new products relevant and pressing; there is a great demand at
present for these products on the Russian market. Industries that use large amount of raw materials
include the construction and paint industries. Specifically, in these industries pigments and fillers are
widely used. In the domestic market, these materials are in short supply, which limits their wider use.
1. INTRODUCTION
Since nowadays natural resources for the production of pigments and fillers are either running out or
require sizable capital investment, it is important to involve into industrial processing the mineral
wastes of operating enterprises.
The purpose of research and implementation in this area (Nikolaev, 1991; Fedorov, et al., 2003) has
been manifold: to integrate the approach to resource processing by diminishing the volume of waste,
to intensify the effectiveness of resources utilization, tackling at the same time some social issues in
the regions, in particular, creating new jobs and replenishing the local budgets. It is obvious that, in
order to appreciably diminish the amount of current wastes, the market for the new products should
have a substantial capacity. There are, indeed, industries operating with bulky material flows, namely,
construction and production of paint and lacquer with an ever growing demand for pigments,
pigment fillers, dispersing compounds, and thickening materials. Products with pigment properties
are also indispensable in plastic, paper and rubber manufacture. In Russia, both their production and
utilization are fairly limited. As the result, the annual per capita consumption of paint and lacquer
materials here is 3-4 kg, whereas in Europe and USA it is 15-18 kg (Gerasimova, 2001; Gerasimova
and Nikolaev, 1999).
In the potential developments, of special interest are composite pigments containing titanium, iron,
aluminium, silicium, and calcium compounds in different combinations (Goldberg, 1976; Larionov
and Zorin, 2003). As a rule, the properties of an entire composite are determined by the pigment
component covering the core surface represented by known synthetic and natural fillers such as
calcite, alumina, silica, talc. Products with these composites take on pigmenting or filling properties.
The former is tincturing products and making them more attractive, the latter- improving their
technical characteristics such as stability to heat, light and aggressive media, increased impact and
bending strengths, etc. Mineral composites can be produced from polycomponent mineral wastes of
ore mining and dressing enterprises ( Kuleshova, 2002).
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Recovery of copper-nickel ore dressing wastes
Copper-nickel dressing tailing dumps (the Kola MMC) contain high contents of layered silicates
which can be processed to obtain effective fillers (Makarov V.N., et al., 2001). In this study, products
dumped after magnetite removal were used. The mineral composition, w/o, is given in table 1
Table 1. Mineral composition of products dumped after magnetite removal, mass.%
Talc

87.53

Olivine

-

Magnetite

0.62

Serpentine

2.04

Carbonate

2.16

Quartz

1.12

Amphibole

6.03

Biotite

0.49

The finely ground undoped samples are light-grey (unheated) or light-brown (after calcination at
850 ). Their whiteness index is not higher than 64%. However, if mixed with an organic binder, the
product easily covers the surface and can be classed among pigment fillers (Fedorov, et al., 2003).
When the fine fraction (< 28 m) of the light-grey product was used as a core of the coloured pigment
shell, we obtained coloured pigment fillers in both liquid and solid-phase regimes. Intense and uniform
colour tones are achieved due to laminated core structure and its high specific surface area (Kochergin
and Krasnobay, 2003).
Although the wastes contain an oxidizing copper-nickel sulphide impurity, it does not affect the
quality of the target product. Moreover, it enhances its brightness and resistance to weather impact
(such as light, water, etc.). Table 2 presents the synthesis parameters and main properties of the
pigment filler. It can be used in the production of coloured compositions with satisfactory properties.
Pre-treatment (mechanical activation) and coating by a flatted agent (Fe, Ni, Co, etc), improves its
quality and expands its scope of use.
Table 2. Manufacturing conditions and properties of pigment fillers
Manufacturing conditions
of aqueous
extract

WSS,
%

HP
g/cm2

Colour

Light-grey
Light-brown

Addition to the initial
sample, %

Heat treatment,°

1

-

-

7.32

2.56

295.3
(glazes)

2
3
4

CoCl2
- 2.5%

150
850
900

6.60
7.25
7.37

0.56
0.28
0.3

250
113
84.5

500

7.34

2.1

12.5

850
-

7.46
7.20

1.4
0.5

17.5
20.2

-

7.31

0.35

27.7

5

FeSO4 7H2O
- 10%
-«Fe2 NiO4
- 2.5%
Fe2 NiO4
- 5%

6
7
8
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Note: SC means hiding property, g/m2; WSS– water-soluble salts, %; Fe2 NiO4 is dark-brown ironnickel reject (“Severonikel”).
This work demonstrates the recovery potentials for some of the polymineral wastes in Russia in the
production of filler materials for building purposes.
Obtaining pigments and fillers from coal-firing ash
The ash of thermal power plants is a bulky industrial waste. The environmental hazard in this case is
the fine fractions of solid coal-firing waste. At the same time, this waste has a synthetic origin and can
be turned into better fillers than those made from natural minerals, primarily because they are in a
disintegrated state, which makes unnecessary, or sharply reduces, the energy expenditures on grinding.
The ash of the Apatity thermal power plant mainly contains the following elements (in terms of
oxides), weight %: SiO2 - 54-55, Al2O3 - 16-17, Fe2O3 - 15-17, MgO - 2.5-3.0, with trace amounts of
Ca, Na, K, Ti, and other elements. The feed product (the pigment shell carrier) was the fine fraction
(<50 m) of entrained ash.
The prepared ash products were coated with hydrate oxides of some metals, such as Fe (III), Ti (IV)
and others. After treatment, the product was calcined to obtain fillers or pigment compositions of a
wide colour range. Such pigments are now regarded as good substitutes for monopigments in the
paint-and-lacquer and plastic production (Gerasimova 2001) on account of their lower cost and higher
product quality.
Unfortunately, it is very difficult to obtain good-quality pigments without any pre-treatment
(Gerasimova, et al., 1998). There are two type of pre-activation for entrained ash: mechanical
(grinding) and chemical (treatment in diluted acid solution). For chemical activation, the ash was
treated with sulphuric and hydrochloric acids (50-100 g/l H 2SO4 or HCl.). The ash suspension was
kept in acid solution (S:L = 1:3-5) for 3 hours under stirring and heating to 70 . Then the liquid
phase was separated, the precipitate washed on a filter with water (S:L = 1:3) and calcined at 700800 . The final product was disaggregated in a porcelain mortar to determine the main pigment
characteristics: hiding property, aqueous extract pH, and the content of water-soluble salts. The
determinations were carried out following the techniques set in the State Standard Specification 980884 (Gerasimova, 2001).
The new method for ash pigments production included acid treatment, washing of the solid and
modifying of the ash particles surface, which either improved the painting characteristics (ZnSO4,
Al2(SO4)3, Na2SiO3) or intensified the filler colour (Fe, Co, Ni compounds). Lastly, the modified
product is calcined at 250-850 . On the run of pilot-scale test, beige and yellow-brownish products
were synthesized from ash. The scheme of the beige product production is demonstrated in Fig.1. The
pigment fillers have been tested at the “Spektr” scientific production association in Yaroslavl. It was
found this pigment can be used as components of oil and enamel paints. Table 3 shows the test data of
one of the products obtained following the scheme, namely, the yellow-brownish pigment filler. Some
of the specific functions performed by the ash filler-based pigments include correcting of the
rheological properties of the paint, increasing the pigment stability in stored PLM, and enhancing the
weather resistance.
Chemical activation imparts a better quality to the finished iron-containing pigment; this includes
higher organoleptic and hiding properties, and WSS contents. The colour of the pigment is brighter
due to the action of sulphuric acid, cleansing the surface from iron compounds and smoothing over the
rough areas via chemical interaction with aluminium and silicium compounds. Moreover, the degree
of iron precipitation for the ash treated by sulphuric acid is higher (by about 10-13%) in comparison
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with that observed in the experiments with the mechanically activated ash. The colour of the latter is
dull and it doesn’t cover the surface.

Fig.1. Principal apparatus-technological scheme of the beige filler
1-dispenser, 2-reactor with a jacket, 3-drum filter, 4-collector, 5-reactor, 6-furnace, 7-scrubber, 8dismembrator.

ble 3. Production of ash-based iron-containing pigments *
Initial ash, g
.

FeSO4 7H2O

Feshavings

Fraction, <63 m,
%

Iron precipitation on
ash, %

Pigment properties
Hiding
Aqueous
property g/m2 extract

WSS, %

Mechanical activation of initial ash
5

3.0

95.1

85.3

21.4

7.4

0.80

10

1.6

98.0

80.1

20.1

7.0

0.68

30

1.6

93.2

35.0

20.3

6.8

0.91

21.3

7.0

1.40

10

1.6

228

98.0

98.0

**
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Chemical activation of initial ash
5

3.0

95.0

98.0

15.4

7.0

0.42

10

1.6

95.0

92.1

12.8

7.1

0.51

30

1.6

95.0

42.1

18.1

7.4

0.80

17.4

6.9

0.55

10

*)

1.6

95.0

Experimental conditions:

98.0
ash=30

**

g, t =65-70 , - 6 hours, S:L=1:3 (tcalcin - 850 )

**) unwashed solid.
The quantity of “ash” pigments and fillers incorporated in enamel and oil paints was found to be
varying between 13 and 42 weight % (Gerasimova, 2001). The scheme of pigment and filler
manufacture has been successfully tested at a pilot plant of the Central Laboratory of Apatit JSC
(Bolshakov, 1978). These products have a broad field of use and can be very attractive. New materials
may expand the range of products and relieve the environmental damage. The technology and can be
recommended for application.
Producing pigment fillers from dead chromium-aluminium catalysts
Chromium-aluminium catalysts are widely applied in organic synthesis, in particular in the processes
of butane dehydration. Being poisoned with time, the catalysts become less active. Although
chromium compounds in dead catalysts are highly hazardous for the environment, recovery has been
uneconomical so far, for the known methods are ineffective and costly. Chromium in dead catalysts is
a valuable, but toxic, component, especially Cr(VI). Besides chromium in terms of Cr2O3 (15.8
weight % ), dead chromium catalysts contain, weight %: Al2O3 – 75.0; SiO2 – 7.1; 2 – 3.5; Fe2O3 –
0.34.
Chromium compounds are extensively used in anticorrosion pigments, for instance zinc chromate
(Goldberg, 1976). We have substantiated the possibility of converting dead catalysts into anticorrosion
pigment materials by employing either liquid or solid-phase methods. The presence of potassium in it
indicates to the presence of chromium(VI). In the liquid-phase technology, we have studied the effect
of acid/alkali concentration and temperature on chromium leaching to the liquid phase. Increasing
sulphuric acid concentration was found to promote aluminium leaching. That the aluminiumcontaining core decomposes is confirmed by the fact that the rate of suspension filtration abruptly
diminishes after leaching. Increasing the process temperature over 60oC initiates the chromium(III)
leaching to solution, which decreases the chromium content in the final product deteriorating its
pigment quality. When treating the catalyst waste with sodium hydroxide, we noticed that increasing
NaOH concentrations and temperatures promoted chromium(III) liberation to solution. This, in turn,
increased the content of water-soluble impurities, aluminates in particular. As the result of these
studies, the following process parameters have been proposed:
1) sulphuric acid concentration – 50 g/l, process temperature 60 , process time – 2 hours;
2) sodium hydroxide concentration - 5%, process temperature 60 , process time – 2 hours (Fig. 2).
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Fig. 2. Technological scheme for the processing of chromo-aluminium waste catalyst to produce
coloured fillers for the liquid-phase method
The basis for the solid-phase method is heating of the mixture consisting of catalyst waste and calcium
lime at 600-650 , followed by grinding of the calcined product and surface modification. It has been
demonstrated that desired quality can be achieved by adding 0.5-0.6% CaO to the waste bulk (Fig. 3).
The proposed methods for recovery of chromoaluminium catalysts are simple for technology and
yield a high-quality, bright-green pigment filler having anticorrosion properties. At the same time,
utilization of catalysts facilitates solving the problem of environment contamination with toxic
chromium wastes. Colour intensity can be varied over a broad range by varying the charge
composition. These products meet the requirements to pigments of both enamel and water-dispersed
paints. The technology has been introduced at the Yarsintez SPA in Yaroslavl.
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Fig.3 Technological scheme for the production of anticorrosive pigments by solid-phase method
Utilization of special magnet waste
Samarium-cobalt (SC) magnet rejects are highly interesting for recovery. We also have investigated
several batches of neodymium-boron-iron (NBI) wastes (Kaluga) available as a dark-grey powder.
The chemical composition of the wastes is presented in Table 4)
Table 4.Chemical composition of magnet production wastes
Waste

Component composition, weight %
Ln

Fe

Co

AI

Si

C

Moisture content,
weight %

SC

35-45

0.1-0.3

50-60

-

-

1-4

3-6

NBI

23-30

36-52

3-13

0.4-0.6

0.1-0.3

5-6

4-12

Evidently, the method of processing had to be chemical due to different solubility of trivalent
samarium (neodymium) sulphate and divalent cobalt (iron) sulphate in sulphuric acid media
(Belenky.and Riskin, 1974). This makes possible selective separation of rare earth elements (REE)
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from other waste components. The parameters of technological operations yielding a REE concentrate
are demonstrated in Fig. 4.
H2SO4

Waste (powder)
Acid dissolution
Filtration

Precipitate

Filtrate
Na2CO3

Washing

Residue

Precipation

Sulphate
REE concentrate
Filtration
Na2CO3
NaOH
Conversion

Washing

Calcination

MeSO4 7H2O

To obtain:
- pigments
- catalysts
- materials for welding
electrodes

REE oxides

Fig..4 Basic technological scheme of special magnet wasters
In the flowsheet of waste utilization, the initial powders (unleached from the organic binder) interact
with a sulphuric acid solution containing 350–370 g/l H2SO4 for SC and 450- 470 g/l H2SO4 for NBI.
The temperature of the reacting mass is 80-95 0 . The powder is slowly added to a stirred sulphuric
acid solution, which created conditions for removal of hydrogen-containing gas phase from the
reaction zone. The component consumption corresponds to the mass ratio S:L=1:6-8. Principal
chemical reactions involved in the method are follows:
2Ln+3H2SO4=Ln2(SO4)3+3H2;
Me(II)+H2SO4=MeSO4+H2.
Under these conditions, the samarium and neodymium sulphate compounds have low solubility,
crystallizing in the form of hydrated sulphate salts: Sm2(SO4)3.nH2O and Nd2(SO4)3.nH2O, where n =
4-8. Cobalt(II) and iron(II) remain in the sulphuric acid solution. The liquid phase is separated from
crystalline precipitate by filtration; the latter is washed with hot water (700 ) on a filter at the ratio of
S:L=1:0.25-0.5.
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The sulphuric acid filtrates are evaporated under atmospheric conditions to separate cobalt(II) and
iron(II) sulphate compounds. Excess sulphuric acid is removed by washing the precipitate with water.
The composition of the resulting salts corresponded to the formula eSO4.7H2O. During pilot testing,
3 t of ‘sulphate’ REE concentrate were obtained.
It should be noted that, due to low-selective separation process, some of the REE in neodymiumboron-iron wastes were leached to the acid liquid phase together with iron(II).) Conditions for
utilizing such solutions to obtain coloured pigments, catalysts, and materials for welding electrode
coatings have been investigated. These products were obtained from a hydrated precipitate (HP)
extracted from sulphuric acid solutions by adding to it an alkali reagent (Na2CO3), up to
3-4.
The process occurs in an oxidative regime. The other parameters for HP precipitating are as follows:
initial concentration iron in solution - 70-120 g/l Fe2O3, temperature – 65-800 , time – 12-18 hours.
The extracted HP contains hydrated iron, neodymium and cobalt hydroxides with the element valence
of 3. The pigment product is obtained by modifying the surface of HP particles with aluminium and
silicium compounds (aluminium sulphate and sodium silicate). The modified precipitate is calcined at
750-8000 , with a resulting bright-brown, purplish product with fine hiding and thermal resistant
properties. By varying the surface modification conditions and calcining temperature, it is possible to
change both the colour and performance of the pigment, including its resistance to light, weather and
heating, hiding property, etc. (Evdokimov, et al., 1994, Agafonov, et al., 2001).
The presence of rare earth element hydroxides in HP composition opens a possibility to apply it in the
production of catalysts for hydrocarbon dehydration (Mukhlenov, 1979). In this case, HP is treated
with a potash solution containing molybdenum; the treated precipitate is granulated and calcined at
600-650 to fix the modifying agent on the HP surface. Pilot batches of the product have been tested
for their structural-mechanical and catalytic properties. Dehydrated HP can also be used as a filler to
the charge mix in welding electrode production. Adding small quantities of rare earth elements to the
welding electrode coating composition improves the performance of welded connections. Heating and
strain are known to hamper the grain growth in welded connections and alloys based on iron alloyed
with rare-earth elements. Modification ensures a high level of plasticity, especially at negative
temperatures. In work (Gerasimova, et al., 2006), a schematic diagram for the processing of special
magnet wastes is presented.
Based on the example of a small group of objects of different composition and origin, the authors
demonstrated the possibility and usefulness of the utilization of some wastes in the production of
materials for building industries, beneficial from both economical and environmental considerations.
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Abstract
Tellurites of rare earth elements of the type Ln2Te4O11, where Ln = Er,Yb and Tm are synthesized.
Their molar heat capacities are experimentally determined. The temperature dependences of their
molar heat capacities are determined using the least squares method. The thermodynamic properties
are calculated: entropy, enthalpy and Gibbs function.
Key words: molar heat capacity, thermodynamic properties, tellurites, rare earth elements, enthalpy
1. INTRODUCTION
The studies on the tellurites of rare earth elements can be used to fill in data in an important branch of
inorganic chemistry as chemistry of tellurium and rare earth elements. It is practically important to
know the thermodynamic characteristics of the compounds studied Er2Te4O11, Yb2Te4O11, Tm2Te4O11
since these tellurites are widely used in modern technologies for preparation of optical glasses, in
ceramic industry, medicine and agriculture (Kim and al., 1996; Hirano and al., 2001; Masson and
al.,1986). Nowadays, a great number of publications are related to studies on various types of tellurites
and their application (Lin and Navotsky, 1998; Hamlata and al., 2013; Rimpi and al., 2013;
Pankajavalli and al., 2013; Tavlieva and Vlaev, 2007).
The survey of the available literature did not give data related to the preparation and studies on
Er2Te4O11, Yb2Te4O11, Tm2Te4O11.
The aim of the present work is to derive the temperature dependence of molar heat capacity and
calculate the thermodynamic properties of Er2Te4O11, Yb2Te4O11 and Tm2Te4O11.
2. EXPERIMENTAL
The tellurites of rare earth elements Er2Te4O11, Yb2Te4O11 and Tm2Te4O11 are synthesized from
tellurium dioxide (TeO2) and oxides of the rare earth elements: Yb2O3, Er2O3 and Tm2O3 of high
purity 99.999. The oxides preliminarily weighed to amounts corresponding to the stoichiometry of the
goal product are mixed, homogenized and placed in ampoules which are then vacuumed. The
substances are melted in an electric crucible oven. After reaching the melting temperature, it is
maintained for 48 h and then the oven is switched off and cooled down. The ampoules are then opened
and the synthesized samples are homogenized and separated for chemical, differential thermal and Xray analyses (Umlang and al., 1971; Nazarenko and Ermakov, 1974; Hillebrand and al., 1953).
The composition of the tellurites of rare earth elements is determined by chemical analysis. The metal
ions in the rare earth oxides
2 3 are determined by the complexonometric method with 0.05 M
solution of complexon III and orange-xylene as indicator (Umlang and al., 1971). The tellurite ions in
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[10]
the oxides of the type
. The results obtained
2 are determined iodometrically and gravimetrically
showed that the compounds synthesized correspond to their stoichiometric composition to Er 2Te4O11,
Yb2Te4O11 and Tm2Te4O11.

The degree of synthesis is determined by X-ray analysis of the tellurites, performed on URD-6
apparatus (Germany) in regime of diffractometric recording using Cu-K emission and Ni-filter for the
- radiation. The integral intensities of the diffraction maxima are determined gravimetrically
(Nazarenko and Ermakov, 1974).
To find the temperatures of the phase transitions in the tellurites synthesized, thermal analysis is
carried out on a derivatograph OD-102 (MOM, Hungary).
The molar heat capacity of the tellurites is determined using differential scanning calorimeter DS -III
(Setaram, France). The working temperature interval is 448-600 . The samples are finely ground and
sieved through a 0.25 mm2 sieve. The experimental conditions have been described earlier[12]. For each
tellurite, 4 samples are prepared and the average values are calculated (Atanasova and BaikushevaDimitrova, 2012).
The relative error did not exceed 0.1 %. The experimental results obtained are presented in Table 1.
3. CALCULATION PROCEDURE, RESULTS AND DISCUSSION
The experimental results are further computer processed by the least squares method (Kafarov, 1976;
Vuchkov and Stoyanov, 1986; Bojanov and Vuchkov, 1973) to find the coefficients , b and in the
equation for the molar heat capacity (Table 2):
,m(T)

-2

= a+b.

(1)

The molar heat capacities are calculated according to eq 1, and they are then used to find the
temperature dependencies of the entropy ( TT ' S m0 ), enthalpy ( TT ' H m0 ) and Gibbs function (- TT ' G m0 /T)
using the following equations (Karapetianc, 1975; Norman, 1988):
T

T
T'

S m0 =

'

0
Cp, m / T .dT
0 Sm +

(2)

T'
T

T
T'

H m0 =

Cp, m.dT
T'

(3)

(-

T
T'

G m0 /T) =
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T
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T
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Table 1. Experimental molar heat capacities Cp,m
of Er2Te4O11, Yb2Te4O11 and Tm2Te4O11
Cp,m/(J.K-1.mol-1)

T/K

Er2Te4O11 Yb2Te4O11 Tm2Te4O11

237

388

391

388

381

398

387

394

379

408

391

397

377

418

395

400

383

428

390

396

381

438

395

396

387

448

393

395

391

458

389

386

387

467

391

388

391

477

397

392

388

487

384

378

382

497

391

387

380

507

394

394

390

517

395

394

390

527

399

390

395

537

397

396

401

547

396

397

402

557

397

398

403

567

385

373

398

577

393

374

396

587

391

373

399
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T'
0

Table 2. Standard molar entropy

S m0 , coefficients a, b, c, and errors,

T’ = 298.15 K
T'
0

Compound

Cp

S m0 /

J. K-1. mol-1

a

b

c

102x

Cp
Er2Te4O11
Yb2Te4O11
Tm2Te4O11

473.60
451.10
457.80

-3

392.10

5

5.18x10

-3

247.15

205.58x10

-3

71.50

472.22x10

4.98x10

0.78

5

1.03

5

1.26

-104.03x10
-199.75x10

For the determination of the temperature dependencies of the thermodynamic values, the standard
molar entropy ( 0' S m0 ) is calculated by the method of Kelly and Koumok (Kireev, 1975; Koumok,
1987; Kassenov and Pashinkin, 1989; Atanasova and Baikusheva, 2012).
The calculated coefficients a, b, c in eq.(1),
Table 2.

'
0

S m0 , as well as the calculation errors are shown in

The results from the calculations of these thermodynamic functions are presented in Tables 3-5 and
Figures 1-3.
Table 3. Standard molar thermodynamic functions of Er2Te4O11,
T’ = 298.15 K
T/K

Cp,m/
J. K-1. mol-1

238

T
T'

H m0 /

T
T'

S m0 /

(-

T
T'

G m0 /T)/

J. mol-1

J. K-1 mol-1

J. K-1. mol-1

450

391.97

59329.20

634.42

502.58

500

392.69

78946.55

675.76

517.86

550

393.30

98596.98

713.21

533.95

600

393.82

118275.45

747.46

550.33

650

394.29

137978.48

778.99

566.72

700

394.71

157703.58

808.23

582.94

750

395.10

177448.94

835.48

598.88

800

395.46

197213.16

860.99

614.47

850

395.81

216995.22

884.98

629.69

900

396.15

236794.30

907.61

644.51

950

396.47

256609.75

929.04

658.92

1000

396.78

276441.06

949.38

672.94
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Figure 1. Dependence of molar heat capacity of Er2 Te4 O11
on temperature (450-1000 K).
Cp,m (T)/(J mol-1 K-1) = 392.10 + 5.18x10-3xT – 4.98x105xT
Table 4. Standard molar thermodynamic functions of Yb2Te4O11,
T’ = 298.15 K
T/K

Cp,m/
J.K-1.mol-1

239

T
T'

H m0 /

T
T'

J. mol-1

J.

S m0 /

-1

mol-1

(-

T
T'

G m0 /T)/

J.K-1.mol-1

450

391.03

60981.40

616.88

481.37

500

391.55

80533.20

658.08

497.02

550

394.61

100178.63

695.53

513.39

600

399.40

120022.77

730.06

530.02

650

405.40

140138.36

762.26

546.66

700

412.29

160577.38

792.55

563.15

750

419.83

181377.91

821.25

579.41

800

427.87

202568.56

848.60

595.39

850

436.29

224171.16

874.79

611.06

900

445.02

246202.72

899.97

626.41

950

453.98

268676.66

924.27

641.45

1000

463.13

291603.72

947.79

656.18
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Figure 2. Dependence of molar heat capacity of Yb2 Te4 O11
on temperature (450-1000 K).
-1

Cp,m (T)/(J mol K-1) = 247.15 + 205.58x10-3 xT +104.03x105xT-2
Table 5. Standard molar thermodynamic functions of Tm2Te4O11,
T’ = 298.15 K
T/K

Cp,m/
-1

J. K . mol

240

-1

T
T'

H m0 /

T
T'

J. mol-1

J.

S m0 /

-1

. mol-1

(-

T
T'

G m0 /T)/

J. K-1. mol-1

450

382.64

60288.51

621.97

488.00

500

387.51

79517.62

662.49

503.45

550

397.25

99120.22

699.85

519.63

600

410.32

119298.06

734.95

536.12

650

425.72

140190.83

768.39

552.71

700

442.82

161898.31

800.56

569.27

750

461.18

184493.67

831.73

585.74

800

480.49

208031.78

862.10

602.06

850

500.53

232554.61

891.83

618.24

900

521.16

258094.78

921.02

634.25

950

542.24

284678.09

949.76

650.10

1000

563.70

312325.12

978.12

665.79
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Figure 3. Dependence of molar heat capacity of Tm2 Te4 O11
on temperature (450-1000 K).
-1

Cp,m (T)/(J mol K-1) =71.50 + 472.22x10-3 xT +199.75x105xT-2
4. CONCLUSION
The present work is continuation of our research on tellurites of rare earth elements of the type
Ln2(TeO3)3, where Ln = Yb, Dy, Er (Atanasova and Baikusheva, 2012). The molar heat capacities of
compounds of the type Ln2Te4O11,
Ln= Tb, Er, Yb and Tm are determined. The temperature
dependence of the molar heat capacity is also determined. The thermodynamic properties: entropy (
T
0
T
0
T
0
T ' S m ), enthalpy ( T ' H m ) and Gibbs function ( T ' G m ) are calculated.
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ABOUT THE NON-IDENTITY OF THE TECHNOLOGICAL
IMPACT UPON ITS REPEAT REALIZATION IN
THE CASE OF SURFACE PLASTIC DEFORMATION
Veselin I. Grigorov
University of Rousse, 7017 Rousse, 8 Studentska str., Bulgaria

Abstract
Discussed are the cases when during the repeated applying surface plastic deformation (SPD) there is
a significant manifestation of alternative combinations and otter effect and factors in addition to the
factor number of processing runs. Then there are signs of non-identity of their technological impact.
except for the influence of the factor frequency of the processing, there are a significant availability of
alternative combinations of effects and other factors and there are signs of non-identity of the
technological impact. Such combinations occur in relation to: mismatch of the overlaying of contact
zones; generation random characteristics of the technological impact; System-driven differences in
the condition of contact interaction between the deforming elements and the machined surfaces.
Key words: surface plastic deformation
1. INTRODUCTION
Achieving the appropriate characteristics of treated surfaces by SPD is not only entails with choose of
relevant scheme solutions, deforming elements, regimes and conditions of processing, but also with
the specifics of the re-implementation of the technological impact. It is reasonable to assume that reimplementation of the technological impact is identical to its previous implementation, if with that is
achieved only generates additional smoothing effect due to the increased multiplicity of the metal
deformation in the same area of the treated surface. The identical repetition of the technological
impacts in SPD, realized by tools with solid action, has the following characteristics whose
compatibility are interpreted by the effect of Baushinger [Savov, 2011]:
- there is rapid attenuation of the effect of smoothing out the roughness within the several
application of the technological impact in the same point of the treated area;
- with increasing output value of applied force of deformation the process of attenuation of
smoothing effect after several impacts is accelerating;
- larger output values of the applied force of deformation determine the achievement of
lower cumulative effect of smoothing carried out on behalf of the multiple impacts;
- after attenuation of the effect of frequency in the deformational effect on smoothing effect,
further repetition of the technological impact can induce a state of over-cold deformation;
- other technological factors influence over the additional smoothing effect of repeated
application of deforming force insofar as it relates to the manner of an overlay of the
contact areas in the processing.
In cases when during the repeated exercise of SPD, except for the influence of the factor frequency of
the processing, there are a significant availability of alternative combinations of effects and other
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factors and there are signs of non-identity of the technological impact [Grigorov, 2012]. Such
combinations occur in connection with:
- non-coincidence in superimposed of the contact zones;
- Generating attributes of the technological impact an accidental nature;
- Systematically determined differences in terms of the contact interactions between
deformed elements and treated surfaces.
2. CREATING A MODEL – 1
Non-coincidence in overlapping of contact zones is a condition for non-identity that occurs in schemes
with discontinuity of the interaction between the deformed elements and treated surfaces. While in the
case of identity after a number of cycles it’s reached to a coincidence of contact zones, in cases of nonidentity after each successive cycle, the contact zone takes new position. If with angular parameter is
determined the position of the point of the contact area on the circumference of the treated surface, the
current meaning of n +1 is set to the recurrent according
n 1

where

n

(mod1) ,

(1)

is the so-called rotational number [Panchev, 2001].

Fig.1

Fig.2
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Operator (modl) "modulus" in this case means the dropping of the entire of the numbers when such
occurs in serial iteration and when is a rational number ( = p/q) the rotating number shows that the
generant circumference of the treated cylindrical surface will be located q contact areas to and will
superimpose again after p full revolutions (cycles).
Figure 1 presents a graphical the phase interpretation of dependence 1 to the sampling rate of = 2/7,
and Figure 2 for - = 1 / [Panchev, 2001]. Graphics of both figures include two parallel lines
located parallel on both sides of the diagonal, for which = 0.
On one figure shows the formation of a closed trajectory, resulting in 7 iterations, while the other
figure the trajectory remains unclosed after its multiple recurrence, which is shown in Figure 2. Both
trajectories are qualitatively different as in the one case the closure of the cycle follows the frequency
value in the fraction 2/7 = 0.2857142857142 ... and the other is manifested in quasi-periodicity caused
by the proximity of consecutive cycles of the trajectory.
Generation of characteristics of the technological impact with accidental nature is expressed through
the scattering factors for variables that define them. Such are the:
- caused patches of tangential force component of deformation with a corresponding
stochastic fluctuations of the values of its tangential and radial components;
- Variance of dimensions of the treated area or setting errors that determine the
tightness, respectively, the radial force component of deformation;
- Change in terms of contact interactions resulting from the conversion of the
characteristics of the profile roughness, represented by the change in the statistical
characteristics.
Stochastic nature of the following characteristics, and their handling are ensured by:
- Use of the percussion and deforming rolls with shifted center of gravity [Savov, 2011,
Grigorov, 2012];
- Implementation of the model for crushing the roughness baseline values of the step
parameters that determine the development of non-cooperative the plastic outbreaks
under the protrusions base [Grigorov and Sakakushev, 1999, Sakakushev and
Grigorov, 2001, Sakakushev and Grigorov, 2002];
- Frequency of separator rotation of the percussion rolls under the condition of
constancy of the power of deformation effects [Savov, 2011, Grigorov, 2012].
The technical implementation of the above-mentioned condition is possible when using an instrument
with a dynamic action, operating in accordance with the scheme illustrated in fig.3. In conformity with
this scheme the cylindrical striking roller 6, that carry out the implementation of the technological
impact [Grigorov, 2012], are included in the construction of the instrument.
The striking rollers are placed in the separator sockets 4, and simultaneously wits them perform a
rotating movement around the instrument axis. Periodically when they meet the deforming rollers 3,
they interact with a strike on them, whilst the loose bearing shaft 5, performs as a solid base. The
deforming rollers together with the separator 2, participate in the rotating action and along with this
roll over the processed surface of the fixed workpiece 1. The rotating movements of the separator are
presented with different angular velocities. The correlation between them is defined by a constant
kinematics connection, where the leading link is the separator of the rollers and the one that follows is
the separator of the striking rollers. In this case it is possible to control the capacity of the
technological impact by transforming the rotating frequency of the separator that controls the striking
rollers.
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Fig.3.The instruments used
3. CREATING A MODEL – 2
In conforming with the kinematics of the tool, operating as described above, the radial location of the
axis of deforming rollers and the value of their radial displacement as a result of the contact with the
striking rollers in determined by the following dependences

R r1 .cos

.

t0
2

t

r1 r2

2

2

R r1 .sin 2

.

t0
2

t

R 2.r1 r2 C
where

(2)
(3)

is radius-vector, describing the location of the axis of the deforming rollers
R - radius of the shaft
r1 - radius of the cylindrical striking rollers
r2 - radius of the cylindrical deforming rollers
- difference between the angular speeds of the separators of the striking and deforming
rollers
t0 - time of interaction between the striking and deforming rollers
t - current value of time after the contact between the striking and deforming rollers
- radial displacement of the axis of the deforming rollers after contact with the striking
rollers.

C - tightness expressed as the difference between the tool operating size and the hole diameter
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In cases where the elastic deformations of the walls of the hole being processed are greater than the
contact deformations occurring as a result of the interaction of its surface, with the deforming force
being in a direct ration to
[Grigorov, 1990], then the power of the deforming action may be
represented by the following dependence

N

K.

.

(4)

d
dt

where N is power of technological action
K - coefficient of proportionality between the deforming force and

.

When a constant power of deforming action (N is constant) is required for two components of
different values of tightness C, the relationship between the corresponding angular speeds of the
separator of the striking rollers may be obtained on the grounds of the following system of differential
equation

1.

d 1
dt

2.

d

d
. 1
dt dt

d

d
. 2
dt
dt

1,

(6)

0

d2 2
2.
dt 2

2

1,

(5)

d2 1
1.
dt 2

1

where

d 2
dt

(7)

0

2 is radius-vectors, describing the location of the axis of the deforming rollers
2

- radial displacements of the axis of the deforming rollers after contact with the
striking rollers corresponding to C=C1 and C=C2

Taking into account that
= – q, q
the following summarized dependence

d
dt

2

q.

After substitution
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R 2.r1 r2 C , Eqs. (6) and (7) may be expressed by

0

y , Eq. (8) is transformed into a differential equation of first series
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q.

dy
d

y2

(9)

By repeated integration and division of the variables, the solution of Eq. (9) is obtained as

q

2

Q1.t Q2

2

(10)

The two integrating constants Q1 and Q 2 are definable by the limits

t = t0/2,

t=0,

–q=0

and

2

C , according to which Q1 = C /t0 , and Q2 = 0.

q

After substitution of constants Q1 and Q 2 Into Eq. (10)

q
2

2

C2.

t
t0

(11)

By differentiation of Eq. (11), the following dependence is obtained

d
q
dt

C2
t0

(12)

The left side of Eq. (12) is a complete analogue of Eq. (5), from which results

C12
t01

C22 or t
02
t02

C 22
t 01 2
C1

(13)

where t 01 ,t 02 is two different value of t0, carried out corresponding to C=C1 and C=C2.
If the corresponding analytical expression, reflecting the kinematical dependence between time t0 and
the angular speed of the separators [Grigorov, 2012] is substituted into Eq. (13), then the latter
becomes
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y1 .

y2

C12 1 U 22
.
C22 1 U12

where

y1 ,

y2

U1

and

U2

(14)

is two different value of ensuring N=constant, corresponding to C=C1 and C=C2
are value of dimensionless quantity
the

U, defined for C=C1

and C=C2 according to

following dependence

U

( R 2.r1 r2 C ) 2 R r1 2 r1 r2
2. R 2.r1 r2 C R r1

2

(15)

Systematic determined differences in the conditions of contact interaction between the deforming
elements and treated surfaces are available in:
- skid caused by the conical of the deforming roller with schemes of its radial feeding;
- Implementation of a cross or directional schemes with combination of SPD with the
preceding cutting through schemes with axial feeding of the deforming rollers;
- Occurrence of "ending effect" in cases of suspension of the treated surface through
schemes with axial feeding of the deforming rollers.
The conical of the deforming roller is a source of systematic differences in terms of their contact
interaction with treated surfaces due to dissimilar quantitative expression of skid and contact pressure
along the contact zone. In reversing the treated surface (left or lower forehead becomes right-hand or
top and back) a repeat applying of SPD so that the areas, in which it has been exercised less contact
pressure, to undergo and its bigger values. Then arises change of the conditions and in terms of the
skid.
4. CREATING A MODEL – 3
Skidding in the contact between the elements of the technological system (surface of the machined
hole, deforming roller and support cone) when machining of holes through tools with long conical
rollers can be estimated by establishing specific values for the angular speeds of the support cone and
the deforming rolls in their absolute movement and relative angular movement of the separator cone
for specified period of time. Relevant of these movements and time intervals angular speeds are
determinable by the formula

t
where

,

(16)

is the angular velocity of the element of the instrument;
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- angular displacement of the respective element for specified intervals of time;

t - the period of time for implementation of angular displacement

.

The angular velocity of the separator in its absolute motion is determined by the formula

K1

Vi

Vi

Vi
Vi

K2

L/2

L

Fig.4. Plan of speeds in contact of the rolls with the support cone and the workpiece

c

where

1

2

1
2

,

(17)

is the angular velocity of the support cone;
- the angular velocity of the separator through its relatively motion.

With the defined values of the angular speeds are calculated linear speeds of the contact points of the
deforming rollers and the support cone in the end radial sections of the detail. The graphical
representation of the linear speeds at these points, which in the case of a stationary workpiece is
illustrated by plan velocities (Fig. 4) allows determination of skidding as the difference of the
respective linear speeds.
Coordinate of the point Ki with zero skid (
radial cross section is given by

Ki

L
2
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,

Published by Info Invest, Bulgaria, www.sciencebg.net

(18)

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
where i is index to denotation of the roller contact with the support cone (i = 1) or with the detail
(i = 2);

Vi

- skidding in the left section of the outlet according to the value of i;

Vi - skidding in the right section of the outlet according to the value of i;
L - contact length of the deforming roller with the workpiece or the support cone.
After turning the workpiece aperture for re-treatment with the same regimen, overlapping of the
contact zones between the deforming rollers and the workpiece in both establishments differentiate
three sections in the axial direction. Moreover, there is no reason to expect a change in the values of
the parameters 1 and 2.
The average of the plots is wide 2 2 and skidding in it is one way and with equal total amount.
Symmetrically of the average there are two end sections with width L/2 – 2, in which takes place
bidirectional skid with a predominance of one of the directions. Simultaneously, in the sections where
at the first establishment contact pressure was less due to the bigger diameter of the deforming rollers
in the second establishment borne impacts with bigger values of the pressure in the contact zone. The
represented distribution of the sections of the treated surface corresponds to a more similar
characteristic of their working conditions, which determines the increasing homogeneity of the
resulting roughness at equal multiplicity of deformational effects, but by using variant of the two
treatment establishments instead of one. There is an option of replacing the second establishment with
second transition, when using construction of two-line tool with reverse conical of the deforming
rollers [Grigorov, Karshakov, Kostadinov and Petrov, 2008].
The occurrence of "ending effect" in cases of suspension of the treated surface (typically the transition
of opening and adjacent forehead) in schemes with axial feed rollers of the deforming generate nonidentity with macro geometric nature depending on whether repeated exercising of SPD is after
discontinuation by rotating the workpiece. When accomplished turn achieves greater homogeneity of
deviations from the right cylindrical shape adjacent to break zone of the hole surface [Grigorov, 2011].
5. CONCLUSIONS
Presented analysis of the terms and conditions of non-identity for repeated exercising of SPD shows
that these are the circumstances and conditions that provide alternative options and outcomes
associated with achieving better properties of the treated surfaces.
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Abstract
The aim of this study was to evaluate the antioxidant capacity, total phenolics and flavonoids of
selected fruits (apricot, cherry and sour cherry) cultivated in the region of Canakkale, Turkey. For this
purpose the methanolic extracts of the fruits were prepared. The free radical scavenging capacity of
the fruit extracts was evaluated by using the free radical 1,1’-diphenyl-2-picrylhydrazyl (DPPH)
scavenging method. The methanolic extract of sour cherry fruits was found to exhibit higher %
inhibition level than the extracts of apricot and cherry (p<0.05). Furthermore, the total phenolic and
flavonoid compounds were higher in apricot and cherry when compared with that of sour cherry
(p<0.05).
Key words: free radical scavenging capacity, phenolics, flavonoids
1. INTRODUCTION
Oxidative stress in living cells was found to be related to the onset of clinical disorders such as cancer,
cardiovascular diseases, diabetes, arthritis, sclerosis, obesity, and Alzheimer’s disease (Adly 2010,
Aruoma 1998, Block, Patterson & Subar 1992, Dhalla, Temsah & Netticadan 2000). In living cells,
free radicals are formed during metabolic reactions or as a result of radiation. These free radicals are
compounds with an unpaired electron and are very reactive. The free radicals have been shown to be
the precursors of chain reactions leading to the breakdown of the organic compounds such as lipids,
proteins and nucleic acids. As the amount of the free radicals within living cells increases, the
antioxidant defense system is negatively affected and thus leading to oxidative stress. In living
organisms, the oxidative stress is responsible for the aging process of living cells and therefore,
oxidative stress has been determined to be related with cancer, cardiovascular diseases, and diabetes
(Adly 2010, Block, Patterson & Subar 1992). Research, concerning the relationship between the aforementioned diseases and the type of nutrition, showed out that the intake of food products containig
natural antioxidants decreases the incidence of these diseases. Based on these findings, evaluation of
the antioxidant potential of food products has recently gained special attention.
In general, food products of plant origin such as, fruits, vegetables, legumes and nuts are considered to
be good sources of a number of compounds effective against oxidative stress. These bioactive
compounds include phenolics, vitamins, some free amino acids and peptides with antioxidant activities
(Block, Patterson & Subar 1992, Kapur & Kapoor 2001, Naczk & Shahidi 2006, Wang et al. 2011).
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Nowadays, nutritionists recommend the consumption of fresh and unprocessed food products of plant
origin where possible, for the prevention of coronary diseases, cancers, neuropathological diseases,
etc. (Block, Patterson & Subar 1992, Kapur and Kapoor 2001).
The chemical composition of plants is mainly affected by the environmental conditions such as
climate, altitude and soil conditions. Several researches have revealed that the contents of plants are
environment dependent and therefore, samples of different areas should be investigated (Orazem et al.
2011, Ouchemoukh et al. 2012). Furthermore, the chemical composition is greatly affected by the
variety type of the plants (Mitic et al. 2012, Mulabagal et al. 2009, Piccolella et al. 2008, Zitka et al.
2011).
Cherry (Prunus avium), sour cherry (Prunus cerasus) and apricots (Prunus armeniaca) belong to the
Rosaceae family, Prunus genus. The fruits of this genus are grown throughout the world and have
been found to contain a number of bioactive compounds including vitamins, organic acids, phenolics,
flavoniods, and anthocyanins (Ferretti et al. 2010, Mulabagal et al. 2009, Zitka et al. 2011). These
fruits are extensively cultivated in Turkey and thus, comprise an important fresh fruit resource (Ercisli
2009, Ouchemoukh et al. 2012). Fresh produce is mostly preferred, but these fruits serve also as the
raw material of dried fruits (apricots) (Ercisli 2009), fruit juices, jams, etc. (sour cherries) (Ferretti et
al. 2010, Piccolella et al. 2008).
The aim of the present study was to evaluate the total phenolic and flavonoid content of fresh ripe
fruits of cherry, sour cherry and apricot cultivated in the Canakkale region, Turkey. Furthermore, the
free radical scavenging capacity of these fruits was determined.
2. MATERIALS AND METHODS
2.1. Chemical reagents
The chemicals used throughout the study were of analytical grade and were purchased from SigmaAldrich (USA), SPA (Milan, Italy), Merck (Germany) and Fluka Chemie (Switzerland).
2.2. Plants materials
Fresh ripe fruits of sour cherry (Prunus cerasus), cherry (Prunus avium), and apricot (Prunus
armeniaca) cultivated in the region of Canakkale, Turkey were collected and the samples were
brought to the laboratory within 2 hours after their collection time. To decrease the effect of high
temperatures, the fruits were carried to the laboratory at 4oC.
2.3. Preparation of the fresh fruit sample extracts
The collected fruits were stored at 4oC till analysis (not more than 12 hours) and the fruits in their
fresh form were used for the extraction procedure. Each fresh fruit sample (20 g) was extracted
according to Maisuthisakul, Suttajit & Pongsawatmanit (2007). Briefly, a fresh fruit sample (20 g) was
blended with 60 mL methanol in a blender for 1 minute and the mixture was shaken for 4.5 h. The
supernatant was filtered through Whatman filter paper (No. 4). All of the filtrates were evaporated
under reduced pressure using a rotary evaporator at 40oC and were weighed in order to determine the
yield of the soluble components. Then, the extracts were immediately analyzed for DPPH free radical
scavenging activity, total phenolics and flavonoids. Unless otherwise stated, all assays were done in
triplicate.
2.4. Analysis of the total phenolic content
The amount of the total phenolics in the methanolic extracts of the fresh fruit samples was measured
by using the Folin–Ciocalteu reagent method. This method was applied as described by Djeridane et
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al. (2006). The methanol solution of each extract (0.2 mL, 500 mg/mL) was taken into a test tube. 0.5
mL distilled water and 0.5 mL Folin–Ciocalteu reagent were added and the tubes were thoroughly
shaken. After 1 min, 0.8 mL of sodium carbonate solution (7.5%) was added and the mixture was
allowed to stand for 30 min. with intermittent shaking. The absorbance was measured at 760 nm using
a UV–Vis spectrophotometer (Thermo Aquamate). Gallic acid was used as a standard for the
calibration curve. The results were calculated according to the calibration curve for gallic acid (R2 =
0.961-0.983, Table 1). The total phenolic content was expressed as gallic acid equivalents (GAE) in g
per g fresh fruit.
2.5. Analysis of the total flavonoids content
The total flavonoid content was determined according to Quettier-Deleu et al. (2000) using rutin as a
standard. The results were calculated according to the calibration curve for rutin (R2 = 0.999, Table 1).
The total flavonoid content was expressed as rutin equivalents in g per g fresh fruit. Three replicates
were used for the determination of the mean total flavonoid concentrations of the fresh fruit samples.
2.6. DPPH free radical-scavenging activity assay
The effect of the oxidized fruit extracts on 1,1-diphenyl-2-picrylhydrazyl (DPPH) was estimated as
described by Brand-Williams, Cuvelier & Berset (1995). First, every fruit sample was diluted in
methanol prior to the analysis (1 mg/mL). Then, the DPPH solution was added to the diluted sample,
the mixture was thoroughly mixed, and afterwards left for 30 min. for the reaction to occur. After that,
the absorbance of the sample was measured at 515 nm using a UV–Vis spectrophotometer (Thermo
Aquamate). The absorbance of the DPPH solution in methanol, without any antioxidant, was also
measured as the control. The percentage of DPPH radical scavenging activity was calculated by using
the following equation:
% DPPH scavenging = [(Acontrol – Asample)/Acontrol] x 100
where Asample is the absorbance of sample after the time necessary to reach the plateau (30 min) and
Acontrol is the absorbance of DPPH.
The concentrations providing IC 50 inhibition values (defined as the concentration of the compounds
that was able to inhibit 50 % of the total DPPH radicals) were calculated from graph plotting using
nonlinear regression and expressed in µg material equivalents/g fresh fruits. Butylated hydroxytoluene
(BHT) was used as a positive control. A lower value of IC50 indicates a higher antioxidant activity and
vice versa.
2.7. Statistical Analysis
To evaluate the differences among the means of the results, one-way ANOVA was applied and the
differences among the means were investigated by using Statghaphics Centurion XV software. The
results of the analyses were reported as mean ± SD (standard deviation). The estimated values were
considered to be significantly different at p<0.05. Furthermore, the relationship between the free
radical scavenging capacity and the phenolic constituents in terms of total phenolics and flavonoids
was evaluated by using MS Excel software.
3. RESULTS AND DISCUSSION
The total phenolic and flavonoid content of the fruits analyzed within this study is presented in Table
1. The amount of the total phenolics was found to be in the range of 196.65 - 328.32 g GAE/g of
fresh fruits. The highest phenolic content was detected in cherry. Although the phenolic content of
cherries was found to be slightly higher than that of apricots, there was no statistical difference
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between the phenolic amounts of cherries and apricots. Among the investigated fruits, the total
phenolic content was lowest in sour cherries (p<0.05).
The total flavonoid amount of the analyzed fruits was found to show variation between 2387.68 and
2671.74 g rutin/g fresh fruits (Table 1). Similar to the results concerning the amount of total
phenolics, there was no significant difference between the total flavonoid content of cherry and
apricot. On the other hand, sour cherries appear to contain significantly lower flavonoid content when
compared with the total flavonoid content of cherries and apricots (p<0.05).
Table 1. Total phenolics and flavonoids of the fruits*
Sour Cherry**

Cherry

Apricot

196.65±6.72a

328.32±9.14b

318.89±8.02b

15.832

17.504

17.669

-0.007

-0.149

-0.166

0.961

0.983

0.977

2387.68±9.21a

2671.74±7.65b

2597.23±11.02b

a

4.295

4.295

4.295

b

-0.385

-0.385

-0.385

0.999

0.999

0.999

y = a*x+ b
(µg/g)
a

Total
Phenolics

b
2

R

y = a*x+ b
(µg/g)
Total
Flavonoids

2

R

*Results are given as mean±standard deviations with three replicates.
**Different letters in a row denote a significant difference among the values (p<0.05).
On the other hand, the antioxidant activity of the methanolic extracts of fresh fruits cultivated in the
Canakkale region was determined by using the DPPH free radical scavenging method. The results are
given in Table 2 as µg / g fresh fruit. 1,1-diphenyl-2-picrylhydrazyl is known to be a stable free
radical, which decreases significantly when exposed to proton radical scavengers. Therefore, this
method is thoroughly used in studies concerning the evaluation of the antioxidant capacity of various
materials (Sanchez-Moreno 2002). The DPPH free radical scavenging activity of the fresh fruits were
compared with that of butylated hydroxytoluene, and ascorbic acid. Among the investigated fruits, the
lowest IC50 value (indicating high free radical scavenging activity) was determined for sour cherry
(p<0.05). Cherry and apricot exhibited similar IC 50 and % inhibition levels. Furthermore, it should be
pointed out that, for all fruits, the % inhibition level of DPPH was significantly lower than that of BHT
and ascorbic acid (p<0.05).
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Table 2. Free radical scavenging capacity of the fruits*

DPPH

BHT

Ascorbic
acid

Sour Cherry

Cherry

Apricot

IC50 (µg/g)

1.35±0.09a

1.53±0.08a

44.61±0.21b

68.13±0.12c

66.43±0.30c

Inhibition
(%)

98.9±0.24a

98.75±0.21a

77.56±0.17b

64.07±0.18c

67.29±0.22c

*Results are given as mean±standard deviations with three replicates.
**Different letters in a row denote a significant difference among the values (p<0.05).
The relationship between the phenolic content and the free radical scavenging capacity of the fruits
was evaluated. No correlation was found for the total phenolic and flavonoid contents of the fruits and
their free radical scavenging capacity.
In literature, there are various studies concerning the relationship between the phenolic constituents
and the antioxidant capacity of various fruits. In some studies it was found out that there was a high
correlation between phenolics and antioxidant activity (Egea et al. 2010, Mitic et al. 2012,
Ouchemoukh et al. 2012). Nevertheless, there are also studies, reporting that there is either low or no
correlation between total phenolic contents and radical scavenging capacity (Turker et al. 2012, Yu et
al. 2002).
The high free radical scavenging capacity of plant materials is usually attributed not only to the
phenolic composition, but also to the presence of other bioactive compounds such as antioxidant
vitamins (e.g.: ascorbic acid, tocopherols), pigments (anthocyanins) and peptides, as well as the
structural interaction among these compounds (Djeridane et al. 2006, Wang et al. 2011). Mulagabal et
al. (2009) determined the anthocyanin content of cherry and sour cherries, and concluded that these
fruits contain appreciable amounts of anthocyanins that are known for their antioxidant, anticancer,
antidiabetic and antiobese effects (Feretti et al. 2010, Kapur & Kapoor, 2001, Landete 2012).
Therefore, in order to elaborate the free radical scavenging capacity of the analyzed fruits, a more
detailed study should be done.
4. CONCLUSION
The fresh ripe fruits of cherry, sour cherry and apricot cultivated in the Canakkale region, Turkey were
found to contain appreciable amounts of total phenolics and flavonoids. Furthermore, these fruits have
shown substantial free radical scavenging capacity. Nevertheless, in future studies, a comprehensive
research of the bioactive compounds such as phenolic acids, anthocyanins, and vitamins should also be
done.
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Abstract
Dairy products are regarded as important mineral sources and therefore, it is of significance to
determine the mineral composition of fermented milk products. In this study, the mineral composition
of plain kefir as well as kefir containing strawberry and mixed berry types commercially produced in
Turkey was evaluated. No differences in the Ca, P and Fe levels among the kefir samples were
detected. On the other hand, K and Na levels were found to be higher in mixed berry kefir than that of
plain and strawberry kefir, while the lowest Mg and Zn concentrations were detected in mixed berry
kefir (p<0.05). The highest Cu level was found in plain kefir, while the lowest Cu level was detected in
mixed berry kefir samples (p<0.05). The variations in the mineral composition of the different kefir
samples might be due to the variation in the supplements used in the different types of kefir.
Key words: mineral composition, kefir
1.INTRODUCTION
Dairy products are recognized as excellent sources of essential nutrients such as proteins, lipids,
vitamins and also minerals. Nowadays, with the increase of the consumers’ interest towards the
nutritional composition of the food commodities, the evaluation of the health benefits and nutritional
content of food products is gaining more and more importance.
Kefir, originally made in the Caucasus region, is a fermented milk product that is slightly carbonated,
with mild acidic taste. Nowadays, kefir is produced not only in the Middle East, the Balkans, but is
widely consumed in Eastern and Northern Europe, North America, and North Africa (Sarkar 2007).
The name of this fermented milk products is known to originate from the word “keyif” which in
Turkish means “feeling good” (Otles & Cagindi 2003, Sarkar 2007).
The fermentation of kefir is induced by small, white, cauliflower-shaped masses named kefir grains
(Fontan et al. 2006, Sarkar 2008). Kefir grains have been found to consist of different species of lactic
acid bacteria, acetic acid bacteria and yeasts mainly entrapped in protein and polysaccharide matrix
(Witthuhn, Schoeman & Britz 2005). Kefir grains are known to contain bacterial species such as
Lactobacillus, Lactococcus, Leuconostoc, Streptococcus, Acetobacter, Bifidobacterium spp. and yeasts
such as Saccharomyces, Zygosaccharomyces, Kluyveromyces and Candida spp. (Fontan et al. 2006,
Guzel-Seydim et al. 2011, Latorre-Garcia, Castillo-Agudo & Polaina 2007). Most of these
microorganisms are recognized as probiotics (Kaur, Chopra & Saini 2002).
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Recently, kefir has gained a considerable significance and therefore, this fermented dairy product has
been produced industrially in appreciable amounts throughout the world mainly due to its exceptional
nutritional and functional properties (Guzel-Seydim et al. 2011, Otles & Cagindi 2003, Sarkar 2007).
As stated above, kefir is recognized as a good source of probiotics, that have beneficial health effects
such as improvement of the gastrointestinal system. Furthermore, kefir has been found to have
antibacterial, antimutagenic, and anticarcinogenic effects. Thus, based on these properties, the
consumption of kefir was found to improve the immune system, the gastrointestinal system and to
have cholesterol lowering effects (Guzel-Seydim et al. 2011, Otles & Cagindi 2003, Sarkar 2008).
Based on the fermentation process, some prebiotics favoring the proliferation of the probitics within
the gastrointestinal system are also produced during kefir processing (Guzel-Seydim et al. 2011).
Furthermore the amount of conjugated linoleic acid present in fermented dairy products has been
related to anticarcinogenic and antiatherogenic properties and other human beneficial effects (Haro,
Artacho & Cabrera-Vique 2006). Fermented milk products have also been proved to be important
mineral sources, especially for lactose-intolerant patients and thus, kefir has been determined to
improve the lactose tolerance in adults with lactose maldigestion (Hertzler & Clancy 2003). Kefir is
also recommended for infants over 6 months (Sarkar 2007)
Traditionally, the production of kefir is explored by inoculating milk with a mixed culture designated
as kefir grains. Nowadays, to enable the industrial production, the traditional processing of kefir has
been improved by preparing a bulk culture for the further inoculation of heat-treated-milk (Fontan et
al. 2006, Sarkar 2008, Witthuhn, Schoeman & Britz 2005).
Since dairy products are designated to have a considerable nutritional significance, in literature, there a
number of reports analyzing the nutritional composition of dairy products. The nutritional evaluations
have shown that the characteristics of dairy products are greatly affected by the type of milk, different
breeds and genetic factors, feeding type, type of manufacturing, as well as the supplements and
adjuncts used during the production process (Erkaya & Sengul 2012, Ozcan 2010, Raynal-Ljutovac et
al. 2008).
Dairy products are recommended as important mineral sources not only because they are rich in
minerals, but also due to the fact that the bioavailability of the minerals in these products are higher
(Kitts and Kwong 2004, NRC 1989, Unal, El & Kilic 2005). Nowadays, to increase the acceptability
of the products and also to produce products with improved functional characteristics there is an
increasing trend to supplement some fruits into milk, yoghourt and fermented dairy products. Berries
are designated to have important functional properties because they are good sources of a number of
bioactive compounds such as vitamins and phenolics having an antioxidant activity (Hannum 2004,
Paredes-Lopez et al. 2010) Although, a considerable number of reports presenting the mineral contents
of dairy products have been published up to now, there is limited research about the mineral
composition of kefir products. Gulen, Kizilkaya & Cevik (2013) determined the mineral composition
of kefir produced from cow and goat milk, while Ozcan (2010) evaluated the mineral content of
industrially produced kefir samples collected from the markets in Turkey.
Taking into consideration the importance of the nutritional evaluation of fermented dairy products, the
aim of the present study was to determine the mineral composition of industrially produced plain kefir,
kefir supplemented with strawberries and with mixed berries.
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2.MATERIALS AND METHODS
2.1. Materials
Standard solutions of Ca, P, K, Na, Mg, Cu, Fe and Zn (Merck, Darmstadt, Germany) were used for
the mineral determination of the samples. The solutions were diluted to obtain the working standards.
All reagents used during the analyses were of analytical grade and obtained from Merck (Darmstadt,
Germany). Kefir produced from cow milk as the main raw material and kefir produced from cow milk
supplemented with strawberry and mixed berry fruits were used for the mineral analysis. Kefir
samples were collected monthly for 5 consecutive months from May to September 2012 from the
retail markets in Canakkale, Turkey.
2.2. Mineral analysis
To decrease the risk of contamination, the use of glassware was reduced to minimum and
polypropylene tubes were used. All the materials were washed first with 65% HNO3, and then rinsed
with bi-distilled deionized water.
For the determination of Ca, P, K, Na, Mg, Cu, Fe and Zn, the samples were digested with HNO3 /
HCl (2:1) (Aydin 2008). Then, the mineral contents were determined using a Perkin Elmer (Optima
8000) inductively coupled plasma - optical emission spectrometer (ICP-OES). The operating
parameters of the equipment are given in Table 1. The mineral composition of each sample was
measured in triplicate. The mineral contents of the samples were expressed as mg mineral per L. The
results were reported as the means ± standard deviation.
Table 1. Instrument operating parameters for ICP-OES
Parameter

Description

Rf power

1.30 kW

Plasma gas flow rate

2.0 L/min

Auxiliary gas flow rate

0.2 L/min

Nebulizer gas flow rate

0.55 L/min

Sample uptake rate

1.5 mL/min

Argon gas (high purity)

99.99%

Torch type High solids

axiel (1.8 mm, quartz)

Nebulizer type

Concentric glass;
cyclonic spray chamber
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Nebulizer pressure

200 kPa

Pump rate

1.5 mL/min

Replicates

3

Sample uptake delay

30 s
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2.3. Statistical analysis
The results were statistically analyzed using the Statgraphics Centurion XV software. Significant
differences among the means were determined by the Duncan test. The values were considered to be
significantly different at p<0.05.
3. RESULTS AND DISCUSSION
Dairy products are known to be significant sources of nutrients such as minerals. Therefore, the
determination of the mineral composition of these products is of crucial importance for their
nutritional evaluation.
The mineral contents of the kefir samples analyzed within the present study are given in Table 2. As
can be seen from the results, the samples show considerable variability. This variability might be
mainly due to the different composition of the raw milk used in the production of kefir, the different
supplements used in the production of kefir, the production technology as well as the processing and
fermentation conditions.
Table 2. The mineral composition of the kefir samples*
Plain Kefir
Min.

Kefir Supplemented with
Strawberries

Kefir Supplemented with Mixed
Berries

Max.

Mean±SD**

Min.

Max.

Mean±SD

Min

Max.

Mean±SD

Macrominerals
Ca

1716.1

1890.2

1820.1±77.1

1850.8

1913.2

1883.1±21.1

1702.5

1720.9

1711.5±9.2

P

1313.8

1452.5

1394.0±59.9

1416.5

1468.2

1440.0±17.6

1302.5

1317.4

1309.3±7.5

K

1162.7

1190.8

1178.3±12.3
a

1229.2

1341.8

1287.4±45.9
a

2182.3

2248.7

2205.5±37.5
b

Na

152.2

239.2

191.6±42.8a

152.3

155.5

153.5±1.1a

383.0

388.1

385.5±2.5b

Mg

223.2

243.1

235.3±7.2a

224.4

277.5

249.9±19.9a

153.5

161.4

156.4±4.3b

Microminerals
Cu

0.81

0.90

0.86±0.04a

0.55

0.74

0.67±0.07b

0.42

0.55

0.52±0.06c

Fe

2.15

3.36

2.75±0.59

1.94

12.10

7.01±5.47

3.10

4.45

3.62±0.75

Zn

5.62

5.90

5.75±0.12a

5.93

6.61

6.21±0.24a

2.55

2.72

2.62±0.08b

* The results are presented as mean±standard deviations with three replicates.
** Different letters in one row denote a significant difference among the values (p<0.05).
In general, dairy products are known to contain considerable amounts of calcium and phosphorus. Ca
and P are found in dairy products mainly in the form of calcium phosphate. These minerals are
essential for the bone formation. On the other hand, Ca is significant in the regulation of cell
membrane permeability, promotion of muscle contraction and blood clotting. P is not only important
for bone formation, but has also a significant role in the metabolic processes (Kitts & Kwong 2004). In
this study, the Ca concentrations of the analyzed samples were found to be in the range of 1702.5 and
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1913.2 mg/L, while the P concentrations varied between 1302.5 and 1468.2 mg/L. Although there was
no statistical difference among the Ca and P contents of the samples, the Ca and P composition of
kefir supplemented with mixed berries was slightly lower than the other samples. The mineral
composition of dairy products is mostly affected the type of the milk used, the production technology
and also the adjuncts used during the production process. Gulen, Kizilkaya & Cevik (2013) found out
that the mineral contents of kefir were higher than that of the specific milk samples. Similarly, Erkaya
& Sengul (2012) found out that the Ca and P concentrations of yoghourt were higher than those of the
milk samples.
Generally, the ratio of Ca/P in milk and yoghourt is found to be around 1.3 (Kitts & Kwong 2004,
Raynal-Ljutovac et al. 2008). In this study, this ratio for the analyzed kefir samples was estimated to
be 1.31. Similarly, Gulen, Kizilkaya & Cevik (2013) estimated this ratio to be 1.32 for kefir made
from either goat or cow milk.
The potassium composition of the kefir samples was in the range of 1162.7 – 2248.7 mg/L. The K
level of the various kefir samples varied significantly and kefir supplemented with mixed berries was
found to contain higher K content than plain kefir and kefir supplemented with strawberries (p<0.05).
The higher content of the kefir containing mixed berries might be due to the higher K content of the
fruits used in the product. K is known to play a significant role in the regulation of osmotic pressure,
formation of collagen and also in the transmission of nerve impulses (NRC 1989).
The Na levels of the samples analyzed within this study were found to vary between 152.2 and 388.1
mg/L. Similar to the K level of the samples, the Na concentration of kefir supplemented with mixed
berries was found to be significantly higher than the other samples (p<0.05). Sodium is known to be
significant in the human body for the regulation of osmotic pressure and also for the acid-base balance
(NRC 1989).
In human nutrition, magnesium is an important macromineral, since it is required for many
biosynthetic processes, as well as the nucleic acid and protein metabolism. Magnesium is also known
to be associated with the regulation of heart muscles (Gropper & Smith 2009). The Mg levels of the
kefir samples were found to be in the range of 153.5 and 277.5 mg/L. No significant changes were
observed between plain kefir and kefir supplemented with strawberries. On the other hand, the Mg
content of kefir supplemented with mixed berries was found to be significantly lower than plain kefir
and kefir supplemented with strawberries (p<0.05).
The copper levels of the kefir samples varied between 0.42 and 0.90 mg/L. The Cu contents of the
samples were found to be significantly different among the kefir samples. The highest Cu content was
detected in plain kefir, while the lowest was found in kefir supplemented with mixed berries (p<0.05).
For human nutrition, copper is designated as a micromineral, that is known to act as a cofactor of
enzymes involved in various metabolic processes within living cells. Additionally, copper is required
for the prevention of anemia, skeletal effects and degeneration of the nervous system (NRC 1989). On
the other hand, higher amounts of copper may lead to some abnormalities. Therefore the required Cu
amounts for human body are not well-differentiated.
In general, dairy products are not defined to be important sources of iron. The iron content in milk and
dairy products is greatly influenced by the type of feeding and may show considerable variability
(Cashman 2003). The Fe levels of the kefir samples analyzed within this study were determined to be
in the range of 2.15 – 12.10 mg/L. Because a significant difference among the standard deviations of
the means of the Fe concentrations of the samples was detected, no difference among the Fe level of
the samples was found.
Zinc is considered as an essential microelement, because it plays an important role in human
metabolism and acts as a cofactor of some enzymes involved in metabolic reactions. Usually, milk and
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dairy products are regarded as important Zn sources. Therefore, it is of significance to evaluate the Zn
levels of the kefir samples. The Zn concentrations of the kefir samples were found to vary between
2.55 and 6.61 mg /L. The Zn content of kefir supplemented with mixed strawberries was found to be
significantly lower than that of plain kefir and kefir supplemented with strawberries (p<0.05).
In this study, the mineral composition of industrially produced types of kefir was evaluated.
4. CONCLUSION
Fermented dairy products nowadays are considered as important mineral sources especially for
patients suffering from lactose-intolerance. In this study, the mineral composition of plain kefir, and
kefir supplemented with berry fruits was evaluated. Kefir supplemented with mixed berries was found
to contain higher amounts of K and Na. Dairy products supplemented with fruits might serve also as
sources of important functional bioactive compounds. Thus, in the future studies, the functionality of
such products might be investigated.
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Abstract
The monoclinic B-modification of lutetium and ytterbium sesquioxides was obtained by high pressure
high temperature (P=5.0 GPa, T=1000 C, 1300 C) treatment of cubic C-RE2O3 (RE=Yb, Lu) in
toroid-type high pressure apparatus. X-ray data from materials were collected in Imaging Plate
Guinier Camera G670 (Huber). The procedure of full profile Rietveld analysis was performed with the
help of GSAS (General Structure Analysis System) to get the structural information, which can be used
in structure data base. The unit cell dimensions are as follows: Lu2O3, a=13.6903(2), b=3.41261 (5),
c=8.4422(1) Å, =100.171(1)º; Yb2O3, a=13.7056(1) , b=3.43146(3), c=8.4730(1) Å
,
=100.157(1)º. A new high pressure phase of lutetium and ytterbium sesquioxides was found in the
samples after treatment at P=5.0 GPa, T=1000 C.
Key words: high pressure-high temperature treatment, lutetium sesquioxide, ytterbium sesquioxide,
X-ray powder diffraction, full-profile analysis.
1. INTRODUCTION
Rare-earth elements and their compounds, particularly oxides, are widely used in science and
technology due to the unique physical and chemical properties, such as fluorescent, laser and others.
The first systematic study of the polymorphism of sesquioxides of rare earth elements was conducted
by Goldschmidt with co-authors (Goldschmidt V. M., 1925). Depending on the size of the rare earth
atoms sesquioxides are crystallized in three structural types denoted by Goldschmidt as A, B and C. At
ambient pressure and temperature La-Pm oxides are crystallized in the hexagonal A-cell (S.G. P-3m, Z
= 1), Sm-Gd (Tb) - in the monoclinic B-cell (S.G. C2/m, Z=6) and (Tb) Dy-Lu – in the cubic C-cell
(S.G. Ia-3, Z = 16).
Tens of papers devoted to the investigations of transitions between these modifications, depending on
the temperature were published for the last more than 80 years (for instance (Warshaw J. and Roy R.,
1961, Foex M., Traverse J. P., 1965, Glushkova V.B. and Bogdanov A.G., 1965, Coutures J.P. et al.,
1976, Greis O., 1980, Chen G., 1992, Adachi G. Y. and Imanaka N., 1998, Zinkevich M., 2007 etc.)).
Influence of high pressure on the phase transitions in the lanthanide sesquioxides was studied in
several works (for instance (Hoekstra H. R., 1966, Atou T., 1989, Meyer C., 1995, Tschauner O. et al.,
2005, Hongo T. et al., 2007, etc)). The B polymorph is denser than C one on several percents which
leads to the C B transformation under high pressure.
Hoekstra (Hoekstra H. R., 1966) show that the pressure and temperature stabilize B-modification, and
already at P> 4.0 GPa oxides from Dy to Lu are crystallized in the monoclinic dense cell. The unit cell
parameters of the B phase for RE = Sm-Lu are presented in Hoekstra’s work. The structure of obtained
at ambient pressure monoclinic phases of Sm2O3 (Cromer D.T., 1957), Eu2O3 (Yakel H.L.jr., 1979),
Gd2O3 (Guentert O., 1958) and Tb2O3 (Hubbert-Paletta E.and Mueller-Buschbaum H., 1968) was
solved, refined and presented in structural databases. Guo with co-authors (Guo Q. Et al., 2007)
calculated the unit cell and position parameters for B-Er2O3 by using of density functional theory
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(DFT). The dependence of the unit cell parameters on the pressure at ambient temperature was
obtained for B-Lu2O3 (Jiang S. et al., 2010), B-Yb2O3 (Meyer C. et al., 1995). The structure of B phase
for Dy-Lu was not refined and therefore not represented in structural databases, and that was the main
motivation of this work. In the first step we have synthesized and refined the structure of two oxides
B-Lu2O3 and B-Yb2O3. The results of this work are presented below.
2. EXPERIMENTAL
A powders of C (cubic) modifications of Lu2O3 and Yb2O3 (Fig.1) of 99.9% purity were pressed into
pellets 1.5 2 mm in height and 3 mm in diameter. The toroid-type high pressure chamber was used
in the experiments (Fig.2). A detailed description of the equipment and the experimental procedure has
been given elsewhere (Zibrov I.P. et al., 1998, Filonenko V.P. and Zibrov I.P., 2001). This apparatus
allows us to study the kinetics of the transformations because it is possible to use the treatment times
from seconds till tens of minutes depending on the temperature.
P-T conditions of treatment corresponded to the stability range of B modification on the phase
diagram (Hoekstra H.R., 1966) namely, P = 5.0 GPa, T = 1000 C and 1300 C. The temperature was
held for 1-120 sec at 1000 C and 5-120 sec at 1300 C, followed by quenching the sample to room
temperature at a rate of ~100 C/s before the pressure was released. Extracted from the high pressure
chamber samples were purified mechanically from the hexagonal BN (hBN) and subjected to X-ray
phase
analysis on
a
diffractometer AXS with
the XY
position-sensitive
detector (Bruker, Germany). Selected for structural analysis samples were run in the Imaging Plate
Guinier Camera G670 (Huber, Germany) (Cu K 1 radiation). The obtained X-ray data were subjected
to full-profile analysis procedure using the software package GSAS (Larson A.C. and Von Dreele
R.B., 1987, Toby B. H., 2001). The diffraction peak shapes could be described by a symmetric, or
nearly symmetric, pseudo-Voigt function. The structure of Sm2O3 (Cromer D.T., 1957) was used as
starting model in the refinement.

Intensity, arb. units

20000 d

c
10000
b

a
0
15

30

45
2 , deg.

Fig.1. X-ray diffraction patterns of: starting C-Lu2O3 – a; starting C-Yb2O3 – b; Lu2O3 after treatment
at P=5.0 GPa, T=1000 C – c; Yb2O3 after treatment at P=5.0 GPa, T=1000 C – d. Arrows mark the
peaks belonging to unknown phase.
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Fig.2. Scheme of the high-pressure cell: 1- lithographic limestone container, 2 - cover from a mixture
of hBN and graphitic powders, 3 - cover from a hBN, 4 - graphitic heater, 5 - hBN powder, 6 sample, 7 - thermo-couple.
3. RESULTS
Experiments have shown that at the pressure 5.0 GPa and T=1000 C samples in addition to B-oxide
always contained a second phase (Fig.1). The amount of this phase in the samples was practically
independent on the treatment time in the range from 1 to 120 seconds. Indexing gives the tetragonal
unit cell parameters a=5.4915(8), c=5.3450(9) Å which are close to the unit cell parameter of fluorite
CaF2 (a=5.463 Å). The similarity of these two phases is confirmed by the fact that strongest peak of
the new phase (Fig.1c,d) on 2 =28.39° has indices (111). Hoekstra (Hoekstra H.R., 1966) has not seen
this phase, probably, because of longer time of annealing under pressure: 30 min. at T=1000 C. We
are trying to get this phase in pure form for structural studies.
Raising the temperature treatment till 1300 C resulted in obtaining monophasic samples containing
pure B-modification. The results of full-profile analysis for sesquioxides of Lu and Yb are shown in
Fig.3a,b and presented in the Table 1. Atomic coordinates and isotropic thermal parameters for these
compounds are presented in the Table 2 and selected interatomic distances - in the Table 3.

a

b

Fig.3. Rietveld refinement of B-Lu2O3 (a) and B-Yb2O3 (b).
Observed (+), calculated (solid line) and the difference between observed and calculated (bottom
curve) X-ray powder diffraction profiles are shown. The positions of all the allowed Bragg reflections
are indicated by the row of vertical tick marks.
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Table 1. Experimental detailes for B-Lu2O3 and B-Yb2O3.
Chemical formula

Lu2O3

Yb2O3

Chemical formula weight

397.93

394.08

Space group

C 2/m

C 2/m

a (Å)

13.6903(2)

13.7056(1)

b (Å)

3.41261 (5)

3.43146(3)

c (Å)

8.4422(1)

8.4730(1)

(°)

100.171(1)

100.157(1)

388.22(1)

392.24(1)

6

6

Dx (Mg m )

10.213

10.010

RF

0.030

0.041

RP

0.041

0.049

RWP

0.053

0.064

d (Durbin-Watson) (Hill R.J. and Flack
H.D., 1987)

0.220

0.179

No of parameters used

59

60

3

V (Å )
Z
-3

Table 2. Fractional atomic coordinates and isotropic displacement parameters Uiso (Å2) for B-Lu2O3
and B-Yb2O3.
Atom

Site

x

y

z

Uiso

B-Lu2O3
Lu1

4(i)

0.63614(11)

0

0.48388(13)

0.0265(6)

Lu2

4(i)

0.69091(12)

0

0.13703(14)

0.0099(4)

Lu3

4(i)

0.96750(16)

0

0.18584(19)

0.0299(5)

O1

4(i)

0.1321(8)

0

0.2747(11)

0.025

O2

4(i)

0.8324(9)

0

0.0134(12)

0.025

O3

4(i)

0.7615(10)

0

0.3995(13)

0.025

O4

4(i)

0.4608(9)

0

0.3434(12)

0.025

O5

2(b)

0

0.5

0

0.025

0.48590(13)

0.0203(5)

B-Yb2O3
Yb1
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4(i)

0.63567(11)
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Yb2

4(i)

0.69026(14)

0

0.13656(15)

0.0136(4)

Yb3

4(i)

0.96754(16)

0

0.18760(18)

0.0253(5)

O1

4(i)

0.1298(10)

0

0.2770(13)

0.048(2)

O2

4(i)

0.8201(13)

0

0.0195(15)

0.048(2)

O3

4(i)

0.7615(11)

0

0.3911(15)

0.048(2)

O4

4(i)

0.4687(12)

0

0.3446(15)

0.048(2)

O5

2(b)

0

0.5

0

0.048(2)

Table 3. Selected interatomic distances rij (Å) with STD’s (in brackets) for B-Lu2O3 and B-Yb2O3
and corresponding bond valences sij (according to (Brown I.D. and Altermatt D., 1985).
rij (B-Lu2O3)

rij (B-Yb2O3)

sij

Lu1-O1

2.449(7) x2

Yb1-O1

2.456(8) x2

0.265

Lu1-O3

2.315(8) x2

Yb1-O3

2.344(10) x2

0.359

Lu1-O3

1.971(12)

Yb1-O3

2.027(15)

0.846

Lu1-O4

2.139(12)

Yb1-O4

2.198(16)

0.533

Lu1-O4

2.482(11)

Yb1-O4

2.389(15)

0.318

Average

2.303

Average

2.316
Sum (valence of Yb1)

2.945

Lu2-O1

2.290(7) x2

Yb2-O1

2.322(9) x2

0.381

Lu2-O2

2.118(6) 2

Yb2-O2

2.155(8) x2

0.598

Lu2-O2

2.356(12)

Yb2-O2

2.185(18)

0.552

Lu2-O3

2.255(11)

Yb2-O3

2.205(13)

0.523

Lu2-O5

2.6649(15)

Yb2-O5

2.6598(17)

0.153

Average

2.299

Average

2.286
Sum (valence of Yb2)

3.186

Lu3-O1

2.246(11)

Yb3-O1

2.219(13)

0.503

Lu3-O2

2.142(11)

Yb3-O2

2.257(15)

0.454

Lu3-O4

2.175(7) x2

Yb3-O4

2.169(8) x2

0.576

Lu3-O5

2.4119(11) x2

Yb3-O5

2.4326(11) x2

0.283

Average

2.260

Average

2.280
Sum (valence of Yb3)
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O1-O2

2.564(13)

O1-O2

2.718(18)

O1-O3

2.549(12)

O1-O3

2.554(14)
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O1-O4

3.037(12)

O1-O4

2.932(16)

O1-O5

3.175(8)

O1-O5

3.185(9)

O2-O2

2.805(20)

O2-O2

2.554(26)

O2-O5

2.878(10)

O2-O5

3.032(15)

O3-O3

2.466(15)

O3-O3

2.579(19)

O4-O4

2.673(20)

O4-O4

2.622(25)

O4-O5

3.040(11)

O4-O5

3.025(13)

a

b

Fig.4. The structure of Yb2O3 along a axis (a) and along b axis (b).
Red and brown polyhedra are seven coordinated Yb [YbO7], green-six coordinated Yb [YbO6].
This figure was drawn with the help of ATOMS program (Dowty E., 1989).
4. DISCUSSION
As it is seen from the Table 3 Lu1,Yb1, Lu2 and Yb2 are seven-fold coordinated [REO7] whereas Lu3
and Yb3 are six-fold coordinated [REO6]. [REO7] polyhedra have a shape of capped trigonal prism:
six oxygen atoms form distorted trigonal prism and the seventh is placed in front of one of the three
rectangular faces (red and brown polyhedra in Fig.4). The shape of [REO6] polyhedron is distorted
octahedron (green polyhedra in Fig.4).
We could not calculate valence of Lu atoms because r0 value is not presented in the Brown’s paper
(Brown I.D. and Altermatt D., 1985). The valence of Yb3 2.674 (Table 3) is rather far from 3 in
comparison with Yb1 and Yb2. It is due to the small contribution of two bonds Yb3-O5 because of
their large bond lengths. The same situation is in [LuO6] octahedron (Table 3). The average RE-O
bond lengths are close to each other (Table 3) and within the standard deviations practically. The
average Lu-O bond lengths in C-Lu2O3 are less and correspond Lu1-O r=2.247 Å and Lu2-O r=2.235
Å (Saiki A. et al. 1985) and the average Yb-O bond lengths in C-Yb 2O3 are less too and correspond
Yb1-O r=2.252 Å and Yb2-O r=2.244 Å (Ishibashi H. et al., 1994). It is in a good agreement with
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bond valence calculations because C.N. of RE in C-RE2O3 is six (octahedra) and the more C.N., the
more bond lengths.
The positional parameters of metal atoms are practically the same as in Sm sesquioxide (Cromer D.T.,
1957) but oxygen positional parameters differ, especially O3 and O4. The most probable reason of
oxygen sublattice rearrangement is the big difference between ionic radii of Lu3+, Yb3+ (0.848 Å,
0.858 Å, C.N. 6, respectively) and Sm3+ (0.964 Å, C.N. 6) (Shannon R.D. and Prewitt C.T., 1969).
The B-Lu2O3 sample is crystallized worse in comparison with B-Yb2O3 as evidenced by the values of
FWHM (in Fig.1c diffraction peaks are broader than in Fig.1d). This made it impossible to refine
displacement parameters of oxygen atoms in B-Lu2O3 and they were fixed during refinement.
5. CONCLUSIONS
The monoclinic modification of Lu and Yb sesquioxides were obtained by treatment of C-Lu2O3 and
C-Yb2O3 at P=5.0 GPa and T=1300 C. The structure of these compounds was refined and compared
with the structure of B-Sm2O3. The structural parameters are sent to the database ICSD (Inorganic
Crystal Structure Data). A new sesquioxides of Lu and Yb were obtained after treatment of starting
cubic phases at lower temperature (around 1000 C). The structure solution of this new compound is
under way now.
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Abstract
The best analysis of the current situation is to have a clear vision of existing systems in Romania
compared to other systems abroad. The purpose of the analysis consists of defining business existence
in which we are involved, why we exist, what we do, how we act, how they add value to the business
while we achieve our goal. Therefore to know the situation we use a number of tools and logistics
management. We can say the companies have designed and developed logistics organization, oriented
mainly to transport and storage activities, which included logistics managers control more than 70%,
followed by ordering and delivery, inventory, control and supply.
Analysis Tools for Logistics Management (ATLM) can be made by various measurements and
analyzes, after which it collects and analyzes data, obtain immediate feedback to solve problems and
improve performance. Subject to any Romanian industries is the manufacture of products as varied
and complex as, for food and non-food consumption.
Key words: flexible processes, information flow, visual management, logistic tools & methods.
1. INTRODUCTION
The author has conceived a macro analysis to highlight negative aspects and possibilities of
development at five different companies, analyzing logistical methods currently used and therefore
this solution is an important contribution to the current state logistics.
The solution is based on differentiation from other companies, even if they are totally different.
Most of the solution is to use as many methods of management, each with a established goal. They
will serve managers as tools (weapons) against failure while the business. Details of the case studies
are included in order to prove that this solution could lead to future profits.
This paper focuses on customized logistics solutions in order to improve the performance of the
companies poor. Maybe it is difficult to see such an analysis, managers of firms they shall say that
numbers are not real, but that's why I put percentages and not numbers.
Business success today depends not only on the ability to meet market demand quality and quantity,
but can be long-term business strategy. This is taken into account only transnational or multinational
companies.
“Regardless of the considered industry, construction, economy, services, technical and economic
system typology is very diverse, with both internal and external ramifications analyzed domain.
Design and preparation of classification aims to highlight common elements of different types of
systems, depending on certain criteria. Categories identified, is of interest for theoretical work, but
also practical in situations where an entrepreneur builds and defines the own technical-economic
system. It must be outlined perfectly still at the design stage, something that requires accurate
knowledge of all existing features and capabilities so that future developments do not significantly
affect the initial construction.” [2]
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2. IN ANCIENT TIMES
We started with the ancient trade because I find like now. Logistics science added over time,
representative names which helps logistic staff today.
Seemed to me important to mention, the starting point of logistics, said the military has developed this
branch. I say that no, she has developed much faster, although logistics concept was first used in the
military sphere.
Logistics is regarded as a part of arts of war, is regarded as the practical application of the art of
moving troops. But I wonder part theory, which says how to do to win the battle, before the final
consumer? And, here comes the strategy.
Very interesting is the arrangement / occupancy, the ship and organization rowers. Most to a ship
counts as cargo to be equally distributed to counterbalance not ship. Moreover, using the FIFO system
as transporting perishable food goods. "First in - first out" (FIFO) is a method of processing and
retrieval of data. In a FIFO system, first introduced elements of the system are the first to go. In other
words, the elements are removed in the same order in which they are placed so that they have a shelf
life. Phoenician ships were loaded with amphorae filled with products, distributed products so not to
overturn the boat and to anchoring in various ports to exchange products by FIFO and LIFO, just now.
Old logistics involved: staff group activities and coordination - transportation, warehousing, order
processing and even storage.
“The best seafarers and ship builders of the ancient world were the Phoenicians. The Phoenicians
made important contributions to the marine science, having been credited with the division of a circle
into 360 degrees and having reliable celestial reference points.
The Phoenicians were traders rather than warriors whereas the Greeks were concerned with territorial
expansion and therefore used sea power as an instrument of conquest. These different priorities
naturally affected the types of boats favoured by the two emerging maritime powers. However the area
now known as the Levant had been a meeting place for warring races for millennia. It should not be
surprising, therefore, that the ships used by the Phoenicians incorporated features drawn from variety
of sources.” [7]

Fig. 1. A Phoenician trade ship of about 1500 BC.[7]
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3. THE 5 COMPANIES – ECONOMICAL & FINANCIAL DATES
“Following the concerns existing on national and international level, industrial companies have been
forced to develop and implement efficient management methods specific for production systems, in
order to become lean organizations. In any organization, these methods are the basic elements used for
efficient management of production systems, optimal allocation of resources, optimization of
production costs, waste elimination and reducing the time between receipt of customer orders and final
product delivery.” [3]
Turnover (CA) is often an important detail of a business plan is estimated on the basis of forecasts. At
some point it can become a barometer projections and coordinate important marketing strategy.
, where:
VB = turnover in the basic activity of the company and refers to the sale of products from the basic
activity of the company;
VA = turnover refers to the overall product sales.
In the companies we are interested in the situation when the turnover index is greater than the index of
manufactured products. Ica Iqf
Relationship between CA / Product Manufacturers, reflect the change stocks of finished products.
Static ratio is determined based on absolute measurements, but this analysis I will do in the next
article. [4]
3.1. Company producing paper
Company A. is a trade company specialized in paper manufacture for corrugated board, using paper
and board waste products as 100 % raw material. In this way they contribute to the protection of the
environment. At the present moment, with an existence of over 150 years, Company A finds itself on
the top of paper manufacturers for corrugated board from all over the country. [5]

Fig. 2. The company's financial data [6]
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3.2. Industrial thread manufacturing company
Company B. offers many years, on a global scale, range of sewing thread and embroidery thread with
technical services designed to provide professional solutions for its customers improve efficiency by
increasing the quality of products made and optimization of manufacturing processes.

Fig. 3. The company's financial data [6]
3.3. Bread and bakery company
Company C. is the biggest bakery producer in Brasov County, offering, in addition to the nationally
distributed lines of products, products specific to the area, including sliced potato bread, pretzels and
assorted 1.1-kg pound cakes.After its acquisition in 2005, the company began an intensive program of
modernization. By 2008, The Company C, had become the main supplier of high-quality products
prepared under maximal food-safety conditions to the four counties. [8]

Fig. 4. The company's financial data [6]
278

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
3.4 Car dealer – Sales
Company D. - Trading company cars, one of the first companies appeared on the market in Brasov.

Fig. 5. The company's financial data [6]
3.5 Insurance company
Company E. a small company insurance, working as an assistant in brokerage.

Fig. 6. The company's financial data [6]
“The structure of a system is given by all existing relationships between system components and the
relationships between them and whole. Thus we have the following relation :
S={

,

,

},

where: S - it is the system

- the external environment
- the composition
- the system status
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4. DATA ANALYSIS AND INTERPRETATION METHODS LOGISTICS AT THE FIVE
COMPANIES
Table 1. Analysis Tools for Logistics Management (ATLM). Case studies from different companies
METHODS

A

B

C

D

E

MRP

100%

100%

100%

100%

100%

KANBAN

30%

90%

-

50%

-

JIT

70%

10%

100%

50%

100%

FIFO/LIFO

FIFO&LIFO

FIFO

FIFO

FIFO&LIFO

LIFO

HEIJUNKA

100%

100%

10%

90%

-

KAIZEN

100%

50%

60%

90%

100%

5S

80%

100%

100%

100%

90%

JIDOKA

80%

100%

100%

-

-

KANO

90%

100%

75%

98%

99%

PULL/PUSH

PULL

PULL

PULL&PUSH

PULL&PUSH

PULL

ABC

50%

100%

100%

-

-

SMED

30%

50%

80%

100%

100%

TRIP. “A”

50%

100%

100%

90%

80%

OBEYA

-

-

-

100%

100%

SCM

90%

100%

100%

100%

60%

MRP (Material requirements planning) - All 5 companies analyzed have understood that it is
necessary to have a production planning and inventory control system used to manage manufacturing
processes.
KANBAN – method to control the amount of product flow
Note in the table that the companies C and E is not passed anything because they do not work at all
with stocks, that have stock 0, which is good. The company A works with 30% safety stock, which is
good, so no storage costs. The companies B and D, need stock to sell (production lasts long enough):
stocks have a vital function, namely to harmonize the flow.
Note that KANBAN system is completed with JIT system.
JIT (Just In Time) - system to produce only on demand
We have here, the company B 10%, just launching into production of urgent requests, which means
higher costs for the customer. The companies C and E with 100%, produce only on order, because the
manufacturing process of products is very fast, max a day and no additional cost.
FIFO/LIFO (First In-First Out/Last In-First Out) Where production involves a small term of validity,
production is clear FIFO and LIFO is where products on stock does not deteriorate over time.
HEIJUNKA – involve leveling of the production time and quantity for a fixed period of time.
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On leveling the amount of products, see the company E-not using this method because it produces
services and the company C produces only on command (production which is very fast).
KAIZEN - professional teams to identify and create improvements.
Both companies A and E, were is 100%, they are looking to develop and implement new things. The
companies B and C, multinational companies, working on standardization implemented globally,
therefore have an implementation rate of 40-50%, lower than other companies.
5 S - includes: sorting, stabilization, shine, standardization, change, all this to eliminate bad habits.
The companies C and E have to implement to standardization.
JIDOKA - involve stopping automatic production line, to detect an error.
This method does not exist at the companies where are production on sales. JIDOKA-focuses on the
causes, that determine problems arise in the system. Here, we have problems of work organization at
company A.
KANO - A model used to measure how well a product of service meets customer requirements. "Kano
analysis" is usually expressed visually via a "Kano diagram"
The best looks, company A, where we have 100%, well developed multinational. In the chapter,
"customer satisfaction", company c, shows the worst
PULL/PUSH
PUSH - assume that the market is saturated, offer range of products, but customer choose you because
you are under the noses customer product, you can test, you see. Most of the production going on
PULL option, factory only if there is demand in the market, they are not overloading the market.
Exception to the rule is the company E, who manufacture and sell insurance. A successful strategy
will usually have elements of both the push and pull promotional methods. If you are starting a new
business and intend to sell a product through retailers, you'll almost certainly need to persuade outlets
to purchase and stock your product, in this case C and D.
ABC (Activity-Based Costing) – it is a good visual method, Stock rotation method shows the
important or less important products. This method, let me make arrangement in the warehouse,
according to my suppliers requirements and show the location of each item. Note that, D & E , the two
companies that produce services not only apply their from upstream suppliers.
Single-Minute Exchange of Die (SMED) or One-Touch Exchange of Die, (OTED)
The lowest percentage in the big company A, as have to work on standardization. Company E, the
lowest, adapts quickly, otherwise lose and die.
TRIPLE. “A” : agile, adaptable, aligned - This method measures actually the rigidity of the
company, or the agility. Agile - the need to respond quickly to changes in demand or supply, to
recover quickly and easily from shocks such as natural disasters, computer viruses, loss of markets,
etc..Adaptable - size-oriented: that evolve over time with changing technology, economic progress
and political change in general, any new trends. Aligned - aligning their interests in participating firms
in which each chain is still responsible for what he produces or provides.
OBEIA - Working with open spaces where they discuss on each hierarchical level face-to-face. The
new method, recently appeared to solve problems of production managers and sales directors, is
increasingly used to optimize office space. Here, this method is used, only the D and E companies.
Perhaps others did not know how, possibilities of transmitting messages. Those involved,
communicate quickly in the same hierarchical level.
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SCM - It is a large system, in which each add something and then take. The goal is to make money as
a group, united by what they produce. Managing a supply chain is a complex process in a more
efficient logistics solution but difficult to control a some factors. From the table, it is observed that
there are four companies supply chain, being developed nationally and internationally and the fifth
company is conditioned by a single supplier, due to legislation. As the business grows with such chain
is higher.
5. CONCLUSIONS
When a company creates a logistics strategy, this goal must be the most cost effective. Therefore,
companies will consider relocations, mergers or acquisitions.Because supply chains are changing and
evolving, a company can develop a series of logistic strategies for specific product lines, for certain
countries or certain clients.
In supply chain, constantly appear updates that will affect every organization. To adapt to the
flexibility of the supply chain, companies should develop and implement a formal logistics strategy.
This will allow to the company to identify the impact of impending changes and to make
organizational or functional changes to ensure different levels of service and of course different costs.
As we have more methods of analysis, reduces uncertainty in supply, we control the demand and
supply. Supply executives expect to see continued growth, they are optimistic about their overall
business prospects for the year 2013. A decisive factor for global action is: being close to the
customers and the market developments.
Some of these methods will be developed analyzed in my future articles and in my doctoral thesis.
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INCREASING OF THE CUTTING POWER AT INSERTS FOR APPLICATION
IN THE AREA OF POWER INDUSTRY
Jaroslava Fulemova, Zdenek Janda
University of West Bohemia in Pilsen, Faculty of mechanical engineering,
Department of Machining technology, Universitni 22, 306 14 Plzen

Abstract
This article deals with the influence of cutting edge preparation on tool life, cutting forces and the
roughness of machined surface. The cutting edge preparation was done on the inserts with wiper
geometry which are used during machining of dividing plane at a steam turbine casing. This cutting
inserts were prepared by the technology of drag finishing on the edge radius 5, 10 and 15 m. The
workpiece material was ferritic – martensitic steel with the content of 9%Mo and 1%Cr and the
material of cutting inserts was submicron sintered carbide. There was used only one cutting insert in
the milling cutter.
Key words: edge radius, milling, tool life, roughness, forces
1. INTRODUCTION
During machining there are high local pressures between the tool and the workpiece, high
temperatures, cutting forces, etc. The cutting temperature, which is generated during cutting process,
exposes the cutting tool to extreme thermal conditions. Heat, which is also generated by chip
formation and by the friction on the rake face during high speed cutting, is adverse effect. This adverse
effect can influence the tool life. At both discontinuous and continuous cut the cutting forces act
unstable that is caused by small and very hard elements in the workpiece microstructure. That is why
there are very strict requirements on the cutting material. The example of requirements is following:
high hardness at elevated temperature, high fracture toughness, resistivity to tool wear and high
strength. The user expects from the tool productive machining and very low tool wear. These
requirements are possible to realize by better design of the cutting tool, new substrates, new deposited
thin layers, etc [Biermann & Terwey 2008]. The design of cutting tool is possible to improve in the
area of either macro-geometry (tool profile, reshaping, angles, etc.) or micro-geometry. Microgeometry of cutting tool is influenced to a certain extent by the cutting material and the deposited thin
layer, which influences the roughness of machined surface and also the edge radius. For the cutting
edge preparation there are used different methods, for example: brushing, drag finishing, mircoblasting dry, micro-blasting wet, magnet finishing, honing by hand, laser, etc. Most of these methods
are based on the principle of abrasive elements effect. The effect is transmitted by suitable process
media. The process media can be: air, paste, a fibre, a magnet, etc [Bouzakis 2009]. The required edge
radius is created by the combination of speed and the duration of abrasive movement or the workpiece.
The aim of cutting edge preparation is:
increasing the strength of the cutting edge
increasing the tool life
to reduce the internal stress of the coating
to reduce the risk of edge chipping
the preparation of the tool for deposition (smoother surface)
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to create the defined shape and size of the cutting edge
Why is it necessary to prepare cutting edges? In the Fig.1 there is shown the difference between a
sharp tool and a tool with prepared edge. On the left side there is the sharp cutting edge which was
created by grinding the rake face and the flank of the tool. The cutting edge has defined edge radius
because we are not able to produce perfectly sharp tool. The roughness on the tool edge is higher and
the surface of this tool may have defects. The defects can be:
micro – defects: they arise during grinding process and they are also caused by manipulation
among each step of production process. These defects can be seen both before and after
coating.
burrs: they are caused by the grinding process. Burrs can roll up over the cutting edge during
the cutting process and they can destroy it. Definitely necessity for coating is the tool without
burrs.

Fig. 1: Characterization of cutting edge preparation [Rodriguez 2009]
The cutting edge preparation can influence:
cutting forces/gyroscopic moment
cutting forces
tool wear – tool life
chip formation
quality of machined surface
accuracy of machining
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adhesion of deposited thin layer, etc.
At a production process of a cutting tool it is necessary to follow the influence of inter-process
preparation and also the influence of tool process technologies because right these factors have
essential influence on the success of coated thin layer and the tool life. The production process of a
tool can be seen in the Fig.2 [Buechel 2007].

Fig. 2: Manufacturing process for precision tools [Byrne, Dornfeld & Denkena 2003]
1.1 Definition of the wiper geometry and the cutting edge micro-geometry
The wiper geometry is special type of cutting tool geometry which is suitable for both turning and
milling operations. The theoretical Rt surface roughness value can be determined with the radius, tool
cutting-edge angle on the minor cutting edge and the feed rates on hand. For better quality of finished
surface is necessary to use either lower feet rates or higher edge radius. The next way is to use the tool
with wiper geometry. In the Fig. 3 there is shown the principle of standard and wiper geometry (all
values in the Fig.3 are in micrometer). The required surface can be also calculated very precisely in
advance.

Fig. 3: Comparison of standard and wiper geometry [Wiper geometry and surface finish 2012]
For the evaluation of the cutting edge micro-geometry it is necessary to use consistent specifications.
The cutting edge is defined by:

cutting edge radius r
parameters: r, , S and S
=

These parameters can be seen in the Fig. 4. K is defined to describe the symmetry of the contour
generated by the cutting edge rounding process. If K=1, the micro-geometry is symmetrical. While
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K > 1 indicates a slope towards the rake face and K < 1 describes a slope towards the flank [Denkena,
Lucas & Bassett 2011; Otec 2006].

Fig. 4: Characterization of the cutting edge micro-geometry
2. EXPERIMENTAL SETUP
The whole experiments were done on the three-axial vertical machining center MCV 750A.
Workpiece, which was fixed on the work-table of the machining center, was machined by a milling
cutter with diameter 80mm. External cooling was running. The milling cutter was fitted with the one
sub-micron sintered carbide tangential indexable insert without chip breaker (YDA323L101). Only
one indexable insert was used because it was necessary to remove the influence of insert´s
dimensional inaccuracy or the milling cutter on machined surface. During machining there was
measured: tool wear, cutting forces and roughness of machined surface. The following main criteria
were determined:
maximal tool wear VBn/KB = 0.2mm
roughness of machined surface Ra < 0.8 m
volume of removed material B 60cm3
The cutting conditions and technical data are shown in the Tab.1. There is also the photo of the milling
cutter, the indexable insert and the machining centre.
2.1 Cutting edge preparation
The cutting edge of the indexable insert was prepared on the edge radius 5, 10 and 15 m by the
technology of drag finishing. During this preparation the indexable insert is dragged in a circular
motion at high speed through a container filled with grinding or polishing media. The high-speed
motion creates high contact pressures between the workpieces and the media, producing perfect results
in a very short time in the form of high-precision rounding of the edges or a high-lustre finish. The
process media for drag finishing was composition walnut granulate with SiC
[http://www.otec.de/en/drag-finishing-units.html].
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Milling type:

Climb milling, outer
cooling

Axial depth of cut ap
[mm]:

0.02

Sezimovo Ústí

Cutting speed vc
[m/min]:

vc = 200

Feed rate fz
[mm/tooth]:

fz = 4.5

Three-component
piezoelectric dynamometer
KISTLER 9255 A

Spindle speed:
[ot/min]
Radial width of cut
ae [mm]:
Criterial value of
tool wear:

MCV 750 A
Machine tool:

n = 796

Measurement
system:

ae = 50
VBn = 0.2mm
KB = 0.2mm

Workpiece:

EN ISO
X12CrMoVNbN9-1 (185 ÷
260HB)

Tool:

Milling cutter Ingersoll ,
ø80mm, possibility to fix 4
inserts

Tab. 1: Technical and cutting conditions

Fig. 5: Description of the workspace
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Alicona InfiniteFocus –
optical measurement
system, surface metrology
and form measurement
Device for measuring
roughness Marsurf M300
Microscope
MULTICHECK PC 500
(zoom 10x, 30x, 75x a
150x)
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Edge radius
grinded edge

r = 5 m (K = 1)

r = 10 m (K = 1)

r = 15 m (K = 1)

Tab. 2: The photos of prepared tools – zoom 500x
The pictures in the Tab. 2 were captured by the scanning electron microscope and the edge radius was
measured on the Alicona Infinite Focus.
3. EXPERIMENTAL RESULTS
The experimental results will be mentioned in this chapter. Experiments were twice repeated; when
the difference among measured results was higher than 10percent we repeated experiment twice again.
3.1 Tool life
There is shown the influence of the edge radius on the tool life in the Fig. 6. During experimental
machining tool wear on the rake face and on the flank was measured. When the tools wear either rake
face or flank reached/crossed the criterial value the experiment was stopped. The experiment was also
stopped when the volume of removed material reached 60cm3. This value is important because this
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Tool wear VBn[ m]

experiment is based on real machining. The dividing plane of the body steam casing is machined by
this type of indexable insert. The one cutting edge must remove at least 60cm3. The Fig. 6 shows very
important information, that with increasing edge radius the tool life is also increasing. There is not the
tool which was “only” grinded in the Fig.6. The tool life of grinded tool was very low, lower than the
tool life of the tool with edge radius 5 m. The information in the scientific articles speaks about the
most suitable edge radius which is about 20 ÷ 25 m. We could not prepare the edge radius higher than
20 m, because the depth of cut is equal 20 m! So here can be confirmed hypothesis: increasing edge
radius (in the interval 5 ÷ 15 m) means increasing tool life. It is done by compact and smooth surface
of the cutting edge; the cutting edge has higher strength and it is without defects (see in the Tab.2).
The tool wear was in the form of chipping cutting edge parts for the edge radius r =5 and 10 m and in
the form of uniform tool wear for the edge radius r =15 m. The tool wear was measured on the rake
face and on the flank, but in the Fig. 6 is analysed on the tool wear on the flank. It is done because the
tool wear on the flank influences the roughness of machined surface more than the tool wear on the
rake face.

T = f (r ); vc=200m/min, fz=4.5mm/tooth,
ap=0.02mm

150

=5 m
= 10 m
= 15 m

120
90
60
30
0
0

20

40

60

Volume B[cm³]
Fig. 6: Influence of the edge radius on the tool life
3.2 Roughness of machined surface
The roughness of machined surface is also very important because it must not be higher than
Ra = 0.8 m; this value is written in the design documentation. The next parameter is difference of
machined surface roughness at the beginning and at the end of machining. It is not so suitable if the
difference of machined surface roughness is high because it means problems with accuracy of
machined surface, assembly problems and possibility of accidental cutting edge damage which can
influence integrity of machined surface. The influence of the edge radius on the roughness of
machined surface can be seen in the Fig.7. The lowest roughness of machined surface is reached with
the edge radius r = 15µm, because this tool is the most stable during machining. This tool has the
lowest tool wear, no defect on the cutting edge and the roughness of machined surface is the same
both the beginning and the end of machining. Roughness of machined surface for the edge radius r =
5 and 10µm is decreasing and from the volume of removed material 30cm3 is the same. It can be
explained as an incising (there is forming a cutting edge on the new tool).
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Ra = f (r ); vc=200m/min, fz=4.5mm/tooth,
ap=0.02mm

0.4

Ra [ m]

0.3
0.2
=5 m
= 10 m
= 15 m

0.1
0
0

20

40

60

Volume B [cm³]
Fig. 7: Influence of the edge radius on the roughness of machined surface
3.3 Force load
During machining process there were also measured components of cutting forces Fx, Fy and Fz. In
the Fig.8 there is influence of the edge radius on the total force load (a diagram on the left side) and
component of cutting force Fz (a diagram on the right side). The total force load was calculated from:

Fx2

F

Fy2

Fz2
Fz = f (r ); vc=200m/min,
fz=4.5mm/tooth, ap=0.02mm

F[N]

F = f (r ); vc=200m/min,
fz=4.5mm/tooth, ap=0.02mm
600

600

500

500

400

400

300

300
=5 m
= 10 m
= 15 m

200
100

=5 m
= 10 m
= 15 m

200
100

0

0
0

20
40
Volume B [cm³]

60

0

20
40
Volume B [cm³]

60

Fig. 8: Influence of the edge radius on the total force load (on the left side) and on the component of
cutting force Fz (on the right side)

290

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
Cutting forces are increasing with the volume of removed material (with increasing tool wear). The
lower edge radius, the higher total force load and the component of cutting force Fz. This result is very
interesting, because it should be to the contrary (the lower edge radius, the lower cutting forces). The
tool with edge radius 5 m is sharper than the tool with edge radius 15 m. Sharper tool should
generate lower cutting forces because this tool easier enters to the material, but when we look in the
Fig. 6 we can see the answer to this matter. After removing the volume 6cm3 the tool wear of the tool
with edge radius 5 m is almost 0.085mm and the tool wear on the tool with edge radius 15 m is
around 0.035mm so the tool wear is responsible for higher cutting forces for the tool with lower edge
radius.

Fig. 9: Comparison of the edge radius 5 and 15 m
4. CONCLUSION
This article was focused on the influence of the edge geometry on the tool life, roughness of machined
surface and the cutting forces during finishing machining of ferritic-martensitic stainless steel which is
used for cast of body steam casing. The described technology is used for machining dividing plane
where the depth of cut is 0.02mm, so it means that the edge radius cannot be higher than 20µm. Submicron sintered carbide indexable insert, which was only grinded on the functional surfaces, was
prepared by the technology of drag finishing on the edge radius 5, 10 and 15µm. The cutting
conditions was experimental determined (the extensive experiment went before this experiment) on
the vc = 200m/min, fz = 4.5mm/tooth, climb milling and external cooling. The results were clear and
they were with theoretical hypotheses that the best edge radius is 15µm (from the tested interval
5 ÷15µm). The tool with the edge radius 15µm reached the highest tool life, the lowest roughness of
machined surface and the lowest force load in comparison to the tools with edge radius 5 and 10µm.
The roughness of machined surface and the force load is in connection with the tool wear. The tool
wear on this tool was uniform. The other tools were worn by chipping of cutting edge. So the
recommendation for using indexable inserts with wiper geometry on this specific machining process is
following: vc = 200m/min, fz = 4.5mm/tooth, ap = 0.02mm, r = 20µm, climb milling and external
cooling.
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Abstract
The influence of extrusion parameters on reinforcements distribution and properties of AA6061+x%
vol. SiCp (x=0; 2.5; 5; 7.5; 10) composites was discussed in this paper The averages size of AA6061
and SiC particles were 10.6 m and 0.42 m, respectively. The composites were consolidated via
powder metallurgy processing (without the sintering) and extruded by KoBo method. The
microstructure was examined on each steps of production. High values of density for all produced
composites were achieved. Additionally, hardness and Young’s modulus were investigated. The best
reinforcement distribution and mechanical properties were obtained for composites extruded with the
highest extrusion ratio.
Key words: aluminum alloy, extrusion, aged hardening, metal matrix composites, microstructure
1. INTRODUCTION
Despite many years of experiences the aluminum matrix composites (AMCs) still make a lot of
difficulties at the manufacturing stage. High physical properties are obtained by strict control of the
technological parameters. It is essential to provide not only the appropriate matrix alloy
microstructure, but also a homogeneous distribution of the reinforcements and the proper matrix
/reinforcement interface.
One of the main difficulties in the preparation of AMCs is to achieve good interfacial bond between
the matrix and the reinforcement [1-4]. At a typical sintering temperature range, wettability of
reinforcement with molten aluminum matrix is generally poor. Another problem is possibility of
occurrence chemical interactions (formation of deleterious products such as: aluminum carbide) on
matrix/reinforcement interface. In order to improve the wettability and reduce the interface
degradation several methods including the modification of the matrix composition, coating of the
reinforcement and control of process parameters have been widely used [5-9].
Many technological difficulties provide also achieve homogeneous distribution of reinforcement in the
matrix alloy. In the case of casting methods particle segregation can occur on three stages of the
manufacturing process: during the mixing of particles in the melt alloy, after mixing but before
solidification, and during the solidification of the matrix. In case of composites made by powder
metallurgy (PM) route, clustering can occur either because of static charge present on reinforcement
particle surfaces [10] or due to particle size mismatch [11]. In the first case, reinforcements
segregation can be reduced by the use of polar solvents, which neutralize the charges at the particles
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surface [12]. In the second case the agglomeration can be controlled by modifying the relative
particles size ratio (RPS), which can be define as the ratio between average size of matrix and
reinforcement particles. Based on the matrix and reinforcement particles size the model, which allows
selecting appropriate components particles size, was developed [13]. The model describes the
relationship (1):
dm

dp

1
8

6f

(1)
1

where: dp – reinforcement particles size,
dm – matrix powder size required to attain homogeneous reinforcement distribution ,
f – reinforcements volume fraction.
The equation shows that to obtain a uniform distribution of reinforcement particles the matrix and
reinforcement particles size should be similar. As follows from literature [14, 15] higher strength
properties of composites reinforced with fine particles are received. Consequently to obtain a
homogeneous reinforcements distribution the use of fine matrix particles are required. However, it is
very difficult to fabricate such small metal powder particles (especially from aluminum) due to the
formation of oxide layer, agglomeration, etc. [16]. Smaller size of dp can be applied by the use of
secondary deformation methods such as extrusion or rolling. The formula for required matrix and
reinforcement particle size, depending on the extrusion or rolling ratio is described by the equation (2)
[17]:
dm

dp

(2)

1
8

6f

R
1 R'

where: R – extrusion ratio,
R’ – rolling ratio.
However, even in this case, when fine reinforcing particles were applied, extremely high values of
extrusion or rolling ratio are required.
Method which allow for application high value of extrusion ratio is direct extrusion with cyclic
changes of deformation path (KoBo method). The idea is based on forcing plastic flow within shear
bands. It is realized by superimposing an additional cyclically reversed action of the die on the
unidirectional operational forces of punch. The die movement is transmitted into the treated material,
by the rows made on front face of die [18, 19]. Apart from the parameters typical for conventional
extrusion methods i.e. temperature, extrusion ratio and load of punch, additional parameters such as
angle and frequency of reversibly rotating die, are applied. The objective of this process is a
significant reduction in the deformation work, less wear of the tools, as well as the possibility of
controlling the final structure of the product [20]. Furthermore application of movable die can improve
the homogeneity of the composites by crushing the agglomerates [21-23]
In this study, the influence of extrusion parameters on reinforcements distribution and properties of
AA6061/SiCp composites was investigated.
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2. EXPERIMENTAL PROCEDURE
Composite powders of AA6061 matrix (alloy composition shown in Tab. 1). ) reinforced with 2,5; 5;
7,5; 10 vol. % of SiCp were fabricated via powder metallurgy technique. Additionally reference
(unreinforced) sample was produced. The AA6061 powders (average grain size 10.6 µm) and -SiCp
(average grain size 0.42 µm) were mechanically blended and then cold isostatic pressed (CIP) to
achieve compacts with a diameter of 40 mm and a length of 50 mm. Prepared “green compacts” were
consolidated by direct extrusion with reversibly rotating die (KoBo method). The parameters of the
extrusion process are shown in Tab. 2. More detailed information on the KoBo method are given
elsewhere [24, 25].
AA6061

0,272

0,011

1,04

0,111

0,634

0,001

0,179

0,006

0,006

Balance

Alloy

Cu

Mn

Mg

Fe

Si

Zn

Cr

Ni

Ti

Al

Table 1. Chemical composition of AA6061 alloy (wt. %)
Two sets of extrusion parameters (named as preliminary and optimized) were applied to investigate
they influence on materials properties. Moreover, for optimized parameters, two series of composites
(with different extrusion ratio, ) were produced to examine the influence of value on SiCp
distribution. Additionally for composites extruded with =100 the die hole was moved from axis to
edge of die. The idea of different die hole position was applied to eliminate possible non-uniformity of
the SiCp distribution in the perpendicular cross section of the rods. When the die hole is placed in the
die axis, the central part of extruded material could not be twisted, so the material microstructure can
change on the rod diameter. This problem can be eliminated by application the die hole located on the
die edge.
The AA6061/SiC composites rods with diameter of 8 and 4 mm and a length of 1 m were cut
perpendicular/parallel to the extrusion axis. The composites microstructure was analyzed after the
compaction of powder mixtures, and the extrusion by KoBo method.

Preliminary
Optimized

Rod
diameter
[mm]

Temp.
[oC]

Oscillation
angle
[deg]

Frequency
of the die
oscillation
[Hz]

Ram speed
[mm/s]

Extrusion
ratio

8

350

8

5

0,5

25

8

350

4

max. 8

0,5

25

4

350

4

max. 8

0,5

100

Table 2. The parameters of the extrusion process
Microstructure observations using an optical microscope (Nikon Eclipse MA200) were executed. The
size of SiC agglomerates, before and after the extrusion process, was analysed applying image
analyzer equipped with NIS-Elements software. Furthermore, the reinforcement distributions on
perpendicular and parallel cross section were measured. Fundamental properties of the materials such
as hardness and Young's modulus were studied as well. The hardness applying a Vickers Hardness
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Tester FV-700e (Future-Tech) was measured, and the Young’s Modulus utilizing an Optel ultrasonic
refractometer was determined.
3. RESULTS AND DISCUSSION
Figure 1 shows the surface condition of AA6061-10 vol. % SiCp composites rods extruded at
preliminary and optimized conditions. It was clearly seen that for composites extruded at preliminary
parameters the surface condition was poor (Figure 1a). The fir-tree cracks were observed on the rods
surfaces. Moreover, the cracking was more intensive for composites reinforced with higher volume
fraction of SiCp. The effect is widespread disadvantage of extruded materials and occurs both in the
unreinforced and composites materials [26, 27]. Cracks formation is associated with high extrusion
temperature, high friction, or high extrusion speed [28] and causes a reduction of mechanical
properties and waste of material. The cracking can be eliminating by decrease of temperature and/or
extrusion speed [29]. In case of the KoBo method determination of the speed of materials plastic flow
is complicated because its value affects not only on ram speed but also on the oscillation angle and
frequency of the die rotation. Increase of those parameters increase of plastic flow. In order to reduce
the flow speed the decrease of rotation angel was applied. Moreover, the frequency of die rotation was
not constant but was being changed during extrusion in range 8-5 Hz (optimized parameters). As a
result rods with good surface quality were achieved (Figure 1b).

Figure 1. Surface of the AA6061 -10 vol. % SiC composite rods ( =25), a) preliminary parameters, b)
optimized parameters
For composites extruded in optimized parameters microstructural analyses were determined. Figure 2
presents the microstructure of green compact and composites extruded with different extrusion rates.
Compact microstructure (Figure 2a) shows individual matrix alloy particles and SiCp agglomerates.
Application of plastic deformation significantly decreases the agglomerate size (Figure 2b). Moreover,
comparing microstructures of composites extruded with =25 and 100 more homogenous distribution
of SiCp was noticed for composites obtained with higher extrusion ratio. The microstructural
observations confirmed the quantitative analysis of the agglomerates size (Figure 3).
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Figure 2. Microstructure of AA6061-5 vol. % SiCp composites a) green compacts, b) composites
extruded with =25 - perpendicular cross section to the axis of extrusion, c) composites extruded with
=100 - perpendicular cross section to the axis of extrusion
The average equivalent diameter of reinforcements agglomerates was three times lower for composites
extruded with =25, than for the compact. Application of higher extrusion ratio additionaly decreases
the agglomerates size by 20 %. Moreover, for all series, the agglomerates size increased with
increasing of SiCp volume fraction.
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Figure 3. Influence of reinforcements volume fraction on average equivalent diameter of SiCp
agglomerates
Besides size also shape of agglomerates changed after extrusion. The stereological parameters are
summarized in Table 3. The circularity and elongation values are lower for composites, compared
to compacts. This may indicates that the agglomerates have a more irregular shape. There are no
significant differences in the shape parameters between composites extruded with =25 and 100.
vol. % SiC

CV( )

CV( )

Green compacts

-

2,5

0,7

0,3

1,84

0,31

5

0,68

0,31

1,94

0,31

7,5

0,67

0,27

2,04

0,35

10

0,57

0,39

1,97

0,31

Composites - perpendicular cross section

25

2,5

0,55

0,33

0,55

0,29

5

0,49

0,32

1,83

0,26

7,5

0,47

0,41

1,77

0,26

10

0,48

0,4

1,77

0,46

Composites - parallel cross section

25

298

2,5

0,5

0,35

2,02

0,36

5

0,39

0,37

2,05

0,34

7,5

0,39

0,52

1,89

0,34

10

0,4

0,5

1,96

0,34
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Composites - perpendicular cross section

100

2,5

0,54

0,37

1,8

0,3

5

0,52

0,34

1,79

0,36

7,5

0,5

0,33

1,78

0,26

10

0,55

0,34

1,75

0,26

Composites - parallel cross section

100

2,5

0,59

0,33

1,90

0,33

5

0,49

0,32

1,95

0,32

7,5

0,47

0,37

1,86

0,34

10

0,47

0,33

1,88

0,27

Table 3. Stereological parameters of SiCp agglomerates
Due to the fact that materials after extrusion indicate directional microstructure (parallel to the
extrusion direction) the microstructures was also examined in parallel to the rods axis direction (Figure
4). In both series of the composites, SiCp and their agglomerates are distributed in bands parallel to the
extrusion direction. The average equivalent diameter of SiCp agglomerates were approximately 7 %
higher compared to perpendicular cross section (Figure 5).

Figure 4. Microstructure of the AA6061 - 5 vol. % SiCp composites - parallel cross section a) =25 b)
=100
Similarly, as in perpendicular cross section, the agglomerates size decrease with increasing extrusion
ratio. The coefficient values (Table 3) are higher compared to the perpendicular cross section, which
mean that the agglomerates are elongated.
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Figure 5. Comparison of the average equivalent diameter of the SiCp agglomerates in the
perpendicular and parallel cross section
Another factor, next to SiCp agglomerates size, which has significant impact on strength properties is
homogenous distribution of reinforcement in the matrix. The SiCp distribution was analyzed by using
skeleton by influence zone (SKIZ). In this method, the influence zones of microstructure elements are
determined. Base on coefficient of variation of zones area (CV(A)) it is possible to compare of
homogeneous distribution of tested materials. Additionally, to determine the SiCp distribution along
the rods diameter, analysis was performed near axis and edge of the rods. The analysis results are
shown in Figure 6. For composites extruded with =25 the difference between edge and axis were
seen. Higher values of CV(A) were observed in axis of the rods which mean that SiCp distribution was
worse in axis area. Application of higher extrusion ratio and changing the die hole position causing not
only decreasing of CV(A) but also more uniform distribution of reinforcements along the rods
diameter. Moreover, for both series of composites, increase of CV(A) with increasing of SiCp volume
fraction was noticed. The results indicated that higher extrusion ratio improve the reinforcement
distribution. The obtained results confirm literature data concerning the nature of the material flow
during extrusion by the KoBo method [30]. When the die hole is arranged in the axis of forming tool,
the central part of the material is not subjected to torsion. This may causes by poor reinforcement
distribution along the rod diameter. Changing the hole position from axis to edge of the die makes that
entire material volume is subjected to torsion and better reinforcement distribution is obtained.
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Figure 6. Comparison of the CV(A) values for different extrusion ratio vs. SiCp volume fraction
Besides the microstructure also hardness of composites were analyzed. The measurement results are
summarized in Figure 7. For both series of composites, the hardness increase with increasing of SiCp
volume fraction. Comparing the results obtained for composites extruded with =25 and =100, no
significant differences were observed. Slightly lower hardness values for unreinforced, 2.5 and 5 vol.
% SiCp composites (extruded with =100) were noticed compared to composites extruded with =25.
However, almost the same level of hardness is reached for composites reinforced with 7.5 and 10 vol.
% SiCp.

Figure 7. Influence of SiCp volume fraction on Vickers hardness
The highest hardness values were obtained for AA6061-10 vol. % SiCp composites (70 and 72 HV
respectively for =25 and =100 composites). A similar relation was observed in the case of Young's
modulus (Figure 8).
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Figure 8. Influence of SiCp volume fraction on Young’s modulus
Similarly as hardness, also Young's modulus values increase with increasing of SiC p volume fraction.
However, big differences (almost 6 % for unreinforced alloy) were observed between the composites
extruded with =25 and =100. The reasons for this effect can be found in the texture of materials. As
follows from literature, E value can change from 77 GPa <111> to 64 GPa <100> [31]. Due to the fact
that, in the case of extrusion with =100 the die hole was placed on the edge of forming tool, the entire
volume of the material was subjected to torsion. This could lead to changes in the crystallographic
texture of materials (lower volume of <111> direction) and consequently decrease the Young's
modulus for composites extruded with =100.
CONCLUSIONS
The conclusions drawn on the basis of this study can be summarized as follows:
The higher extrusion ratio and placement the die hole on die edge improves homogeneous
SiCp distribution in edge and centre of the rods. Moreover, differences in reinforcements
distribution, between edge and center, were lower for composites extruded with =100.
Additionally, the reinforcements agglomerates size, in perpendicular and parallel cross section
decrease with increase extrusion ratio value.
The SiC p distributions along the rods diameter were better for composites extruded with
=100. It is extremely important because homogeneous reinforcements distribution along rod
diameter could provide stable mechanical properties of composites on cross section
The hardness and the Young’s modulus increases with increasing SiCp volume fraction.
However, those parameters were slightly higher for composites extruded with =25
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Abstract
The performed investigations are aimed at estimating the accuracy of image processing using different
image point measurements. For this purpose, digital close-range images were processed applying
photogrammetric software PhotoMod. The measurements have been made employing two methods:
stereo and manual mode. Two or more overlapping images are matched when control and tie points
are estimated. The images of two objects have been taken for experimental investigation. Control
points and tie points were measured switching either to stereo or manual mode applying the required
software. The control points of the first object are distributed on the surface of a smooth facade and
on the surface of different (a few) levels. The process of image matching includes the calculation of the
correlation coefficient, vertical parallax residuals and the root mean square of the object. Following
image transformation (adjustment processes) to the created 3D model, the accuracy of the measured
points is determined. All these values show the precision of close-range photogrammetric processes.
Such accuracy satisfies requirements for creating a proper digital terrain model and orthophoto
generation.
Key words: close-range photogrammetry, correlation coefficient, manual mode, stereo mode.
1. INTRODUCTION
The photogrammetric method of object measurement processes consists of taking images of an object
employing a professional calibrated photo-camera and processing these images applying appropriate
software. To obtain highly accurate and reliable results, it is necessary to control the capture of photo
images and processing accuracy. The processes of photogrammetric images cover relative and
absolute orientation, bundle adjustment, stereo-digitalisation, digital terrain model generation and
orthophoto creation. A geometric model of the object is made of relative orientation that embraces the
interior orientation of the image and matching the image. The point measurements of the images can
be divided into two methods: stereo mode and manual mode. When the geometric model of the object
is produced using stereo mode, an operator can measure the points (control (CP) and Tie points) with
special glasses. The operator can observe a three-dimensional object through the image view on the
computer screen and carry out measurements in both photo images at the same time. During manual
measurements, the points are estimated separately in each of the images and then processed adopting a
correlation approach or applying to least-square adjustment techniques. The value of correlation
coefficients shows how accuracy at that particular point is measured. The quality of the obtained
results is estimated by vertical parallax residuals in the measured points and root mean square (RMS)
geometric models.
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The goal of the carried out experiments is to respond to the below introduced questions:
1. What available and acceptable maximum value of the correlation coefficient will be used for
measuring the points employing manual methods in overlapping images?
2. What errors of vertical parallax residuals and RMS will be used for measuring manual or stereo
modes in overlapping images?
2. CALCULATION OF THE CORRELATION COEFFICIENT
The correlation coefficient is used for a close range photogrammetric application of image point
measurements. Applications include a comparison of two overlapping images for the purposes of
image registration, CP or Tie point recognition and measurement. The correlation coefficient (q) is
calculated according to the formula (Pot ková, 2004; Mileškait , 2011):

q

q LR
,
q L qR

(1)

where q LR – covariance of left and right image patches; q L – standard deviation of image patch L (left
image); q R – standard deviation of image patch R (right image).
The correlation coefficient (q) has value 1 q 1 if two overlapping images are absolutely identical,
q = 0 if they are completely uncorrelated (stereo point measurement) and q = –1 if they are completely
anti-correlated when the left image is a negative right image.
For digital colour image processing, an equation for the correlation coefficient can be modified using a
mean value of three channels as a single similarity measure (Pot ková, 2004; Mileškait , 2011):

q

q red

q green
3

q blue

.

(2)

Correlation coefficients are calculated considering two overlapping images during the relative orientation of photogrammetric processes in the following way (Hanke, 2002):
1. Measuring Tie points of stereo pairs (models) in overlapping areas and triplet zone (in case we
have more than two images) images;
2. Input value of coordinates and measuring CP in the overlapping image;
3. Accuracy control using the correlation coefficient that is calculated applying the manual point
measurement method in overlapping images. When the points are measured by stereo mode, the
correlation coefficient is not calculated (q = 0);
4. Accuracy control using vertical parallax residual. After measuring the points on the images, the
relative orientation parameters of the images are calculated. They are the maximum error of vertical
parallax residuals ( Emax ) and the root mean squared error (RMS) (Kiseleva, 2002):
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Emax

2 Emean ,

RMS

2 Emean ,

(3)

where E mean – is a mean error of measurement points on the overlapping images. This error should
not be greater than half of matrix pixel size for digital camera.
After measuring Tie and CP in stereo pairs (models), they should be transferred to the geodetic
coordinate system. Relative orientation accuracy can be checked comparing the discrepancies of point
measurements in adjacent models (triplets). Triplet errors E X , EY , E Z , in their coordinates X, Y and
Z were calculated for two adjacent models. The mean errors of measurement points in the XY plane
and Z coordinates are calculated by the following formulas (Kiseleva, 2002):

E xy ( mean)
E z ( mean)

2 0.5 pxl ,
c
E xy( mean) ,
bx

(4)

where pxl – is the matrix pixel size for a digital camera; c – is the focal length of a camera; bx – is a
photographic base in the image scale.
3. EXPERIMENTAL WORKS
To evaluate the possibilities of point matching methods creating the 3D model, the fragment of two
heritage objects was chosen. The first one is a church built in 1881 in the settlement of Raudenai,
Šiauliai municipality, Lithuania. The second object is a farm building in Arnioniai manor, Moletai
municipality, Lithuania. Both objects were reconstructed last year. During reconstruction, it was
necessary to have photogrammetric fixation of the object facade.
Thus, colour digital images of two objects were taken by the professional digital photo-camera Canon
EOS 1D Mark III (Figs 1 and 2) that was calibrated (optical distortions were determined and
evaluated) using Tcc software at the Institute of Photogrammetry in the University of Bohn (Germany)
in 2008 and 2012 (Sužiedelyt -Visockien ; Bru as, 2009 a, b; Sužiedelyt -Visockien , 2012). The
focal length of the camera is 50.76 mm and pixel size in a camera matrix pxl = 6.4 m.
The facade of the first object (house) has a smooth surface (Fig. 1). The facade of the second object is
advanced and has two different point measurement levels of the surface (Fig. 2). CP and Tie points are
marked on the facade. All these points are used for the relative orientation of photogrammetric
processes. CP have been measured considering the images of the manual (mono) and stereo modes of
the first object. The correlation coefficients (q) and vertical parallax residual (E) of the measured
points have been calculated following the measurement. Accuracy results are shown in Table 1.
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Fig. 1. Three overlapping images (593/587/591)

Fig. 2. Two overlapping images (547/549)
Table 1. Accuracy analysis of point measurements using manual modes of the first object
No of CP points

q

E, pxl

Model of 593/587

308

q

E, pxl

Model of 587/591

803

0.996

-0.011

0.997

0.002

901

-

-

0.998

0.040

902

0.994

0.014

0.997

0.006

903

0.992

-0.012

-

-

904

0.996

-0.133

0.996

0.148

910

0.994

0.018

0.997

-0.014

913

-

-

0.998

-0.067

914

0.995

0.019

0.997

-0.024

915

0.995

-0.001

-

-

916

0.997

0.070

0.997

0.094

917

0,995

-0,130

-

-

927

0,995

-0,026

0,998

0.006

928

0,994

0,006

0,996

0.009

929

-

-

0,997

-0.078

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
930

0,995

Emean

0,184

0,997

0.079 pxl

Emean

RMS=0.111 pxl

-0.119
0.070 pxl

RMS=0.099 pxl
The result of image adjustment

E xy ( mean )

0.003 m, E z (mean)

0.001 m

The correlation coefficients (q) of the measured points have not been calculated in stereo mode. The
results of vertical parallax residuals are shown in Table 2.
Table 2. Accuracy analysis of point measurements using stereo modes of the first object
No of
CP

E, pxl

E, pxl

points

Model of 593/587

Model of 587/591

803

–0.084

–0.513

901

–

0.229

902

0.140

0.017

903

–

904

0.161

–0.196

910

–0.056

0.084

913

–

0.334

914

0.037

–0.744

915

0.133

0.827

916

–0.068

0.154

917

0.012

–

927

0.000

–0.106

928

–0.193

–0.008

929

–

930

–0.281
E mean 0.148 pxl
RMS =0.209 pxl

0.060

E mean

0.369 pxl
RMS =0.522 pxl

The result of image adjustment

E xy(mean)

309

0.003 m, E z (mean )

0.001 m
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The results of the first object show that the relative orientation and image adjustment of measuring
manual and stereo points (Tables 1 and 2) are of similar and good quality. Consequently, if an object
has a smooth surface, it is possible to measure the points manually or by stereo mode. The correlation
coefficient (q) is 0.992–1.00.
As for the second object, two overlapping images (Model 549/547) have also been measured using CP
manual and stereo modes. Accuracy results are shown in Tables 3 and 4.
Table 3. Accuracy analysis of point measurements using manual modes of the second object
No of CP

q

E, pxl

Model of 549/547

points
701

0.991

–1.962

720

0.987

–0.407

703

0.994

–1.238

702

0.990

0.126

114

0.989

2.254

113

0.956

1.904

895

0.963

–0.066

894

0.974

1.061

E mean

1.387 pxl

RMS =4.997 pxl
The result of image adjustment

E xy (mean)

0.035 m, E z (mean )

0.082 m

Table 4. Accuracy analysis of point measurements using stereo modes of the second object
No of CP
Points
701

E, pxl
Model of 549/547
–0.304

720
703
702
114
113
895
894

0.435
0.308
–0.063
–0.408
0.115
–0.160
0.127

E mean

0.148 pxl; RMS =0.284 pxl
The result of image adjustment
E xy(mean) 0.003 m, E z (mean) 0.005 m
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The results of the second object indicate that the relative orientation and image adjustment of manual
and stereo point measurements (Tables 3 and 4) are different. The results of the points measured in
stereo mode are good enough; the mean errors of measurement points in the XY plane and Z
coordinates are small. The results of point measurements and image adjustment applying manual mode
disclose big blunders ranging from 0.03 to 0.08 m. Consequently, if the points are measured on more
than one surface, it must be done in stereo mode. The correlation coefficients of the image adjustment
of manual mode are 0.960–0.991.
A comparison of the point vertical parallax E mean of measurement points on overlapping images and
RMS image processing in manual and stereo modes are shown in Figs 3 and 4.

Fig. 3. Values of vertical parallax E mean in pxl

Fig. 4. Value of RMS in pxl
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A comparison of the results of image adjustment E xy

mean

, E z mean in the images of manual and

stereo modes are shown in figures 5 and 6.

Fig. 5. Value of mean errors E xy

mean

, in m

Fig. 6. Value of mean errors E z

mean

in m

Figures 3–6 clearly indicate that the point measurements of the second object using manual (mono)
mode has unacceptable errors, whereas the point measurements of the first object has been done using
manual or stereo mode.
4. CONCLUSIONS
The images of two heritage objects have been taken for experimental investigation. Control points and
tie points have been measured using stereo and manual mode. The control points of the first object are
distributed on the surface of the smooth facade and on the surface of different (a few) levels.
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The process of image matching of the smooth surface object points to the value of the determined
correlation coefficient, which makes 0.992–1.00. The mean error of the vertical parallaxes of the
measured points makes E mean = 0.07–0.15 pxl and root mean squared RMS = 0.01–0.21 pxl. After
image transformation (adjustment processes) to the 3D model, the accuracy of the measured points has
reached 0.001–0.003 m and satisfies the requirement for creating an accurate digital terrain model and
orthophoto generation.
Within the process of matching an image with an object having a different surface, the value of the
correlation coefficient, which is 0.960–0.991, has been determined. The mean error of the vertical
parallax of the measured points is E mean = 1.4 pxl and RMS = 5 pxl when points are measured
manually. The result of image adjustment makes 0.04–0.08 m. When the points are measured by
stereo mode, vertical parallax E mean = 0.15 pxl and RMS = 0.28 pxl and image adjustment result is
0.03–0.05 m. The results of stereo mode are more precise than those of manual mode.
Considering close-range photogrammetry during relative orientation, it is recommended that the value
of the correlation coefficient should be not smaller 0.990. The precise results of point measurements
are obtained using stereo mode.
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Abstract
The Wind energy is an uncertain and discontinuous energy in the time, asking for no primary
extraction, it is free and its capture is without serious influence on the climate and doesn't produce
none poisonous residues for the atmosphere. The capture of the Wind energy is assured by the wind
rotors, and among a big number of variants rotors, those with vertical axis present the advantage of
construction simplicity, because they don't require any system of orientation and a simple pylon can
serve like support. In this setting, our work consists in a experimental study of a rotor with vertical
axis called SAVONIUS and its adaptation to a pumping system using the Wind energy.
The experimental study has been achieved in subsonic wind tunnel, after realisation of a model of the
SAVONIUS rotor and a special installation of transmission of the energy. The adaptation of the
experimental results to a pumping system in the real case, permitted us the determination of the
variation of ( Cp) and (
) according to the speed of wind and the establishment of a range of
debits of the pump according to a range of wind speeds chosen by the meteorological evaluations of
Batna region .
Key words: Wind energy, SAVONIUS rotor, pumping system , coefficient of strength, transmission of
energy;
1. INTRODUCTION.
Of the fact of the rotundity of the earth, the solar radiance is absorbed by different way to poles and
the equator, these variations of temperature causes differences of air masses densities, dragging their
displacements from a latitude to an another one, for this reason we considers the Wind energy as one
under solar energy product.
The Wind energy is an uncertain and discontinuous energy in the time, asking for no primary
extraction, it is free and its capture is without serious influence on the climate and doesn't produce
none poisonous residues for the atmosphere. Knowing it’s own features, it’s agrees to examine
possibilities of exploitation, because, although it is unequally abundant, it’s total quantity is
considerable and has been encoded about 2.5 .1015 KWh per year for all the globe [1].
The capture of the Wind energy is assured by the wind rotors, and among a big number of variants,
rotors with vertical axis present the advantage of construction simplicity, because they don't require
any system of orientation and a simple pylon can serve like support. In this setting, our work consists
in a experimental study of a rotor with vertical axis called SAVONIUS and it’s adaptation to a
pumping system using the Wind energy.
The experimental study has been achieved in subsonic wind tunnel, after realisation of a model of the
SAVONIUS rotor and a special installation of transmission of the energy. The adaptation of the
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experimental results to a pumping system in the real case, permitted us the determination of the
variation of ( Cp) and (
) according to the speed of wind and the establishment of a range of debits
of the pump according to a range of wind speeds chosen by the meteorological evaluations of Batna
region.
2. EXPERIMENTAL STUDY
2.1. Description of the model achieved.
The model of the SAVONIUS rotor is constituted of two half-cylindrical dawns 2 gotten from a P.V.C
tube with diameter 80 mm, length 180 mm and thickness 3 mm. These dawns are kept by the flabby 1,
on which is achieved of grooves 3 by milling permitting the variation of the e gap between dawns.
The essential role of the flabby is to eliminate the vertical component of the speed in order to assure a
two-dimensional out-flow.The whole is fixed on a vertical axis guided in rotation in a support (no
represented).

1

2

3
Figure 1. reduced model of a SAVONIUS rotor
realised for tests in subsonic wind tunnel.
2.2. Description of a subsonic wind tunnel.

Figure 2.Representation of wind tunnel dimensions.
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The wind tunnel represented on figure 2, is blowing type with an open circuit which present excellent
aerodynamic qualities with it’s big vein of tries allowing numerous applied studies.
The main components of the wind tunnel are:
1. a driven centrifugal fan by electric motor that develops 12 Kw to 2000 tr/mins, the regulating of the
speed is by electronic drive.
2. a convergent, of a report of contraction of 25 to the entrance of the vein of tries.
3. a vein of tries of length section 300x300 mm2 1500 mms.
4. a wagon brought up on rails and a divergent to the downstream of the vein of tries.
5. speed inside of the vein (of 0 to 60 m/sec).
1. electric motor. 2. fan. 3. filter to pockets 4. calming Distributor. 5. room of tranquillisation.
6. three metal gratings 7. convergent Distributor for the acceleration of the out-flow. 8. Vein of tries.
9. divergent Distributor.
2.3. Experimental installation.
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In the fig.3 above, is represented the experimental installation permitting the determination of the
strength coefficient according to the reduced peripheral speed of the tip of pale for different speeds of
wind. The principle of the manipulation is based on the measure of the well stocked electric strength
by a generating 4 driven in rotation by two hardback pulleys directly to the axis of the rotor 7 and a
strap 5. the intensity produced by the generating under a certain tension, are measured by an Ampermeter 3 and a voltmeter 2.The variation of the speed of rotation of the generating is assured by
rheostat 1, whereas the stroboscope 8 measures the speed of rotation of the model in the vein.
3. RESULTS OF THE EXPERIENCE.
After the adequate measure set, one represents in the face 4 the variation of the coefficient of Cp
strength according to the peripheral speed coefficient, these two last being given by:

3.1. Interpretation.
Curves of the fig. (4) show that the Cp admits a maximal value for the curve to number of Reynolds
12.2.104 and that for the 3 speeds of wind chosen, the optimal value of the Cp is located in a reduced
interval of the peripheral speed. It makes that the variation of Cp according to the speed of wind is not
important. Values of Cp for weak speeds of wind can’t be gotten because of rubbing in the
transmission chain that slows down the generating. In this case the intensity produced becomes
impossible to capture by the plain measure instruments.
We can conclude that the complete performances of the Savonius rotor are not completely determined
with good precision because of shortcomings of manufacture and the no uniformity of the out-flow
and other factors. We intend to simulate a pumping installation using this type of rotor because this
one doesn't ask for big values of the strength.
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4. THE PUMPING INSTALLATION
The installation of pumping that we intend to study is constituted of a rotor Savonius 1 with 2.5 m of
height, brought up on a pylon 2 of 10 m of top, these measurements being chosen more of way to be
able to develop a strength of 1.024 KW in correspondence with a middle speed of wind in the region
of Batna of 60 Km/hs during blowing periods.
The rotation of the rotor is transmitted, by the mean of a homocinetic axis 3 to a multiplier of speed 4
mated to a radial centrifugal pump 5 of low debit and middle pressure running in 760 tr/mins, which
could defeat 18 m of height.
The study permitted to clear a complete range of debits of the pump according to the middle speed of
wind indeed, and to represent them on the fig. 5.
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5 . RANGES OF DEBITS.
V (m/s) Cpmax

P (w)

N (tr/min) Q (l/min)

22

23 %

0.68

2693.9

1136.96

232.8

20

22 %

0.67

1936

1018.4

208.6

18

21 %

0.66

1347.19 902.88

184.93

16

20 %

0.65

901.12

790.4

161

14

19 %

0.64

573.4

681

139

12

18 %

0.632 342.14

576.4

118.05

10

15 %

0.624 165

474.2

97.12

08

12 %

0.616 67.58

374.5

76.29

06

9%

0.608 26.136

277.2

56.32

Table 1. experimental Parameters calculate and debits values in fact of wind speed V .
Using the values of
well as

Cp and

we can get values of Cpmax and

corresponding, as

the strength, the speed of rotation of the rotor and of the pump, for different speeds of wind.
All these values are regrouped in the table I.

240.00

Q (l/min)

200.00

160.00

120.00

80.00

V (m/s)

40.00
4.00

8.00

12.00

16.00

20.00

24.00

Figure 6. Curves showing the variation of pump debit in fact of wind speed.
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6. CONCLUSION
The interest of pumping installations using wind energy is obvious and becomes more and more
actual. The uses of a rotor with vertical axis not requiring system of orientation as SAVONIUS,
shows, after the experimentation done it’s efficiency, in spite of it’s low output the model present the
advantage to starting with very low speeds of wind, and can give an important energy production and
a satisfying number of hours of works, contrarily to other known models.
The applied results to a concrete case showed, that for the fairly blown regions, the studied system can
be very profitable and can be competitive with the electric, thermal pumping systems and particularly
the wind groups to lively multiblades of piston pumps.
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Abstract
The main disadvantage of ceramic cutting tools is their low fracture toughness that leads to a chipping
and cracking of ceramic edges during machining process. It is believed that addition of metal particles
would increase the KIC parameter of ceramic matrix composites. In present work basic mechanical
properties of Al2O3-x%wt.Ni composites were examined. A cutting tools life and surface roughness
parameter were defined in dry machining of hardened steel tests. The possible reactions between
cutting tool edge and machined material were also investigated as any chemical reaction can lead to
increase of tools wear ratio.
Density and porosity of produced composites were measured with the use of Archimedes method.
Phase analysis was carried out on an X-ray diffractometer. The microstructure observation was
performed on an optic microscope. Fracture toughness was measured with the use of the Vickers
indentation method.
Key words: alumina, composites, cutting tools, nickel
INTRODUTION
Machining is heavily dependant on cutting tools hardness parameter. It is one of the main criterion that
characterize usefulness of the cutting tool for machining the chosen material. It is one of the reasons
using alumina ceramic ( -Al2O3) as a matrix of composites in this work. Corundum is characterized
with hardness in range of 16-18 GPa which allows machining steels even in hardened state [1-3].
Al2O3 cutting tools are used for machining grey cast iron, carbon and alloy steels below 38 HRC [4]. It
also demonstrates high temperature stability of mechanical properties. High resistance to chemical
wear is very important parameter which allows machining without any chemical interaction between
cutting tool material and machining material (e.g. adhering, forming built-up edge) [5]. One of the
main disadvantages of ceramic materials is the low resistance to brittle cracking [6]. As the cutting
tool should wear uniform low value of fracture toughness can lead to cracking and chipping of cutting
edge. That is why in this work it was decided to add the metallic phase into alumina ceramic matrix.
Metallic phase can fulfill more than one role when added to ceramic matrix [7]. The main purpose of
adding nickel phase in the present work was to increase the fracture toughness of the composite [8].
Nickel is not characterized with high chemical stability like corundum that is why it can lead to
chemical interaction between cutting tool material and machined material. Such interaction is
undesirable. In present work authors decided to examine if any new phases are created during
machining C45 carbon steel with Al2O3-Ni composite cutting tool.
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EXPERIMENT
Al2O3-x%wt.Ni (where x=1/ 2.5/ 5/ 7.5/ 10) composites were produced with the use of following
powder substrates: commercial -Al2O3 powder (average particles size of 135±35nm, chemical purity
of 99.99%) and commercial Ni powder (chemical purity of 99.7%). After wet blending for 24h powder
mixtures were dried and consolidated with the use of hot pressing method in argon atmosphere:
T=1350ºC, t=1h, p=20MPa.
Sinters were then prepared for studies by grinding and polishing. Density of samples was examined
with use of Archimedes method. Phase analysis was carried out on an X-ray diffractometer. Fracture
toughness was measured with the use of indentation method under the load of 9.81N. The
microstructure observation was performed on an optic microscope.
Produces sinters were manufactured into cross-section cutting tools (l=12.7mm, h=4.76mm). Corner
radius of a cutting edge equals 1.2mm.
Dry machining tests were performed with use of the CNC machine with the following parameters:
cutting speed Vc – 220 m/min., cutting feed f – 0.15 mm/rot., cutting depth ap – 1.0 mm. Machined
material was C45 carbon steel (hardness 167-179HB). The wear of tool was defined by a flank wear
VBC = 0.3 mm parameter (according to the PN-ISO 3685:1996 norm). Surface roughness parameter Ra
of machined surface was measured with the use of profilometer.
As the reference sample a commercial ceramic cutting tools was used. Dry machining test parameters
were the same as for produces composites.
In order to investigate the possible reactions between cutting tool material and machined material a
new powder mixture was manufactured. It consists of fifty weight percent of Al2O3-10%wt.Ni and
fifty weight percent of C45 carbon steel powder. Powder mixture was wet milled, compacted and
annealed at 1000ºC in air and in vacuum. Because time of contact between cutting tool edge and
machined material is extremely short it is believed that possible chemical reaction could happens
without participation of oxygen (vacuum conditions). After annealing compacts were subjected to an
X-ray analysis in order to determine if any new phases were created. Creation of new phases could
means possible reactions between cutting tool material and machined material.
RESULT
Produced Al2O3-x%wt.Ni composites are characterized with near theoretical density (Fig 1.). There
are very slightly differences between obtained samples. The lowest relative density examined was for
Al2O3-1%wt.Ni composite and equals 98%. Al2O3 sinter without addition of molybdenum is
characterized with relative density over 99%. X-ray analysis reveals that produced sinters contain two
phases: -Al2O3 and Ni. The diffractogram of Al2O3-5%wt.Ni composite is shown in Fig. 2.

322

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

Relative density [%]

ISSN 1313-2539, Published at: http://www.scientific-publications.net

100
95
90
85
80
75
70
0

2,5

5

7,5

10

Weight content Ni [%]

Fig. 1 Relative density of Al2O3-x%wt.Ni composites

Fig. 2 The diffractogram of Al2O3-5%wt.Ni
The microstructure of Al2O3-5%wt.Ni is shown in Fig.3.
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Fig. 3 The microstucture of Al2O3-5%wt.Ni

KIC coefficient [MPa*m1/2]

Produced composites are characterized with uniform nickel particles distribution in alumina matrix.
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Fig. 4 Fracture toughness results of Al2O3-x%wt.Ni composites
There is slightly increase in KIC coefficient of Al2O3-x%wt.Ni composites compared to Al2O3 sinter.
Increase of KIC coefficient after metallic phase addition agrees with common knowledge. Nevertheless
high value of standard deviation must be taken into account.
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The composite with one weight percent of nickel is characterized with highest average tool life of 44.3
min. The machining test results are shown in Fig.5. The average surface roughness parameter Ra of
C45 carbon steel after machining with Al 2O3-1%wt.Ni composite tool equals 1.25±0.25 µm (Fig.6).

Fig. 5 Machining tests results for Al2O3-1%wt.Ni composite tool

Fig. 6 Surface roughness of C45 steel results after machining using Al2O3-1%wt.Ni composite tool
Composite tools with addition of nickel phase exceeding one weight percent shows greatly inferior
machining properties comparing to Al2O3-1%wt.Ni. composite tool. As opposed to Al2O3-1%wt.Ni.
composite tool where cutting edges wear uniform increasing weight content of nickel leads to chipping
and/or cracking of cutting edges. The cutting tools with 2.5/ 5/ 7.5/ 10 weight content of nickel
chipped before reaching flank wear value of 0.3 mm. The exemplary machining test results for Al2O32.5%wt.Ni. composite tool are shown in Fig.7. The Al2O3-2.5%wt.Ni. composite tool is characterized
with highest average tool life of 6.8 min. among previously mentioned composites. The surface
roughness parameter Ra obtained for Al2O3-2.5%wt.Ni. composite tool is lower than 1.5 µm (Fig.8).
In case of second measurement suddenly increase of roughness parameter is due to the chipping in the
last stage of machining test.

325

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net

Fig. 7 Machining tests results for Al2O3-2.5%wt.Ni composite tool

Fig. 8 Surface roughness of C45 steel results after machining using Al2O3-2.5%wt.Ni composite tool
The machining test results for reference commercial ceramic cutting tool are shown in Fig.9. It is
characterized with average tool life of 13,8 min. The commercial cutting tool wear uniform without
cracking or chipping. The average surface roughness parameter Ra of C45 carbon steel after
machining is in range of 1.0-2.0 µm (Fig.10).
The reason why produced Al2O3-1%wt.Ni composite shows so much higher average tool life than the
composites with higher nickel content needs further examination. Nonetheless the Al2O3-1%wt.Ni
cutting tool is characterized with over three times higher average tool life than reference commercial
cutting tool. Produced cutting tools with higher nickel content are in the best case (Al2O3-2.5%wt.Ni)
characterized with two times lower average tool life than reference cutting tool.
The series of an X-ray analysis performed on Al2O3-10%wt.Ni-C45 samples (annealed in air and
vacuum conditions) shows no sign of additionally phases. It may indicates that no reaction between
cutting tool material and machined material occurs. Nonetheless as the X-ray diffraction gather
information from very small area it is still possible that during series of measurements information
was not gathered from an area in which chemical reaction occurs.
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Fig. 9. Machining tests results for commercial composite tool

Fig. 10 Surface roughness of C45 steel results after machining using commercial composite tool
SUMMARY
Produced Al2O3-x%wt.Ni composites are characterized with near theoretical relative density
(>97.9%). Sinters consists of two phases: -Al2O3 and Ni. Produced composites are characterized with
uniform nickel particles distribution in alumina matrix. KIC coefficient of alumina ceramic – nickel
composites increases slightly comparing with Al 2O3 sinter (3.56±0.31 MPa*m1/2). Al2O3-2.5%wt.Ni
composite is characterized with the highest KIC coefficient value of 4.18±0.36 MPa*m1/2. The
composite with nickel weight content of 5% is characterized with lowest KIC coefficient value of
3.83±0.36 MPa*m1/2. Conducted machining tests show that Al2O3-1%wt.Ni cutting tool is
characterized with highest average tool life (44.3 min.). The tool wears uniformly without cracking or
chipping. Surface roughness parameter Ra of C45 carbon steel after machining with Al2O3-1wt.%Ni
composite tool equals 1.25±0.25 µm. The cutting tools with higher content of nickel show a tendency
to chipping before achieving defined flank wear of 0.3 mm. Al2O3-2.5wt.%Ni composite tool is
characterized with highest average tool life among composite tools with nickel content higher than
1wt.% (6.8 min.). The surface roughness parameter Ra measured after machining with Al2O32.5wt.%Ni composite tool is lower than 1.5 µm. The conducted experiment shows that no additional
phases were created in the simulated conditions of machining process.
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Abstract
The nanodimensional magnesium ferrite materials Mg0.25Fe2.75O4, Mg0.5Fe2.5O4 and MgFe2O4 with
different stoichiometry were prepared by co-precipitation procedure using MgCl2•6H2O, FeCl2•4H2O
and FeCl3•6H2O and NaOH as precipitant. The physicochemical methods - X-ray diffraction analysis,
Moessbauer spectroscopy and FTIR spectroscopy were performed to investigate the structural
properties of obtained nanosize magnesium ferrite type samples. The registered experimental data
were determined the presence of spinel ferrites and additional precursor phases as iron oxihydroxides
and double layered hydroxides in ferrite materials MgxFe3-xO4 (x=0.5;1). In the case of magnesium
ferrite sample MgxFe3-xO4 (x=0.25) the existence of non-stoichiometric spinel ferrite and intermediate
phase - iron oxihydroxides were observed only.
Key words: magnesium ferrites, co-precipitation, physicochemical methods
1. INTRODUCTION
Spinel ferrites with the general formula AFe2O4 (A = Mn, Co, Ni, Mg, or Zn) are very important
magnetic materials because of their interesting magnetic and electrical properties combined with
chemical and thermal stabilities (S. Maensiri, M. Sangmanee, A. Wiengmoon, 2009, Y.M.Z. Ahmed,
E.M.M. Ewais, Z.I. Zaki, 2010). The general formula of magnesium ferrite, MgFe2O4, could be
written as (Mg xFex)[MgxFe x]O4, where parentheses and square brackets denote cation sites of
tetrahedral (A) and octahedral [B] coordination, respectively. The subscript letter x represents the socalled degree of inversion (defined as the fraction of the (A) sites occupied by Fe3+ cations) (Y.M.Z.
Ahmed, E.M.M. Ewais, Z.I. Zaki, 2010). Magnesium ferrite, MgFe2O4, is a soft magnetic n-type
semiconducting material which finds a great number of applications in heterogeneous catalysis,
adsorption, sensors, magnetic technologies and components for biomedical applications (M.G. Ferreira
da Silva, M.A. Valente, 2012, S.K. Pradhan, S. Bid, M. Gateshki, V. Petkov, 2005). Nanoparticles of
MgFe2O4 have good photoelectrical properties (A. Pradeep, P. Priyadharsini, G. Chandrasekaran,
2008). Magnesium ferrites (MgFe2O4), having a spinel structure, show a rectangular hysteresis loop,
making them highly suitable for use in the area of memory and switching circuits of digital computers,
and in low-loss microwave devices in microwave radar system (Jong-Gyu Paik, Man-Jong Lee, SangHoon Hyun, 2005). There are several methods for synthesizing nanosized magnesium spinel ferrite
particles, such as ceramic, co-precipitation, microwave hydrothermal method,, sol gel, citrate gel
process, combustion method, high energy milling, and mechanical alloying (M. Rashad, 2007). The
main direction in current research investigation is the preparation of nanodimensional magnesium
ferrite materials by co-precipitation method. The other important aspect of our research study is the
physicochemical characterization of obtained magnesium ferrite samples using X-ray diffraction
analysis, Moessbauer and FTIR spectroscopy.
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2. EXPERIMENTAL
2.1. Synthesis route of magnesium ferrites
The magnesium ferrite type materials Sample A - Mg0.25Fe2.75O4, Sample B - Mg0.5Fe2.5O4, and
Sample C - MgFe2O4 were synthesized using co-precipitation technique. The preparation method was
carried out with 0.03 M aqueous solutions of FeCl2•4H2O, FeCl3•6H2O and MgCl2•6H2O mixed in a
ratio of 3:8:1, 1:4:1, 0:2:1. The precipitant 0.3 M NaOH was added by dropwise into the mixture until
pH became 12.5. The co-precipitation method was conducted under constant stirring. After coprecipitation the prepared mixture was stirred for one hour. The obtained brown precipitates were
centrifuged and washed with distilled water up to neutral reaction at pH=7. The products were dried at
35 oC.
2.2. Physicochemical techniques for investigation of magnesium ferrites
The phase composition of prepared nanosize magnesium ferrite samples was investigated by X-ray
diffraction (XRD) analysis carried out with a TUR M62 apparatus with PC management and data
accumulation, using HZG-4 goniometer and CoK radiation. JCPDS database (Powder Diffraction
Files, Joint Committee on Powder Diffraction Standards, Philadelphia PA, USA, 1997) was used to
determine the presence of phases. The magnetic structure and behavior of obtained nanodimensional
ferrite materials was established by Moessbauer spectroscopy on the apparatus Wissenschaftliche
Elektronik GmbH, working with a constant acceleration mode, 57Co/Cr source, -Fe standard. The
computer fitting was used to calculate the parameters of hyperfine interactions of Moessbauer spectral
components: isomer shift (IS), quadrupole splitting (QS), hyperfine effective magnetic field in the site
of iron nuclei (Heff), line widths (FW) and component relative weights (G). FTIR measurements were
performed with a Nicolet 6700 FTIR spectrometer (Thermo Electron Corporation, USA) in the middle
(400-4000 cm-1) region by KBr pellets technique.
3. RESULTS AND DISCUSSION
X-ray diffraction patterns of synthesized series magnesium ferrite materiaals Sample A Mg0.25Fe2.75O4, Sample B - Mg0.5Fe2.5O4, and Sample C - MgFe2O4 are presented on Fig. 1. In the
diffractograms of all prepared ferrite samples are detected the diffraction lines corresponding to the
spinel ferrite phase MgxFe3-xO4 (PDF-88-1943; 75-0449). Also the diffraction peaks reveal to the
different content of additional intermediate phases as -FeOOH (PDF-75-1594) and/or ironmagnesium hydrotalcite (PDF-14-0191) are indexed in the XRD spectra of Sample A - Mg0.25Fe2.75O4,
Sample B - Mg0.5Fe2.5O4, and Sample C - MgFe2O4.
The mean crystallite size, lattice strain and unite cell parameter of spinel ferrite phase estimated by
Scherrer equation (U. Schwertmann, R. Cornell, 1991) are shown in Table 1. As can be seen the
calculated value of average particle size of magnesium ferrite materials is about 9.1 nm. It was found
that magnesium ferrite sample Sample A - Mg0.25Fe2.75O4 containing low quantity magnesium ions in
ferrite structure possess the biggest average particle size (11,7 nm) compared with Sample B Mg0.5Fe2.5O4, and Sample C - MgFe2O4 (7.8 nm).
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Fig. 1. XRD patterns of obtained samples.
Table 1. Mean crystallite size (D), lattice strain (e) and unite cell parameter (a) of spinel ferrite phase.
Sample

D, nm

e, a.u

a, A

Mg0.25Fe2.75O4

11,7

3,8.10-3

8.3798

Mg0.5Fe2.5O4

7,8

4,2.10-3

8.3742

7,8

-3

8.4144

MgFe2O4

4,2.10

The Moessbauer spectra at room temperature of synthesized nanosize magnesium contained ferrite
samples are displayed on Fig. 2. The best fitting of the spectra is made by using CONFIT program.
The spectrum of Sample A is superposition of sextet and doublet lines. The presence of two doublet
components only are registered in the cases of others two samples – Sample B and Sample C. The
calculated Moessbauer parameters are presented in Table 2. The calculated hyperfine parameter values
of doublet components could be due to the presence of iron ions in ultradisperse ferrite particles with
superparamagnetic (SPM) behaviour and size bellow 10 nm (U. Schwertmann, R. Cornell, 1991,
F.Nakagomi et al., 2009, Q. Xu et al., 2009). On the other hand the doublet components partially
include also the existence of some iron ions in intermediate phase (oxihydroxide or hydrotalcite phase)
(U. Schwertmann, R. Cornell, 1991, M. R. Schütz, A. E. Schedl, F. E. Wagner, J. Breu, 2011). The
calculated values of hyperfine parameters belong to the sextet components could be associated with
the presence of highly disperse ferrite phase with size bellow 20 nm demonstrating collective magnetic
excitations (CME) behaviour (U. Schwertmann, R. Cornell, 1991, F.Nakagomi et al., 2009, Q. Xu et
al., 2009). The tetrahedrally and octahedrally coordinated iron ions in a spinel phase are differentiated
only in the Moessbauer spectrum of Sample A.
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Fig. 2. Moessbauer spectra of synthesized samples.
Table 2. Moessbauer parameters of samples.
Sample

Sample A

Sample B
Sample C

333

Components

IS,

QS,

Heff,

FMHW,

G,

mm/s

mm/s

T

mm/s

%

Sxt. 1

0.28

0.06

45.2

0.64

14

Sxt. 2

0.62

0.05

44.7

0. 47

8

Sxt. 3

0.43

0.02

39.6

1.64

42

Dbl. 1

0.36

0.57

-

0.36

20

Dbl. 2

0.36

0.92

-

0.44

16

Dbl. 1

0.36

0.58

-

0.42

58

Dbl. 2

0.36

0.98

-

0.45

42

Dbl. 1

0.36

0.59

-

0.40

61

Dbl. 2

0.36

0.97

-

0.42
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IR spectra of the synthesized samples are shown in Fig. 3. The absorption band at about 570 cm-1 can
be attributed to metal-oxygen vibration in the spinel ferrite structure. This band is characteristic for FeO bond at tetrahedral site (S. Maensiri, M. Sangmanee, A. Wiengmoon, 2009, A. Pradeep, P.
Priyadharsini, G. Chandrasekaran, 2008, P.P. Hankare et al., 2009, Y. Huang, Y. Tang, J. Wang, Q.
Chen, 2006). IR bands/shoulders positioned at about 430, 670 and 840 cm-1 are assigned to vibration
Mg-O (H. Dhaouadi, H. Chaabane, F. Touati, 2011). The bands of low intensity positioned at about
1074 cm-1, 1375 cm-1, 1495 cm-1 and the band at 1551 cm-1 show presence of CO32- groups and
hydrocarbon groups HCO-3 (J.T. Kloprogge, R.L. Frost, L. Hickey, 2004, William B. White, 1971).
Bands characteristic for the presence of physically adsorbed on the surface water molecules, OH
groups bound with hydrogen bond and isolated on the surface OH groups are available at about 1631,
3430 and 3740 cm-1, respectively (L. Little, 1966). The literature data presented that such vibrations
are characteristic for the brucite-like layer ascribed to layered doubled hydroxides, interlayer water
and incorporated carbonate groups in such structures (Kok-Hui Goh, Teik-Thye Lim, Zhili Dong,
2008). Collected infrared spectra show also weak bands at about 2850 and 2925 cm-1 can be assigned
to the C-H vibrations characteristic for hydrocarbons (L. Little, 1966). Their presence is due to
contaminations of used during measurement KBr.
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b - Sample B
c - Sample C
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Fig. 3. FTIR spectra of prepared samples.
4. CONCLUSIONS
The nanosize magnesium ferrite type materials MgxFe3-xO4, 0
x 1 with different content of
magnesium were produced by direct co-precipitation method using chloride compounds as starting
reagents. The used physicochemical methods XRD, FTIR and Moessbauer spectroscopy in our
research study established the presence of spinel ferrites and different quantity of additional phases double layered hydroxide and/or oxihydroxide in synthesized nanoferrite powders MgxFe3-xO4
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(x=0.25;0.5;1). The obtained results confirmed that prepared magnesium ferrite samples possess high
dispersity and average crystallite size bellow 20 nm. The obtained magnesium ferrite materials possess
superparamagnetic and collective magnetic excitations behaviour and therefore they could be find
potential application as magnetic materials.
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Abstract
The aim of this work is the study of behavior of rotor dynamics of industrial turbines, using numerical
simulation. Finite element model was developed by introducing a new hysteresis parameter to control
more precisely the behavior of rolling bearings. The finite element model is used to extract the natural
frequencies and modal deformed rotor vibration, as it identifies the constraints acting on the system
and predict the dynamic behavior of the rotor transient. Results in Campbell diagram and those
relating to the unbalance responses show significant amplitude differences in the parameters of
hysteresis imposed.
Key words: rotor dynamics, hysteresis, finite element, rotor vibration, unbalance responses,
Campbell diagram.
INTRODUCTION
The rotors are defined like any element turning around a fixed axis. The field of the rotors is vast, for
example the animated geostationary satellites of a free rotation being in accordance with the definition
of the rotors, such rotors are called free rotors, in opposition to the fixed rotors which are supported by
stages. The fixed rotors are present in many fields: aeronautics, the car, nuclear power or oil industry.
In our study, one will focus oneself on the fixed rotors, more precisely on those with horizontal axis
applied in particular to the rotors of turbines of electrical production. The axial vibrations and of
torsion are uncoupled from the vibrations more of inflection in which one is interested more
particularly in overall dynamics. Essential studies of the dynamics of the rotors concerning the layout
of the diagram of Campbell who represents the evolution of the Eigen frequencies according to the
number of revolutions and the calculation of the answers to unbalance mainly at the time of the
passage the critical velocities. The existence of the gyroscopic moments responsible for the variation
of the Eigen frequency according to the number of revolutions or that of circulatory forces, make the
movement unstable starting from a certain speed in the linear field. The set of themes approached
within the framework of this work relates to the study of the dynamic stability of horizontal rotors, and
more precisely the rotors of turbines industrial.
MODELING MATHEMATICAL FORMULATION
Rotor systems usually consist of many disks attached to a shaft that are constrained by bearings,
dampers, seals etc. to a small lateral motion. For simplicity, a horizontal Jeffcott rotor with a disk of
mass m mounted at mid-span of a mass less elastic shaft is considered in this study. The coordinates x,
y and , represent the stationary and rotating axes. The eccentricity of the mass center of the disc
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from the geometric centre of the disc is e. The rotational speed and the damping coefficient are
c, respectively.

and

Since the local flexibility induced by the transverse crack generates equations of motion with periodic
stiffness coefficients in the fixed reference frame, the equations of motion of Jeffcott rotor are
expressed in a rotating frame as follows:

where k , k are direct stiffnesses along ,

directions, and k , k , are cross-coupled stiffness’s.

The setting in equations of a system of solids, connected by flexible elements (of known stiffnesses)
and of the shock absorbers (of constant data) provides one exact modeling of the system. The finite
element method (MEF) breaks up a structure in small simple elements, discretized, of standard beam,
plate, rotor…etc. the vibratory behavior of the element is brought back to that of the nodes. Then one
connects the various elements (grid) by observing the conditions of continuity.
we can extract the matrices from mass and stiffness of the structure complete and deduce the own
pulsations from the system not deadened and its normal modes. This tool for simulation of mechanical
systems allows to better understand the behavior of a rotor. The gyroscopic effect must be taken into
account and of the methods of resolution specific can be advantageously employed.
For the disk :

For the shaft:

The deformation energy is obtained from the expression :

For the bearings:
The characteristics of stiffness and damping connect the forces to displacements and speeds. The
influence of the slopes and the moments is usually neglected. :
338

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net

The first matrix is a matrix of stiffness, the second a matrix of viscous damping. These matrices are
generally not symmetrical (hydrodynamic bearings) and the terms can vary in a important manner
according to the number of revolutions .
For the mass unbalance :
The general expression of the
unbalance is given below, the
of Lagrange gives:

kinetic energy due to an
application of the equations

RESULTS AND DISCUSSION
The model of compressor object of studied is modeled and discretized by the computation software of
the dynamic rotors of the laboratory of Dynamics of the Machines and the Structures INSA de Lyon,
by considering a rotor discretized in 31 nodes and three stages of comparable turbines to full discs, the
complete rotor is supported by four elastic bearings with damping. The rotor is supposed to be coupled
with a motor reducer with an elastic joining with variable, compensation stiffness of stability.

Figure 1: discretization of rotor by 31 nodes and 4 elastic bearings

Figure 2: Campbell diagrams, rotor with surigidity
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Figure 3: modes in rotation, mode 2 with surigidity

Figure 4: mode 6 in rotation with surigidity

Figure 5: mass unbalance, with surigidity
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DISCUSSIONS
a)
Diagram of Campbell
One visualizes the whole of these calculations using a diagram of Campbell associated with
the deformation with the clean modes, such as represented on the figures 2. Frequencies of
excitation taken into accounts are from 0 to 900 Hz. We notice the extent of stability for all
the beaches number of revolutions from 0 to 30000 tr/min, and that in the case of direct or
opposite precession. The same remarks and observations are to be emitted for case of the rotor
with additional rigidity.
b)
Positioning critical velocities
The critical velocities must be far away from the normal beach of operation of the line of
trees. It is understood easily that them desirable margins of separation between critical
velocities and beach of operation are function of the damping of the modes considered and
that they increase when damping decreases. One will refer usefully to the API codes
(American Petroleum Institute) [5] [6] [7], which defines, according to damping, them
minimal margins of separation between a critical velocity and the beach of operation. In
conclusion, a critical velocity, result of a first study, not answering this criterion, must then be
either moved, or deadened more, while intervening on the geometry of the mobiles and on the
characteristic of the stages.
c)
Modes of rotations
Curves represented in figures 3 and 4, in the case of surigidity of the rotor, the deformations of
the rotor represent in space in rotation, more precisely the trajectories of the centers gravities
of various points of the rotor. In both cases, namely normal rotor or rotor with additional
rigidity, the curves represent 2nd mode of inflection with 6th mode of inflection, present elliptic
trajectories because of gyroscopic coupling, we note that the ellipses are all the more flattened
since the anisotropy of the stages is high. We also note that the amplitudes of vibration varies
proportionally with rotational frequencies for each mode of rotation.
d)
answer to the mass unbalance
Software used for the determination of the clean modes of inflection also make it possible to
carry out calculations of answer to one unbalance. This analysis consists in determining, for
each one of critical velocities, the response of the rotor to preset unbalances and judiciously
placed in order to have an important answer of rotor.
Thus, to evaluate the incidence of an unbalance on the first mode of inflection, we will place
this unbalance to the maximum of the deformation, that is to say with vicinity of the center of
the rotor. On the other hand, for a mode of end of tree (figure 4), the unbalance will be placed
at the end of this end of tree, we will then obtains the amplitude of the vibrations in each point
of rotor for a given unbalance. These calculations are to be realized on all modes of vibrations.
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STRUKTURE EVOLUTION OF MULTILAYER MATERIALS OF HEAT-RESISTANT
INTERMETALLIC COMPOUNDS UNDER THE INFLUENCE OF TEMPERATURE IN
THE PROCESS OF DIFFUSION WELDING UNDER PRESSURE
AND THEIR MECHANICAL PROPERTIES
Valeriy P. Korzhov, Michael I. Karpov, Dmitriy V. Prokhorov
Institute of Solid State Physics, Russian Academy of Sciences, Moscow region 142432,
Chernogolovka, Institute Street, 2, Russia

Abstract
Multilayer materials of high-resistant intermetallic compounds of some transition metals with
aluminum and silicon were obtained by diffusion welding of packages, collected from a large number
of the respective foils, such as niobium and aluminum. Materials of intermetallics with silicon were
obtained by the welding of packages built from metal foils with Si-coating. The change in the structure
according to the temperature of the welding was studied, and the high-temperature bending strength
was determined.
Key words: multilayer composite, high-resistant material, intermetallic compound, diffusion welding,
package rolling, layered structure, bending strength.
1. INTRODUCTION
This work is devoted to the formation of high-temperature synthetic composites with a multilayer
structure consisting of alternating layers of strong, but brittle by a nature, intermetallic compounds of
refractory metals and relatively ductile solid solutions based on the same refractory metals.
Intermetallics are designed to provide the strength at high temperatures for the material, and solid
solutions – a crack resistance under normal conditions. After detailed analysis, it was concluded that
the basis for such materials can serve refractory transition metals Nb, Mo and Ti and its alloys with
vanadium, chromium, tungsten, zirconium, and hafnium. As a high-temperature component in the
composites are most acceptable intermetallic compounds of refractory metals with silicon and
aluminium.
Active development of the research in this area due to the fact that modern super alloys based on the
system Ni-Al, because of its relatively low melting point, reached the limit of operating temperature,
1150°C. This topic has been recently published review of the expert in the area of creationof hightemperature materialsfor an aircraft engines, Professor I. L. Svetlov [1, 2]. Important benefits of hightemperature materials on the basis of the aforementioned refractory metals, compared to complexly
doped alloys Ni-Al, are lower by ~ 20% density and a higher melting point [3, 4]. And achieved for
Nb-Mo-Ti-Si in-situ composites, melted by directional solidification, the strength values 0.2, equal to
650 MPa at 1500°C [5], let us hope that the products made from them, will be able to operate at
temperatures of ~200°C higher than the similar products of alloy Ni-Al.
Ingots of refractory metal alloys with a specified chemical composition and purity of gases and
nonmetallic impurities melted by vacuum arc melting in water-cooled copper mold with a consumable
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electrode or non-consumable W-electrode. To make the structural directionality for the alloy an ingot
after arc melting was subjected to hot isostatic extrusion.
A promising method is a method of precision casting according to lost wax [5]. But for hightemperature alloys, a using of this method is hampered because of the problem of inertia and
deformation resistance of ceramic tooling for casting temperatures above 1700°C. It "pulls" behind
itself the necessity of developing new inertand refractory ceramics.
In addition to melting methods for the obtaining of high-temperature alloys of refractory metals and
the method of powder metallurgy is reviewed. To increase the plasticity of alloys and to create of
barriers against the spread of cracks use, so-called the mechanochemical synthesis for a development
of a nano-crystalline structure of the alloy [6, 7]. By mechanical alloying with following hot pressing
were obtained niobium composite materials reinforced with silicides, two compositions – Nb-Ti-Si
and Nb-Ti-Si-Hf-Cr-Al [8]. After the compaction by dint of one-way cold pressing and subsequent
sintering in vacuum at 1500°C, the absolute values of the density and hardness were 6.85 g/cm3 and 78
HRA for 3-component material and 7 g/cm3 and 82 HRA for multicomponent material.
Another species of powder metallurgy for an obtainment of prospective high-temperature materials, in
particular on the basis of Nb-Si, is a granular metallurgy [9]. It is a way of powders (granules) of
alloys, including solidification of the melt in the form of pellets with a high (103-104 °C/s) cooling
rate, and the subsequent consolidation of the granules. During plasma spraying of a rotating electrode
melt drops solidify in an inert gas atmosphere, and have a perfect spherical shape.
Common to all of the aforementioned materials microstructureis the presence of two mandatory
structural components.This – the intermetallic phase, strong at high temperatures, and plasticizing
phase, the role of which performs the relatively ductile solid solution of Al and Si in the alloy forming
refractory metal, such as niobium or molybdenum. Solid solution is present in the form of interlayers
between the intermetallic structural elements and, thus, is "extinguish" the spread of cracks occurring
in the brittle intermetallic phase.
In the high-temperature alloys, obtained melting means and method of powder metallurgy, such
structures are formed naturally. In the present paper embodies the idea of artificially creating a strict
layered microstructure using diffusion welding under pressure of multilayer packages collected from
foils of, such as aluminum and niobium or niobium alloys. This is – if you create a high-temperature
material on the basis of Nb-Al, in which both components are well-deformed metal. If you need a
material on the basis of Nb-Si, then the source package is built from Nb-foils with a one-sided or
double-sided Si-coated. Based material doped alloy of Nb-Si should be obtained from foils of doped
niobium alloy with silicon coating. The desired structure is formed during welding package by mutual
diffusion of the components. Advantages of the developed method:
initially set the directionality of the structure;
strict observance of the alternation of strong but brittle intermetallic phases, and relatively
ductile solid solution;
Possibility fairly simply to regulate scale (from micro-to nano-) parameters of the layered
structure;
no need for precision casting according to lost wax and development for it inert and
refractory ceramics;
Opportunity initially to set desired product shape by diffusion welding of packages using
curly mold of high strong graphite.

344

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
Despite the ease and availability of diffusion welding we did not find work, which would take similar
attempts to obtain high-temperature materials based systems of refractory metal-silicon
(aluminum).The proposed method has been tested by us on the system Ni-Al [10-12]. Depending on
the ratio of Ni:Al were obtained multilayer composite materials of Ni 3Al- and NiAl-intermetallics, as
well as a solid solution of Al in niobium.
The aim of this work is a study of the effect of the heating temperature at the welding on the formation
of the diffusion structure of multilayer composites of Nb with aluminum and silicon, having limited
sources of both components. In the studying of structure of multilayer composites low limit of
temperature range determined by the melting point of aluminum. The upper limit of the interval must
be greater than the expected operating temperature of the developed materials. If for such composites
as Nb/Al and Nb/Si, the last taken as 1350-1400°C, the upper limit of the temperature range should be
at least not less than 1700°C.
2. SYSTEM Nb-Al
2.1. Producing of multilayer composites of Nb/Al
In the first stage the multilayered composite Nb/Al-plates with a certain ratio Nb:Al were produced by
diffusion welding (DW) under pressure of the packages containing several tens of Nb-foils, alternate
with aluminum foil. For example, if Nb:Al = 4, on the state Nb-Al diagram this is consistent with
single- phase region -Nb3Al assuming that the Nb and Al during of the mutual diffusion spent
completely.
To obtain Nb/Al-composites with layers thicknesses of the two components is less than 1 m the DW
was combined with the previously developed method of package rolling (PR) [13, 14]. In the
technology "PR + DW" at the construction of packages did not use pure aluminum and its alloy with 2
wt.%Si. This is undertaken with the purpose of giving strength to aluminum to improve its joint
deformation with niobium. In the 1-st cycle by a rolling on the vacuum rolling mill and subsequent
rolling at room temperature for packages built from the Nb- and AlSi-foils multilayered Nb/AlSi-tape
was prepared. And already in the 2-nd or even 3-rd cyclethe package for diffusion bonding was
manufactured from foils of this tape.
For example, for composite Nb/AlSi, presented in this paper, in the 1-st cycle of the package is built
from 16 Nb-foils with a thickness of 0.3 mm and 15 foils of an alloy of Al-Si with a thickness of 0.05
mm. Welding of the package took place in the process of rolling mill at the vacuum with heating at
450°C and rolling at room temperature up to 0.3 mm. Of the segments of this tape was built the 2-nd
pack, and the cycle repeated. And only in the 3-rd cycle the package from already multilayered foils
has been by the DW. Calculated ratio Nb/AlSi = 3. This corresponded to a two-phase, -Nb3Al + Nb2Al, area of the (Nb-Al)-diagram.
After DW Nb/Al-composites, made only the DW and "PR + DW", and other composites are massive
plates of up to ~35×40 mm2 and a thickness of 2.5-3.5 mm. Outer Nb-foil consciously undertook
thicker than the inner, for example, 0.1 – for Nb/Al and 0.2 mm – for Nb/Si. Therefore, at the DW,
they "did not germinate by intermetallics through" and served as a kind of consolidating armatures for
produced plates of material.
2.2. Diffusion welding method (DW)
2.2.1. Technique to study the microstructure
The microstructure was studied by scanning electron microscopy using a scanning electron
microscope CamScan MV2300 and Vega 2, equipped with detectors of secondary and reflected
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electrons and X-ray microanalysis. The content of elements in the layers of intermetallic phases was
determined by the local analysis. Local probe on the surface of the sample is 2 m. The error in
determining the concentration of elements in layers 1-2 m was 10%, in layers thicker than 2 m – 35%.
2.2.2. Effect of temperature on the microstructure of the diffusion zone between the niobium and
aluminum
DW of multilayer package built from niobium and aluminum foils were carried out in a vacuum
chamber. The package was placed between two strips, made of high-strength graphite. The pressure
created by hydraulic press with 50 tons maximum force and transmitted via punches from the same
graphite. The heating was carried out in two stages. At the 1-st stage, the temperature is not higher
than the melting point of aluminum (~ 680°C) to prevent it from leaking at higher temperatures, but it
was enough to tie all the aluminum in the intermetallic compound NbAl3, a melting point of which
equal to 1680°C and which, according to the state diagram of Nb-Al formed at 1590°C eutectic with
Nb2Al – other intermetallic compound.
In confirmation of this in Fig. 1 shows a portion of the layered structure of multilayer packet after DW
at 500°C under a pressure of 20 MPa. The package was assembled from 19 Nb-foil with thickness of
40 m, 20 Al-foils (10 m) and two Nb-foils (95 m), located on the outside. Shows that between Nblayers, ie, in the place where the aluminum was, a layer of dark color and 14-17.5 m thick was
formed. According to the local X-ray spectral analysis (LXRSA) in the layer contained ~75 at.%Al.
This corresponded to a compound NbAl3. At the border NbAl3-Nb (Fig. 1a, points 2 and 3) an
interlayer with thickness of about 1.2 m was visible, which was different for light contrast.
Noteworthy (Fig. 1c, point 1) that the layer is enriched with copper (~9 at.%) and iron (~1 at.%) –
with impurities concomitant aluminum. It is known that copper is slightly soluble in niobium and,
apparently, does not dissolve in NbAl3. Therefore, it is pushed to the periphery of its layer at diffusion
interaction of the Nb with Al.
In real experiments on the DW of multilayer Nb/Al-packages immediately after the first stage should
further increase in temperature. Andalready then, depending on the temperature of the 2-nd stage the
change in the structure of the diffusion zone was monitored. In Fig. 2 shows a fragment of the crosssectional microstructure of the packet with size of 50×40 mm2 with a temperature of the second stage
in the range of 850-950°C for 1 h under the force of the press 6 T. The package consisted of 12 Nb-and
11 Al-foil with thickness of 130 and 45 m, respectively.

Fig. 1. The microstructure of the diffusion zone (a) and results LXRSA (b, c) of Nb/Al-package with
dimensions of 75×40 mm2 and a thickness of 1.15 mm after DW at 500°C for 2 h
under pressure of 20 MPa (6 T). The ratio of the thickness t(Nb):t(Al) = 4
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Fig. 2. The microstructure of the diffusion zone (a) and its concentration dependences of Nb and Al
(b) multilayer Nb/Al-package after DW by regime: 500°C, 2 h + 850-950°C, 1 h at a pressure of 30
MPa.

a

The ratio of t(Nb):t(Al)

2.9

b

c

d

Fig. 3. Microstructure of diffusion zones (a and c) and the results of LXRSA (b and d) of two Nb/Alpackages after DW by the regime 500°C, 2 h + 1300°C, 1 h: a and b – 21 Nb-foil of 40 m + 20 Alfoils of 10 m, the size of 75×40 mm2, 5 MPa, t(Nb):t(Al) = 4; c and d – 11 Nb-foils of 130 m + 10
Al-foils of 20 m, the sice of 50×40 mm2, 7.5 MPa, t(Nb):t(Al) = 6.5
According LXRSA diffusion zone after the DW by that regime consisted of two layers with thickness
of ~8 m from the intermetallic compound Nb2Al, containing about 33 at.%Al, and intermittent
NbAl3-layer with thickness from 4 m to zero with the concentration of aluminum is equal to 75 at.%.
In areas where the layer NbAl3 interrupted, Nb2Al thickness was ~18 m. The diffusion of aluminum
in niobium and formation of solid solution based on niobium at that temperatures and exposure time
was not observed.
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The next two multilayer Nb/Al-packages were DW by the same regimes (500°C, 2 h + 1300°C, 1 h;
1.5 T), but due to the fact that they were different sizes, at different pressures. Besides the thickness
ratio Nb- and Al-foils were also different. The first (Fig. 3a and b) had to do t(Nb):t(Al), equal to 4,
corresponding to single-phase region of -Nb3Al on state diagram of Nb-Al, and the second package
(Fig. 3c and d) – t(Nb):t(Al) = 6.5, corresponding to the two-phase region of the diagram: -Nb3Al +
solid solution of Al in niobium Nb(Al).
But these differences do not affect the phase composition of the diffusion zone and the relationship of
the phases present in it. In both packages, it consisted of Nb2Al-layer with thickness of about 13 m,
and two thin (~1 m) layers of another compound of the niobium-aluminum – Nb 3Al, located on the
boundary Nb2Al-Nb. Was noted only external difference between Nb 2Al-layers in the two resulting
flat composites. In the composite with the ratio t(Nb):t(Al), equal to 6.5 (Fig. 3c), within the
intermetallic layer Nb2Al noted the presence of unbroken area of small voids. It is assumed that they
are formed during the process of preparation of the polished specimen in places where residual
intermetallic phase of NbAl3 was local been. It is considered the weakest of the three intermetallic
compounds found in the system of Nb-Al. If we assume that the voids were due to Kirkendall effect,
they would have to be present and in the composite with a smaller ratio of t(Nb):t(Al). One might
think that an increase in temperature or even the time of the DW at 1300°C should lead to a complete
transformation of NbAl3-compound to the following on the content of aluminum intermetallic
compound – Nb2Al and, therefore, exclude the presence of voids in its diffusion layer.
As in the previous case, at the selected parameters of the DW has not detected the formation of a solid
solution.
The microstructure of multilayer packages after the DW at temperatures of 1500°C and above is
qualitatively different. The rise in temperature from 550°C to a temperature of the second stage was
performed in about 1 h. After a holding for 30 min at 1500°C (Fig. 4) the microstructure of composite
was alternating layers of compound Nb2Al (~35 at.%Al) with thickness of 20-25 m and layers
already a solid solution based on niobium Nb(Al) ~10 m thick, containing ~10 at.%Al, both sides of
which were located intermetallic compound layers Nb3Al (20-22 at.%Al) with thickness of ~5 m.
Even more significant changes in the microstructure of the composite were caused an increase in
temperature of the second stage of the DW to 1700°C (Fig. 5). A larger sample volume was occupied
compound of Nb3Al in the form of layers of thick ~40 m, which according to local X-ray spectral
analysis contained from 20 to 22 at.%Al and alternated with layers of the solid solutions based on
niobium Nb(Al) with the thickness of ~6 m, containing ~17 at.%Al. Remains of Nb2Al-phase were
observed only in the form of elongated islands within the layers Nb 3Al (see Fig. 5a).
The following composite (see Fig. 5c and d) was differed from the previous one only by the pressure
of the DW, which is ~6 MPa. Almost the entire volume of the composite was became busy compound
of Nb3Al-layers, having contained 21-23 at.%Al. Besides these, in the structure a visible presence of
thin (~4 m) layers, which at this stage of the study can be attributed to the Nb-solid solution Nb(Al),
was noted. The aluminum content in them varied from 17 to 20-21 at.%, overlapping with the data of
the LXRSA for the layers of Nb3Al.
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Fig. 4. The microstructure of the cross-section (a and b) and the concentration dependences of
niobium and aluminum (c) for a multilayer package of Nb/Al after the DW by the regime: 550°C, 1 h
+ 1500°C, 30 min under the pressure of 6.25 MPa: 32×40 mm2, t(Nb):t(Al) = 4. Package of Nb/Al
contained 46 Nb-foils with thickness of 40 m, 47 Al-foils (10 m) and 2 outer Nb-foils with thickness
of 0.2 mm

Fig. 5. The microstructure of the cross section (a and c) and the concentration dependences of niobium
and aluminum (b and d) for two (a and b, c and d) multilayer Nb/Al-packages after the DW by the
regime: 550°C, 1 h + 1700°C, 30 min under the pressure of 12.25 and 6.25 MPa, respectively, with
t(Nb):t(Al) = 4:
a and b – 33 Nb-foils with the thickness of 40 m + 34 Al-foils (10 m) + 2 external Nb-foils(0.13
mm), the size of 32×20 mm2;
c and d – 42 Nb-foils (40 m) + 43 Al-foils (10 m) + 2 external Nb-foils with thickness of 95 m,
the size of 32×40 mm2
Noticeable change in the layered structure with decreasing pressure 2 times can be explained as
follows. It was observed at the DW aluminum partially was squeezed out of the package. This caused
a deviation of Nb:Al ratio of the design in the direction of Nb(Al). Therefore, the lower the pressure,
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the less the solid solution of Al in niobium is presented in the structure and the closer it is to the
content of aluminum Nb3Al-phase.
In Fig. 6a shows a multilayer structure of latest composite plate with a small magnification. Our
attention was drawn to a transverse crack, crossing all the inner layers of the composite and
"quenching" in its outer layer of Nb-solid solution. Since the thin section was prepared with the
sample has passed the bend test (fragment structure is removed near the place of destruction), we
assume that it was formed under the mechanical testing.
This fact prompted the construction of the composite, obstructing free passage of the crack through the
entire volume of the material. In Fig. 6b shows the multilayered structure of the four Nb3Almultilayers separated artificially paved interlayers of almost pure niobium. In that composite fracture
that occurred in one of the heat-resistant but brittle, multilayers, should not be extended to the entire
cross section of the material. Each multilayer in the composite is made up of 10 Nb- and 9 Al-foils
with thickness of 40 and 10 m respectively, the thickness of Nb-layers – 90 m. Assembly and the
DW such a package was done at one time.

Fig. 6. The structure of the cross-section of multilayer Nb/Al-composites of two constructions after
diffusion welding at 1700°C for 30 min at a pressure of 6 MPa

Fig. 7. Macro- (a), microstructure (b) and the results of local X-ray analysis (c) of multilayer Nb/Alpackage with ratio t(Nb):t(Al) = 6 after the DW under pressure of 6.25 MPa on the treatment
of 550°C, 1 h + 1700°C, 30 min
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And, finally – a multilayer Nb/Al-composite containing 36 Nb- layers with thickness of 60 m, 37 Allayers (10 m) and 2 outer Nb-layers of 90 m. It had t(Nb):t(Al) = 6. This was consistent with the
fact that if niobium and aluminum fully spent, the final structure should be a structure consisting only
of layers of a solid solution of Al in Nb.
The structure of this composite after the DW at 1700°C (Fig. 7) had a well-defined layered structure,
each layer of which was Nb-solid solutions containing from 5 to 9 at.%Al.
2.2.3. Comments on the results of microstructural studies
According to the classic rules of mutual diffusion the formation of intermetallic phases in the Nb-Al
should occur in the sequence from the intermetallic compound with a greater content of Al to
intermetallic compound with less its contents and then to a solid solution of Al in niobium –
NbAl3 Nb2Al Nb3Al Nb(Al). In the case of limited sources of Nb and Al [at that source of Al,
limited to a greater extent – t(Nb):t(Al) = 4] a complete picture of diffusion will be the structure with
intermetallic compounds containing less aluminum and Nb(Al). Established [15], which NbAl3 easily
and quickly was formed at temperatures below 1000°C and at 1500°C and above was completely was
consumed with the formation of intermetallic compounds with a lower concentration of aluminum.
The process of inter-diffusion is the more complete, the more exposure time, and goes faster, the
higher the temperature. Therefore, at an increasing of temperatures at the DW from 500 to 1700°C and
at relatively low exposures the evolution of the multilayer structure from NbAl3+ Nb to Nb3Al +
Nb(Al) or only to Nb(Al) is a law.
2.3. Method of “PR + DW”
2.3.1. Production of multilayer packages
As reported above, was used for packaging is not pure aluminum and aluminum alloy with 2 wt.%Si.
In the 1st cycle the package is built from 16 Nb-foils with a thickness of 0.3 mm and 15 foils of an
alloy of Al-Si with thickness of 50 m. The ratio of t(Nb)/t(AlSi) was equaled 6. The welding of the
package took place in the process of rolling at mill in the vacuum with heating up to 450°C and
reduction per pass ~30% and subsequent rolling at room temperature up to 0.3 mm. After the 1st cycle
the design thickness of Nb-layers was 2.16 m, the thick of AlSi-layers – 2.7 m.
2nd cycle. Of the 16 segments of the tape after the 1st cycle and 15-foils of an alloy of Al-2%Si
thickness of 50 m was formed about the second package and the cycle was repeated. The ratio of
t(Nb)/t(AlSi) became equal to 3.0.
And in the 3rd cycle of the package of 3.5 mm thick, collected from 12-foils with thickness of 0.29 mm
after 2nd cycle with the dimensions 22×35 mm2 was subjected to the DS by the regime: 600°C, 2 h,
10.5 MPa + 1700°C, 15 min, 5.5 MPa. The ratio of t(Nb):t(AlSi), equal to 3, it was close to the
calculated ratio for Nb3Al of stoichiometric concentration [t(Nb)/t(AlSi) = 3.25]. Prior to the DW in
welded multilayer Nb/Al-package 3072 Nb-layer with the design thickness of 876 nm, 2880 AlSi-layer
of 146 nm thick and 180 AlSi-layer of 2.7 m thick were contained.
2.3.2. Microstructural studies
The typical microstructure of the material in the cross section parallel to the direction of rolling, is
shown in Fig. 8a. For relatively a small increase the alternating light and dark layers with very
different thicknesses in length were clearly visible. Bright layers – this is what happened to the
niobium, dark - that before the DS was alloy of Al-Si. Both layers are sometimes flat-out so that
exploded and turned into elongated islands, leading to the fact that the individual layers of niobium or
an alloy of Al-Si were connected with layers their own kind. This process took place at all stages of
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deformation. This explains the discrepancy between the calculated thickness of layers and thickness,
measured experimentally.

Fig. 8. The microstructure of the multilayer Nb/AlSi-composite after two cycles of PR and DW with
differing light contrasts different phases
At higher magnification (Fig. 8b and c) in light contrast can distinguish three phases. According
LXRSA they were identified as a solid solution based on niobium Nb(Al) – the lightest phase (on a
color picture – red), Nb2Al – phase dark (or green) and Nb3Al – phase gray (or yellow). The presence
of a large number of intermetallic Nb2Al compound was due to small time of high-temperature aging.
The aluminum content in the Nb2Al- and Nb3Al-layers – respectively 29-31 and 20-22.5 at.%, in layer
of Nb(Al) – about 14 at.% (Fig. 9).

Fig. 9. Microstructure of the composite in a section parallel to the rolling direction, with points of
LXRSA (a) and the results of LXRSA as the concentration curves (b)
Silicon, initially localized in the layers of Al-Si-alloy, during the DW was distributed throughout the
volume of the laminate. However, according to LXRSA its concentration values were at background
levels. But even the background concentration of silicon in Nb3Al-phase [0.10-0.15 wt.% (0.32-0.51
at.%)] was greater than in Nb2Al and Nb(Al) [~0.06 wt.% (0.18 at.%)]. In such silicon content in the
test object reliable detection limit its concentration of 0.16 wt.%.
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2.4. The strength of the bending test
Short-term strength was calculated when in tests on the 3-point bending on the basis of 28 mm in the
temperature range 1150-1350°C. Heating and tests were made in a vacuum. The samples were cut
from the plates so that their length corresponded to the rolling direction of foils that make up the
package. The direction of load application was parallel to the layers (Fig. 10). Results are shown in
Fig. 11.

Fig. 10. Scheme for sample load, applied parallel to the layers: b, h and l – width, height and base,
respectively, P – load
Regardless of the method of producing a laminate reinforced with layers of intermetallic compound of
Nb3Al, the numerical values of its short-term strength at temperatures from 1200 to 1350°C were
varied in the range of 200-360 MPa. At room temperature, it was equal to ~430 MPa. High
temperature-strength of laminated composite with layers of solid solutions based on niobium, shown
in Fig. 7, in the same temperature range was dropped to ~120 MPa.

b
Fig. 11. Depending short-term bending strength of the temperature of the test: a – a composite of see
Fig. 5b and 6a, the DW method; b – method of “PR + DW” (12NbAl1 and 12NbAl2 – two multi-plate,
obtained under identical conditions of PR and DW)
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3. SYSTEM Nb-Si
3.1. Assembly and DW of multilayer packages
To obtain multilayer composites of Nb/Si package was package was made up of Nb-foils with a
thickness of 20 m and more with an one- or two-side Si-coating. By method similar to the method of
screen printing, on the surface of foil the suspension of Si-powder with size of 1-3 m in polyethylene
glycol first was applied. Polyethylene glycol then was easily evaporated at ~250°C in the air and
firmly hold on the surface the Si-coating was remained. Coating thickness depended on the
consistency of the suspension and the number of acts of its application. In the studied here flat Nb/Sicomposite the thickness of single coating ranged from 35 to 50 m.
The DW under pressure could be held in two stages – at 850-900°C for several hours, followed by
heating to 1700°C and a short (15-30 min) exposure. But DW performed and without low-temperature
shutdown, and with the gradual heating from room temperature to 1700°C and ~30 minutes of
exposure.
3.2. The microstructure of multilayer composites
In contrast to the Nb/Al-packages in the system Nb-Si is not the problem of the low melting point of
one of the components. Silicon melts at 1414 ° C, and the eutectic reaction of his with the compound
of NbSi2 is at 1400°C. Besides NbSi2, niobium with silicon else forms two chemical compounds –
Nb5Si3 and Nb3Si (Fig. 12). But at room temperature, there are only the first two compounds. Nb3Si at
1770°C decomposes by peritectic reaction to almost pure niobium and -Nb5Si3. In view of this, the
strengthening of intermetallic phase in the system of Nb-Si can be viewed only compound Nb 5Si3.

Fig. 12. State diagram of Nb-Si
Composite of 1Nb/Si. Multilayer package Nb/Si with size of 32×40 mm2 consisting of the 40 Nb-foils
with a thickness of 20 m with one-side Si-coating and two outer Nb-foils with a thickness of 0.2 mm
was subjected to DW at 1300°C for 2 hours under a pressure of 6.45 MPa.
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The cross section of the package after the DW had a pronounced layered structure (Fig. 13) with layers
of intermetallic compound of NbSi2 of ~40 microns thick, separated by very thin layers of silicon.
And, if closer to the surface Si-interlayers were clearly visible, in the middle of the composite were
vanishingly small or nonexistent. Within the layers the structure of approximately equiaxial grains was
observed, one of the size of which was equaled to the thickness of the layer. Data on the local X-ray
spectral analysis were summarized in Fig. 14 and in Tabl. 1. The X-ray spectra were showed for points
1 and 2 (see Fig. 14c and d).

Fig. 13. Macro- (a) and microstructure (b) of the Nb/Si-package made of foils with one-side Sicoating after the DW at 1300°C

b

c

d

Fig. 14. The microstructure of the fragment cross-section of 1Nb/Si-composite indicating the detected
phases (a and b) and the X-ray spectra at points 1 and 2 (c and d)

355

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
Table 1. The results of LXRSA for the 1Nb/Si-composite
Number of
spectrum

Element concentration, wt.% \ at.%
Nb

Si

Phase

1

0

100

Si

2

61.8/32,9

38.2/67.1

NbSi2

3

61.5/32.5

38.5/67.5

NbSi2

4

60.4/31.6

39.6/68.4

NbSi2

5

58.3/29.7

41.7/70.3

NbSi2

(300×300 m)

Composite of 12Nb/Si3. Package with size of 12×51 mm2 was assembled from 47 Nb-foils of 30 m
thick with one-side Si-coating of average 52 m thick and two Nb-foils of 0.18 mm thick as the outer
facings, one of which also had a Si-coating. The ratio of the thickness of the Nb-film to the thickness
of Si-coating t(Nb)/t(Si) = 0.58. The DW was carried out at a pressure of 11.76 MPa at 1550°C for 30
min.
Large pores and heterogeneities were absent at the macrostructure of the composite (Fig. 15a).
Intermittent bright thin bands were a solid solution based on niobium with a concentration of silicon in
the range of 0.6-0.85 at.%. The concentration of silicon in the outer Nb-plates on the part of Nb5Si3
could reach ~1.1 at.%. The remaining volume of the material was submitted by the compound of
Nb5Si3 with an average concentration of silicon and niobium, respectively equaled to 36.1 and 63.9
at.%. However, at the high magnification in the structure of the layers were found interlayers (Fig.
15b), differing by the contrast of light from Nb5Si3. According LXRSA they identified as a compound
of Nb3Si with ~23.85 am.% Si.

Fig. 15. Macro- (a) and microstructure (b) of cross-section of 12Nb/Si3-composite after the DW at
1550°C for 30 min under pressure 11.76 MPa
Composite of 12Nb/Si1: 20 Nb-foils with a thickness of 0.1 mm with Si-coating of 65 m thick + 1
Nb-foil with a thickness of 0.1 mm as the outer facing. The ratio of t(Nb)/t(Si) = 1.54. The DW was
under pressure of 7.1 MPa at 1700°C for 30 min.
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Composite structure was consisted of intermetallic compounds layers of Nb 5Si3 of 35.4-36.1 at.% Si
and 63.9-64.6 at.% Nb, alternating with layers of solid solution of silicon in Nb in an amount of 0.2 to
1.2 at.% (Fig. 16).

Fig. 16. Macrostructure of 12Nb/Si1-composite with thickness of 2.2 mm with 21 layers of niobium
and 20 layers of silicon after the DW at 1700°C for 30 min under pressure of 7.1 MPa (a)
and an illustration of LXRSA data (b)
But even after such a relatively high temperature in the layers of the Nb 5Si3-compound were found
remnants of NbSi2-phase as inclusions in black (Fig. 17). Point 1 had composition, at.%: 64.9Si and
35,1Nb.

Fig. 17. Fragment of intermetallic layer microstructure with the inclusion of NbSi2 (a) and the change
in concentration of Nb and Si on the border of Nb5Si3-Nb(Si) (b)
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It is known that the thinner layers in a multilayer composite, the higher the strength characteristics. For
example, in [16] for laminated composite Cu/Nb, resulting gradual rolling batch, that contained more
than 32000 nanoscale layers of copper and niobium was obtained hardness of 350 HB. This high
hardness of a material consisting of very ductile metals are corresponded HB of medium carbon steel.
For heat-resistant material of (Nb-Si)-system with a layered structure is important to keep a optimal
ratio between plasticizing layers of Nb-solid solution and strong layers of the intermetallic compound.
If in the case of (Nb-Al)-system for thinning layers before the DW is used method of PR, for Nb-Si it
was unacceptable. Of course, of the foils of nanometer thickness speech can not be. In reality, for the
assembly of multilayer packages of Nb/Si Nb-foils with a thickness of 20 and 30 m were used. To
build another group of packages foils with thickness of 0.1 and 0.2 mm were used. Averaged for each
packet thicknesses of Si-coatings on foils of niobium were ranged from 36 to 69 m. Their average
value was equaled to 54 ± 15 m.
However, the microstructure of the composites with Nb-foils of 20 and 30 m thick forming after the
DW at a maximum temperature of 1700°C required by technology was not quite satisfactory (Fig. 18a
and b and Table 2, composites of 12Nb/Si4 and 12Nb/Si2). Bright layers in these photos is Nb(Si), the
layers of gray – Nb5Si3. "Stitches" of dark inside Nb5Si3-layers were pores and voids. One of the
assumptions that they were formed in that place where there were intermetallic compound NbSi2,
silicon-rich, and which, because of their weakness, were crumbled out during the preparation of the
micro section. Local areas where it has been preserved were found at high magnification. In areas
where there were no layers of the solid solution (see Fig. 19) interlayer’s of NbSi2-phase were between
layers of Nb5Si3, and sometimes in large quantities. Then it is clear that it is necessary to exclude the
existence of NbSi2 in composites after the DW at 1700°C, for what the ratio of Nb:Si is necessary to
support on the entire surface of Nb-foils so as to conform to the state diagram in region of eutectoid of
Nb5Si3 + Nb(Si), and not eutectoid region Nb5Si3 + NbSi2.
Another reason is Kirkendall effect. Prevent or minimize the formation of pores due to this effect may
increase pressure at the DW. But it is also possible that the formation of structures affect both of the
aforementioned factors.
Composites, welded from packages of Nb/Si with foils of 100 and 200 m thick, were different from
the previous composites with defect-free and dense structure (Fig. 18c and d). But the ratio of the
volume of layers of Nb5Si3-compound (gray bars with thicknesses of
30 m), and the volume
occupied by the layers of the solid solution (light strips with thickness of 120 m) must be reversed.

Fig. 18. The microstructure of the composites of 12Nb/Si2 (a), 12Nb/Si4 (b), 12Nb/Si6 (c) and
12Nb/Si7 (d) after the DW at 1700°C for 30 min
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Fig. 19. The microstructure of the 12Nb/Si2-composite with thickness of 1.95 mm of intermetallic
compounds of niobium and silicon (Nb 5Si3 and NbSi2) and a solid solution of silicon in niobium
[Nb(Si)] after the DW at 1700°C
Table 2. Structural parameters and the pressure at the DW of Nb/Si-composites. DS temperature, °C:
for 12Nb/Si1, 12Nb/Si2, 12Nb/Si4, 12Nb/Si6 and 12Nb/Si7 – 1700; for 12Nb/Si3 – 1550
Thickness of
Designation

Nb-foils,

Averaged thickness
of couting, m

Ration
t(Nb)/t(Si)

Pressure at
DW,

Note on the
structure

Defective
Defective

m
12Nb/Si4

20

46

0.43

11.4

12Nb/Si2

30

52

0.58

6.3

12Nb/Si1

100

65

1.54

7.1

12Nb/Si6

200

69

2.90

13.3

12Nb/Si7

200

36

5.56

21.4

12Nb/Si3

30

52

0.58

11.8

No defects
No defects
No defects
No defects

From the comparison of the results of scanning electron microscopy, the design parameters of
packages and magnitudes of the pressure at the DW the following conclusions can be done.
1. On the structure formation of composites in the process of diffusion welding at 1700°C in the most
affected ratio of the thickness of the Nb-foil to thickness of Si-coating t(Nb)/t(Si). In Table 2
composites, welded at this temperature, are placed in ascending relations t(Nb)/t(Si) from 0.43 to 5.56.
The data show that the effect of the ratio t(Nb)/t(Si) prevails over the effect of pressure at the DW.
Both composite – 12Nb/Si4 and 12Nb/Si2 – have t(Nb)/t(Si) is twice less than 1 and both have
defective structures, although the pressure in the DW from the first composite was almost two times
higher.
2. In composites with defect less structures ratio t(Nb5Si3)/t[Nb(Al)] 0.25. But for the mechanical
properties the optimal condition are structures with a volume content of the layers of intermetallic
phases in excess of the volume of layers of Nb(Al), or at least comparable to them.
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3. Paragraphs 1 and 2 of the following recommendations: reduce the thickness of Si-coating in Nb/Sipackages, consisting of Nb-foils of 20 and 30 m thick to the relationship t(Nb)/t(Si) = 1.5-3.
3.3. Results of the strength of bending test

Fig. 20. Depending on strength of 3-point bending tests on temperature for composites of 12NbSi2,
12NbSi3, 12Nb/Si4, 12NbSi6 and 12NbSi7 after the DW at 1700°C
Short-term strength (Fig. 20) in the temperature range 1350-1400°C was equaled 175-300 MPa. At
1400°C value of 230 MPa was obtained. Load was applied parallel to the layers.
4. CONCLUSIONS
1. By diffusion welding under the pressure massive samples of 2-4 mm thick, consisting mainly of a
large number of layers of solid intermetallic compounds of Nb3Al or Nb5Si3 were produced. As a
relatively ductile composite component, capable of providing the material fracture toughness at room
temperature, were the outer Nb-layers of the solid solution with the thickness of 100-200 m, and the
inner interlayers of micron-thick, alternating with multilayers of intermetallic compounds.
2. The first bending tests at temperatures up to 1400C were showed that the material with such a
structure can have the strength 200-300 MPa. The proposed technology approach provides promising
prospects for the production of heat-resistant material on the basis of niobium alloys with Al and Si,
can operate at 1300°C and higher.
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Abstract
Copper-zinc spinel oxide nanoparticles have been prepared by method of precipitation with following
thermal treatment. DTA, X-ray powder diffraction, IR Spectroscopy and 57Fe Mössbauer spectroscopy
were used for the samples characterization. The formation of ferrite phase with cubic structure was
observed for the materials treated at 400 C, 500 C, 700 C. A significant change in the average
crystallite size from 19.3 to 42.8 nm and slight increase in the lattice parameters with the annealing
temperature increase were detected. The highest catalytic activity in methanol decomposition with
about 70% selectivity to CO and hydrogen was observed for the sample obtained at 400 C.
Key words: nanocrystalline ferrite materials, Mössbauer spectroscopy, methanol decomposition
1. INTRODUCTION
Nanostructured ferrite materials are topics of many scientific investigations due to their potential
application in biology, electronics and catalysis. The spinel ferrite materials can be denoted with
general formula M2+Fe23+O4, where M could be Co, Cu, Zn, Ni, etc. Mixed Ni-, Zn- and Cu- ferrites
are of great interest and many investigations have been done for their application such as multilayer
chip inductors, electronic devices, computer devices, communication (Tangcharoena T.) (Lin C.H.,2009), (Hashim M.,2013). ZnxNi1-xFe2O4 spinel ferrite has been used at large scale to produce all
kinds of broadband elements (Ajmal M., 2008). According to (Lee M., 2012) the inverse spinels are
known to have catalytic activity that originates from a change in the oxidation state of the [B] site
metal ion (2+ and 3+). In our previous work (Velinov N., 2012) we demonstrated synthesis of bicomponent Ni-Zn ferrites with different composition and their catalytic behaviour in methanol
decomposition was tested. The formation of defect spinel structure was confirmed by the calculated
degree of lattice microstrain and the complex relation between the catalytic activity and samples
composition was assumed as a result of ions environment changes in this defective structure. The aim
of current investigation is to study the effect of the annealing temperature on the formation of mixed
multi-component Cu0.5Zn0.5Fe2O4 spinel ferrites from hydroxide carbonate precursor. Their catalytic
properties in methanol decomposition to CO and hydrogen and the changes with the spinel phase
under the reaction medium are also in the focus of the investigation. Recently, methanol
decomposition has received a considerable interest as a potential source of ecological fuel for fuel
cells, gas turbines and vehicles due to its relatively low reforming temperature, high energy density,
safe to handle and low cost (Wilson M., 2009). Despite copper catalysts are typically used for
methanol decomposition (Yong S., 2008), (Lin S., 2009), (Velinov N., 2013), to the best of our

362

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
knowledge, there are no reports in the literature regarding the catalytic behavior of mixed Zn-Cu
ferrites in reaction of methanol decomposition.
2. EXPERIMENTAL
2.1. Synthesis
Cu0.5Zn0.5Fe2O4 has been prepared by thermal synthesis from hydroxide carbonate precursor. As
starting materials were used Zn(NO3)2.6H2O, Fe(NO3)3.9H2O and Cu(NO3)3.3H2O in corresponding
ratio. The mixed Cu, Zn, Fe nitrate solution was precipitated with drop wise addition of 1M Na2CO3
with continuous stirring up to pH=9. The precipitate was wash with distilled water and dried at room
temperature to form hydroxide precursor powders. The thermal treatment (TS) was carried out in air at
temperature at 300 C, 400 C, 500 C, 700 C with duration of four hours. The samples were denoted as
Cu0.5Zn0.5Fe2O4 TSx, where x is the annealed temperature in C.
2.2. Methods of characterization
The dried hydroxide carbonate precursor (HC) was analysed by Thermogravimetry-Differential
Thermal Analysis (TG-DTA) using “Stanton Redcroft” (England) in static air at 10 K/min heating rate.
The powder XRD patterns were recorded by use of a TUR M62 diffractometer with Co K radiation.
The observed patterns were cross-matched with those in the JCPDS database. The average crystallites
size (D), the degree of microstrain (e) and the lattice parameters (a) of the studied ferrites were
determined from the experimental XRD profiles by using the PowderCell-2.4 software (Kraus W.,
2000). The instrumental broadening of diffraction peaks is equal to 0.020 Bragg angle. It was
determined by Al standard and was excluded at calculation of crystallites size and the degree of
microstrain. The Mössbauer spectra were obtained at room temperature (RT) with a Wissel
(Wissenschaftliche Elektronik GmbH, Germany) electromechanical spectrometer working in a
constant acceleration mode. 57Co/Rh source (activity 50 mCi) and -Fe standard were used. The
experimentally obtained spectra were fitted using CONFIT2000 software (Žák T., 2006). The
parameters of hyperfine interaction such as isomer shift (IS), quadrupole splitting (QS), effective
internal magnetic field (Heff), line widths (FWHM), and relative weight (G) of the partial components
in the spectra were determined. The infrared (IR) spectra were recorded using a Nicolet 20SXC IR
spectrometer, on samples pelletized with KBr.
2.3. Catalytic experiments
Methanol conversion was carried out in a flow reactor (0.055 g of catalyst, three times diluted with
grounded glass), argon being used as a carrier gas (50 ml/min). The methanol partial pressure was 1.57
kPa. The catalysts were tested under conditions of a temperature-programmed regime within the range
of 350-770 K with heating rate of 1 K/min. On-line gas chromatographic analyses were performed on
HP apparatus equipped with flame ionization and thermo-conductivity detectors, on a PLOT Q
column, using an absolute calibration method and a carbon based material balance. The products
selectivity was calculated as Xi/X*100, where Xi is the current yield of the product i and X is
methanol conversion.
3. RESULTS AND DISSCUTION
TG-DTA measurements were carried out to investigate the thermal evolution of hydroxide carbonate
precursor and formation of spinel ferrite phase. The TG curve describes weight loss of 17 % at low
temperatures as can be seen in Fig. 1. The weight loss corresponds to endothermal effect due to the
dehydratation and decarbonisation of the hydroxide carbonate precursor.
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Fig. 1 DTA analysis of Cu0.5Zn0.5Fe2O4-HC sample
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Fig. 2 XRD analysis of Cu0.5Zn0.5Fe2O4 samples HC, TS300, TS400, TS500 and TS700
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The observed exothermal effect in higher temperature is not accompanied with mass loss and could be
associated with formation of crystalline Cu-Zn ferrite phase.
Powder XRD patterns of Cu0.5Zn0.5Fe2O4 HC precursor and the samples obtained after HC thermal
treatment at 300, 400, 500 and 7000C are presented in Fig. 2. As can be seen the sample treated at the
lowest temperature shows still amorphous behavior. The Bragg reflections for the samples synthesized
above 300 C at (220), (311), (400), (422), (511), (400), (533) are conspicuous and correspond to
spinel crystal structure (PDF 770012).
Average crystallites size (D), degree of microstrain (e) and lattice parameters determined from XRD
patterns of Cu0.5Zn0.5Fe2O4 -TS 400, 500, 700 are given in Table 1. The reflections became narrower
with annealing temperature increase in the range 400-700 C (Fig.2). This effect was also confirmed by
calculation approach using Williamson-Hall method, where an increase of crystallites size from 19.30
nm to 42.80 nm was observed. Similar dependence has been reported by (Hua P., 2010), (Hua P.,
2011), (Sujatha C., 2012). The appearance of small quantities of secondary phase of Fe2O3 in the
sample Cu0.5Zn0.5Fe2O4 -TS 700 was also detected, that can be effect of annealed treatment
(Tsoncheva T., 2010).
Table 1. Average crystallites size (D), degree of microstrain (e) and lattice parameters determined
from XRD patterns of Cu0.5Zn0.5Fe2O4 -TS400, TS500 and TS700
Sample

Phases

D, nm

e103, a.u

a, A

%

Cu 0.5Zn0.5Fe2O4-TS400

Fd3m(227)-cubic

19.30

3.65

8.40

100

Cu 0.5Zn0.5Fe2O4-TS500

Fd3m(227)-cubic

21.79

2.80

8.41

100

Fd3m(227)-cubic

42.80

0.35

8.41

98

Cu 0.5Zn0.5Fe2O4-TS700

Fe2O3

2

The IR transmittance spectra of Cu0.5Zn0.5Fe2O4-HC and Cu 0.5Zn0.5Fe2O4-(TS) are shown in Fig 3. The
absorption broad band in the range from 1250 to 1750 cm-1 consisting of three separately maxima at
1382cm-1, 1469 cm-1 and 1629 cm-1 was detected in the spectrum of HC. They can be attributed to
vibration of HCO3– and CO32- groups. The band at about 3400 cm-1 is typical for OH-groups
vibrations. The IR spectra of the samples obtained at 400, 500, 700 0C reveal two absorption bands at
about 400 cm-1 and 563 cm-1. These bands are a common feature of all ferrites and the variations in
their wavenumbers can be attributed to the changes in the Fe3+-O2- bond length at octahedral (Fe-O-B)
and tetrahedral (Fe-O-A) site of unit cell, respectively (Mahmoud M., 2012).
Mössbauer spectra of Cu0.5Zn0.5Fe2O4 samples treated at 300, 400, 500, 700 0C are presented in Fig. 4.
The calculated parameters of Mössbauer analyses are listed in Table 2. The Mössbauer spectra of
hydroxide carbonate precursor powder and Cu0.5Zn0.5Fe2O4 -TS300 consist of quadrupole doublet
component, indicating that the samples are paramagnetic. The spectrum of the sample Cu0.5Zn0.5Fe2O 4
-TS400 was fitted with doublet due to the super-paramagnetic behavior with relative weight G= 22%
and sextet with ferrimagnetic behavior with G= 78%. The secondary phase of -Fe2O3 in
Cu0.5Zn0.5Fe2O4 -TS 700 sample detected by XRD analysis was confirmed also by Mössbauer spectra
as a sextet % with parameters of IS=0.37 mm/s, QS=-0.20 mm/s, Heff=51.4 T and relative weight
G=4%. The best fitting of the data for Cu0.5Zn0.5Fe2O4 -TS 500 is defined as one sextet of Fe3+ ions in
tetrahedral position and with more than one sextet of Fe3+ ions in octahedral position.
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Fig. 3 IR transmittance spectra of Cu0.5Zn0.5Fe2O4-HC (A) and Cu0.5Zn0.5Fe2O4-TS (B)
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Fig. 4 Mössbauer spectra of Cu0.5Zn0.5Fe2O4 samples
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Table 2 Parameters of Mössbauer spectra of the investigated samples
Sample
Cu0.5Zn0.5Fe2O4-HC

Components
Db

IS, mm/s
0.37

QS, mm/s
0.68

Heff, T
-

FWHM, mm/s
0.43

G, %
100

Cu0.5Zn0.5Fe2O4-TS300

Db
Sx1

0.34
0.30

0.81
-0.03

29.6

0.52
2.44

100
78

Cu0.5Zn0.5Fe2O4-TS400

Db
Sx1-Fe3+tetra
Sx2- Fe3+octa
Sx3- Fe3+octa

0.35
0.27
0.37
0.37

0.69
0.46
0.00
0.00

32.0
28.5
23.7

0.71
0.91
0.77
0.60

22
25
18
10

Cu0.5Zn0.5Fe2O4-TS500

Sx4- Fe3+octa
Sx5- Fe3+-octa

0.37

0.00

18.7

1.02

24

0.37

0.00

5.6

1.23

8

3+

0.37

0.00

34.6

0.75

15

3+

Sx1- Fe Fe2O3
Sx2- Fe3+tetra
Sx3- Fe3+octa

0.37
0.27
0.37

-0.20
0.00
0.00

51.4
37.0
40.4

0.22
0.65
0.55

4
23
8

Sx4- Fe3+octa
Sx5- Fe3+octa
Sx6- Fe3+octa
Sx7- Fe3+octa

0.37
0.37
0.37
0.37

0.00
0.00
0.00
0.00

34.6
31.4
26.1
15.4

0.68
0.70
0.93
0.02

19
15
16
14

Sx6- Fe octa

Cu0.5Zn0.5Fe2O4-TS700

Temperature dependencies of methanol conversion and the changes with the CO selectivity for all
ferrite materials are presented in Fig. 5. Methane (up to 5-10 %) and CO2 (up to 25-30 %) were also
detected as by-products. The samples differed significantly in their activity depending on the
annealing temperature and superior catalytic activity even at relatively low temperatures (430-450 K)
was observed for Cu0.5Zn0.5Fe2O4 –TS400. The catalytic activity was lower for the sample with low
degree of crystallization of spinel phase (Cu0.5Zn0.5Fe2O4 -TS300). It also significantly decreased for
the samples obtained at higher annealing temperature, and according to the XRD and Mössbauer
spectra, it could be due to the growth of the ferrite particles and partial destruction of ferrite phase
with the formation of Fe2O3 as well.
100

80
60

TS300
TS400
TS500
TS700

40
20
0
400

450

500

550

600

650

700

750

C O Se lectivity , m ol %

C onv er sio n, mo l%

100

80
60

TS30 0
TS40 0
TS50 0
TS70 0

40
20
0
40 0

4 50

Te m per ature , K

A

500

550

60 0

6 50

700

Tem pe ra tu re , K

B

Fig. 5 Methanol conversion (A) and CO selectivity (B) vs. temperature of Cu0.5Zn0.5Fe2O4 ferrites
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Fig. 6 Mössbauer spectra of samples after catalytic test
Phase transformation of catalysts after the catalytic test was detected by XRD (not shown) and
Mössbauer spectroscopy (Fig. 6 and Table 3). The XRD analysis revealed reflections of ZnO, Fe5C2
and metallic Cu in all investigated samples. A spinel structure, which could be attributed to Znsubstituted magnetite, was also registered. This assumption is illustrated by Mössbauer spectra of the
materials, which calculated parameters of superfine interaction correspond to ZnxFe3-xO4. Znsubstituted magnetite can be denoted with the formula (Zn2+xFe3+1-x)tetra[Fe3+1+xFe2+1+x]octaO4.
Mössbauer spectrum of magnetite (Fe3O4) i.e. x= 0 consist of two Zeeman sextets (for Fe3+ tetra and
Fe3+ octahedral coordination) with Fetetra:Feocta relative weight ratio of 1:2. However, the calculated
ratio of Sx1 and Sx2 of samples after catalytic reaction is higher than 1:2, which could be attributed to
the substitution of Fe3+ in tetrahedral position in magnetite lattice with zinc ions. The estimated degree
of Zn-ions is given in Table 3 by formula: x=1-2A/B, where A and B are the relative weight of Sx1
and Sx2, respectively. It was observed a clear tendency of formation of the same phases in
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investigated samples in different proportion. About 14 % non-reduced ferrite phase is registered by
Mössbauer spectra for Cu0.5Zn0.5Fe2-TS700-MD.
Table 3 Parameters of Mössbauer spectra of the investigated samples after catalytic reaction of
methanol decomposition
Sample

Components

Cu0.5Zn0.5Fe2O4-TS300-MD

IS,
mm/s

QS,
mm/s

Heff,

FWHM,
mm/s

G,

Sx1-

ZnxFe3-xO4, Fe3+tetra

0.30

0.00

Sx2-

ZnxFe3-xO4, Fe2,5+octa

46.8

0.38

5

0.54

0.01

42.0

1.33

27

Sx3 - - Fe5C2

0.24

0.09

21.5

0.47

26

Sx4- -Fe5C2

0.21

0.01

18.6

0.49

25

Sx5- -Fe5C2

0.14

0.01

10.3

0.41

7

Db

T

%

(x=0.62)

Cu0.5Zn0.5Fe2O4-TS400-MD

0.54

1.27

-

0.87

10

Sx1-

ZnxFe3-xO4, Fe3+tetra

0.28

-0.01

48.0

0.31

17

Sx2-

ZnxFe3-xO4, Fe2,5+octa

0.61

0.00

44.4

0.80

50

Sx3- - Fe5C2

0.20

0.07

21.2

0.37

17

Sx4- -Fe5C2

0.17

0.01

19.4

0.51

13

Sx5- - Fe5C2

(x=0.32)

Cu0.5Zn0.5Fe2O4-TS500-MD

0.15

0.01

10.3

0.35

3

Sx1-

ZnxFe3-xO4, Fe3+tetra

0.26

0.00

48.4

0.28

8

Sx2-

ZnxFe3-xO4, Fe2,5+octa

0.66

-0.03

44.8

0.75

17

Sx3- -Fe5C2

0.21

0.05

21.0

0.37

52

Sx4- -Fe5C2

0.20

0.00

19

0.38

19

Sx5 - -Fe5C2

(x=0.06)

Cu0.5Zn0.5Fe2O4-TS700-MD
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0.18

0.00

10

0.27

3

Sx1-

ZnxFe3-xO4, Fe3+tetra

0.30

0.07

46.9

0.56

8

Sx2-

ZnxFe3-xO4, Fe2,5+octa

0.62

0.00

42.5

0.85

12

Sx3- -Fe5C2

0.21

0.05

21.03

0.50

44

Sx4- -Fe5C2

0.18

0.00

18.77

0.49

15

Sx5- -Fe5C2

0.17

0.01

11.53

0.36

7

Sx6-Cu0.5Zn0.5Fe2O4

0.38

0.00

37.93

0.59

6

Sx7-Cu0.5Zn0.5Fe2O4

0.28

0.00

32.24

1.06

8
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4. CONCLUSION
Nanocrystallyne Cu0.5Zn0.5Fe2O4 ferrite materials were successfully synthesized by method of
coprecipitation with following thermal treatment in the range 300-700 C. A significant change in the
average crystallite size from 19.30 to 42.80 nm with increase of annealing temperature was observed.
The sample obtained at 400 C reveal the highest catalytic activity with about 70% selectivity in
methanol decomposition to CO and hydrogen. XRD and Mössbauer analysis of the samples after the
catalytic test reveal decomposition/reduction transformations with the ferrite spinel structure by the
influence of the reaction medium with the formation of a mixture of Zn xFe3-xO4 and Fe5C2.
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Abstract
Results of precise monitoring provided in two parallel lines using the sliding micrometre were used
for back-analysis to determine moment, shear force and superimposed lateral stresses distribution
acting on the wall. The method of back analysis will be presented in the paper together with the recent
development of the application of BOTDA (Brillouin Optical Time Domain Analysis) for geotechnical
structures to innovate the way of above instrumentation. The present trial version of the developed
software for back analysis brings benefits in detailed knowledge of distribution of actual internal
forces in the structure on the construction site, which can be compared with those calculated at the
design stage.
Key words: retaining structures, geotechnical monitoring, internal forces, back analysis, fibre optics,
BOTDA
1 INTRODUCTION
In case of large-scale excavation works, application of analytical methods is general for safety control
of earth retaining wall. Real behaviour of these structures is controlled by geotechnical monitoring
with use of different instruments. The measured displacements and strut or anchor forces are usually
compared with the values stated at the design stage.
The usual design of retaining walls is based on soil-structure interaction. The structure is considered as
flexible and it interacts with the changing lateral stresses during staged construction process. On the
other hand, the high stiffness of the structure results in significant changes of bending moment and
shear force distribution, when deflection occurs, both in case of design and in-situ behaviour.
Comparison of measured data to those before computed or derived at the design stage gives not a
picture of the distribution of internal forces in the wall. Although monitoring results are used for
assessment of structural behaviour, the internal forces are not under direct control. This is the main
reason for development of different methods of back-analyses, which were published by e.g. Machida,
Omote & Yanagihara (1999), Likar & Vukadin (2003), Lee et al. (2004), Puzrin & Schmid (2007),
Dey et al. (2011) and Zalesky et al. (2011).
2 METHODS OF BACK ANALYSIS
Flexible earth retaining walls with tiebacks or struts are often used as a supporting system for ground
excavations. At the design stage, there are used different analytical approaches describing the
relationships of soil – structure interaction (Lee et al. 2004). For staged constructions, development of
contact stresses (on the rear side and or on the excavation side) shall be calculated according to
construction stages. The stage as partial excavation followed by strut or anchor application offering
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support is repeated in cycles till the final excavation level is reached. This process affects development
of the soil – structure interaction. The diagram of pressure – displacement curve is modified with
respect to construction stages and shall be used according to the Figure 1.
This type of calculation following construction stages is reliable to stress and displacement
development history. Proper calculation offers data which can be controlled by geotechnical
monitoring, as deflection curves of the wall and anchor forces at every construction stage.

Fig. 1 Non-linear P – y curve for staged excavations (in Lee et al. 2004)

Fig. 2 Measured strain in the wall body; Legend: d - distance of axes of measuring casings or sensing
optical fibres, m1, m2 – distances between measuring marks, m – axial change of measuring marks
distance in both casings, – change of inclination of the wall body central line
Monitoring tools together with methods of calculation of anchored retaining walls are under
development. Commonly used practise is to monitor anchor forces with use of different load cells and
displacements of anchor heads by total stations. This is the case of point-wise displacement
measurement. Stresses in the wall body can be controlled locally in the reinforcement cage with the
use of added so called sister bars (instrumented with strain sensors). Inclinometers can be used to
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measure wall deflection if the wall is really flexible and or if the wall inclination is expected in order
of mm/m at least.
Line-wise monitoring of the wall body can be made by sliding micrometre in pairs of casings or by the
use of fibre optics application e.g. chains of Fibre Bragg Gratings (FBG) sensors or sensing cables for
Brillouin Optic Time Domain Analysis (BOTDA). The monitoring offers pairs of strain distribution
along the whole structure in the section. Measured data could be used for calculation of inclination
changes along monitored structure or for deflection curve calculation according to Fig. 2. This
approach results in time dependent deflection curve which follows construction stages.
Application of the monitored data at higher level needs back analysis to demonstrate development of
bending moment and shear force distribution in the structure, which are important in judgement of
safety of the structural design. Relationship presented in Fig. 1 is rather difficult to verify other way
than by modelling and back-analysis. Direct control by monitoring of total stresses on the contact of
the wall and soil sequence is not efficient in giving reliable data. This is due to installation problems
together with technology of construction of retaining structures as pile / diaphragm walls. Pore-water
pressure is monitored in stratified soil sequences and if cluster of pore pressure sensors is used,
reliable data can be gathered.
2.1 Analytical techniques
Various analytical techniques proposed in back analysis for earth retaining walls have problems with
confrontation of measured values of displacements of the wall and calculated ones by analyses.
Machida, Omote & Yanagihara (1999) used in back analysis extended Kalman filter algorithm, and
proposed the new establishment method of strut spring constants obtained from the relation of the
measured displacements of wall to axial forces of struts in back analysis.
Puzrin & Schmid (2007) referred about back analysis made on unstable slope, where thickness of
sliding soil mass was determined by monitoring. The analysis was based on analytical approach using
complementary data of deflection of the stabilizing wall, Fig. 3.

Fig.3 Schematic layout of the constrained landslide model (Puzrin & Schmid 2007)
The solution was based on equilibrium conditions and known kinematics of the slide. It was extended
to the time dependency of the slide activity. It is suitable for estimation of the action on the wall due to
the sliding mass, but not for calculation of moment and shear force distribution in the structure.
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Selected results of monitoring of an anchored pile wall together with results and problems of back
analyses using different interpretation techniques of deflection curves were presented by Zalesky et al.
(2011). The use of instruments of line-wise monitoring like sliding micrometre casings in the pile wall
was approved by our own installation.
2.2 Finite Element Method application
A multi-anchored pile retaining wall was constructed to protect the cut made for the cut and cover
section of the twin Trojane Tunnel. Deformation monitoring surveys were conducted and
measurements of movements were carried out throughout the construction cycle of the wall and
beyond. In order to determine design parameters for the soil strata embedded in a complex geological
sequence, the soil-wall interaction was back analysed using the finite element method. Soil parameters
were carefully assessed from the laboratory data and adjusted by numerical back analyses. The
parameters were verified on the neighbouring cut and cover sections of the same tunnel and later used
in routine design. Generally, a good agreement between predicted and observed behaviour was
achieved suggesting the adequate determination of the geotechnical model and the soil parameters,
(Likar & Vukadin 2003).
Dey et al (2011) referred about a full scale experimental study on a free flexible retaining wall
subjected to seismic loading. Embedded retaining wall in cohesive soil had a free height of 6m and
was composed of two rows of reinforced concrete piles 800mm in diameter. Deflection curve and the
wall inclination were monitored with use of conventional Inclinometers.

Fig. 4 Comparison between the first measurement and the numerical analyses results, (Dey et al. 2001)
The study was focused on interpretation of the monitoring results with use of numerical tools
describing the wall behaviour and interpretation of bending moment and shear force distribution in the
structure. Comparison between computed deflection curve and measured one is presented in the Fig. 4.
The plot shows a reasonable agreement in the wall inclination. The deflection curves have different
curvatures, especially in the wall embedded part resulting in overestimating of the computed bending
moment. In fact the wall demonstrates behaviour with higher stiffness.
The above mentioned back analyses are long-term activities due to monitoring, laboratory and field
testing of soils and in case of FEM time consuming computations by model calibration and parameter
studies provided to obtain an acceptable fit to measured data. Direct interpretation of measured data
375

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
for determination of internal forces in the wall body will bring a new benefit in determination of the
distribution of lateral stresses along the wall, if the primary data describing strain distribution along
the section through the structure is line-wise monitored with high accuracy. The analytic approach can
be very effective and reliable.
The role of underground water, especially in unstable areas, where different walls are used to stop the
soil mass movement, is not discussed. The water changes load diagrams significantly in cases of
independent water horizons and it is rather difficult to monitor.
3 ANALYSES OF MEASURED DATA
The method of determination of acting loads and internal forces distribution described below can be
used particularly for “slender” structures which react to external actions by deflections. The
distribution of deformations along the structure should be measured with sufficient accuracy, so that it
can be used as input data for the proposed back analysis. Examples of suitable measurement
instruments or methods are: Inclinometer, Sliding micrometer, Trivec or fibre optics BOTDA method.
In the following text an application of anchored pile wall instrumentation for high precision
deformation measurements is presented.
The method is valid only for determination of such a loading which induces bending of the structure.
In case there is additional shift or inclination of the structure, an extra analysis is necessary.
3.1 Anchored pile wall and its instrumentation
The site, near Usti nad Labem in the Czech Republic, is located on the north-east side slope of an
excavated brown coal open-pit mine. The highly exploited tertiary brown coal basin is mostly
composed of clays, sedimentary / volcanic complexes, coal and quaternary overburden – loess, gravels
or sands and regionally metamorphosed rocks under the tertiary fill and coal seams. Slope movements
not only due to mining activities but also due to natural slope structure and site conditions often occur
in this part of the coal basin. The Rabenov hill above the side slope is of volcanic origin. The northern
slope of the hill has stratified soil structure. There are sequences soils of various grain sizes with sandy
to gravely layers (mostly pyroclastics), which are bounded by fine grained deposits. This subsoil
profile contributes to high pore-water pressure in the area. Randomly distributed preferential water
paths result in locally appearing springs, which form confined artesian aquifers. The majority of small
spatially limited slides together with deep and large ones are initiated by high pore water pressure.
Those were the reasons for design and construction of the pile wall and stabilizing embankment
below. Two piles of a retaining system were selected for instrumentation. Two parallel measuring
casings were installed in both piles. A scheme of one instrumented pile is presented in the Fig. 5. The
measurements have been performed since 2007 with Sliding micrometer and high precision
Inclinometer. The Sliding micrometer is used for axial deformation measurements with resolution
±1µm/m and accuracy ±3µm/m in a combined casing. The high precision Inclinometer gives
horizontal deformation values (perpendicular to the casing axis) with resolution of 0,02 mm/m. The
measuring casings are placed in the piles in the distance d (Fig. 2) in the plane close to the pile wall
deflection.
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Fig. 5 Schematic view of an element of the anchored pile wall with cross section of instrumented pile
and location of an anchor
Changes in the inclination of pile axis are calculated from discrete measured deformations (according
to the Fig. 2). In the presented example, Fig. 5, the sets of paired measurements obtained by the sliding
micrometer were used.
The results of measurement in the form of changes in the length base line can be considered as the
second derivative average of the deflection curve along this section (multiplied by the distance of the
axis of the measuring casing from the neutral axis):
,

( )

( )=±

´´( )

(1)

Consequently it is possible to determine a change in the inclination of the directive of the central line
of the cross section of the structure between the nearest measuring marks, respectively the change of
the pile cross section rotation:
=

where

=

´´

=

´( )

´(

is the difference of measuring marks distances in positions

,

)

(2)
in both casings,

is the distance of casings (in the bending direction),
,

are positions of measuring marks in the casing,

´´( ) is the second derivative of horizontal displacements of the pile (in the plane of

bending) in the position of the measuring mark “i”,

´( ) is the first derivative of horizontal displacements of the pile (in the bending direction)

in the position of the measuring mark “i”.

Therefore it is possible to calculate the rotation of the centre line of the pile in the measuring mark
position:
´( ) =
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These data, along with known stiffness of the structure, are the input data for the analysis of the
distributions of the bending moment, shear forces and horizontal loading of the structure. The data
files gathered by monitoring were analysed in several ways.
A possibility of fitting the measured values to a higher order polynomial was tested in one of the
approaches. The static boundary conditions of the structure (conditionally suitable for a structure
anchored at one level) were taken into account as an assumption: a retaining wall anchored at one
level. The differential equation of equilibrium used for this procedure takes the form
(

´´)´´ =

where

+

(4)

is the stiffness of the structure,

is the external load from the subsoil (soil, pore-water pressure),
is the measured anchor force,
is the Dirac measure located at the anchor point.
Then, force and moment equilibrium conditions of the structure apply in an ideal case, and, therefore,
the static boundary conditions are met. The limiting condition for the sought minimum values of
deflections of calculated and measured deformations in the form of static boundary conditions,
however, may distort the solution, particularly in peripheral parts of the structure. This is the reason
why a possibility of a discreet solution of relation (4) was analysed using the formula
=

(5)

where Kww, K , K w, K are submatrices of the pile stiffness matrix K
=

rw is the column vector of horizontal deformations of pile joints,
r is the column vector of pile joints’ rotations,
and both are subvectors to the pile deformation vector

r

fw is the column vector of transformed loads at joints in

rw
r

the direction of horizontal displacements of the deflected pile,
fM is the column vector of transformed loads at pile joints due to bending moments.
The asterisks used with individual variables denote their formal adjustments allowing the solvability
of the problem.
Subsequently, a suitable load distribution may be searched so that it meets the static boundary
conditions, and thus the force and moment equilibrium conditions to which such a vector r is
designated, which best corresponds to the measured values.
Partial results of the fitting of measured deformation values are presented in Fig. 6 together with
calculated actions on the pile wall. The deformation was measured in one metre distances along the
pile which corresponds to the nodes in the calculations. The results of calculation of superimposed
stresses are influenced by oscillations caused by inaccuracies of measured data and the method of
calculation. In the Fig. 6 are presented two trials in oscillation dumping. Application of direct stiffness
method on measured deflection curve results in unreliable oscillations similar to results of multiple
derivatives (blue curve in the Fig. 6). Suitability of approximation of deflection curve was controlled
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by direct stiffness method (DSM) so that approximated displacements and rotations of nodes of the
structure cause only small bending moment loading in nodes. Horizontal forces were similar as result
of DSM considering and not considering zero bending moment loading nodes. Violet curve in the
Figure represents results of DCM with non-zero bending moments in nodes. Because of a simple
shape of deflection curve of the pile wall the deflection curve was fitted by higher degree polynomial
by the method of least squares according to boundary loading conditions. Results of derivatives are
presented by the green curve. The polynomial fit may not be used in the case of multilevel support of
the wall.

Fig. 6 Loading of pile wall computed from measured and approximated deflection curve using DSM
(zero bending moment loads in nodes) and derivatives of pile deflection curve
A “general” solution was developed in cooperation with the Department of Mathematics and it is
based on optional method of damping the oscillations of the derivatives of approximated curves of
measured data. The functions of the superimposed load acting on the retaining wall are assumed linear
in their parts, and they may be discontinuous at given points. This applies to loading with both the
solid and liquid phase of soils. An advantage of this solution is the adjustable elimination of the
influence of random measuring errors from the point of view of statistics and physics. This requires
interventions by an informed user during the calculation, but it allows the evaluation of measured data
even in a highly heterogeneous environment and for multilevel support of retaining structures (Pultar
et al. 2013).
Input data and additional information required for the calculation:
-

dimensions and cross-sectional characteristics of the structure in order to determine its
bending stiffness

-

boundary conditions (generally static)
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-

in case of anchored walls: anchors levels and anchor forces (in order to fulfil the equilibrium
conditions)

-

identification of non-force effects which influence measured deformations

-

the locations of discontinuities in the superimposed actions (according to site investigation
results) – solid particles and underground water separated

It is possible to insert discontinuities into the superimposed load distribution under calculation
according to layers of geological profile or according to artesian ground water appearance. The
informed user can adjust the settings of mathematical solution so close fit to known site conditions and
measured deflection curve is obtained. The bending stiffness of the examined structure can be set in
several intervals according to the changes of cross section parameters.
During the structural analysis it is necessary to determine additional effects as temperature changes
which are included in measured values describing structure deformation. From this point of view there
is an advantage of the measurement by optical fibres because these are able to provide information
about the deformation and temperature distribution.

Fig. 7_Results of GEO5 computations and analyses by the new software. On the left: 0-excavation
bottom, 1- bending moment distribution (GEO5), 2-pressure acting on the wall (GEO5), 3-bending
moment distribution (analysis), 4-shear force distribution (analysis), 5-pressure acting on the wall
(analysis). Cross hatched diagrams: Bending moment and horizontal displacement (GEO5)
The presented test example was computed by the GEO5 software for analysis of staged retaining
structures, Fig. 7. A diaphragm wall with the thickness of 0,60 m was considered in the non-cohesive
soil of = 20 kN/m3, =36°, c =0 kPa. Anchor was placed at 5,0 m below the original ground level
and horizontal component of the force was 350 kN/m in the final excavation stage. The soil in the
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foundation pit was excavated to the depth of 12,0 m. The depth of the wall toe is 3,0 m below the
excavation. The staged computation was done and the final stage was subjected to back analyses with
the new software.
4 APPLICATION OF BOTDA MEASUREMENT SYSTEM
The main advantage of Brillouin Optical Time Domain Analyses (BOTDA) is, compared to the
common means of geotechnical monitoring, that the location of deformation or temperature changes
along the installed measurement cable can be detected by the analyser and not-known in advance. The
resolution and accuracy of deformation or temperature measurements depends on the length of
measurement optical fibre and on the properties of the analyser. The resolution of BOTDA analysers
is given by the producer and varies between 0,1 and 20 and is dependent on the type and length of
the sensing cable.
Stimulated Brillouin effect, also called stimulated Brillouin scattering (SBS), arises from the
interaction of glass fibre molecules and transmitted light. Distributed Strain and Temperature Sensors
are used for tracking changes of Brillouin scattering in the time domain. This measurement method is
known as Brillouin Optical Time Domain Reflectometry (BOTDR). Similar method, BOTDA,
provides better results because two sources of light are used: the pump at the beginning of the fibre
and the probe at the end of the fibre. A scheme of the measurement principle is presented in the
Fig. 8. The shift of Brillouin frequency corresponds to the deformation or temperature change. The
location of the frequency change along the optical fibre is calculated from the travel time of the
backscattered light.
The analysers can determine absolute or relative values of deformation and temperature. The absolute
values are derived from the specific Brillouin frequency measured on a free (unloaded) optical fibre.
The relative values of strain or temperature are calculated from comparison of actual value with the
baseline measurement.

Fig. 8 Scheme of BOTDA measurement principle (Neubrex, 2009)
The BOTDA monitoring of the pile wall is expected to be performed by the sensing cables used in
pairs according to the Fig. 5. There are two possibilities of sensing cables configuration. The first one
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is to use two separated sensing cables deployed close to excavation and rear side of the retaining
structure and the other one is to use one cable in a closed loop crossing the bottom part of the
structure, e.g. from excavation to rear side.
The first case needs splicing of a pair of sensing fibres to obtain loops for BOTDA strain sensing, the
second one is more sensitive to damage by the installation of reinforcement cage and concreting of the
structure.
In the next part of the paper are presented selected results of BOTDA measurements performed within
a R&D project: laboratory tests of the spliced connection of strain sensing cable and test
measurements in a tunnel with construction traffic and different ways of fibre optics deployment.
There were made two parallel tests of the strain sensing cables simulating cable concreted in the
structure or subsequent deployment of the sensing cable on the completed body of a wall.
4.1 Laboratory testing
The aim of the laboratory testing was measurement of changes of length of the measurement base by
BOTDA method together with independent deformation measurement method. There are important
parameters checked by the laboratory testing prior to in situ deployment: the stability of measurement
in time, the hysteresis of the sensing cable and consequently the development of optimal system of
attachment of sensing cables to monitored structure.

Fig. 9 Configuration of measuring cables and independent deformation measurement by Sliding
micrometer, by J. Zalesky
The cable was attached to the rigid testing beam in four measuring sections – one above the other on
both sides of the beam, Fig. 9. There are two possibilities of the fibre termination – either the splicing
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of fibres into a loop or use of special terminal element. In case of splicing, the fibre is measured in the
loop and therefore measured deformation distribution is mirrored along the point of splice, Fig. 10.
Smartprofile sensing cable was subjected to laboratory testing. This type of sensing cable contains
four fibres – two of them are used for strain sensing and in the centre of the cable there are two loose
temperature sensing fibres embedded in gel, Fig. 10.

Fig. 10 SmartProfile on the left, after SmarTec SA, idealized scheme of the measurement result on the
test beam; Legend: a – strain measurement fibre, b – temperature measurement fibres, 1 to 4 –
numbers of intervals, where the measurement cable is subjected to strain
The example of results from the testing with measuring cable is shown at Fig. 11 – it is a screenshot
from the software of the analysing unit. There are clearly visible four loaded parts of the fibre with
nearly linear strain distribution. The other four peaks with non-linear strain distribution were formed
because of the defect in splicing of two parts of the fibre together with strong signal noise.
Fig. 11 Screenshot of strain distribution during testing with BOTDA analyser OZ Optics
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Additional unexpected peaks arise in the beginning of the first two sections. These peaks may be
formed due to the attachment system and rapid changes of strain applied periodically to the sensing
cable. The testing proved the ability of identification of fibre deformations and corresponding
chainage when the fibre is fixed to the structure in points. The testing proved quite high sensitivity
from the point of view of the magnitude of strain and chainage along the measuring fibre (the ability
of distinction of the area along the axis of the fibre where the change of strain is applied). The move
from unloaded to loaded part of the fibre is well defined.
One part of the testing was also step wise increase of deformation of fibres up to 1,5% elongation with
consequent shortening back to the initial value. The cable response was not completely elastic.
4.2 Field instrumentation
The instrumentation of BOTDR fibres took place in summer 2011. The fibre optic was used for
monitoring of a position and a magnitude of deformations and temperature changes. The testing was
performed in an underground gallery Marketa which had been made in the middle between future rail
tunnels of an extension of the Prague metro line A. One of those rail tunnels (from Motol station to
Petriny station, accessible from Vypich construction pit) was bored close to installed optic fibre
monitoring system by EPB Shield technology (Earth Pressure Balanced). For the boring process two
tunnelling shields were used – S-609 named Tonda and S-610 Adela (produced by Herrenknecht,
Germany). Tonda machine was boring the rail tunnel in vicinity of optic fibre monitoring system from
5th to 11th July 2011.
The sensing cable was installed into the lining of the gallery in two different manners. Approximately
a half of the length of monitoring cable in a line was put into a groove 15 x 20 mm which had been cut
into the lining. The groove with the cable was filled with fast hardening cement grout. The other half
of the sensing cable was attached to the lining by couples of duralumin plates (50 x 50 x 5 mm) in
distances of one meter approximately. These plates were connected to the lining by pairs of 6 mm
screw bolts.

Fig. 12 Summary of strain distribution along the fibre from 6.7.2011 to 11.7.2011
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Results from optic fibre monitoring were compared with the movement of the cutting head of shield
Tonda and this comparison is presented in Fig. 12. Selected data fields were used in the Figure to
describe deformation development in time. Blue lines represent the behaviour of the sensing cable
attached to the lining with a help of duralumin plates (anchored cable) and red lines represent the
behaviour of the sensing cable in a groove (cemented cable).
In Fig. 12 there are marked spots in the graph indicating clear peaks – red mark is for peak on the
cemented cable only (chainage 447,191 m), blue mark is for peak on the anchored cable only
(chainage 445,557 m) and violet mark is for peak on both cemented and anchored cables (chainage
454,130 m, 455,767 m and 456,992 m).
By comparison with the date – chainage diagram of the shield Tonda movement it was found that
those peaks more or less correspond to the time when the shield was passing by the sensing cable
(either the cutting head of the shield or any other part of it). One of these strain distributions is shown
together with a movement of the shield Tonda for corresponding cemented and anchored cables in
Fig. 13.
There is a quite thick layer of the lining between the middle tunnel and the bored tunnel; deformations
due to the movement of the shield were not expected to be large, the monitoring system was installed
more for the possible indication of cracks or technological joints (intervals of concreting) during the
shield movement.

Fig. 13 Strain development at chainage 455,767 m; blue-anchored, red-cemented, yellow-shield Tonda advance
The anchored cable is strongly influenced by the environment inside the Marketa gallery. The signal
can be disturbed for example by changing temperature, dynamic effects of heavy traffic or splashing
dirty water – particles of mud remain and dry on the cable. The temperature changes effect can be
compensated because the fibre measures also temperature simultaneously with strain. In case of the
cable in a groove these effects are partially suppressed. On the other hand, the main advantage of the
fixing the cable by duralumin plates is a fast cable deployment and easy fitting on the rough surface.
The installation of the cable into a groove is time consuming; cutting the groove, putting the cable in
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and fixing it by fast hardening cement. The most convenient option of the fixing system should be the
sensing cable attached by stainless steel plates and protection by a cable sleeve.
A software tool which is able to process a huge amount of gathered data to prepare them for quick
preview by the user and also to transfer the data into txt format has been created. It is also necessary to
gain more knowledge about the background signal noise and about the unexpected data appearance
and afterwards to implement a sorting tool into this software.
5 CONCLUSIONS
In order to provide a back analysis of a pile or diaphragm wall based on deflection curve it is
necessary to have monitoring data as precise as possible. There are several options how to obtain these
data. High resolution Inclinometer is a suitable instrument in case of large deformations. If the
retaining structure has high stiffness the Inclinometer can be replaced by Trivec in a single measuring
casing. Monitoring by Sliding micrometer / Trivec where a pair of measuring casings is installed into
the pile (forming a plane close to the pile wall deflection) brings pairs of line-wise axial deformations.
When the measurement is carried out in a stiff structure and therefore the deformations of the wall are
very small, this method is able to resolve them (Sliding micrometer resolution is 1 m/m) but
measurement inaccuracies result in troubles in back analysing. Another advanced monitoring tool is
the use of BOTDA measurement system. The BOTDA monitoring has one important advantage – it is
possible to measure the strain distribution simultaneously with the temperature distribution both on the
excavated and on the rear side of the wall - the temperature changes affect the strain distribution as
well.
The back analysis based on monitoring results and particularly on determination of retaining structure
deflection curve is affected by measurement inaccuracies. This was the reason for finding out of a
method of damping of measurement induced oscillations during back analyses. The oscillation
damping was implemented into the calculation and the preliminary version of software was invented.
In this version there is the availability of flexible damping of oscillations step by step but the user has
to be well informed.
Complementary information as geological soil/rock sequence is required because of implementation of
stratified sequence in calculation. In more complicated hydrogeological conditions deformation
monitoring methods are not sufficient, it is necessary to have hypothesis about the pore water pressure
distribution and indication of artesian water appearance at least.
The analysis method used in the software is based on the deflection curve, therefore the software is
capable to calculate bending moment and shear force distribution. Distribution of actions creating
structural deflection can be determined. If there is any additional shift or rotation of the wall, an extra
analysis is necessary. It is possible to utilize the behaviour of the excavated part of the wall as for
calculation parameters adjustment in further studies.
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Abstract
Nanoporous ceramic materials was functionalized by co-condensation of tetraethyl orthosilicate
(TEOS) and different 3-aminopropyltriethoxysilane (APTES) amounts in the presence of amphiphilic
triblock copolymer poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)
(EO20PO70EO20), who was previously dissolved in acid solution with different acid concentrations.
Pluronic P123 was used as structure-directing agent and xylene as a swelling agent. Inorganic salt
was introduced in order to improve structure ordering and to tailor framework porosity. The
synthesized materials were characterized by scanning electron microscopy (SEM), X-ray diffraction,
nuclear magnetic resonance (29Si MAS NMR and 13C CP MAS NMR), Fourier –transform infrared
spectroscopy (FT-IR) and elemental analysis. The results from NMR and FT-IR show that the organic
functional group is successfuly incorporated in the silica framework and P123 was successfully
extracted. The results from all analyzes prove that the acid concentration has significant influence on
the materials morphology and properties.
Kay words: sol-gel, mesoporous materials, hybrid materials, as structure-directing agent.
1

INTRODUCTION

In the last 20 years, the demand for materials with specific physico-chemical properties is increasing
(Díaz et al, 2009). Organic-inorganic hybrid porous materials are currently attracting particular interest
because they combine the advantages of inorganic and organic components (Dabrowski et al,2007).
Organic-inorganic hybrid porous materials are prepared under mild conditions by sol-gel
polycondensation of tetraalkoxysilane Si(OR)4 and appropriate silane coupling agent R` Si(OR)3
organotrialkoxysilane, were R` represents a ligand containing functional group, which greatly expands
the area of application of these materials (Shea & Loy 2001, Saadeh & El-Ashgar 2006). These
materials are called ‘hybrids’ since the inorganic and organic parts are completely homogeneously
mixed at the molecular scale within the whole sample (Hoffmann & Fröba, 2011). The sol-gel route
has attracted much attention in materials science due to its unique advantages, such as the low
temperature process, high homogeneity of the final products and the capability to create materials with
controlled surface properties and a wide range of pores (Dabrowski et al, 2007). The main properties
featured by these Organic-inorganic hybrid materials are highly ordered structures and uniform pore
size distributions within a framework formed by a homogeneous distribution of organic and inorganic
moieties (Shang-Ru et al, 2008). The homogenous distribution of organic groups has significant
influence on the surface properties, reactivity and accessibility of the final porous materials (Goto &
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Inagaki, 2002). Other factors, such as starting materials (e.g., alkoxides, metal salts etc, surfactants as
structure directing agent), reaction parameters (e.g. pH, temperature, solvent, co-solvent etc.) also
influence the formation of porous structures and dictate the pore size, its distribution and ordering
(Naik & Ghosh 2009, Wahab et al. 2004). Integration of amine functional groups into the structure of
mesoporous organic-inorganic silica hybrids is of big interest due to the versatile applications of the
resultant materials provided by the chemistry of the amine functional group, which include basecatalysis [14] coupling and immobilization of functional molecules and biomolecules [15], drug
delivery [16], adsorption and sequestration of heavy metal ions (Wang et al. 2005, Lei et al. 2002,
Munoz et al. 2003, Walcarius et al. 2003, Lui et al. 2000).
In this paper we report on synthesis of porous amine functionalized organosilicas prepared via a solgel process by using a co-condensation of aminefunctionalized trialkoxysilane (3aminopropyltriethoxysilane (APTES)) and tetraethylortosilacate (TEOS) in the presence of nonionic
surfactants in acid ambient. The samples were synthesized with different APTES amount in HCl
solution with different concentration. The final hybrid materials were characterized by XRD, solidstate 29Si MAS NMR, 13C CP MAS NMR, FT-IR, SEM and elemental analysis.
2 EXPERIMENTAL
2.1

Chemicals

Tetraethyl orthosilicate (TEOS, MERCK) and (3-aminopropyl)triethoxysilane (APTES, Aldrich) were
used in order to synthesize the amine-functionalized porous gels. Triblock copolymer Pluronic P123
PEO20PPO70PEO20, (Sigma-Aldrich, Mn~5,800) was used as a structure directing agent. Xylene
(Aldrich) was used as a swelling agent. To improve the structure ordering and tailor framework
porosity was used KCl (Aldrich). Hydrochloric acid (HCl, 36%, Promark Chemicals), Ethanol
(99.8%) and distilled water were used for removal of surfactant P123.
2.2

Synthesis

In a typical synthesis, 1.2g P123 and 3.5g KCl were dissolved in 52 ml 1M, 2M or 0.18M HCl and 10
ml distilled water at room temperature. 2.64 ml xylene was added after dissolving of KCl and P123.
After 1 hour stirring with xylene TEOS was added. The solution was stirred for 1 hour at room
temperature and APTES was added (drop-by- drop) at continuous stirring (Figure 1). The chemical
composition of the samples is presented in Table 1. The obtained materials were dried at 100 oC for 24
hours.

Figure 1 Scheme of synthesis of the samples
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Table 1. Chemical composition of the samples
Sample

P123

KCl

H2O

HCl

HCl

Xylene

TEOS

APTES

[g]

[g]

[ml]

Molar
concentration

2.0, 1.0 or
0.18 M

[ml]

[ml]

[ml]

[ml]
NSI 1

1.2

3.5

10

2.0 M

52

2.64

2.64

2.71

NSI 2

1.2

3.5

10

1.0M

52

2.64

2.64

2.71

NSI 3

1.2

3.5

10

2.0M

52

2.64

2.64

4.06

NSI 4

1.2

3.5

10

1.0M

52

2.64

2.64

4.06

NSI 5

1.2

3.5

10

0.18M

52

2.64

2.64

4.06

NSI 6

1.2

3.5

10

2.0M

52

2.64

1.24

2.71

NSI 7

1.2

3.5

10

1.0M

52

2.64

1.24

2.71

2.3

Surfactant extraction

The removing of the surfactant was performed by soaking of the synthesized hybrid materials in
solution of ethanol and hydrochloric acid (Figure 2): 1gr from the sample was soaked in 150ml ethanol
and 1.7ml 36% HCl at 50oC for 24 hours. The resulting solids was collected by filtration, washed with
distilled water and ethanol, and dried at 50oC for 24 hours.

Figure 2. Extraction of P123
2.4

Materials characterization

Powder X-ray diffraction patterns were obtained on a Rigaku/ New X-Ray Diffractometer System
"Geigetflex" D/Max- C Series), working with Cu-K radiation with a range of 0.4-5.0 (2 ), and
scanning speed 0.01o /min. The morphology of the samples was observed by scanning electron
microscopy (SEM) the images were recorded on a Hitachi S-4100 scanning electron microscope with
an acceleration voltage of 15 kV. 13C (100.61MHz) cross-polarization magic angle spinning (CP
MAS) and 29Si (79.49 MHz) MAS solid-state NMR experiments were recorded on a (9.4 T) Bruker
Avance 400 spectrometer. The experimental parameters for 13C CP MAS NMR experiments: 9 kHz
spin rate, 5 s pulse delay, for 29Si MAS NMR experiments: 5 kHz spin rate, 60s pulse delay. MAS
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NMR spectra were measured with 40 s 1H 90º pulse, speed of rotation 50 kHz. 29Si solid-state NMR
spectra were recorded at 79.49 MHz on a (9.4 T) Bruker Avance 400 spectrometer 29Si magic angle
spinning MAS NMR spectra were measured with 40 s 1H 90º pulse, speed of rotation 50 kHz and a
delay of 60 seconds. Fourier transform infrared (FT-IR) measurements were performed on a
MATTSON 7000 Spectrometer in the range 4000–400 cm-1 and resolution 2 cm-1 The FT-IR spectra
were recorded at room temperature using KBr pellets, 32 scans were signal averaged. FT-IR was used
to confirm the removal of surfactants and the formation of organosilica materials. Elemental analyses
for C, N and H were performed with a Truspec 630-200-200 elemental analyzer at combustion
furnace temperature 1075oC.
3. RESULTS AND DISCUSSIONS
Figure 3 shows the XRD patterns of all samples after surfactant extraction. XRD patterns reveal only
one diffraction peak in the low angel diffraction region (from 1 to 5 o) at about 2Theta=1.15o. This
single peak indicates the characteristics 2-D hexagonal mesostructure (Hao et al. 2011) of ordered
materials (Wang et al. 2005, Urata et al. 2011, Katiyar et al. 2006, Wahab et al. 2004, Hao et al. 2011).
The absence of higher angle refractions in Figure 3 suggests the lack of long-range order (Wang et al.
2005, Huaqin et al. 2009). All samples show the same diffraction peak with similar intensity values
and on the base of these results we can conclude that the concentration of HCl and the ratio
(TEOS+APTES)/ (P123+HOH+KCl+xM HCl), has not significant influence on the morphology of the
final materials.

Figure 3. XRD patterns of the gel materials after polymer extraction.
FT-IR spectra of the synthesized samples are shown in Figure 4. The spectra of all samples show the
presence of typical silica bands relative to the inorganic framework. The broad band around 1100 cm-1,
and at about 463cm-1 is due to siloxane (Si-O-Si) groups (Alonso et al. 2004, Berto et al. 2005,
Estournes et al. 1997). The frequency bending of the Si–OH band is seen at about 935 cm-1 (Estournes
et al. 1997, Zhu et al. 2006). The absorption bands at 696 cm-1, 785 cm-1 and 1336 cm-1 can be
assigned to the Si-CH2 stretching (Gutierrez et al. 2009, Shylesh et al. 2006, Shylesh et al. 2007).
Peaks at about 3050 cm-1, 2930 cm-1, 2720 cm-1, 1336 cm-1 are due to the vibrations of methylene
groups in the APTES precursor (Aridoss et al. 2007, Choi et al. 2012, Kumar et al. 2004, Gutierrez et
al. 2009, Nika et al. 2012, Badieia et al. 2011). Stretching vibration of C-N and NH2 groups is
observed at 1230 cm-1 and 1510 cm-1 respectively (Choi et al. 2012, Palanti et al. 2010). Peaks at 1625
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cm-1 and 3450 cm-1 bands overlapping of O-H, N-H and N-H2 and groups occurs (Berto et al. 2005,
Zhu et al. 2006, Badieia et al. 2011, Denev & Markova 2008, Lee et al. 2011, Bae et al. 2009). These
results confirm the successful incorporation of organic and inorganic moiety this means that the
synthesized materials are hybrid materials.

Figure 4. FT-IR spectra of the amine-functionalized materials.
13

C CP-MAS NMR spectrums of all samples showed peaks at 10 ppm, 20 ppm and 40 ppm. Figure 5
displays 13C CP-MAS NMR spectrum of NSI 7 sample. The spectra clearly displays three peaks at
10.26, 21.39, and 42.82 ppm, corresponding to the C atoms on the Si-CH2-CH2-CH2-NH2 group in
sequence from left to right (Figure 5) (Wang et al. 2005, Hamoud et al. 2010, Gao et al. 2007, Han et
al. 2011, Chong & Zhao 2003, Wang et al. 2005). This confirms FT-IR results that the synthesized
materials were indeed functionalized with aminopropyl groups and the organic moiety was not
decomposed during the preparation procedure (Zhu et al. 2006). Besides, the lack of peaks in the range
of 67-77 ppm that correspond to surfactant P123 implies the complete removal of surfactant P123
during the ethanol extraction (Wang et al. 2005, Chong & Zhao 2003, Wang et al. 2005, Benamor et
al. 2012, Yang et al. 2004).

Figure 5.

13

C CP-MAS NMR spectrum of NSI 7 sample

The 29Si MAS NMR spectra of all materials (Figure 6) show two distinct resonance peaks
corresponding to Qn (Qn = Si(OSi)n(OH)4-n, n = 2–4; Q4 at = -112 ppm, and Q3 at = -101 ppm) and
two more peaks assigned to T m (Tm = RSi(OSi)m(OH)3-m, m = 1–3, R is organic group; T3 at = -68
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ppm and T2 at = -58 ppm) (Wang et al. 2005). The appearing of Q3 peak i.e the presence OH group
in (OH)Si(OSi)3 means that we have no full condensation in the silicate framework. The inclusion of
the organic functional group in the silica framework is confirmed by the appearing of T m peaks (Wang
et al., 2005, Hamoud et al. 2010). The relative integrated intensities of the T m and Qn signals in
(Tm/Qn) and (T m/(T m + Qn)) were found to increase with increasing of the ratio
APTES/(APTES+TEOS) in the initial mixture (Wang et al. 2005, Wang et al. 2005, Wang et al. 2006).

Figure 6.

29

Si MAS NMR spectra of the synthesized hybrid gels

The results from elemental analysis are presented in Table2.These results do not show significant
differences in the nitrogen amount for the samples synthesized with different acid concentration.
These results are in agreement with FT-IR, 13C CP-MAS NMR and 29Si MAS NMR results. The
nitrogen amount increase with increasing APTES amount, this confirmed 29Si MAS NMR results
presented in Table 3. The results also show that the nitrogen amount in the samples depends only on
the APTES amount and that the HCl concentration does not influence on it.
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Table 2. Results from the elemental analysis
Sample

Massa
mg

C%

H%

N%

NSI 1

1.648

8.41

3.95

4.935

NSI 2

1.302

10.62

4.32

5.4533

NSI 3

1.383

13.84

5.1014

6.6899

NSI 4

1.313

14.27

4.87

6.6044

NSI 5

1.189

13.42

5.24

6.8131

NSI 6

1.475

12.169

5.46

6.9147

NSI 7

1.199

11.69

5.35

6.9087

Table 3. 29Si MAS NMR calculations
Sample

Tm/Q n

Tm/(Tm + Qn)

APTES/(APTES+TEOS)

NSI 1

1.18

0.54

0.51

NSI 2

1.10

0.52

0.51

NSI 3

1.63

0.61

0.61

NSI 4

1.50

0.59

0.61

NSI 5

2.40

0.70

0.61

NSI 6

2.18

0.68

0.68

NSI 7

1.98

0.66

0.68

SEM images of the synthesized hybrid samples are presented in Figure7. With decreasing the HCl
concentration changes occurs in the materials morphology. At the sample prepared with 2M HCl we
observe smooth surface, but with decreasing of HCl concentration we observe the obtaining of isolated
pores whose size significant increasing to 5 m. As acid concentration increases from 0.18 to2 M, the
pore sizes of the hybrid materials decrease, because the protonation of EO at higher acidity may
increase the hydrophilic volume and accordingly decrease the hydrophobic PPO core volume of
micelles (Qiao et al. 2006, Zhong et al. 2007). In result of the capacity of the PEO block to
interpenetrate the inorganic network (obtaining of two-phase model: surfactant-silicate part) which
will decrease the pore size. The interpenetration of PEO blocks into the silicate framework leads to a
pore model where a low-density ‘corona’ that is located between the pore center and the silica wall,
this less dense zone can be held responsible for the observed microporosity (Soler-Illia et al. 2003,
Ryoo & Ko 2000).
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Figure 7. SEM images of thr hybrid gel materials
4. CONCLUSIONS
The above presented results leads to the conclusion that are obtained homogenous hybrid materials
synthesized by the co-condensation method of TEOS and APTES using a block copolymer P123 as a
structure directing agent. We also can conclude that the acid concentration has not influence on the
amount of organic group incorporated in the silica framework. This was confirmed by elemental
analysis that does not show difference in the nitrogen amount in the materials. The presence of organic
group was confirmed by FT-IR spectra with the appearance of the peaks of methylene groups, Si-CH2,
C-N and NH2 groups, typical for the APTES precursor. The appearance of T sites in 29 Si MAS NMR
and the peaks at 10 ppm, 20 ppm and 40 ppm in 13C CP-MAS NMR spectra confirm the presence of
organic groups in the silica framework i.e these are organic-inorganic hybrid materials. 29Si MAS
NMR spectra showed Q3 and T2 type structural units which is indicative of incomplete condensation
reactions. The increasing of relative integrated intensities of the Tm and Qn units suppose that the
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amount of organic moiety in the silica wall structures increases with APTES concentration. Besides,
no peaks in 13C CP-MAS NMR spectra that correspond to surfactant P123 imply the complete removal
of surfactant P123 during the extraction. XRD patterns indicate characteristics of ordered twodimensional materials (2D) hexagonal structure. Significant difference was observed in SEM images
of the samples prepared with different HCl concentration. Increasing of acid concentration lead to
decreasing of pore sizes of the hybrid materials in result of increasing the hydrophilic volume and
accordingly decreases the hydrophobic PPO core volume of micelles.
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Abstract
The compressive strength test applied on standard samples is one of the most important tests
indicating the quality of concrete in structures. The results of the standard tests are compared with the
values used in design calculations and the quality of concrete is controlled. Although the standard
tests are well accepted by the construction industry, they may not represent the in-situ strength of
concrete due to the differences between the degree of compaction and curing conditions of concrete
and those of standard samples. In-situ strength is also important for the efficient planning of the
construction works in huge projects. In the present study, the results obtained from standard tests,
core tests, ultrasonic pulse velocity tests, and rebound hammer tests were extensively analysed for the
assessment of concrete strength.
Key words: Concrete strength, standard tests, core test, ultrasonic pulse velocity, rebound number.
1. INTRODUCTION
Concrete is one of the most widely used structural material produced by mixing together aggregate,
cement, water, and if necessary different types of admixtures (Neville 1981; Mindess&Young 1981;
Troxell, Davis&Kelly 1968; Erdogan 2003; Taylor 1977; Arioglu E&Arioglu N 1998). One of the
main characteristics of concrete is its compressive strength that is directly used in structural design
calculations and also gives an idea about other important properties of concrete (Neville 1981;
Erdogan 2003). Therefore, the quality of concrete is usually indexed by its compressive strength
(Arioz, Yildiz, Nalcaci, Karaesmen and Erkay 2004). Different methods and techniques are utilised for
the inspection and evaluation of concrete quality. Generally, standard cube and cylinder specimens are
taken and tested at specified ages for the quality control of concrete cast in structures (Arioglu
E&Arioglu N 1998). However, the standard specimens may not represent efficiently in-situ strength of
concrete due to different curing and compaction. Moreover, the dimensions of the test specimen and
those of the structural member are also different from each other (Chmielewski&Konopka 1999;
Bartlett&MacGregor 1996; Bungey&Soutsos 2001). Therefore, actual strength of concrete may show
some differences from design strength and the uniformity may not be obtained. In such cases, the
quality of concrete can be assessed by means of destructive and non-destructive methods
(Bartlett&MacGregor 1996; Bungey&Soutsos 2001; Haque&Al-Khaiat 1997; Abdel-Halim, AlOmari&Iskender 1999; Miao, Aitcin, Cook&Mitchell 1993; Franco, Noli, Degiralomo&Ercolani
2000; Kenai&Bahar 2003; Price&Hynes 1996; Beek, Breugel&Hilhorst 1997; Ohtsu&Watanabe
2001; Zhu, Gibbs&Bartos 2001; Elverly&Ibrahim 1976). Core test is one of the most reliable methods
for the determination of in-situ strength of concrete but the coring is difficult and time consuming.
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Furthermore, core test is a destructive test and therefore the applicability of the test is very limited.
Ultrasonic pulse velocity (UPV) and rebound hammer tests are popular non-destructive techniques
used in the assessment of properties of concrete in the structures. Both UPV and rebound hammer tests
do not give any damage to the structural member, and therefore, they can be applied whenever
required.
The destructive and non-destructive tests performed for the estimation of in-situ strength of concrete
can be compared according to some features such as cost, time, damage, representing, and correlation
confidence. The comparison of some of these tests stated by Bungey and cited by Arioglu was given in
Table 1 (Arioglu E&Arioglu N 1998). As it can be seen from this table, the core test is
disadvantageous from cost, experiment velocity and damage points of view. However, it is able to give
the strength of concrete with high correlation confidence. UPV and rebound hammer tests are very
simple and easy to perform but their correlation confidences are weak.

Method

Cost

Velocity

Damage

Representative

Correlation
Confidence

Coring

High

Slow

Medium

Medium

Strong

Ultrasonic
Pulse Velocity
(UPV)

Low

Fast

No

Good

Weak

Very low

Fast

No

Only surface

Weak

Rebound
Hammer

Table 1. The comparison of methods for estimation of concrete strength (Arioglu E&Arioglu N 1998)
In this experimental investigation, core test, rebound hammer test and ultrasonic pulse velocity test
were conducted on different concrete mixtures. The results of these destructive and non-destructive
tests were correlated and compared with those of compressive strength test of concrete performed on
standard cube and cylinder samples.
2. CONCRETE TESTS
2.1. Standard tests
Compression tests on specimens prepared in a standard manner that means full compaction and moist
curing for a specified period of time give potential strength of concrete. Two types of standard
specimens are used; cylinder and cube. Cylinders are used in the United States, France, Canada, etc.
and cubes are utilised in Great Britain and in many other countries in Europe (Neville 1981). In some
countries such as Turkey, both cylinders and cubes are used to determine the compressive strength of
concrete. The dimensions of the standard specimens may vary from country to country. Cube test is
described in TS EN 12390 and BS 1881: Part 108: 1983 and cylinder test is described in TS EN
12390, ASTM C 192-90a, ASTM C 39, and BS 1881: Part 110: 1983 (TS EN 12390, 2002; ASTM
C39, 1994; ASTM C 192-90a, 1994; BS 1881: Part 108: 1983, 1983; BS 1881: Part 110: 1983, 1983).
It is stated that the shape and the dimensions of the specimens play an important role in the evaluation
of the test results. It should also be noted that the relationships between the cube and cylinder strength

401

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
may be different for different concrete mixtures (Neville 1981). Fig.1. illustrates the preparation of the
standard test samples in the experimental study.

Fig.1. Preparation of the standard test samples
2.2. Core test
The common method to measure the in situ strength of concrete is to drill cores from the structural
member. Although it is the most reliable way to estimate the quality of concrete, the test results are
influenced by a number of factors such as diameter, length-to-diameter (l/d) ratio and moisture
condition of the specimen as well as the strength and the age of the concrete (Bartlett&Macgregor
1994a; Bartlett&Macgregor 1994b; Bartlett&Macgregor 1993; Bartlett 1979; Bungey 1979). Among
these, diameter and l/d ratio of the specimen play very important role in the interpretation of the test
results. Moreover, the comparison between the strengths of standard specimens and core specimens is
not unique for all specifications. It is evident that the dimensions of the core specimens are also
dependent on the standard sample for the proper comparison. Generally, the cores with l/d ratios of 2
and 1 are selected when their strengths are compared with those of cylinder and cube specimens,
respectively. The core test is prescribed in TS 10465, TS EN 12504, ASTM C 42, and BS 1881: Part
120: 1983 (TS 10465, 1992; TS EN 12504-1, 2002; ASTM C 42-90, 1994; BS 1881: Part 120: 1983,
1983). The drilling of the core specimens from concrete sample is shown in Fig.2.

Fig.2. Drilling of the core specimens from concrete
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2.3. Ultrasonic pulse velocity (UPV) test
The ultrasonic pulse velocity (UPV) test is a popular non-destructive test. It is fast and easy to
perform. Thus, it can be considered as a successful method for quick checking of uniformity of
concrete and for indicating the presence of voids or internal cracks in concrete (Yaman, Inci,
Yesiller&Aktan 2001; Tomsett 1980; Ye, Van Bruegel&Fraaij 2003; Van Hauwaert,
Thimus&Delannay 1998). UPV test is prescribed in ASTM C 597 and BS 1881: Part 203 (ASTM C
597-83, 1994; BS 1881: Part 203: 1986, 1986). The test is yet involved in Turkish Standards.
Although there is no statistically difference between the results obtained from direct and indirect
transmission (Yaman, Inci, Yesiller&Aktan 2001). Generally the direct one is preferred in the
application of the test. A number of factors such as types and properties of aggregates, mix proportions
of concrete and the presence of steel reinforcement, voids or cracks affect the results of the test
(Ohdaira&Masuzawa 2000; Davis 1977; Qasrawi&Marie 2003; Hernandez, Anaya, Izquiredo&Ullate
2002). Although there are several proposals, it may not be possible to develop a unique relationship
between the strength and the ultrasonic pulse velocity. Fig.3. shows the application of UPV test in this
investigation.

Fig.3. Application of UPV test
2.4. Rebound hammer test
Rebound hammer test is one of the oldest non-destructive methods and it is still used owing to its
simplicity. It is based on the principle that the rebound of an elastic mass depends on the hardness of
the surface against which the mass impinges (Neville 1981; Erdogan 2003). The result of the test is
very sensitive to local variations in concrete. For instance, presence of large pieces of aggregate just
under the plunger may result in abnormally higher values, conversely, presence of a crack or void
under the plunger will cause lower rebound number (RN) values. Moreover, the rebound number
depends also on the type and properties of the aggregate, mix proportions, surface texture as well as
the wetness of the surface of the concrete. It is clear that the rebound number reflects only the surface
properties of the concrete (Neville 1981). Rebound hammer test is prescribed in TS 3260, ASTM C
805-85, and BS 1881: Part 202: 1986. Fig.4. illustrates the application of rebound hammer test in this
experimental study (TS 3260, 1978; ASTM C 805-85, 1994; BS 1881: Part 202: 1986, 1986).
403

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net

Fig.4. Application of rebound hammer test
3. EXPERIMENTAL STUDY
In this investigation, twelve different concrete mixtures were produced using two different types of
aggregates with four different maximum sizes. An ordinary Portland cement and a crushed limestone
and a natural aggregate were used in concrete production. The maximum aggregate sizes were 10, 15,
22 and 30 mm for both aggregate types. To maintain a constant slump of 150±20 mm in all of the
mixtures, a plasticizer was also used in some of the mixtures. Proportions and some properties of
concrete mixtures are given in Table 2 and Table 3, respectively.

Mixture

Coarse
Aggregate

Fine
Aggregate

Cement

Water

Admixture

MIX-A

696

1043

356

215

-

MIX-B

729

1094

331

200

-

MIX-C

1034

846

315

190

-

MIX-D

1128

752

315

190

-

MIX-E

507

1259

356

195

-

MIX-F

833

994

331

181

-

MIX-G

1158

706

315

173

-

MIX-H

1300

565

315

173

-

MIX-I

1036

877

320

174

3.2

MIX-J

1043

850

360

170

3.6

MIX-K

1048

817

390

172

3.9

MIX-L

1083

640

500

200

6.0
3

Table 2. Proportions of concrete mixtures (kg/m )
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Maximum
Aggregate
Size (mm)

28-day 150 mm Cube
Compressive
Strength (MPa)

10

28.4

15

28.1

22

27.4

MIX-D

30

27.8

MIX-E

10

26.6

Natural

15

26.2

Aggregate

22

25.6

30

25.2

Mixture

w/c

Aggregate

ratio

Type

MIX-A
MIX-B
MIX-C

MIX-F
MIX-G

0.60

0.55

Crushed
Limestone

MIX-H
MIX-I

0.54

MIX-J

0.47

MIX-K

0.44

MIX-L

0.40

34.2
Crushed
Limestone

22

38.0
39.9
43.3

Table 3. Some properties of concrete mixtures
By using concrete mixtures, 150 mm cube, 150x300 mm cylinder and 250x300x650 mm beam
specimens were cast and moist cured in the laboratory until testing. The cube and cylinder specimens
were prepared for standard tests. Compressive strength tests were performed on cube and cylinders at
specified ages. The cores of 144, 94, 69, and 46 mm diameter were removed from the beams by
drilling in the direction perpendicular to the direction of concrete placement. Then, the cores were
trimmed to proper lengths so that to have the l/d ratios of 1.0 after capping. Core specimens were
capped with high early strength cement paste. The compressive strengths of cores were determined at
the ages of 7, 28, and 90 days. The compressive strength test results obtained from the core tests are
the average of at least six specimens. A type N rebound hammer with impact energy of 0.225 kgm was
used in rebound hammer tests which were performed on beam specimens. In each rebound hammer
test, 12 readings were taken and the average was noted as rebound number of the corresponding
concrete. The hammer was applied horizontally in all readings. Three beams were tested for each
concrete mixture and averaged. In UPV tests, a testing apparatus consisting of a pulse generator, a pair
of transducer, an amplifier, a time measuring circuit, and connecting cables was used. Ultrasonic
measurements were performed on beams through nine paths by direct transmission perpendicular to
the direction of concrete casting. The average of nine values was reported as UPV value for the
corresponding beam. Three beams were tested for each concrete mixture and averaged. Totally, 648
cubes, 288 cylinders, 5243 cores, and 560 beams were tested in scope of this experimental
investigation on assessing concrete strength by standard, destructive and non-destructive methods.
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4. RESULTS AND DISCUSSIONS
4.1. Standard tests results

Cube Compressive Strength (MPa)

The compressive strength developments of standard cube specimens are indicated in Figs.5-7.
Although the w/c ratios of natural aggregate bearing concretes were lower than those of crushed
limestone bearing concretes, cube compressive strengths of concretes produced from crushed
limestone were higher than those of concretes produced from natural aggregate (Fig.5 and 6). This is
most probably caused partly by the porous structure of the natural aggregate and partly by the weaker
bonding between the aggregate and cement paste.
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Fig.5. Compressive strength developments of concrete produced from crushed limestone
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Fig.6. Compressive strength developments of concrete produced from natural aggregate
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Fig.7. Compressive strength developments of higher strength concrete
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*d=core diameter
Fig.8. Core/cube strength for crushed limestone bearing concretes
Test results in Figs.5 and 6 indicated that the effect of maximum aggregate size on 150 mm cube
strength was not significant. However, it should be noted that the cube strength slightly decreased as
the maximum aggregate size increased. This can be attributed to the wall effect which is more
pronounced for concrete produced by larger aggregate sizes. Compressive strength values measured
on standard cube specimens varied between 18 and 33 MPa for MIX-A, B, C, D, E, F, G, and H.
It is clearly seen from Fig.7 that the compressive strength of concrete increased gradually with
decrease in w/c ratio and with the increase of age, as it was expected. The compressive strengths of the
cube specimens ranged between 26 and 43 MPa for MIX-I, J, K, and L.
4.2. Core tests results
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The core/cube compressive strength values are illustrated in Figs.8-10. It is clearly seen from Figs.8
and 9 that the core to cube strength ratio is significantly affected by maximum size of the aggregate
used in the concrete production. The core/cube strength values gradually decreased with the increase
in aggregate size. The effect is more pronounced for 46 mm diameter cores bearing natural aggregates.
The relative strengths of 46 mm diameter cores with respect to standard cube specimens were 0.71 and
0.68 for cores drilled from crushed limestone and natural aggregate bearing concretes, respectively.
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*d=core diameter
Fig.9. Core/cube strength for natural aggregate bearing concretes
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Fig.10. Core/cube strength for higher strength concretes
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In the present study the concrete mixtures designated by MIX-I, J, K, and L were produced to
investigate the influence of strength level of concrete on core/cube strength. It can be seen from Fig.10
that core/cube strength generally increased as the concrete strength increased. The effect was more
significant for 46 mm diameter cores.
4.3. Ultrasonic pulse velocity (UPV) tests results
Ultrasonic pulse velocity (UPV) tests results are presented in Figs.11-13. As it was expected, UPV
values increased with increase in concrete age. It was also found that UPV values increased with
increase in maximum aggregate size in concrete mixture. This was most probably caused by the
increase in the coarse aggregate volume as well as aggregate/cement paste ratio with increase in
aggregate size. The effect of aggregate size upon UPV value was found to be more pronounced for
seven days age. It should also be noted that somewhat higher UPV values were measured on crushed
limestone aggregate concrete (Figs.11 and 12).

Ultrasonic Pulse Velocity (km/s)

Fig.13 illustrates the relationship between the cube compressive strength and UPV value obtained
from MIX-I, J, K, and L. It is clear that there is a linear relationship between the cube strength and
UPV value. The regression equation and R2 value is shown in the figure.
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Fig.11. UPV values measured on crushed limestone containing concretes
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Fig.12. UPV values measured on natural aggregate containing concretes
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Fig.13. Relationship between UPV value and cube strength
4.4. Rebound hammer tests results
The results of the rebound hammer tests are depicted in Figs.14-16. It is clearly seen from Figs.14 and
15 that RN value increases with increase in concrete age. It should also be noted that RN value
increases as the aggregate size increases. This is mainly attributed to the fact that the possibility
presence of an aggregate just under plunger of the hammer increases with increase in aggregate size.
Fig.16 illustrates the relationship between the cube compressive strength and rebound number.
According to the figure, the cube strength linearly increases with increase in rebound number. The
corresponding regression equation and R2 value are shown in the figure.
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Fig.14. Rebound numbers measured on crushed limestone containing concretes
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Fig.15. Rebound numbers measured on natural aggregate containing concretes
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Fig.16. Relationship between rebound number and cube strength

5. CONCLUSIONS
The following results can be drawn from this experimental study;
1. As it was expected, the compressive strength of concrete increased gradually with the decrease
in w/c ratio and with the increase of concrete age.
2. Core strength was significantly affected by maximum size of the aggregate used in the
concrete production. The effect was more pronounced for smaller diameter cores.
3. Core/cube strength raised as the concrete strength increased. The effect was more significant
for 46 mm diameter cores.
4. UPV value increased with increase in concrete age.
5. UPV value increased with increase in maximum aggregate size in concrete mixture for nearly
equal cube strength.
411

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
6. The effect of aggregate size upon UPV value was more pronounced for seven days age.
7. Somewhat higher UPV values were measured on crushed limestone aggregate concrete.
8. There was a linear relationship between the cube strength and UPV value. UPV increased as
cube strength increased.
9. RN value increased with increase in concrete age.
10. RN value increased as the aggregate size in concrete mixture increased for approximately
equal cube strength.
11. Cube strength linearly increased with increase in rebound number.
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Abstract
I this work, we report a heterogeneous Ag/ZnO Photocatalysis absorption in the visible range can be
improved by surface modification by adding noble metals such as Ag, Pd, and Au and their alloys. Our
work demonstrates the application the synthesis of supported nanoparticle Photocatalyst catalysts for
different applications such as water and anti-microbial treatment. Here, we report two step synthesis
method of Ag/ZnO Nanoparticle Photocatalyst. The method is based on the synthesis of
monodispersed ZnO nanoparticle through chemical reduction and microwave irradiation followed by
the deposition of 1 wt. % Ag nanoparticles onto the surface of ZnO nanoparticles through depositionprecipitation method followed by microwave irradiation. The nanostructures of the prepared Ag/ZnO
particles have been confirmed using UV-VIS absorbance, XRD, and SEM analysis. Ag/ZnO
nanoparticles have been tested as a Photocatalyst for the degradation of Methylene Blue (MB) in
water. The Photocatalyst is tested first for discoloration of MB in water under visible solar radiation
and then using UV/Ag/ZnO system. Our results indicate that Ag/ZnO nanoparticles remove the color
of Methylene Blue (MB) from water. Also, UV/Ag/ZnO system confirms the removal of MB from
aqueous solutions containing 5 mg/L MB using small amount of Ag/ZnO Photocatalyst completely.
Our kinetic study indicates that the Photocatalytic degradation of MB using UV/ZnO/Ag system
follows pseudo-first order kinetics. The increase of Photocatalyst dose enhances both the rate and
efficiency of MB degradation. We attributed the photocatalytic activity of the Ag/ZnO Photocatalyst to
Plasmon surface effect of Ag nanoparticles and interaction of Ag with ZnO. Ag nanoparticles act as
an electron sink, promoting interfacial charge transfer reducing charge recombination.
1. INTRODUCTION
Environmental and water contamination becomes a major issue in recent years due to the discharged
of colored and toxic dyes into the water supply system. These dyes are emitted by major industries
such as paper, plastic, and pharmaceutical30, 31. The presence of dyes such methalyn blue, and other
Phenols and phenolic dyes show sever effects on humans, animals, and plants. It was found that the
presence of these dyes can affect the nature of water and inhibit the sunlight penetration and reduce
photosynthetic reaction32. Also, Wastewater contains high levels of pathogenic microorganisms;

30

P.A. Pekakis, N.P. Xekoukoulotakis, D. Mantzavinos, Treatment of textile
dyehouse wastewater by TiO2 photocatalysis, Water. Res. 40 (2006) 1276-1286.
31
M. A. Rauf, I. Shehadeh, A. Ahmed, and A. Al-Zamly, Removal of Methylene Blue from Aqueous Solution by Using
Gypsum as a Low Cost Adsorbent, vol. 55, World Academy of Science: Engineering and Technology, 2009.
32
M. Constapel, M. Schellentrager, J.M. Marzinkowski, S. Ga¨b, Degradation of
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therefore, water disinfection represents a very an important factor in Environmental and water
treatment. Various conventional technologies employed different methods for the waste water
treatment. These methods are usually inefficient, costly, and did not lead to complete degradation of
the dyes and instead transfer it to other phase33. Therefore, it is important to develop a new effective
method to disinfect and remove dyes from the wastewater.
Recent studies shown that the use of semiconductor photocatalysts offer relatively efficient, simple,
and low cost alternative to the conventional methods in removing dyes from waste water34.
Conventional Metal oxides Semiconductor such as TiO2, ZnO have drawn much attention during the
last few years because of their novel photocatalytic activity, availability, stability, strong oxidative
capacity, and low cost35 ,36 .
Nanomaterials gain much attention in the field of catalysis in recent years due its unique physical and
chemical characteristics, Nanomaterials offered cost-effective solutions for many environmental
problems such as waste water treatment, pollution, and anti-bacterial treatment. Nanoparticle catalysts
are characterized by large surface area, high dispersion and strong interaction with other materials 37 38
,39 40. It is therefore, expected that nanoparticles photocatalyst, with controlled particle size and high
surface area could potentially provide significantly improved photocatalytic performance over bulk
photocatalyst.
ZnO show excellent photocatalytic activity to reduce contaminants in the environment. However, due
its wide band gap (about 3.2 eV at room temperature) and high excitation binding energy (about 60
meV), it is only allows absorption the UV region of solar spectrum. Li-Yun Yang et.al report a novel
synthesis of dumbbell-shaped ZnO photocatalyst using microwave heating with extremely high
photocatalytic activity toward Methylene Blue degradation41. Photocatalytic activity of ZnO
nanoparticle photocatalyst can be enhanced to allow absorption in the visible range of solar spectrum.
Several studies report improvement of visible-light photocatalytic activity of metal oxide by cationic
or anionic doping or adding metals or none-metals 42, 43 44. It has been reported that doping ZnO with
reactive dyes in wastewater from the textile industry by ozone: Analysis of the
products by accurate masses, Water. Res. 43 (2009) 733-743.
33
F. Harrelkas, A. Azizi, A. Yaacoubi, A. Benhammou, M.N. Pons, Treatment of
textile dye effluents using coagulation–flocculation coupled with membrane
processes or adsorption on powdered activated carbon, Desalination 235 (2009)
330-339.
34
A. Sobczyn´ ski and A. Dobosz, “Water purification by photocatalysis
on semiconductors,” Polish Journal of Environmental Studies, vol. 10, no. 4, pp. 195–205, 2001.
35
Hoffmann, M. R.; Martin, S. T.; Choi, W.; Bahnemann, D. W. Chem. Rev. 1995, 95,69
36
Periyat, P.; Pillai, S. C.; McCormack, D. E; Colreavy, J., Hinder, S. J. J. Phys. Chem. C 2008, 112, 44.
37
Environmental Protection Agency, US Environmental Protection Agency Report EPA 100/B-07/001, EPAWashington DC
2007.
38
Moser, W.R. and Editor, Advanced Catalysts and Nanostructured Materials: Modern Synthetic Methods. 1996. 592 pp.
39

Valden, M., X. Lai, and D.W. Goodman, Onset of catalytic activity of gold clusters on titania with the appearance of
nonmetallic properties. Science (Washington, D. C.), 1998. 281(5383): p. 1647-1650.

40

Jiu Jinting, Li Chunxia, Wang Caifeng etc. (2002). The Dispersibility and Application of Nanometer Zinc Oxide in Water
[J]. Dyeing and Finishing, (1):1-2.
41
Li-Yun Yang, Shu-Ying Dong, Jian-Hui Sun, Jing-Lan Feng, Qiu-Hua Wua4,
Sheng-Peng Sun, Microwave-assisted preparation, characterization and photocatalytic
properties of a dumbbell-shaped ZnO photocatalyst, Journal of Hazardous Materials
(2008),doi:10.1016/j.jhazmat.2010.03.023
42
Padmanabhan, S. C.; Pillai, S. C.; Colreavy, J.; Balakrishnan, S.; McCormack, D. E.; Perova, T. S.;
Gun'ko ,Y.; Hinder, S. J.; Kelly, J. M. Chem. Mater. 2007, 19 , 4474.
43
Kamat, P.V. J. Phys. Chem. B 2002, 106, 7729.
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noble metals such as Ag or Au enhanced the photocatalytic activity, improve charge separation, and
prevent the electro-hole recombination in ZnO due to its electron storage properties 45. The creation of
a local electric field and the optical vibration of surface Plasmon in silver induce enhancement in this
electric field and hence enhance the photocatalytic activity46. Numerous studies report the synthesis of
Ag/ZnO using various synthetic routes for waste water treatment and disinfection47 48 49 50 51 52 53 54 55.
In this paper, we report the synthesis and characterization of a heterogeneous Ag/ZnO visible light
photocatalyst for different applications such as water and anti-microbial treatment. Ag/ZnO
nanostructure was prepared using Microwave Assisted Deposition- Precipitation method. The
photocatalytic activities of Ag/ZnO system were investigated and compared to ZnO nanoparticles. The
morphology, optical properties of the Ag/ZnO photocatalyst was characterized using X-ray diffraction
(XRD), scanning electron microscopy (SEM) and UV-Vis absorption spectrum (UV-Vis) methods.
We attribute the enhanced photocatalytic activity of Ag/ZnO nanoparticles to the synergetic effect,
improved charge-transfer, and the prevention of the electro-hole recombination in ZnO.
2. EXPERIMENTAL
All the chemicals were used as received without any further purification. Zinc nitrate (Zn-(NO3)2;
Alfa Aesar), Silver nitrates (AgNO3;Sigma-Aldrich), 10 N NaOH (Alfa Aesar), and Glucose
(C6H12O6; Natura). Distilled water was used in all the preparation.
2.1 Synthesis of ZnO Nanoparticles
In a typical synthesis, the precursor solutions of zinc is prepared by dissolving 5 g of Zn-(NO3)2 100
mL of ethanol in 250 ml reaction flask. The solution is kept under stirring, while 10 N NaOH was
added to the solution drop wise until the pH of the resulting solution reaches 10. The Obtained
solutions then placed into a domestic microwave oven were the microwave power was adjusted to 1/3
of full 650 W power setting. The solution placed in the microwave and irradiated for approximately
10-15 minutes and is removed from the microwave before reaching the boiling point. The resulting
44
Hermann, J. M.; Tahiri, H.; Ait-Ichou, Y.; Lossaletta, G.; Gonzalez-Elipe, A. R.; Fernandez, A. Appl. Catal., B 1997, 13,
219.
45

G. Merga, L.C. Cass, D.M. Chipman, D. Meisel, J. Am. Chem. Soc. 130 (2008) 7067–7076.

46

Stathatos, E.; Petrova, T.; Lianos, P. Langmuir 2001,17 ,5025.

47

Carlos A. K. Gouv^eaa, Fernando Wypycha, Sandra G. Moraesb, Nelson Dur_anb, Patricio Peralta-Zamoraa,*
Semiconductor-assisted photodegradation of lignin, dye, and
kraft e.uent by Ag-doped ZnO, Chemosphere 40 (2000) 427-432.
48

Reenamole Georgekutty, Michael K. Seery, and Suresh C. Pillai. A Highly Efficient Ag-ZnO Photocatalyst: Synthesis,
Properties, and Mechanism , J. Phys. Chem. C 2008, 112, 13563–13570
49

Xingtian Yin,Wenxiu Que, Duan Fei, Fengyu Shen, Qiushi Guo. Ag nanoparticle/ZnO nanorods nanocomposites derived
by a seed-mediated method and their photocatalytic properties. Journal of Alloys and Compounds 524 (2012) 13– 21
50

Wang, X.M. Fan, K. Tian, Z.W. Zhou, Y. Wang, Appl. Surf. Sci. 257 (2011) 7763–7770.

51

Y.H. Zheng, L.R. Zheng, Y.Y. Zhan, X.Y. Lin, Q. Zheng, K.M. Wei, Inorg. Chem. 46 (2007) 6980–6986.

52

D.D. Lin, H. Wu, R. Zhang, W. Pan, Chem. Mater. 21 (2009) 3479–3484.

53

D.H. Zhang, X.H. Liu, X. Wang, J. Alloys Compd. 509 (2011) 4972–4977.

54

H.B. Hu, Z.H. Wang, S.F. Wang, F.W. Zhang, S.P. Zhao, S.Y. Zhu, J. Alloys Compd. 509 (2010) 2016–2020.

55

M.E. Aguirre, H.B. Rodríguez, E.S. Rom, A. Feldhoff, M.A. Grela, J. Phys. Chem. C 115 (2011) 24967–24974.
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solution was left to cool down naturally. Finally, the particles were collected and filtered and then
washed thoroughly several times by distilled water and ethanol.
2.2 Synthesis of Ag/ZnO nanoparticles
Ag/ZnO was synthesized using Deposition Precipitation method (DP) by dissolving 4 g of as prepared
ZnO nanoparticles in 100 ml solution of 2 wt. % of reducing agent (glucose) dissolved in distilled
water and kept under vigorous stirring for 10 minutes while 1 wt. % Ag nanoparticles onto the surface
of ZnO nanoparticles through precipitation of Ag on the surface of ZnO nanoparticles. Were Ag
(NO3)2 is reduced using Glucose as a reducing agent. The silver nitrates AgNO3 was added to the
solution drop wise until the pH of the solution reaches 7. The resulting solution contains 1wt% of
silver precipitated on the surface of the ZnO nanoparticles. Finally, the solution placed in the
microwave oven and irradiated for 10 minutes and removed before the solution reaches the boiling
point. After that, the resulting particles were left to cool down naturally and collected by filter and
washed thoroughly several times by distilled water.
Ag/ZnO nanoparticles have been confirmed using UV-VIS absorbance, XRD, and SEM analysis.
2.3. Characterization
The crystalline structure of obtained ZnO and Ag/ZnO photocatalysts were characterized by X-ray
diffraction (XRD) technique operating at 40 kV and 30 mA in the diffraction angle range 2 ) 1-70°
and step 0.16°.
The morphology of the products was imaged by scanning electron microscope (SEM) with beam
acceleration of 10 kV voltages.
The optical properties, the absorbance spectra of samples were measured using a UV-Vis PerkinElmer spectrophotometer.
The XRD diffraction patterns of ZnO and Ag/ZnO photocatalysts are shown in Figure 1. The XRD
pattern of and Ag/ZnO samples show peaks similar to the peaks reported by Pillai et al. [48]. The
intensity of silver peaks is consistent with 1w% concentration of Ag. Furthermore, the XRD patterns
confirm the formation of the metallic silver and at least Ag (111) peak is evident. There is no shift in
the peak location was observed in for Ag/ZnO sample which indicates the positioning of Ag particles
on the surfaces of ZnO nanoparticles than going into the lattice of ZnO or substitute Zn site as
observed by Blinks et al. 56. The other Ag peaks was not observed in the XRD patterns. This is
probably due to the presence of small and highly dispersed Ag particles.

56

Blinks, D. J.; Grimes, R. W. J. Am. Ceram. Soc. 1993, 76, 2370
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Figure 1. XRD patterns of ZnO and Ag/ ZnO photocatalysts.
SEM microphotographs are shown in Figure 2a and 2b. There were no significant differences in
particle shapes and sizes of both samples. The structure is consistent with structures obtained by
Microwave synthesis as reported by many groups57 or dumbbell-shaped reported by [41]. However,
the high electron reflectance of our samples prevents further magnification.

Figure 2. (a) ZnO, (b) Ag/ZnO nanoparticles

57
Michal MACHOVSKÝ, Pavel BAŽANT, Zuzana KOŽÁKOVÁ, Miroslav PASTOREK Petr ŽLEBEK , Ivo KU ITKA,
OPEN VESSEL MICROWAVE-ASSISTED SYNTHESIS OF Ag/ZnO HYBRID FILLERS WITH ANTIBACTERIAL
ACTIVITY. 21. – 23. 9. 2011, Brno, Czech Republic, EU

419

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
UV-Vis absorption spectra of ZnO and Ag/ZnO photocatalysts are shown in Figure 3. The UV-Vis
results indicated that the presence of Ag nanoparticles significantly increases the ZnO nanoparticles
absorption in the visible light range of solar spectrum when compared with the Ag/ZnO synthesized
by microwave58. These results are attributed to Plasmon surface effect of Ag nanoparticles.

Figure 3. UV-visible absorption spectra of (a) ZnO, (b) Ag/ZnO using microwave synthesis, and (c)
Ag/ZnO Deposition-Precipitation (DP) and microwave synthesis (MW).
2.4 Photocatalytic Activity
The MB degradation under UV light irradiation using Ag/ZnO nanoparticles as photo-catalyst at room
temperature was investigated. Figure 4 presents the influence of photo-catalyst dose on the changes of
MB concentration with time during photocatalytic degradation of MB by UV/Ag/ZnO (ZnO
nanoparticles doped with Ag). It is obvious that MB degradation is enhanced by the addition of
Ag/ZnO compared to UV irradiation alone. The increase of Ag/ZnO dose enhances MB removal from
and increases the rate of MB degradation. UV/Ag/ZnO photocatalytic process leads to complete
removal of MB for doses of the photo-catalyst higher than 0.5 g/L within less than 60 min. However,
for lower doses of Ag/ZnO nanomaterial than 0.5 g/L, even high MB removals can be reached within
120 min; significant amounts of MB remain in solution higher than maximum contaminant levels
regulated by environmental agencies.

58

Lukas MUNSTER, Jiri KLOFAC, Jakub SEDLAK, Pavel BAZANT, Michal MACHOVSKY, Ivo KURITKA,
MICROWAVE ASSISTED MODIFICATION OF BIO-TEMPLATE BY Ag-ZnO SUB-MICROPARTICLES, NANOCON
212, 23. - 25. 10. 2012, Brno, Czech Republic, EU
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Figure 4. Influence of Photocatalyst dose on the kinetics of MB removal during photocatalytic
degradation of MB by UV/Ag/ZnO (ZnO nanoparticles doped with Ag). Experimental conditions:
UV-L (254 nm): 15 W, 5 mg/L MB, natural pH 5.8, room temperature (23-25 C).
The plots of MB concentration vs. time indicate in a first approach, that degradation of MB can be
described by a pseudo-first-order kinetics as given by the following equation (Eq(1)):
[

]

(1)

where [MB] is the concentration of MB at instant t, kapp is the apparent MB degradation rate constant,
and t is the time. According to this assumption, the rate equation can be integrated (Eq. (2)) with the
boundary conditions [MB] = [MB]0 for t=0 and [MB] = [MB]t for t = t, leading to Eq. (3):

[

[

]

]

[

]

=

]
]
The plots of

]

]

(2)
(3)

vs. time (t) at different Ag/ZnO doses are presented in Figure 5. The plots are

straight lines pass by the original point with correlation coefficients (R2) higher than 0.99. The
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]

linearity of

]

= f(t) curves confirms that MB degradation rate is a pseudo-first-order reaction.

In accordance with Eq. (3), each line has a slope equal to kapp which is the apparent MB degradation
rate constant. All kapp values were calculated for a same initial concentration of MB (5 mg/L) and at
various Ag/ZnO doses. Figure 3 represents the variation of k app with Ag/ZnO dose. The profile of kapp
values vs. Ag/ZnO dose suggests that MB degradation rate by UV/Ag/ZnO process increases linearly
with the increase of Ag/ZnO dose. L.-Y. Yang et al. reported photocatalytic degradation kinetics of
MB fitted the pseudo-first-order kinetics and the Langmuir–Hinshelwood model [41].
MB photocatalytic degradation experiments proved that synthesized samples of Ag/ZnO nanoparticles
have excellent activity on decomposition of MB under UV irradiation. Furthermore another set of
experiments was performed under sunlight irradiation using Ag/ZnO nanomaterial as photo-catalyst
and showed that more than 90 % of MB can be removed by Sunlight/Ag/ZnO system with 4 hours.
This work is still underway and the results will be published later.

Figure 5. Pseudo-first order fitting of the kinetics of MB removal during photocatalytic degradation of
MB by UV/Ag/ZnO (ZnO nanoparticles doped with Ag) using different doses of Photocatalyst.
Experimental conditions: UV-L (254 nm): 15 W, 5 mg/L MB, natural pH 5.8, room temperature (2325 C).
CONCLUSION
These results showed that Ag/ZnO nanoparticles have high photocatalytic activity compared to
conventional photocatalysts for color removal of MB. The high photocatalytic activity of the Ag/ZnO
photocatalyst is attributed to the presence of surface Plasmon effect of Ag nanoparticles and the
interaction of Ag with ZnO were Ag nanoparticles act as an electron sink, promoting interfacial charge
transfer reducing charge recombination. Future direction is to explore the photocatalytic activities of
different metals such as Au, Pd and their Alloys on ZnO will be tested for deactivating pathogenic
microorganisms in water. Our results indicate that Ag/ZnO nanoparticles have excellent activity on
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decomposition of MB under UV and under sunlight irradiation. Ag/ZnO nanomaterial showed that
more than 90 % of MB can be removed by Sunlight/Ag/ZnO system with 4 hours.
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SYNTHESIS OF 1-BIPHENYL-4-ARYL-1,2,3,4-TETRAHYDROISOQUINOLINE
DERIVATIVES AS STRUCTURAL ANALOGUES OF THE ALKALOID CHERYLLINE
Stanimir P. Manolov, Stoyanka N. Atanasova, Iliyan I. Ivanov
University of Plovdiv, Department of Organic Chemistry, 24 Tzar Assen str., 4000 Plovdiv, Bulgaria

Abstract
The biological activity of isoquinoline derivatives, as analogues of various drugs, has provided great
deal of interest for the synthesis of new compounds.An application of Bischler-Napieralski reaction for
the synthesis of new 1,2,3,4-tetrahydroisoquinolines with biphenyl substituent on the 1st position and
aryl substituent on 4th position, is described.
Key words: cherylline, 4-aryl-tetrahydroisoquinoline, 1-biphenyl-tetrahydroisoquinolines, BischlerNapieralski reaction
1. INTRODUCTION
The Amaryllidaceae alkaloids represent a large (over 300 alkaloids have been isolated) and still
expanding group of biogenetically related isoquinoline alkaloids that are found exclusively in plants
belonging to this family. [1]
Cherylline 1 is a naturally occurring optically active, 4-aryl-1,2,3,4- tetrahydroisoquinoline alkaloid,
isolated from Crinum Powelli, Amaryllidaceae plant[2]. In the nature Cherylline occurs in (-) or (S)
enantiomer.[3] Other 4-aryl-tetrahydroisoquinolines are latifine 2, nomifensine 3 and dichlorofensine
4. These alkaloids are of interest because of their various pharmacological activities.[4] For example,
nomifensine 3 and dichlofensine 4 [5] exhibit central nervous system activity and inhibit serotonin and
dopamine uptake mechanisms.
OH

Cl

OH

Cl

OH
O

O

N

N

N

N
O

HO

1

2

NH2

3

4

4-aryl-1,2,3,4-tetrahydroisoquinolines have attracted much attention from the synthetic community
owing to the potential biological activities of this class of compounds and their increasing medicinal
interest. Some of them are valuable medicines with centrally stimulating, thymoleptic, and
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antiarrhythmic actions. Others exhibit broad spectrum calcium antagonistic, antibacterial,
antiplasmodial, estrogen agonist/antagonist activity, and serotin (5-HT) re-uptake.
We report herein an alternative efficient synthesis of cherylline derivatives. The key steps involved are
cyclization of amides 2 via Bischler-Napieralski reaction using phosphoryl chloride, dehydrogenation
of the 1-substituted-4-aryl-3,4-dihydroisoquinolines using NaBH4, and then acylation with different
acyl chlorides of required 1,2,3,4-tetrahydroisoquinolines to obtain different 1-substituted cherylline
derivatives.
2. RESULTS AND DISCUTION
The syntheses of cherylline skeleton can be sorted by the nature of the bond formed in the heterocyclic
ring closure (Fig. 1)
R

R

c

b
e
N

R

a

d

Figure 1
The C-C bond ‘a’ was caused by a Bischler-Napieralski reaction of N-formyl derivatives of
phenethylamines [6-8] or by cyclization of -phenethylisocyanate [9, 10]. The C-C bond ‘b’ was
mainly formed by intramolecular Horner reaction [11]. The C-C bond ‘c’ was achieved by several
methods, such as photoinduced cyclization of ortho-halogenated N-acylbenzylamines [12], FriedelCrafts type reactions [13-19], intramolecular coupling of quinonoid intermediates [20-23] or
palladium-catalyzed intramolecular cyclization of amide-enolates [24]. Finally and less usually, the CN bonds ‘d’ or ‘e’ were constructed mostly by N-alkylation [3, 25] .
In 1969 Brossi, Grethe and Teitel first reported for isolation of the alkaloid Cherylline from Crinum
Powelli. [26] They reported also the facile synthesis of (+/-) O,O – dimethyl-N-dimethyl cherylline.
We successfully applied Klumpp’s [27] protocol for the synthesis of required starting materials,
between amino acetals and benzene veratrole in the presence of polyphosphoric acid instead of triflic
acid. We have found that aminoacetaldehyd-dimethylacetal react with excess of 1,2-dimetoxybenzene
(veratrol) in PPA at rt to give good (91%) yield of corresponding product 3 (Scheme 2). We obtained
the amine 3 with 89-91% yields. [28]
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R1
NH2

O
R

2

1

3
3aR=H, R1=OMe
3bR=R1=OMe

Scheme 1
The required amides 5 would arise from amines 3 and biphenyl-4-carbonyl chloride 4. Biphenyl
substituent was chosen because of its biological activity. Previous reports showed that nitrogencontaining six-membered heterocycles touched to a biphenyl substituent are inhibitors of
dihydroorotate dehydrogenase (DHODH). DHODH is enzyme, identified in the Plasmodium
falciparum. He is located in the mitochondrial membrane where it catalyses the oxidation of
dihydroorotate to orotate, which is the rate-limiting step in pyrimidine biosynthesis.[29] Concomitant
with dihydroorotate oxidation is electron transfer to ubiquinone (cofactor Q). Genes encoding all
enzymes in the conserved pyrimidine pathway have been identified in the Plasmodium falciparum
genome but genes encoding enzymes in pyrimidine salvage do not appear to be present. Human cells,
in contrast to Plasmodium, synthesise and salvage pyrimidines.
COONa
F

N

F

Brequinar
Inhibitors of DHODH show immunosuppressant and antiproliferative activities.[30, 31] Two welldescribed inhibitors of human dihydroorotate dehydrogenase (hDHODH) are Leflunomide and
Brequinar, which are currently used to treat Malaria, rheumatoid arthritis, and analogs are in clinic to
treat graft versus host disease and multiple sclerosis.
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Next step is cyclisation to corresponding 1-biphenyl-4-aryl-3,4-dihydroisoquinolines 6. For this
reaction we applied the classical Bischler-Napieralski reaction with phosphorus oxychloride as
cyclisation agent. We found that this reaction obtained dihydroisoquinolines with more than 90%
yield.
The last step involve reduction of 3,4-dihydro- to 1,2,3,4-tetrahydroisoquinolines. Using mild reaction
conditions with sodium borohydride/methanol we successfully obtained compounds 7.
R

R

R

R

R

R

R1

NEt3

R1
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R1

R1
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O
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5

Yield, %

6

Yield, %

7

Yield, %

a

94

a

90

a

91

b

89

b

94

b

93

c

97

c

97

c

95

Table 1. Yields of amides 5, dihydroisoquinolines 6 and tetrahydroisoquinolines 7*
*For all compounds 5, 6 and 7: a) R=R1=H; b) R=OMe, R1=H; c) R=R1=OMe.
2. EXPERIMENTAL SECTION
Reagents and chemicals were purchased from commercial sources [Fluka and Merck] and used as
received. Melting points were determined on a Boetius hostage apparatus and are uncorrected. Spectra
were recorded on a Bruker Avance DRX250 spectrometer. 1H-NMR and 13C-NMR spectra were taken
in CDCl3 (unless otherwise specified) at 250 or 600 MHz and 62.5 MHz respectively. Chemical shifts
were given in part per million (ppm) relative and were referenced to TMS ( =0.00ppm) as an internal
standard and coupling constants are indicated in Hz. All the NMR spectra were taken at rt (ac. 295 K).
TLC was carried out on precoated 0.2 mm Fluka silica gel 60 plates. Merck silica gel 60 (0.0630.2mm) was used for column chromatographic separation.
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Synthesis of amines 3 [28].
Synthesis of amides 5 from starting 3 with biphenyl-4-carbonyl chloride 4:
To the solution of 1 mmol of amines 3 in dichloromethane equal amount of biphenyl-4-carbonyl
chloride was added. After 10 min a little excess of triethylamine was added. After 30 min the solution
was washed subsequent with diluted hydrochloric acid, saturated solution of Na 2CO3 and water. The
organic layer was dried (Na2SO4), filtered on short column with neutral Al2O3 and after removing of
the solvent, the pure product 5 was isolated.
N-(2,2-diphenylethyl)-4-phenylbenzamide 5a [28].
N-[2,2-bis(4-methoxyphenyl)ethyl-4-phenylbenzamide 5b - 1H-NMR: 3.77 (s, 6H), 4.04 (ddd, 2H,
J=4.1, 6.8, 7.7), 4.23 (t, 1H, J=7.9), 6.14 (t, 1H, J=5.5), 6.84-6.88 (m, 4H), 7.17-7.22 (m, 4H), 7.367.40 (m, 2H), 7.43-7.47 (m, 1H), 7.53-7.55 (m, 2H), 7.57-7.59 (m, 2H), 7.65-7.68 (m, 2H); 13C-NMR:
167.1, 158.4, 158.3, 157.1, 144.2, 140.0, 134.3, 133.8, 133.5, 133.3, 129.3, 129.0, 128.9, 128.0, 127.9,
127.4, 127.2, 114.2, 114.0, 55.6, 55.3, 49.0, 44.6.
N-[2,2-bis(3,4-dimethoxyphenyl)ethyl]-4-phenylbenzamide 5c [28].
Cyclisation of amide 5 to 1-biphenyl-4-aryl-3,4,-dihydroisoquinoline 6, typical procedure:
Solution of 1 mmol of amides 5 in 3 ml phosphorus oxychloride was refluxed for 30 minutes. The
cool reaction mixture was washed with saturated solution of Na2CO3 and water. The organic layer was
dried (Na2SO4), filtered on short column with basic Al 2O3 and after removing of the solvent, the pure
product with high yield was isolated.
4-phenyl-1-(4-phenylphenyl)-3,4-dihydroisoquinoline 6a - 1H-NMR: 4.34 (d, 2H, J=7.8), 4.44 (dd,
1H, J=7.0, 9.4), 7.22-7.32 (m, 3H), 7.31 (s, 4H), 7.34-7.45 (m, 5H), 7.51-7.68 (m, 6H); 13C-NMR:
148.6, 140.0, 138.5, 128.7, 128.3, 128.3, 127.7, 127.4, 127.2, 127.0, 126.6, 121.0, 112.0, 107.5, 49.8,
46.5. Anal. calc. for C27H21N C 90.21; H, 5.89; N, 3.90; found C 90.27; H, 5.85; N, 3.87.
7-methoxy-4-(4-methoxyphenyl)-1-(4-phenylphenyl)-3,4-dihydroisoquinoline 6b - 1H-NMR: 3.12
(s, 1H), 3.77 (d, 2H, J=5.2), 3.91 (d, 6H, J=2.6), 6.86 (d, 2H, J=17.6), 7.05-7.19 (m, 3H), 7.28-7.50
(m, 6H), 7.57-7.72 (m, 2H), 7.83 (dd, 3H, J=16.6, 7.2); 13C-NMR: 167.5, 152.2, 151.7, 146.9, 145.2,
134.5, 133.6, 131.1, 130.6, 130.4, 128.4, 127.1, 126.9, 116.5, 116.1, 114.0, 113.5, 112.6, 111.7, 56.2,
56.0, 42.5, 29.5. Anal. calc. for C29H25NO2 C 83.03; H, 6.01; N, 3.34; found C 83.09; H, 6.03; N, 3.28.
4-(3,4-dimethoxyphenyl)-6,7-dimethoxy-1-(4-phenylphenyl)-3,4-dihydroisoquinoline 6c - 1HNMR: 3.04 (t, 2H), 3.80 (d, 1H, J=5.4), 3.90 (s, 6H), 6.86-7.12 (m, 5H), 7.41 (d, 5H, J=7.0), 7.62 (d,
1H, J=7.2), 7.88 (d, 2H, J=7.6), 8.27 (s, 1H); 13C-NMR: 167.6, 158.7, 151.5, 146.7, 142.4, 134.5,
133.5, 132.3, 131.4, 131.0, 129.0, 128.3, 127.1, 126.9, 123.4, 120.9, 113.4, 112.0, 111.3, 56.2, 56.0,
55.6, 42.7, 31.2. Anal. calc. for C31H29NO4 C 77.64; H, 6.10; N, 2.92; found C 77.60; H, 6.12; N, 2.94.
General procedure for reduction of dihydroisoquinoline 6 to 6,7-dimethoxy-1-biphenyl-1,2,3,4tetrahydroisoquinolines 7:
To solution of 1 mmol of the 3,4-dihydroisoquinoline 6 in 15 mL methanol, NaBH4 (2 mmol, 0,1 g)
was added portionwise. The solution was stirred 30 min at room temperature, then the solvent was
removed under vacuum. Water (30 mL) was added to the residue and the solution was extracted with
CH2Cl2 (3x20 mL), then the combined extracts were dried (Na2SO4). The products, after evaporation
of the solvent, were obtained with high yields.
4-phenyl-1-(4-phenylphenyl)-1,2,3,4-tetrahydroisoquinoline 7a - 1H-NMR: 2.42 (s, 1H, CH), 2.79
(d, 2H, J=4.9, CH2), 3.31 (td, 1H, J=5.2, 11.4, CH), 5.14 (s, 1H, NH), 6.81-7.05 (m, 5H), 7.43 (d, 5H,
J=7.0), 7.60-7.68(m, 2H) 7.73 (d, 1H, J=7.2), 7.84-7.96 (m, 4H), 8.27 (s, 1H); 13C-NMR: 147.9, 147.1,
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143.8, 140.5, 140.0, 136.2, 129.3, 129.0, 128.7, 127.6, 127.2, 127.1, 127.0, 121.6, 115.8, 111.1, 44.6,
41.4, 29.9. Anal. calc. for C27H23N C 89.71; H, 6.41; N, 3.87; found C 89.75; H, 6.39; N, 3.91.
7-methoxy-4-(4-methoxyphenyl)-1-(4-phenylphenyl)-1,2,3,4-tetrahydroisoquinoline 7b –
1

H-NMR: 2.31 (s, 1H), 2.79 (d, 2H, J=4.9), 3.31 (td, 1H, J=5.2, 11.4), 3.69 (s, 3H), 3.91 (s, 3H), 5.06
(s, 1H), 6.30 (s, 1H), 6.65 (s, 1H), 7.34-7.40 (m, 5H), 7.43-7.49 (m, 4H), 7.48-7.60 (m, 5H); 13C-NMR:
147.9, 147.1, 143.8, 140.5, 140.0, 136.2, 129.3, 129.0, 128.7, 127.6, 127.2, 127.1, 127.0, 121.6, 115.8,
111.1, 55.9, 55.85, 44.8, 41.2, 29.5. Anal. calc. for C29H27NO2 C 82.63; H, 6.46; N, 3.32; found C
82.59; H, 6.50; N, 3.29.
4-(3,4-dimethoxyphenyl)-6,7-dimethoxy-1-(4-phenylphenyl)-1,2,3,4-tetrahydroisoquinoline 7c 1
H-NMR: 2.23 (s, 1H), 2.77 (d, 2H, J=4.9), 2.86-3.11 (m, 2H), 3.23 (td, 1H, J=5.2, 11.4), 3.65 (s, 6H),
3.87 (s, 6H), 5.10 (s, 1H), 6.30 (s, 1H), 6.65 (s, 1H), 7.30-7.36 (m, 4H), 7.40-7.46 (m, 3H), 7.53-7.61
(m, 5H); 13C-NMR: 147.8, 147.2, 143.7, 140.8, 140.2, 136.3, 129.5, 129.3, 128.7, 127.6, 127.2, 127.1,
127.0, 121.6, 115.8, 111.1, 61.0, 56.2, 55.9, 55.85, 45.0, 41.7, 29.2. Anal. calc. for C31H31NO4 C
77.31; H, 6.49; N, 2.91; found C 77.35; H, 6.52; N, 2.93.
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Abstract
Possible optical applications of polymer materials are defined mainly by their index of refraction,
determined with sufficiently high accuracy. Proper choice of measuring technique depends on the
material, sample size and thickness. We have examined various types of optical plastics in the form of
bulk bodies as well as thin film layers. Different methods were applied to measure their refractive
index values at a number of wavelengths in the visible and near-infrared regions. Classical
refractometry as well as a goniometric set-up with laser illumination or white lightning source with
interference filters have been used to measure bulk samples. Additionally, two types of laser
microrefractometers were assembled to receive accurate data in case of thin films. Detailed
metrological analysis is presented.
Reported refractive and dispersive data as well as proposed measuring techniques are useful in
polymer applications in the design of contemporary optical systems.
Key words: optical polymers, refractive index, refractive index metrology
1. INTRODUCTION
Polymer materials are presently used in the design and fabrication of consumer as well as precise
optical instruments. In photonic applications they offer advantages over optical glasses including low
cost and weight, high impact resistance, and ability to integrate proper mechanical and optical features
(Menendez, Erismann & Gauvin 1999). Optical polymers (OPs) manufacturing includes lenses for
video and still cameras, projection televisions, compact disk drives, light-emitting diodes, printers and
bar-code readers, biomedical optics and ophthalmic lenses, light-guides, optical films, high-density
optical storage media, diffractive optics, flat panel displays, metallized reflectors, optical fibers,
couplers, and connectors for optical communication networks. Great economies are possible through
usage of OPs for reproducing aspheric and other complex geometric surfaces, which are costly to
produce in glass, as well as in the production of miniature optical elements, necessary in medical
vision applications, as laparoscopes, arthroscopes, cystoscopes, endoscopes, etc., (Keyes et al. 2001,
Beich 2002, Tolley 2003).
Nano optical, bio-optical and nanomedical devices are under intensive development. Photonics
technology is focused on surgical nanodevices, cell’s imaging systems, cancer detection
nanostructures, and novel therapeutic micro-manipulating instruments. Nanotechnology has a
revolutionary impact on biomedical applications such as drug delivery, biomarking, cancer diagnosis,
bioprobing, and nanotherapy. Fluorescent polystyrene nanospheres have already been used to monitor
the epidermal growth factor. Some nanostructures such as nanotubes and polymer nanoparticles can be
applied as luminescent biomarkers and transporting nano-vehicles to cancer tissues or tumor cells. A
number of hybrid nanospheres have been fabricated for biomedical applications as targeted drug
delivery, magnetic-resonance contrast agents, separation of biomolecules, and photonic biosensors
(Nikolov 2007).
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Optical plastics are clear polymers that provide excellent light transmission in the visible (VIS) and
near-infrared (NIR) regions (Sultanova, Kasarova & Nikolov 2013). Photonic applications of OPs
require also the knowledge of their precise refractometric and dispersive characteristics. The
measuring principles and procedures for determination of refractive properties of OPs are quite
different. Refractive indices of transparent organic plastic materials can be obtained using the standard
U.S. test method (National Bureau of Standards 1961) in which the well-known Abbe refractometer is
utilized. It operates with a source of white light and Amici prisms as colour compensators. The
refractive index value for the sodium D lines can be read directly from the instrument. The Abbe
instrument is convenient when small plastic specimens are examined, but its accuracy is not
acceptable for modern optical design projects. SCHOTT Company applies mainly two refractive index
measuring techniques to obtain precise data of optical glasses (SCHOTT Glass Technologies 2013).
They use a V-block refractometer and a spectral goniometer, but both methods require large glass
samples, nearly square or prism shaped. However, polymer optical elements may appear as bulk
bodies with various dimensions as well as thin polymer layers on different substrates. Our previous
results show that bulk specimens differ in refractive properties compared to thin polymer emulsions
(Sultanova, Kasarova & Nikolov 2012) and they should be studied separately. Most efficient in the
latter case are laser measurements of film refractive indices. Therefore, special techniques are required
to obtain precise refractive data of studied polymers.
In this paper we present a more effective classical refractometric method for index measuring of bulk
polymer samples in the VIS range. Additional goniometric set-up is proposed for the entire VIS and
NIR spectrum which may be accomplished also with laser illumination. Three-wavelength or fourwavelength microrefractometer is used to measure thin polymer specimens. We have studied optical
properties of various types of plastics, including principal and some new development polymers. The
principal OPs are polymethyl methacrylate (PMMA), polystyrene (PS), polycarbonate (PC), methyl
methacrylate styrene copolymer (NAS), styrene acrylonitrile (SAN), and methylpentene (TPX) (Horne
1983, U.S. Precision Lens Incorporation 1973). Chemical companies fabricate different trade-marks of
OPs as NAS-21 Novacor, CTE-Richardson, Zeonex, Optorez, Bayer, etc. Control samples produced
by the American Eastman Chemical Company (ECC) are also examined. Metrological analysis of the
proposed measuring techniques is accomplished.
2. REFRACTIVE INDEX MEASUREMENTS OF BULK POLYMER SAMPLES
2.1. Classical refractometric method
Measurements of refractive indices of bulk polymer samples were carried out with the Zeiss Pulfrich
refractometer (PR2) using its V-type SF3 glass prism (VoF3 prism) (Carl Zeiss JENA 1976). The
standard total internal reflection prism is not convenient for index measurements of OPs, since it
requires thick cubic specimens. We have used injection moulded plates of the examined polymer
materials with thickness from 2.54 mm to 5.1 mm having two fairly well polished, mutually
perpendicular surfaces to obtain good refractometric data. The covered prism with studied polymer
sample inside was firmly fixed on the PR2 instrument. The thermostatic housing of the VoF3 prism
allowed us to maintain and regulate measuring temperature with stability of 0.1 C. Proper immersion
emulsions have been used to ensure the optical contact between polymer plates and SF3 glass. We
used a saturated aqueous solution of zinc chloride (ne =1.51) and silicon oil (nd = 1.56) for low
refractive OPs as PMMA, and a saturated water solution of potassium-mercuric-iodide with ne = 1.73
for higher refractive materials as PS, PC, etc. The prism cap is made of stainless steel and has mirrored
internal surface to avoid evaporation of matching liquids as well as to cut down temperature
fluctuations in the polymer sample. Further details on the measuring method are included in our paper
(Sultanova, Nikolov & Ivanov 2003).
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Refractive indices in VIS light of studied OPs at the emission wavelengths of the spectral lamps of the
PR2 instrument are obtained, namely, at green e-line 546.07 nm and blue g-line 435.83 nm (mercury
lamp), yellow d-line 587.56 nm (helium source), and blue F-line 486.13 nm and red C-line 656.27 nm
(hydrogen lamp). Some of the results at measuring temperature of 20 C are included in Table 1. Abbe
numbers d (SCHOTT Glass Technologies 2013, Sultanova, Nikolov & Ivanov 2003) of OPs are
calculated by the obtained experimentally index data.
2.2. Goniometric method for the VIS and NIR region
A goniometric set-up was assembled to measure refractive indices of bulk polymer samples in the
entire VIS and NIR region up to 1052 nm. The optical scheme was reported in (Sultanova Nikolov &
Ivanov 2003, Kasarova et al. 2007) and it is similar to the set-up presented in Figure 1, excepting the
illumination part. A G5-LOMO goniometer with an accuracy of one arc second was used with the
VoF3 prism-measuring block, positioned on the G5 test table. The polymer samples were placed and
covered in the prism. The lighting module consists of a 250 W halogen lamp and Carl Zeiss metal
interference filters in the region from 548 nm to 1052 nm. A silicon photo detector device was applied
with operating amplifier and indicator (see Fig. 1). The collimated beam from the lighter falls
perpendicularly to the entrance surface of the prism. The right-hand collimator with the attached photo
detector determines the measuring angle . The angle of deviation is formed by the sample located
inside the V-shaped prism. The refractive index n of the examined polymer at given wavelength is
calculated as follows:
n2

N2

cos

N2

cos 2 ,

90 o

,

(1)

where N is the refractive index of the VoF3 prism glass, is the calculated angle of the deviated
beam, and is measured by the G5 goniometer. The index N of SF3 glass is determined by the data
published in (SCHOTT Glass Technologies 2013, Carl Zeiss JENA 1976) for standard spectral lines.
Jena glass and SCHOTT glass are almost equal for SF3 type to the fourth decimal place. Results at
measuring temperature of 20 C for some of the studied OPs are presented in Table 1. Obtained data
confirms that plastics have a limited range of refractive index values between 1.49 ÷ 1.62. Abbe
numbers d are given in the last column and comparison of dispersive properties of OPs is possible.
High refractive materials as PC or PS have lower value of d. In our previous investigations
(Sultanova, Kasarova & Nikolov 2013) we present results of Abbe numbers 879 in the NIR region
which confirm lower dispersion of OPs in this part of the spectrum, even smaller than dispersion of
some optical glass types.
Table 1. Refractive characteristics of bulk OPs.
OP material

Wavelength (nm)
d

435.8

546.1

587.6

632.8

703

879

1052

PMMA

1.5025

1.4934

1.4914

1.4890

1.4863

1.4839

1.4813

59.2

PS

1.6171

1.5963

1.5917

1.5872

1.5821

1.5767

1.5718

30.5

PC

1.6117

1.5896

1.5849

1.5802

1.5749

1.5695

1.5645

29.1

SAN

1.5882

1.5705

1.5667

1.5626

1.5579

1.5536

1.5496

35.4

NAS-21

1.5933

1.5753

1.5714

1.5683

1.5643

1.5582

1.5544

35.5

Zeonex E48R

1.5431

1.5333

1.5309

1.5284

1.5256

1.5231

1.5204

56.5
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Optorez 1330

1.5219

1.5119

1.5094

1.5075

1.5054

1.5026

1.4984

52.0

CTE Richardson

1.6023

1.5844

1.5802

1.5760

1.5712

1.5662

1.5615

32.8

S (low styrene)

1.5321

1.5209

1.5179

1.5142

1.5122

1.5091

1.5062

44.9

Bayer

1.6121

1.5905

1.5857

1.5814

1.5765

1.5711

1.5661

30.0

Cellulose

1.4804

1.4728

1.4706

1.4687

1.4663

1.4634

1.4608

54.1

Polyacrylate

1.5065

1.4961

1.4941

1.4924

1.4905

1.4885

1.4855

63.3

Polycarbonate

1.5971

1.5768

1.5721

1.5685

1.5645

1.5601

1.5546

28.9

2.3. Goniometric laser measurements
Laser measurements of bulk polymer samples can also be accomplished applying the goniometric
method described in 2.2. The illuminating module in this case consists of a laser and expanding beam
collimator with a pinhole. The experimental set-up is illustrated in Fig. 1. A conventional 1 mW HeNe laser has been used as a light source. Results at measuring temperature of 20 C for some of the
studied OPs at laser emission wavelength = 632.8 nm are also presented in Table 1. Comparison
among obtained results for bulk samples and thin polymer films, prepared from the same material, is
possible.
3. REFRACTIVE INDEX MEASUREMENTS OF THIN POLYMER FILMS
Investigation of thin polymer films is also of great interest for production of optical sensors, displays,
fibers and waveguides, etc., (Tolley 2003, Terui & Ando 2005). However, refractometric and
dispersive properties of films differ in comparison with bulk plastics, as established in our previous
report (Sultanova, Kasarova & Nikolov 2011). Those differences depend on the type of studied
polymer as well as on the film parameters.
We have examined optical properties of several types of OPs, produced by ECC, which were
deposited as thin films on glass substrate from solutions. Preparation of samples was as follows. A
proper solvent for each type of polymer material has been chosen. Pellets of polyester, polyarylate,
polyacrylate, and cellulose were dissolved in chloroform and two types of copolyesters – in 1,1,2,2tetrachloroethane. Solutions of the first four materials were prepared with concentration of 10 wt%
while the concentration of the copolyesters' solutions was 1 wt%.
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Fig. 1. Goniometric set-up with laser illumination for refractive index measurements of OPs.
Thin polymer films (TPFs) with different thickness d were obtained by casting a certain amount of the
solution on the glass substrate. All of the studied plastics, except for the cellulose layers, were
deposited on a heavy TF4 glass plate. A TK21 glass was used for the low refractive cellulose material.
The samples were dried at temperature of 20 oC for 48 hours and then were heated up to 60 oC during
6 hours to evaporate the rest of the solvent. The prepared TPFs were preserved in a desiccator. A
digital micrometer (Mitutoyo Corporation) was used for measuring d with accuracy of ± 1 µm. A
matching liquid was applied to ensure the optical contact. We used methylene iodide, with a refractive
index n633 =1.732 for the high refractive polymers, and microscopic immersion oil, with nd = 1.52, for
the polyester, polyacrylate, and cellulose materials. The measurements were carried out at room
temperature of 24 oC.
Two modifications of a laser microrefractometer (LMR) were assembled to obtain refractive indices.
In both cases the measuring principle is based on the critical angle determination by means of the
diffraction pattern disappearance (Sainov 1991). The experimental optical schemes of the two LMRs
differ only in the illumination block.
3.1. Three-wavelength microrefractometer
The principle scheme of the experimental set-up of the three-wavelength LMR is presented in Figure
2. Three lasers are used to illuminate the examined sample 6, namely, a He-Ne laser 1, and two laser
diodes 2, emitting at 632.8 nm, 532 nm, and 790 nm, respectively. The three beams are collected by
the two splitters 3 to form a common beam illuminating the entrance surface of the prism 5. Measured
sample is positioned between the prism and a chromium diffraction grating 7 with a 40 µm period and
0.8 µm depth of the grooves. At small angles of incidence, diffraction orders are observed in reflection
on the screen 8. When the angle of incidence reaches the critical angle of the material, the diffraction
pattern disappears.
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The critical angle c is measured by rotation of the goniometric table 5 (“Microcontrolle” rotary
goniometric stage with 1 arcmin resolution). Refractive index of studied polymer is calculated by the
expression:

n

N sin A sin

1

sin
N

c

,
(2)

where A = 65o is the vertex angle of the prism and N is the prism refractive index at the illumination
wavelength (N532 = 1.7490, N632.8 = 1.7347 and N790 = 1.7230). The sign in the square brackets of Eq.
(2) depends on the rotation direction of the table. Some of the obtained results for the polyarylate,
polycarbonate, and two types of copolyester films are included in Table 2.

Fig. 2. A three-wavelength LMR.
Comparison among measured indices is possible at 632.8 nm. As it can be seen from Table 1 and 2,
refraction of bulk PC material is lower than the ECC polycarbonate film and difference between
values in second decimal place is noticed. Opposite relation is observed for the ECC polyacrylate
volume sample and thin polymer layer, which is additionally measured by the four-wavelength LMR.
Refractive indices of the cellulose bulk specimen and film are similar and values differ in the third
decimal place. These results are in confirmation that TPFs exhibit specific refractive properties than
thick polymer bodies. In case of bulk samples, volume refractive index is measured, while for TPFs, a
local value of the index is registered.
3.2. Four-wavelength microrefractometer
To collect more extensive refractometric data of studied polymers, a four-wavelength LMR was also
assembled according to the proposed scheme given in (Vlaeva et al. 2009). The set-up is illustrated in
Figure 3, where 1 is the power supply and 2 is the optical head containing four laser diodes with
emission wavelengths 406, 656, 910, and 1320 nm, respectively. Each laser diode is carefully adjusted
in the vertical and horizontal plane to ensure beam passing through the two diaphragms 3, which are
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separated at a distance of 250 mm, and have an equal diameter of 2 mm. An infrared beam-finder card,
model IRC32R (Electrophysics), with peak emission at 655 nm and spectral range 0.8 ÷ 1.7 µm, was
used to visualize the diffraction image in the infrared spectral region. The measuring principle and
procedure are identical to the described in 3.1. Calculation of refractive indices is carried out also by
means of Eq. 2, taking in consideration values of N of the prism at the illumination wavelengths
(Russian GOST Standard 1980). Some of the obtained results are included in Table 2. Additional
measurements with laser diodes emitting at 532 and 632.8 nm are also accomplished.
Table 2. Measuring results of TPFs.
TPF

d ( m)

Wavelength (nm)
406

532

632.8

656

790

910

1320

d

Polyarylate

26

-

1.618

1.605

-

1.596

-

-

-

Polycarbonate

35

-

1.599

1.595

-

1.591

-

-

-

Copolyester A

6

-

1.537

1.525

-

1.514

-

-

-

Copolyester B

33

-

1.647

1.632

-

1.619

-

-

-

Polyacrylate

6

1.501

1.490

1.485

1.484

1.478

1.476

55.2

Cellulose

9

1.493

1.473

1.467

1.466

1.460

1.457

40.9

Polyester

40

1.513

1.502

1.496

1.495

1.489

1.486

53.8

A more detailed comparison among refractive characteristics of bulk polymer samples (Table 1) and
TPFs (Table 2) is accomplished. Abbe numbers d of studied films are determined on base of
Sellmeier’s and Cauchy-Schott dispersion approximations (Sultanova, Nikolov & Ivanov 2003,
Kasarova et al. 2007) and refractive indices nd, nF and nC are calculated. Obtained d values for the
materials, measured only by the four-wavelength LMR, are also presented in Table 2, since the threewavelength LMR results are not sufficient for dispersion analysis. Estimated d show that the
polyacrylate and cellulose films have lower magnitudes of Abbe numbers in comparison with the bulk
samples and therefore – higher dispersion. As it is well known, the variation of the refractive index
with respect to the wavelength is connected with the molecular polarisability according to the classical
electromagnetic theory. However, the effective electric field acting on a molecule is not the same in
the volume of the substance and its surface boundary. Therefore, the dispersion properties in both
cases should be different.
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Fig. 3. Scheme of the four-wavelength LMR.

4. METROLOGICAL ANALISYS
Metrological analysis of the applied measuring methods has been carried out. We have investigated
from three to five bulk polymer samples of each plastic material and the final refractive index was
averaged for every selected OP. The PR2 instrument and the G5 goniometric set-up assembled with the
VoF3 prism have been calibrated using a standard sodium spectral lamp and the Refractive Index
Standard No 7.17 made from Sovirel BCD C 23-57 Optical French Glass (nD=1.62270 at 20 C). A
systematic error of +5 10-5 was established for the PR2 refractometer during the calibration test. This
constant deviation value has been subtracted from the measured results and obtained refractometric data
is presented in Table 1.
The metrological analysis is completed in accordance with the terminology in (The National Institute
of Standards and Technology 2013). Uncertainty uA of the results is defined as being from type A for
the influence of random factors on the measuring process. Uncertainty uB comprises instrumental
errors and additional systematic deviations. The PR2 refractometer is a precise instrument with an
accuracy of ±2 10-5 which is the uB uncertainty. Random errors, influenced by measuring conditions
and birefringence, are also considered. The moulding process, during sample preparation, may
introduce inhomogeneity, caused by internal stresses developed in the involved temperature cycles.
Bulk plastics retain residual stresses even after annealing and in this way birefringence arises.
Therefore, all examined samples have been checked for internal stresses in advance with the aid of a
Russian polariscope PKS-125 and specimens of poor quality with refractive index difference greater
than 3 10-4 were rejected. Standard deviation uA has been calculated on base of five measured samples
of the examined bulk material. Maximal value of 5 10-5 was obtained at the g-line for the Optorez
polymer. Combined standard uncertainty uC of our results is calculated by formula (The National
Institute of Standards and Technology 2013):

uC

u A2

u B2 ,
(3)
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and the value of ±5.4 10-5 is estimated for the PR2 measured indices. Experimental data presented in
Table 1 is at measuring temperature of 20 C. It should be, however, underlined that OPs exhibit low
thermal stability and this fact has to be carefully considered by the designers. Conclusions on base of
our investigations on influence of temperature on refractive and dispersive characteristics of OPs are
published in (Sultanova, Kasarova & Nikolov 2013).
The results of n , obtained by the PR2 instrument and the goniometric set-up, have been compared.
We have chosen three wavelength intervals in which spectral lines of the PR2 refractometer (r)
correspond to the wavelengths of the interference filters (g) used in the goniometric scheme, namely,
r546-g548nm, r588-g589nm and r656-g659nm. The results of the comparative analysis for four
materials, which show greatest deviations among all studied polymers, are shown in Figure 4. As it
can be seen the differences between the refractometric and goniometric experimental data vary for the
examined OPs. In most cases the values of n , measured with the PR2 refractometer, are lower than

n , obtained by the goniometric set-up. Maximal deviations are observed at r588-g589nm: -0.0007 for
PMMA (Fig. 4a), -0.0008 for S-low Styrene and Optorez 1330 (Fig. 4b,c), and -0.0009 for Zeonex
E48R (Fig. 4d). These results at the d-line can be explained by the quality of the applied interference
filter and, in addition, the examined S-low Styrene, Optorez 1330, and Zeonex E48R plates are with
smallest thickness among all measured OPs. Therefore, the deviated beam in these samples gives
poorer signal. We found also some positive differences of 0.0003 ÷ 0.0004 between refractometric and
goniometric results obtained for SAN, PC, PS, etc., (Sultanova, Nikolov & Ivanov 2003). Nonlinear
dependence of the established deviations with the wavelength is noticed. In all cases, however, the
differences between experimental data received by both methods do not exceed the value of 0.0009,
i.e., accuracy better than ± 1×10-3 of n measuring is obtainable through the proposed goniometric
set-up.
Laser measurements of polymer bulk samples, which are carried out by means of the goniometric setup, reveal maximal combined uncertainty of uC = 3.65×10-4.
Metrological analysis of the results obtained by the laser microrefractometric method, described in 3.1
and 3.2, is also accomplished. We have used standard liquids as distilled water, ethanol and methanol
for test measurements of the three-wavelength LMR. Established values for the distilled water were
compared with the refractive data given in (Hale & Querry 1973) for a wide range of wavelengths.
The refractive indices of water, ethanol and methanol at = 632.8 nm have been reported in (Moreels
& Finsy 1984, Makdisi, Zaidi & Bhatia 1989). A maximal difference of ±1 10-3 between our
measured results and published data is observed.
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Fig. 4. Comparison between PR2 instrument and goniometric set-up results.
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According to formula (2) the standard uncertainty uB for measuring film indices by both LMRs can be
estimated as follows:
uB

where u B, N , u B, A and u B,

c

n
N

2

u B2 , N

n
A

2

uB2 , A

n
c

2

u B2 ,

c

,

(4)

are the uncertainties connected with the determination of N , A and

c,

respectively. It was found, that the last term in Eq. (4) is leading and the magnitude of uB depends
mainly on the accuracy of the goniometric table. We used a stage with 1-arcmin angular scale
resolution. Estimating the partial derivative of n with respect to c for small critical angles, a value of
uB = ±2 10-4 was obtained. The influence of temperature fluctuations on the results is negligible
because of the short measuring time. The parallactic error during monitoring of the c results on the
vernier scale can be evaluated by calculation of the standard deviation. We have carried out series of
three to six measurements of c, for each of the examined standard liquid, at defined wavelength and a
4 10 5 was estimated for the obtained values at 790 nm, because of
maximal magnitude of u A , c
the eye’s reduced sensitivity in the NIR area. Combined standard uncertainty of our results is
calculated by formula (3) and value of uC = ± 2 10-4 is evaluated for standard liquids. Measurements
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accomplished by both LMRs exhibit equal uncertainty uC, since they differ only in the illumination
wavelength of the applied lasers.
In case of microrefractometric measurements of TPFs, the accuracy is less, mainly because of the
extra noise introduced by the multiple surface reflections in the film and the glass substrate. Some
light scattering in the polymer medium also occurs. Additional refractive index fluctuations are
possible due to local surface tension forces at different points of the emulsions. Several measurements
of each polymer film were completed and standard deviation was estimated with maximal value of uA
= ±2 10-3.
5. SUMMARY AND DISCUSSION
Different OPs have been examined applying several measuring techniques and detailed metrological
analysis has been accomplished. Bulk samples have been measured by means of the PR2 refractometer
as well as on the proposed goniometric set-up (Fig. 1) in the VIS region. Refractive indices of some of
the polymers are presented in Table 1. Comparison among results shows in both cases accuracy better
than ± 1×10-3 (Fig. 4). Measurements in the NIR area with the goniometric set-up have been also
carried out. Presented refractive data is valuable for designers of contemporary optical devices. For
this reason Abbe numbers in Table 1 are also included to illustrate dispersion properties in VIS
spectrum of polymers. In NIR region variation of the refractive index with wavelength is negligible.
Overall, our measurements show that OPs have a restricted range of index values, greater dispersion in
VIS light and may be less dispersive in NIR area in comparison to some optical glass types.
Additional laser illumination in the goniometric set-up was applied to increase the accuracy of the
obtained results and maximal combined uncertainty of uC = 3.65×10-4 was achieved.
Refractive and dispersion properties of polymer films, deposited on glass substrate, have been also
investigated. Two laser microrefractometers (Figs. 2 and 3) are proposed to measure indices of TPFs.
Different diode lasers are applied in both cases to collect more extensive data (Table 2). The
metrological analysis is accomplished with standard liquids and the combined standard uncertainty of
our results was established to be uC = ± 2 10-4. Measurements of TPFs reveal greater diversion among
obtained indices because of film non-uniformity and local surface tension values. Maximal standard
deviation uA = ±2 10-3 was estimated. A comparison between refractive properties of bulk polymers
and TPFs is carried out at 632.8 nm. Indices for both forms of one and the same polymer differ. A
common tendency is not established. TPFs may have higher or lower refraction than bulk samples,
since local index value is measured by the LMRs while PR2 instrument and the goniometric set-up
register volume indices. Abbe numbers in VIS area of studied TPFs are calculated by means of
Sellmeier’s and Cauchy-Schott approximations. Differences between dispersion properties of TPFs
and bulk polymer bodies are noticed.
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Abstract
20 years of environmental degradation, people gradually get used to the deterioration of nature and
actually accept new conditions such as annual flood and drought. From an ecological point of view,
fire is considered as a non- biotic factor which, in general, works within the ecosystem to decompose,
recycle and select. For this aim we developed a modified method of regression analysis for modelling
of the forest fires in the National Parks of Thailand and dynamic of the rate of spread of the Sundance
fire.The method is distinguished from the conventional regression analysis of that the factors included
in the regression dependence are time functions. Two type functions are tested: polynomial:
n

ai tin and periodical from the type: xi (t )

xi (t )

A sin

t

xc / w . The investigations show

i 0

better results the periodical functions give. The comparison is made on Fisher function and
correlation coefficient R2 for each of the investigated functions. For aim of the regression analysis, an
algorithm and program are developed for the experimental data processing. The results show the
experimental dada are stationary and it can accepted they have normal distribution.
Keywords: regression analysis, forest fires, National parks of Thailand, Sundance fire.
1. INTRODUCTION
For our world the environmental changes caused by man during the last two decades are obviously
terrible. Second only to deforestation, fire plays the most destructive role in the forest ecosystem
which results in drastic deterioration of the environment as a whole. However, these changes over time
seem slow to human eyes. As an agent of decomposition, fire releases, in the form of a heat, the
chemical energy stored in the available fuel. Fire liberates, in slightly altered forms, many of the
constituent bio-chemicals residing in the litter. Somehow an ecosystem must cope with this discharge
of energy and chemicals, with the eradication of some organisms and the introduction of others, and
with the simultaneous processes of selective destruction and selective enhancement. It is therefore,
evident that fire is not a minor factor, but a major one. Fire is and has been, for centuries, a part of
terrestrial environments of the world. Consequently biotic communities adapt and compensate for this
factor just as they do for temperature or water. Yet, as with most environmental factors, man has
greatly modified its effect, increasing its influence in many cases and decreasing it in others. Through
careless behavior, man has often so increased the effect of fire that a productive environment, is
destroyed or injured [20].
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Forest fire is a physical and chemical response. Three major components form the "fire environment
triangle": fuel, topography and weather. Without one of these, fire cannot occur. Heat transfer occurs
in three ways: conduction, convection, and radiation [21].
The Sundance Fire on September 1, 1967, made a spectacular run of 16 miles in 9 hours and destroyed
more than 50,000 acres. This run became the subject of a detailed research analysis of the
environmental, topographic, and vegetation variables aimed at reconstructing and describing fire
phenomena. This report details the fire's progress; discusses the fire's buildup in intensity, the fuel
complex through which it traveled, the wind and other atmospheric variables affecting the fire's
behavior; and describes the processes that probably account for the tree breakage and blowdown, the
long-range spotting, and the subsidence of the fire's run [2].
There is a row models for description of the forest fires developed in USA, Germany, Russia and in
other countries that are used in the research activity and in particular at the forest control.
The aim of this paper is application of a regression analysis for modelling of the forest fires in the
National parks in Thailand and dynamic of the rate of spread of the Sundance fire.
2. MATERIALS AND METHODS
2.1. A modified method of a regression analysis for modelling of forest fires
The polynomial models from second order are some the most used in the practice. They allow the
investigation phenomenon to be described in comparison a wide area of change of the input variables.
In general type they have the type [11]:
m

y

m

Bi xi

B0
i 1

i 1

B0

where:
Bi, j

Bi ,i xi2

m

m 1

Bi , j xi x j

(1)

i 1 j i 1

B 0 [b01 , b02 ,..., b0m ; Bi ,i

B i ,i [b11,1 , b21, 2 ,..., bm1 ,m ; b12,1 , b22, 2 ,..., bm2 ,m ;..., b1m,1 ,..., b2m, 2 ,..., bmm,m ] ;

B i , j [b11, 2 , b11, 3 ,..., bi1, j ; b12, 2 , b12,3 ,..., bi2, j ;..., b1m, 2 , b1m,3 ,..., bim, j ] , i = 1, …, m, j = i + 1, m- 1;

y–vector of the investigated indexes, y

T

y y1 , y 2 ,..., y m ; xi – the same investigated indexes.

In contrast to the conventional regression analysis, the factors participant in the regression dependence
are the time functions. In the paper, the following models are investigated:
r

(2)

ai ,k t k

xi (t )
k 0

or

xi (t )

ci sin

t

pi
qi

(3)

where r is the polynomial degree, ai,k – the coefficients in the polynomial functions (2) of each index;
ci, pi and qi – the coefficients on each index for the periodical functions.
The choice of a suitable function from (2) and (3) is made based on the correlation coefficient.
The regression analysis requires some statistical verification of the experimental data to be made. The
verification is based on the mathematical statistic methods, as far as the investigated indexes are
shown chance quantities and chance processes.
445

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
2.2. Statistical treatment of the data
The forest indexes of the ecosystems are shown chance processes that allows at they treatment the
mathematical statistical method to be used [1, 11, 14]. In practice we dispose with a final of duration
realization of the measurement of the indexes for a given time period – , for which the values xi,j are
known, (i=1, …, n – number observation; j=1, …, m – number investigated indexes) in discrete time
moments ti. There where the measuring missing an approximation is made by cube spline [9] of the
experimental data with an aim obtaining of an even time row distribution. The statistical treatment
includes the following basic stages [11]:
1.
xj

The assessment of the average values x j of each indexes is calculated:
1
n

n

(4)

xi , j
i 1

where: n T / t ; t–the discretisation step.
2.
s 2j

The assessment of the dispersion is calculated:
1

n

n 1

xi , j

xj

2

(5)

i 1

3.

xi , j
Normalizing of the experimental data by the equation: ~

4.

Check-up for stationary of the chance process is made. The interval T is divided in some
subintervals p (p 2), in each of them there is an equal number observations n1=n / p. The
mathematical expectation and dispersion are calculated for each index j and for each
subinterval:

xi
si2

1
n1

n1

xi , j

x j / s 2j .

xi , j

(6)

j 1

1

n1

n1 1

j 1

xi , j

xi ,

i 1, 2, ..., p

(7)

4.1. The assessment for reproducibility is made by the Kohren criterion:

Gc

max si2

(8)

i
p

si2
i 1

The obtained value of Gc, j is compared with the tabular value GT at n1-1 and p degrees of freedom and
a level of significant =0.05. If Gc < GT then the process is considered for reproducible, i. e. the
dispersions in the separate subintervals do not distinguish materially each other and they can be used
for an assessment of the dispersions sk2 (k=1, …, m) of the chance processes of each investigated
index:

sk2

1
p

p

si2

(9)

i 1
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4.2. A check-up for constancy of the mathematical expectation is made on each index by dispersion
analysis:

F

s x2 / s 2

where s 2
x

(10)

n1
p 1

p

xi

x

is the dispersion of the average values in the subintervals toward the

i 1

average value x for the entire interval, x

1
p

p

xi , and sk2 is calculated by (9).

i 1

For check-up of the notability, the Fisher criterion is used. The calculated F value is compared with
the tabular value FT for p-1 and p(n1-1) degrees of freedom. The mathematical expectation is taken for
constant in the all interval if F < FT.
All too often for check-up of the stationary of the processes only two intervals are used. In this case,
instead on the Kohren criterion, the assessment can be made on the Fisher criterion, as the relation of
the larger to the smaller dispersion is taken at degrees of freedom n1-1 and n1-1

F

s12 / s22

FT (n1 1, n1 1)

(11)

The given assessments for stationary of the processes are true in case of a normally density of the
distribution of the investigated chance process. Therefore, it is useful a check-up for presence of a
trend to be made.
5.

A check-up for presence of a trend is made [18]
n 1

T

'
j

xi 1, j

n
( n 1)

2

xi , j

T

i 1
n

xi , j

xj

2. 0

2

Z ( x)

2. 0

(12)

n

i 1

where: Z(x) – diversion from the normally distribution;

– level of considerable,

=0.05.

If the condition (12) is executed then it is accepted that we have presence of a trend.
6.
rxx (k )

An important characteristic of the chance process is its autocorrelation function. At an final
length and discrete values the correlation is used [11]:
1
n k 1

n

xi , j

x j xi

k, j

xj

(13)

i 1

where k= / t and accepts an integer value, =0,…,T-2.
At = k = 0 the expression for the autocorrelation function coincides with that for the dispersion, i. e.
rxx (0) s 2j . On the value of this function is judged for the frequency characteristic of the chance
process also and for the dependence between the values in two time moments t1 and t2.
The higher border of the interval between two observation t is determined by the expression
t T / n , where T is the time for that the characteristics of the object can be examined as stationary.
The normalized autocorrelation function is determined by:
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xx

1
n k 1 s 2j

(k )

n

xi , j

x j xi

k, j

(14)

xj

i 1

that is characterised with (0)=1.
On analogous way, the correlation and normalized correlation function:
1
n k 1

rxy ( k )

n

xi , j

1
n k 1 sx s y

xy (k )

x j yi

k, j

(15)

yj

i 1

n

xi , j

x j yi

k, j

yj

(16)

i 1

The correlation coefficient is changed from -1 to + 1 and it is an index for the linearity and direction of
the connection between the two chance quantities. Itself connection is called correlation or statistical.
7.

The correlation matrix is constructed from (14) and (16). The correlation matrix gives the
connection between the private correlation coefficients, between the exits and the respective
entrances, also and the correlation coefficients between the separate entrances.

8.

The check-up for considerable of the correlation coefficients on the Student criterion is made:

t

ri , j n 2

IF t

(17)

1 ri 2,j
tTAB (0.95, n 2) then it is accepted that the correlation coefficient is not considerable.

2.3. A comparative analysis and check-up for adequate of the regression models
Often at examining of different approximations of real processes the question is manifested for criteria
of that they can be objectively compared. According to the rule, the complicating of the dependence
between the end and entrance of the object leads to approximation that is more precise. The comparing
of two regression models is made with a help of the Fisher criterion. The dispersion relation is
composed:

F

s 12 / s22

(18)

where s12 and s22 are accordingly the residual dispersion of the model 1 and 2, calculated by the
equation:

si2

n

1
n k

yi , j

2

yi , j , i = 1, 2

(19)

j 1

and s21 > s22.
The obtained F is compared with the tabular value FT for given level of residual and degree of
freedom 1 = n - m1 and 2 = n - m2, where m1 and m2 are the numbers of the members accordingly in
the models 1 and 2. IF F > FT , then we accept that the model 2 leads to materially decrease of the
residual dispersion. Otherwise, the complicating of the dependence does not provoke materially
improving of the model.
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The assessment for the models adequate is made on the basis of the following statistical criteria [11,
16, 18]: Fisher function F, correlation coefficient R2, statistical index WRMSE (the Weighted Root
Mean Square Error) applied from English Agency for Water Control and relative error SL. The
statistical index WRMSE is determined by the following dependence:
1
n

WRMSE j

xi , j

n

yi , j

2

s 2j

i 1

, j = 1, …, m

(20)

where: xi,j – experimental values; yi,j – calculated by the model.
The relative error is determined by the relation [3-8, 15-20]

S

j
L

1
(n k )

n

1
i 1

yi , j
xi , j

2

,

(21)

Indexes values WRMSEj and s Lj are in the interval from 0 to 1. As the indexes, values (23) and (24)
are less as more the model validity for investigated index is increased.
An algorithm and program are developed for a statistical treatment of the experimental. The algorithm
block scheme is shown in Figure 1, where: SPLINE is a procedure for extrapolation of the
experimental data in the time [9]; STATIONARY is a procedure for check-up of the stationary of the
experimental observations; TREND is a procedure for test for presence of a trend (check-up for
normally distribution of the observations); CORR is a procedure for calculating of the auto- and
correlation functions; STUDNT is a procedure for determining of the correlation coefficients.
The coefficients in the polynomial models from the type (2) are determined by the help of the
polynomial regression subprogram from the library IMSL of FORTRAN 90 [7]. The program
computes the correlation coefficient, Fisher function and standard error. In these criteria, easily and
conveniently the polynomial degree r is determined. For determination of the coefficients in the
periodical function from the type (2) the possibilities of the graphic package Origin 6.0 are used.
The coefficient in the regression models from type (1) is determined with the help of the plural
regression subprogram from the same library of FORTRAN 90. The program computes also the basic
statistical quantities on that are passed for the models adequate – correlation coefficient, Fisher
function and standard error. Excepting these statistical indexes the program computes and t – Student
distribution for each coefficient. In this way, the check-up for the coefficient considerable can made. If
ti < tT at degrees of freedom n - k (k – number the model degrees of freedom) and a confidential
interval = 5%, then the coefficient is not statistical considerable and the variable xi can be expelled
from the regression equation.
All programs are developed on COMPAQ Visual FORTRAN Pro [7].
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START
Input of:
Number of random processes m
Discrete values of the time T and step t
Number of the subintervals p, and Z
Computing n=INT(T/ t)
Computing n1 =INT(n/p)
Input xi, j ( i=1, …, n, j=1, … , m).

Yes

Missing
experimental data?

CALL SPLINE

No
n

Computing: x j

xi, j / n , j

1, 2,..., m

i 1

1
n 1

Computing: s 2j

n

xi , j

xj

2

i 1

Normalized the experimental data:
~
x
x
x / s2
i,j

i, j

j

j

CALL STATIONARY

Print to
The real and normalized experimental data
x (i, j )
x (i , j ) and ~
Minimal, mean, maximal and dispersion:
x min(j), xmean(j), xmax(j), s2 (j)
Autocorrelation and correlation matrix:
r i,j, and i,,j
Significance of correlation coefficients, r i, j

CALL TREND
End
CALL CORR

Computing correlation matrix
CALL STUDNT

Figure 1. Block scheme of the algorithm
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4. AN APPLICATION OF REGRESSION ANALYSIS FOR MODELLING OF FOREST
FIRES
4.1. An application for annual burnt areas by forest fire in the National parks in Thailand
Fire is and has been, for centuries, a part of terrestrial environments of the world. Consequently biotic
communities adapt and compensate for this factor just as they do for temperature or water. Yet, as
with most environmental factors, man has greatly modified its effect, increasing its influence in many
cases and decreasing it in others. Through careless behavior, man has often so increased the effect of
fire that a productive environment, is destroyed or injured [20].
The parks in Thailand are administrated by the National Park, Wildlife and Plant Conservation
Department (DNP), which is part of the Ministry of Natural Resources and Environment (MONRE).
The department was newly created in 2002, and took over the national parks from the Royal Forest
Department of the Ministry of Agriculture.
The used information received from the Forest Fire Control Division National Park, Wildlife and Plant
Conservation Department in Thailand [20, 21].
Table 1 – Fire Statistics (Annual burnt areas by forest fire)
Year

1985

1986

1992

1993

Area burnt by
3535110.00 3797289.00 2030160.00 1459617.00
forest fire /ha
Year

1997

Area burnt by
forest fire/ha
Year
Area burnt by
forest fire/ha

1998

660208.00 1145452.00
2004

2005

32281.28

30284.16

1999
293480.00
2006
8621.60

2000
93324.00

1994

1995

763648.0 643799.00
2001

2002

76189.00 139389.00

1996
490303.00
2003
15763.68

2007

-

-

-

18728.64

-

-

-

From 1999 to 2002 the assessment of Burned Forest Area were received using Remote Sensing and
GIS. From 2003 to 2007 - Data from forest fire control station.
In Figute 2 annual burnt areas by forest fire are presented. In the figure we also present the regular
trens, and model data developed by the modified method of regression analysis.
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5,0x10

5

Experimental data
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0,0
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Time, year
Figure 2. Dynamic ot the annual burnt areas by forest fire in the National pars in Thailand
The firure shows thendencies to decrease ot the burnt areas of the National pars in Thailand. This is
fact of both indexes: increase of ability to mastering the fires, and developing of the contemporary
method for the forest fire prevention. Forest fire prevention and rescue job stresses the significance of
fire prevention. Rescue plans are strong in advance to stronger various forest protection measures,
maintain fire prevention and fire fighting facilities and equipment, properly train fire-fighting units,
and increment mobilization activity.
4.2. An application for the rate of spread of the Sundance fire
The Selkirk Mountains still show scars from the devastating effects of the Sundance fire. The fire
started on August 23, 1967 with a lightning strike on Sundance Mountain near the Sundance lookout
tower in Bonner County. The mountain is 6,298' high and is located four miles east north east of
Coolin on Priest Lake. The initial blaze was contained after burning 35 acres but it was not completely
extinguished. One week after the initial blaze the winds increased and fanned the smoldering flames
into action. The fire jumped the lines and burned two thousand acres by August 30. When things
looked as bad as they could get the worst possible thing happened. The summer had been particularly
hot and dry and there had been little or no rain. High winds hit the area and some observers said that it
was as if the forest exploded in front of the wind driven flames. The fire moved with such force that
on September 1 it traveled approximately sixteen miles in nine hours, destroying over 55 thousand
acres of land and about 10 million board feet of lumber. In the Pack River Valley the fire created its
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own winds causing an inferno known as a "fire storm." The winds were strong enough to snap large
trees and enough heat was generated to split large granite boulders. At the time the Sundance fire was
called the most destructive fire in Idaho in 50 years. There were reports that an even more dangerous
fire had been avoided. At the same time the Sundance fire was burning there was a second fire burning
out of control about 30 miles north of Trapper Peak. There was also a third blaze on Caribou Creek
that had been confined to 30 acres. If the Caribou Creek fire had gotten out of control the three fires
would most likely have merged and much of North Idaho would not be the place of beauty it is today
[22].
Table 2 – Dynamic of the rate of spread of the Sundance fire (a wind-driven fire) in hours
Hour

0 1200 1400 1600 1700 1800 1900 2000 2050 2100 2200 2350 2400

Rate of spread

0.00

0.25

0.70

1.60

0.30

2.40

1.00

3.50

6.15

2.5

2.00

0.50

In Figute 3 Dynamic of the rate of spread of the Sundance fire (a wind-driven fire) in hours. In the
figure we also present the regular trends, and model data developed by the modified method of
regression analysis.

Rate of spread, mi/h

8

Experimental data
Model data
Trend

7
6
5
4
3
2
1
0
1200

1400

1600

1800

2000

2200

2400

Time of day, h
Figure 3. Dynamic of the rate of spread of the Sundance fire (a wind-driven fire) in hours
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Figure 1 shows that the the rate of spread of the Sundance fire has tendencies to decrease in the time.
At the 2000 hour there was a big pick, that was raise to 6 mi/h. After that the rate has a steadfast trend
to decrease and the fire disappeared.
6. CONCLUSIONS
1.

An algorithm and program for statistical treatment and analysis of experimental observation for
the forest fires are developed. The statistical data treatment is used at modelling of the area burnt
by forest fire in the national parks in Thailand. The program can be used at the statistical data
treatment in other anagogical problems.

2.

From developed investigation it shown the offered regression model for the forest fires it can be
shown they can be used for analysis of information, for analysis of the condition of the forest
fires, for assessment of the anthropogenic impact, for assessment of risk situation etc. The offered
regression models for the forest fires can be used for modelling of other ecosystems.

3.

One from basic defects of the regression analysis is that it is rather sensitive toward the premises
for its using. The mistakes in the input variables conduct to considerable mistakes in of the
regression coefficients the determination as sometime can reach even sometimes change a sign of
the coefficients. It must foresee the regression analysis decides the problem for approximation in
the given area of the space of the input variables, definite from experimental take down points.
Each effort extrapolation to be done out of this area is ungrounded. For this aim in the methods of
times series analysis will be used.
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CATALYTIC OXIDATION OF SULFIDE IONS IN BLACK SEA WATER
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Nadezhda Dr. Dermendzhieva, Venko N. Beschkov
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Abstract
The present study is an attempt for removal sulfides from the Black Sea water by their oxidation to
sulfites or sulfates by heterogeneous catalysis. The experiments were carried out with sulfides at
different initial concentrations within 25 and 125 g m-3. The catalytic process is combined with
electrochemical oxidation. Different catalysts were tested: activated carbon, zinc sulfide, cobalt
sulfide and some other cobalt-containing and manganese-containing compounds.
Best results were observed with spinel-type cobalt and manganese oxide included in an activated
carbon matrix.
Key words: Hydrogen sulfide, Oxidation, Catalysts, Fuel Cell
1. INTRODUCTION
The Black Sea water contains significant quantity of hydrogen sulfide after depth of 150 m. Its amount
is estimated to be around 4.6 billions tons (Demirbas, 2009). Due to the very high toxicity of hydrogen
sulfide, beneath this depth the sea is practically dead with exception of some sulfur metabolizing
bacteria. The H2S and other sulfur compounds are products of the anaerobic decomposition of sulfurcontaining organic matter and nearly always present together in these natural processes (U.S. National
Research Council. 1979). A lot of efforts are made to utilize and decompose them to harmless
products (Demirbas 2009, Ouali et al. 2011, Reddy et al. 2012).
There are efforts to oxidize sulfide anions in a fuel cell, producing elemental sulfur in the anodic
compartment (Dutta et al., 2008). In this case however, the electrodes could be easily passivated by
the sulfur accumulation on the anode surface. Another disadvantage of these cells is the use of
cyanoferrate as electron acceptor.
A possibility of using the oxidation energy of H2S into a fuel cell is main goal of our team, cf. Fig. 1.
The idea is to transform the sulfide species into sulfate ones, thus gaining more energy, returning
harmless ions into the sea entering again into its natural cycle. The first step is to develop a process
and to compose catalysts enabling the oxidation of sulfide to sulfite and sulfate ions and thus to avoid
the accumulation of harmless elemental sulfur. The aim of the present paper is to study the catalytic
oxidation of sulfide containing model solutions as a first step for construction of a highly effective fuel
cell.
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Fig 1. Scheme of a fuel cell
2. MATERAILS AND METHODS
Scheme of a fuel cell is shown in Fig 1. In this fuel cell, the following main anode and cathode
reactions can take place.

Anode: S2- + 8OH- = SO42- + 4H2O + 8eCathode: 2O2 + 8H+ +8e- = 4H2O
The net reaction is: S2- + 2O2 = SO42The objective of the present paper is the reactions that take place into the anode space:
S2- + 6OH- = SO32- + 3H2O + 6eSO32- + 2OH- = SO42 + H2O + 2eTotal: S2- + 8OH- = SO42- + 4H2O + 8eThe model solutions are prepared by dissolving of sodium sulfide nonahydrate, an ACS reagent 98
%. The salinity of the seawater is imitated by the dissolution of NaCl analytical grade into distillated
water with concentration 16.5g l-1.
The concentration of all sulfur containing reducing agents is determined iodometrically. The sulfide
(S2-) content is defined photometrically by its transformation to methylene blue (Gustafsson 1960),
instead of the classical N,N-Dimethyl-p-phenylenediamine N,N-Diethyl-p-phenylenediamine was used
as it was reported (Rees et al. 1971) to be two times more sensitive.
As the presence of thiosulfate ions inhibits the further oxidation of the sulfite ones (Linek and Vacek,
1981) the thiosulfate ions were detected qualitatively with Fe3+ by the appearance of the red, but not
stable complex Na[Fe(S2O3)2].
Qualitative tests for sulfate (SO42-) and sulfite (SO32-) ions are also executed by adding BaCl2. The
opalescence or white deposit shows the presence of both species, but the sulfite ones are soluble in
hydrochloric acid.
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The presence of sulfite and sulfate ions is proved in all the experiments that were carried out.
Elemental sulfur is not detected.
3. RESILTS AND DISCUTION
Several different sets of lab scale experiments are carried out varying the initial sulfide concentrations,
type of catalysts and their concentration.
3.1. INFLUENCE OF THE INITIAL SULFIDE CONCENTRATION
Experiments with different initial concentration of 25, 70, 110 mg/l sulfide ions are carried out. A
comparison of the decrease of the sulfide ions as a function of time is shown in Fig. 2.
As seen from the figure, the sulfide oxidation rate does not depend on the initial concentration. In all
cases the reduction of the sulfide ions is about 50% at the second hour, about 80% at the fourth hour
and 90% at the fifth hour.
S 2-, mg/l
120
25 mg/l

100

70 mg/l
80

110 mg/l

60
40
20
0

0

60

120

180

240

300

Time, min

Fig 2. Influence of the initial sulfide concentration on the oxidation rate
3.2. OXIDATION WITH DIFFERENT TYPE OF CATHALYSTS ADDED INTO THE
SOLUTION AS SALTS
As it is reported that different metals (Dohnalek and FitzPatrick 1983) are catalysts for the process of
oxidation. In order to compare the catalytic effect of different Me2+ ions experiments with various salts
directly introduced into the solution are carried out. The following species are used:
1. CoCl2 with concentration of 0.5 g.l-1;
2. Precipitate of CoS with concentration of 0.7 mg.l-1;
3. ZnS with concentration of 0.5 g.l-1;
The change of the concentration of the sulfides as a function of time with different catalysts is shown
in Fig.3
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It can be seen from the figure that the use of catalysts can considerably improve the velocity of the
process. In case of absent of catalyst at a certain moment there is a significant retention of the
oxidation rate that is due to the accumulation of the products and competitive reactions. In those
experiment thiosulfates are observed with qualitative reaction. The catalyst accelerates not only the
basic reaction, but also secondary reactions and thus prevents the accumulation of intermediates and
the delay in the primary reaction. It is clearly seen from the figure that the use of catalysts leads to a
constant oxidation rate.
As seen from the figure, cobalt containing catalysts give better results. The precipitate of CoS shows
the best results. Unfortunately at the end of the process it has been dissolved. This fact limits its use as
a catalyst.
3.3. OXIDATION WITH CATALYSTS OF DIFFERENT SPINEL-TYPE OXIDES INCLUDED
INTO AN ACTIVATED CARBON MATRIX AS CATALYST.
In order to protect the catalyst from dissolving it into the solution and to prepare electrodes in the
future, spinel-type of oxides included into an activated carbon matrix were prepared. The technology
for obtaining such carbon matrix from organic-containing initial materials includes its impregnation
with a solution of a given salt and the subsequent pyrolisys with simultaneous activation described in
(Ljutzkanov and Atanasov 2002). Two different spinal-type oxides (Co3O4) and (Mn3O7) are prepared
on the base of cobalt and manganese salts.
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Fig 2. Influence of the different type of catalysts on the oxidation rate
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Fig. 3. Comparison between salt type and spinel type cobalt contain catalyst
Several different sets of lab scale experiments with spinel- type of oxides included into an activated
carbon matrix are carried out varying the type of catalysts, their concentration and place of adding.
A comparison between the spinel – type cobalt containing oxides included into an activated carbon
matrix and the CoCl2 in same concentrations and added into the volume of the reactor is shown in Fig.
3.
As seen from the figure, the spinel – type cobalt containing catalyst give better results. Using this type
of catalyst about 90% of the sulfide oxidation is achieved for 1.5 hours, while with the salt type cobalt
containing catalyst there is only about 85% sulfide oxidation for 2.5 hours.
A comparison of the rate of the decrement of the sulfide concentration with time for a process without
catalyst and with both type of spinal-type oxides added in the solution is presented in Fig. 4. There is a
significant difference between the catalyzed and the non-catalyzed process. The activated carbon
matrix with incorporated cobalt shows a slight superiority to the one with manganese.
Experiments with different quantities of spinel – type cobalt containing catalyst added into the volume
of the reactor are conducted. Fig. 5. illustrates the influence of the amount of the catalysts that is used.
This indicates that the increase in the amount of the catalyst with 30% giving acceleration of the
sulfide oxidation rate with about 5%, i.e. there is no significant impact on the process.
In order to use the catalyst continuously and to gain some experience for the technology of electrode
manufacturing, experiments with fixed catalyst were carried out.
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Fig.4 Influence of the different spinel-type oxides incorporated into an activated carbon matrix
catalysts on the oxidation rate
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Fig. 5. Influence of the quantity of the added catalyst
A comparison of the sulfide oxidation rate with fixed and added into the volume of the solution
catalyst is given in Fig. 6.
As seen from the figure, the fixed catalyst gives better results. In this case about 95% of the sulfide is
oxidized for the first hour, whiles with free catalyst there is only about 80% sulfide oxidation for the

461

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
same time, although in the fixed catalyst the interfacial surface is considerably diminished. This gives
the conviction that the used materials could be successfully used for electrode manufacturing.
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Fig. 6. Comparison between fixed and added into the volume of the reactor catalyst.
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Fig.7. Influence of the quantity of the fixed catalyst
A comparison of the sulfide oxidation rate with different quantity of fixed catalyst is given in Fig. 7.
As expected, large amount of catalyst gives a high sulfide oxidation rate.
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4. CONCLUSIONS
The hydrogen sulfide from the deep Black sea waters can be successfully removed by oxidation to
sulfites or sulfates by heterogeneous catalysis. The use of catalysts can enhance considerably the
process rate. At a certain moment there is a significant retention of the oxidation rate in case of
absence of catalyst. Probably it is due to the accumulation of the products and competitive reactions as
obtaining of thiosulfates. The catalyst accelerates not only the basic reaction, but also secondary
reactions and thus prevents the accumulation of intermediates and the delay in the primary reaction. Its
use leads to a constant oxidation rate.
Among the examined catalysts the best ones are those containing cobalt. Entirely new spinel-type
catalyst, incorporated into an activated carbon matrix has been synthesized.
Experiments with fixed catalyst have been successfully carried out and the sulfides can be reduced by
over 90% within 2 hours. The latter can be used in future for electrode manufacturing.
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programme BS-ERA.NET (FP7 of the European Union), grant BS-ERA.NET Pilot Joint Call
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Abstract
The study reports on the preparation of activated carbons based on biomass (spent coffee brew) and
on the characterization of their porous texture.
The developed laboratory technology appropriate for the purpose included (1) extraction of coffee
grounds biomass to remove coffee oil residue; (2) carbonization of extracted biomass – individual or
in mixture with 10, 20 and 30 mass % Bulgarian lignite coal and (3) chemical activation by potassium
hydroxide.
The results obtained show the activated carbons prepared by the activation procedure used to have
very high specific surface area (from 1600 to 2200 m2 g 1), with high microporous volume (0.600 –
0.800 cm3 g-1) and with homogeneous mesoporous size distibution (max. ~ 2 nm).
Key words: spent coffee brew, activated carbon, extraction, chemical activation

1. INTRODUCTION
Global energy use is approximately 140 000 TWh per year. Interestingly, biomass production amounts
to approximately 270 000 TWh per year, or roughly twice as much, whereas the official figure of
biomass use for energy applications is 10-13% of the global energy use. Hence, biomass is not a
marginal energy resource but more than capable of meeting all our energy and food needs, provided it
is used efficiently. The use of food in generating energy has been extensively debated, but there is
actually no need for it given the comprehensive resources available from agriculture and forestry
waste.
One way of using energy efficiently is to use waste biomass in biorefineries, where production of
fibers and products from fibers is combined with production of most chemicals we need in our daily
life. Such products include clothes, soap, perfume, medicines etc. Conventional pulp and paper
applications, bio-fuel for vehicles and even fuel for aviation as well as heat and power production are
covered (Dahlquist et al., 2013). Biomass can be converted into energy sources via pyrolysis or
fermentation. Another way of organic/biomass wastes reuse is converting them into activated carbon
(AC).
Due to their large specific surface area and high volume of AC micropores are widely used in
separation processes where strong dispersive forces are responsible for the retention of species on their
surface. It is well known that surface groups and their location in the pore network determine the
application of certain carbons for specific separations. In most cases an AC surface is modified by

464

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
various techniques, such as impregnation, grafting, oxidation, or ammoxidation in order to enhance its
reactivity. The processes mentioned increase significantly the cost of adsorbents (Kante et al., 2012).
Chemical activation is widely employed to prepare AC using mainly the activating reagents ZnCl2
(Caturla et al., 1991)] or H3PO4 (Baquero et al., 2003). Oliveira and co-workers (2009) used ferric
chloride as a new activating agent, to obtain AC from agro-industrial waste (coffee husks). Activated
carbons were prepared from spent ground coffee. Zinc chloride was used as an activation agent. The
obtained materials were used as a medium for separation of hydrogen sulfide from air at ambient
conditions. It is used as an additive to prepare activated carbon cloths by physical activation, later on.
The method was widely used to obtain porous carbons from coals/coal tar pitches. It has also been
used in the chemical activation of precursors such as rayon and its pyrolysis effect onto lignocellulosic
matter has been studied (Oliveira et al., 2009). However, there are no literature on using KOH as an
activating agent to prepare AC from extracted biomass (spent coffee brew– neat or in a mixture with
lignite coal).
An appropriate three stage laboratory technology was developed. It included (1) extraction of coffee
grounds biomass to remove coffee oil residue; (2) carbonization of extracted biomass – individual or
in mixture with 10, 20 and 30 mass % Bulgarian lignite coal and (3) chemical activation by potassium
hydroxide.
2. EXPERIMENTAL
2.1. Materials
The carbon precursor was a spent coffee brew. The coffee ground was dried in an oven at 110 °C for 6
h. The quantitative analysis of oil or crude fat is based on separating the lipids from the sample matrix
by extraction with hexane. About 60 g of the dried sample was weighed in a thimble in the Soxhlet
extractor and fitted to a flask. Coffee oil was extracted with 250 ml solvent under reflux for time spans
minimum of 8 h. Time was recorded when the first droplet of the extraction solvent recycled back into
the thimble. The maximum extraction time for each solvent was the time when the reflux became
clear. After the extraction had been accomplished, the solvent was distilled under moderate vacuum.
The solvent was then recovered in order to be used in the next batch of extraction.
Extracted waste coffee brew, individual or in mixture with 10, 20 and 30 mass % Bulgarian lignite
coal were carbonized at 793 ± 5 .
Table 1. presents the physical properties of the spent coffee brew and lignite coal (Takahata et al,
2009; Tonchev, 1973).
Table 1. The physical properties of the spent coffee brew (SCB) and Bulgarian lignite coal
Sample

Wet, %

Ash,%

Volatile matter, %

Sulphur, %

SCB

6.41

0.10

76.80

-

Lignite coal

7.63

32.4

61.50

2.0

The elemental analysis of the initial samples (Takahata et al, 2009; Tonchev, 1973) is shown in Table
2.
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able 2. Elemental analysis of the spent coffee brew and Bulgarian lignite coal
(Takahata et al, 2009; Tonchev, 1973)
Sample

Content of carbon,
C%

Content of oxygen
O, mass. %

Content of hydrogen

SCB

57.3

28.4

7.1

4.7

Lignite coal

67.4

25.8

5.0

1.8

H, mass. %

Content
of
nitrogen N, mass.
%

The precursors were mixed with granular KOH at a 1:1.2 ratio. Before the activation the mixtures
were ground to the particle size smaller than 600 mkm. The obtained materials were activated in a
furnace under pressure of ~ 6.0 – 6.5 Torr at the temperatures 973 and 1073 , for 2 h.
The samples were washed with distilled water, after that with 10 % solution of hydrochloric acid
(HCl) in order to remove inorganic mater. Then the products were washed with distilled water until
reaching neutral pH. The patterns were activated for the second time in a furnace for 1 h under the
same pressure at 873 .
The carbons obtained are referred to as PACTRm, P - according to the condition: with prior activation;
T – temperature, R - ratio of the activating agent to the precursor; m – mass % of the lignite coal.
2.2. Methods
The surface and porous texture of the samples was characterized by adsorption of nitrogen (77.4 K)
using a conventional volumetric apparatus. The nitrogen adsorption-desorption isotherms were used to
determine the following parameters: surface area, ABET (Brunauer–Emmet–Teller method)
= 0.05
÷ 0.35; micropore volume, VMI; total pore volume,
= 0.95, Vt; mesopore volume Vmes (determined
by subtracting the total micropore volume from the total pore volume). The mesopore size
distributions were calculated implementing Pierse method (using the adsorption branch of the
isotherms); the micropore volume VMI and the micropore size distributions parameter x0 (the half
width of the curve maximum), according to the Simplified equation; the mean pore radius (as the ratio
of the double total volume and ABET, assuming a cylindrical pore model).
The chemical composition (C, N, and O) of carbonized ground coffee and KOH activated samples was
determined by elemental analysis using an ESKALAB Mk II X-ray photoelectron spectrometer.
The specific surface area of the samples semicoke was determined using the “Gurvich method”
(Klichko-Gurvich, 1961).
3. RESULTS AND DISCUSSION
In the first item are introduced the results of the synthesis condition and characterization of the
resultant materials, with the inherent discussion.
To content of carbon, nitrogen and oxygen on the surface of the materials was estimated by elemental
analysis. The data obtained are shown in Table 3.
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Table 3. Elemental analysis for the carbonizated sample from coffee brew and lignite coal (results in
% in mass; SCB and SCB+m, m = 10, 20 or 30 %)
Sample

Content of
%

, mass.

Elemental analysis on the surface of the sample, %
C

N

O

Hcalcul.

PSC 0-520

85.0

83.0

5.0

8.0

4.0

PSC 10-520

89.0

85.0

4.0

7.0

4.0

PSC 20-520

88.0

84.0

3.0

8.0

5.0

PSC 30-520

89.0

88.0

3.0

6.0

3.0

The prepared samples exibit closer levels of carbon content. The presence of lower contents of carbon
on the surface could be a consequence of its containing higher hydrogen and nitrogen amounts.
The specific surface area values of the samples (carbonizated at 873 K) are presented in Table 4.
Table 4. Specific surface area of the samples determined by one point method apparatus.
Sample

Specific surface area, m2/g

PSC 0-520

15.0

PSC 10-520

17.0

PSC 20-520

20.0

PSC 30-520

19.0

As seen, the presence of lignite coal does not affect the specific surface area. Specific surface areas
values of the smples are close within the limits of method accuracy.
The AC prepared by the described procedure was subjected to elemental analysis. The results are
shown in Table 5.
Table 5. Elemental analysis of the AC surface
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Sample

Content of , mass. %

PCAC700120

Surface compozition, %
C

N

O

Hcalcul.

91.7

92.2

0.81

5.54

1.45

PCAC800120

91.9

92.1

0.76

5.75

1.39

PCAC8001220

92.5

92.2

0.73

5.37

1.40
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The prepared samples (T=700 and 800 K) comprise the higher amounts of carbon (about 92 mass. %).
The contents of oxygen and nitrogen on the external surface of the AC samples averages about 5 % for
the oxygen and obout 0.77 % for the nitrogen. In this aspect our active carbons (incl. PCAC8001220)
do differ from the conventionally used active carbon based on biomass waste.
Low temperature adsorption/desorption N2 isotherms are used for the calculation of the specific
surface area and the porosity of the samples (Fig. 1). The main textural parameters of AC prepared
from coffee brew are given in Table 6.
Table 6. The main textural parameters of activated carbons under investigation
ABET (m2.g-1)

3

Sample

VMES

VMI

Vt
-1

3

-1

3

-1

Xo

Rp

(cm .g )

(cm .g )

(cm .g )

(nm)

(nm)

PCAC700120

1580

0.931

0.580

0.351

0.7

1.2

PCAC800120

2035

1.215

0.730

0.485

0.6

1.2

PCAC8001220

2180

1.264

0.810

0.454

0.7

1.2

The AC obtained via the activation of the extracted coffee brew possess high specific surface areas of
1580 m2.g-1 for PCAC8001220) and very high (> 2000 m2.g-1 ) specific surface areas for
PCAC800120 and PCAC8001220. The surface area of AC prepared is greater compared to the
convential materials with specific surface areas about 1200 m2.g-1. These values can be favourably
compared with the ones of AC’s prodused from coffee endocarp (245-892 m2.g-1) (Nabais et al.,
2008).

Fig. 1. Adsorption/desorption isotherms of the activated carbon samples
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The high micropore volume values of the prepared AC samples reveal their appropriateness for usage
in gas phase adsorption.
Fig. 1 shows that the isotherms refer to mixed type ? (1 and 4), with a relatively narrow hysteresis
loop, type 3 (for PCAC800120 and PCAC8001220) and type 4 (for PCAC700120) according to
the IUPAC classification (1985), characteristic of materials containing slit-shaped pores.
Fig. 2 presents the pore size distributions for PCAC700120, PCAC800120 and PCAC8001220
activated carbon. The same figure shows that the pore structure of these materials consists of microand mesopores. It is observed for the samples from Table 6 that the micropore volumes increase from
PCAC700120 to PCAC8001220 (1.4 times). However, on the contrarythe value synchronism in the
increasing of adsorption-texture parameters from PCAC800120 to PCAC8001220 is desynrchronized.
Hence, mesopore volume (VMES) of PCAC800120 increases with about 6 %: as compared to that of
PCAC8001220.

Fig. 2. Mesopore Size Distribution of the activated carbons.
Mesopores are grouped in four groups. Fig. 2 allows the conclusion that, AC’s mesoporous texture is
characterized by comparative uniformity and a strong predominance of the fine mesopores (Rp < 2
nm), respectively 87.3 % (for PCAC700120), 83.2 % (for PCAC800120), and 84.0 %
(PCAC8001220). As seen, the content of fine mesopores is higher for PCAC700120, while for
PCAC800120 and PCAC8001220 that content is lower, regardless of the initial substance of
precursors.
On the other hand, the content of the larger mesopores (Rp > 5 nm) have closer value for PCAC800120
and PCAC8001220 which is higher as compare to the value of PCAC700120 sample.
The mean pore radius of all samples (Table 6) is the same (1.2 nm). The fact is in full accordance with
the contents of the prevaled quantity of the pores with Rp < 2 nm.

469

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
Micrpore Size Distribution of AC (Fig.3.) shows that the maximums of the curves are shifted to the
region typical for micropores range (half width parameter
0.5 – 0.7 nm). The latter could be
explained with the nature of the current technology for preparation of active carbon.
Obviously that volume of micropores of
8001220 (Table 6) is higher as compared to the same
of
800120, but Micrpore Size Distribution in the latter is homogeneous.
Similarly, despite the significant difference in the values of microporous volume of
700120 and
8001220 (Table 6), 0 values for the two samples are the same. Therefore, in this techpology for
preparation of active carbon from SCB, both the activation temperature and precursor composition
influence the development of microporosity.

Fig. 3. Micrpore Size Distribution of the activated carbons.

Fig. 4. Micrpore Size Distribution of the activated carbons from two and three stage technology
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Fig. 4 shows Micropore Size Distribution of the activated carbon RB (ABET = 706 m2/g,VMI = 0.270
cm3/g) and R2 (ABET = 1126 m2/g,VMI = 0.400 cm3/g) prepared from SCB wthout previous extraction
of the coffee brew, at the same precursor/activator ratio and activation temperature (Nikolov et al.,
2011).
Micrpore Size Distribution of RB and R2 activated carbon (Fig. 4) shows that the half width of the
curve maximums are shifted to the upper limit of the characteristic supermicropores values. The same
Micrpore Size Distribution curves exibit the heterogeneous distribution of micropores, i.e. the
microporous volumes of those samples include micropores of all size ranges from ultramicropores to
wide size supermicropores. Hence, the preliminary extraction is significant for the development of AC
porous texture.
4. CONCLUSION
The activated carbons produced via the described laboratory technology are characterized by a very
high specific surface area (from 1600 to 2200 m2 g 1), a high microporous volume (0.600 – 0.800 cm3
g-1) and by a homogeneous mesoporous size distibution (max. ~ 2 nm).
The activation temperature, precursor/activator ratio and precursor composition (pure carbonizated
biomass or mixture with 10, 20 and 30 mass % Bulgarian lignite coal) influence the parameters of AC
texture. The best AC surface and porous texture was obtained at the activation temperature 1073 and
using preliminary extracted and carbonizated spend coffee brew mixed with 20 % lignite coal as a
precursor.
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EVALUATION OF THE NON-CONTACT MEASURING
OF WATER RESERVOIR BOTTOM TOPOGRAPHY
Jakub Fuska, Viliam Bárek, Peter Halaj, Jozefína Pokrývková, Anna Báreková
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Abstract
During the operation of the water reservoirs in common conditions there occur the processes of the
siltation as the result of the erosion in the watershed and also the processes of sediment displacement
within the reservoir or sediment escape out of the reservoir as the result of the inflowing water during
the floods or higher water discharges during the spring snowmelt. These processes are forming the
shape of the water reservoir and this process affects the depths of water and total amount of stored
water. The changes of the topography of smaller water reservoirs are not monitored periodically or
occasionally and the methodology for the measuring is not made. For the larger reservoirs there is
used the method of periodical measuring of the reservoir profiles as the cross-sections of the reservoir
bottom. The comparison of the identical profiles is then used for evaluation of the siltation processes
and calculation of the water capacity and sediment quantity difference during the revised time period.
The method works with the depth measuring (echo sounding, level staves, calibrated lead line) and
measuring of the distance of depth measuring in profiles. The goal of this paper is to assess the new
method of monitoring of the reservoir topography with non-contact system of sonar and GPS receiver,
which measures and generates the field of points with known coordinates at the bottom. These points
can be used in GIS software for the creation of the TIN model that represents the reservoir bottom
shape. The assessment of this method is done as the assessment of the accuracy of the created TIN
model. This is done as the comparison of the geodetically measured elevation of points and elevation
of points extracted from TIN model. The method was tested at the swimming pool, where steady and
mostly plain bottom can be measured with geodesy tool – GPS measuring and compared with the TIN
model created from data collected with non-contact measurement with GPS and sonar during the sail
with small vessel. The comparison of the modeled elevation and the real bottom elevation offers the
evaluation of the accuracy of the method. The results lead to conclusion that modeled elevations
(calculated from data of TIN model created from the non-contact measured input data) differs from
the direct GPS measurement in approx. 20mm in plain parts and 70mm in sloped parts of the
swimming pool bottom.
Key words: water reservoir bottom topography, TIN model creation, TIN model accuracy
INTRODUCTION
Small water reservoirs are reservoirs with water volume max. 2 mil. m3, maximum water depth is 9m
and volumetric flow rate for hundred years (Q100) is not larger than 60 m3. s-1. (STN 73 6824).In
accordance to Ministry of Environment of SR (2002) document “General document of water
protection and usage of water” there are 198 small water reservoirs in Slovak Republic. Reservoir
siltation is causing the problems related to the reduction of the flow capacity, deterioration of the
sailing conditions related to the reduction of the volume. Bottom sediments create important part of
the river ecosystems, which has the potential to accumulate various pollution (toxic/ heavy metals,
radionuclides and organic matter) from the water (Hucko, 2007).Erosion and the transporting effect of
the flowing water are the most important natural processes are. These processes lead to the production
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of the eroded material that is carried by rivers and then it is accumulated in the water reservoirs, where
the eroded material can settle at the reservoir bed. In the longer time period this effect can lead to the
partial or full siltation of the reservoir. Flowing water allows eroded material to move and settle, but it
also affects the particles, that are actually presented in the reservoir, by lifting them from the reservoir
bed (result of the larger discharge during the snow melting or during the floods) and then relocates
them in the reservoir bed (reshape of the reservoir bed) or allow the existing sediment to escape from
the reservoir (reshape of the reservoir bed and also change of the volume of the captured sediment and
volume of the accumulated water). The shape of the reservoir bed is also formed by anthropogenic
processes, mostly by the maintenance work, when the bottom sediments are extracted and removed
from the water reservoir. Various tasks of the water reservoir management can be done with the use of
the topography of the reservoir bed, such as creation of the cross-sections, assessment of the actual
water capacity, periodical measuring of the sediment quantity development or relocation. Reservoir
bed topography can be represented in various forms, such as contours, set of points with known
coordinates, set of cross-sections or as the digital terrain model in raster or vector format. This paper
deals with the possibility of the creation of the water reservoir bed TIN model and assessment of its
accuracy.
MATERIAL AND METHODS
Surveyed site
Measuring was done in the swimming pool in Topo any. The dimensions of pool are 50m x 21m,
minimum depth 1,6m, maximum depth 2,3m. The bottom of the swimming pool is horizontal in two
levels (1,6m and 2,3m depth), with the slope that connects the horizontal parts. Deeper part is about
30m long, sloped part length is about 10m long and the shallower part is about 10m long. This
swimming pool was selected as the testing locality because of its configuration of the parts (two plain
parts and sloped part), that will offer the assessment of the methodology in different conditions: deeper
plain bottom, shallower plain bottom and sloped part.
Equipment
For the GPS data collection of the point position we used the GPS rover Leica 1200+, that allows the
RTK surveying. Global positioning system (GPS) is the positioning system consisting of the cosmic
navigation satellites, which emits the radio signal, that is received and processed by the receiver.
Receiver calculates the time difference of the signal emitting of and signal receiving and from this
difference the distance to particular satellite is calculated. The position of the satellites is known, and
with the distances “satellite – receiver” is calculated the position of the receiver (Rapant, 2002).
RTK surveying is the differential GPS surveying method which uses the carrier phase observations
corrected in real time. The accuracy of RTK surveying is about 2cm. This method requires the radio
connection with the base station for the obtaining of the real-time corrections (Gopi, 2005). For the
depth measurement we used the Garmin GPS Map 421s sonar system. Sonar transducer was mounted
on the pole of the GPS rover. The principle of sonar measuring is in the emitting and receiving of
acoustic pulse, that are propagated from the transducer to the target (or the bottom of sea or water
reservoir and lake) and back. Signal is received and processed and in accordance to known velocity of
sound in water with known temperature and time of sending and receiving of the pulse is calculated
the distance to target (Lurton, 2002). Connection and communication of the GPS system and sonar
system was made with the NMEA connection, when the depth measurement from sonar was sent via
NMEA interface to the GPS controller. NMEA specification (National Marine Electronics
Association) categorizes ASCII data stream in the comma-separated sentence based on the information
contained in each sentence. It is necessary to know the structure of the NMEA sentence, because it
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will be divided for obtaining of the desired part of data (Thota, 2006). GPS rover with sonar
transducer was mounted to the raft boat transom with the set of clamps. Raft boat was propelled with
the trolling electric motor.
Data collection
The goal of the work is assessment of the methodology for creation of the TIN model of the water
reservoir bed and assessment of its accuracy. TIN model is created from the points collected with the
geodetic GPS receiver and low-cost sonar system. This method was tested in the swimming pool in
Topo any. The depth of water is varying from 1,6m to 2,3m, where the elevation of the bottom and
slope is uniform at both longer sides of the swimming pool. That allowed us to create the TIN model
of the bottom and to compare the model with the bottom elevation measured with the GPS receiver.
The evaluation of the swimming pool bottom model accuracy offers the estimation of the accuracy of
the method that can be obtained in the further field work in the proper water reservoirs (fish ponds,
irrigation reservoirs, etc.). TIN model is 3D representation of the terrain surface, that is built of the
non-overlapping irregular triangles (TIN=Triangulated irregular network). The points of these
triangles have known x, y, z-coordinates and these points are laying at the surface of modelled terrain
(Longley et al., 2005). For the creation of TIN model, there were used two groups of points. First
group of points was collected with the non-contact measuring (points in the inner part of pool), the
second group was collected with the direct measuring. The idea of non-contact data collection is the
measuring of the point coordinates as the measuring of the GPS position (x, y, z-coordinate) of the
sonar transducer and depth measuring with the sonar during the sail from raft boat. The combination
of these measuring results in the coordinates of the point at the bottom of the water reservoir, where x
and y-coordinate are measured with GPS receiver and z-coordinate is calculated in accordance to
Equation 1 and its graphical expression at Figure 1.
.=

+ 0,1

[1]

where
Z-coord. = z– coordinate of the point at the bottom
0,1m = distance from GPS pole tip to the sonar transducer
HGPS = z – coordinate of the tip of the GPS pole
Dsonar = depth measured with sonar
Direct data collection was done as the measuring of the point at the swimming pool margin with
the GPS receiver and the measuring of the distance from the margin to the bottom with the geodetic
level staff. The combination of these measuring results in the coordinates of the boundary point of the
TIN model of the bottom of the water reservoir, where x and y-coordinate are measured with GPS
receiver and z-coordinate is calculated in accordance to Equation 2 and its graphical expression at
Figure 1. This point does not represent the true boundary of the swimming pool, but it is suitable for
the creation of TIN model of swimming pool bottom.
.=
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where
Z-coord. = z– coordinate of the boundary point
HMARGIN = z – coordinate of the tip of GPS pole = elevation of swimming pool margin
Dstaff = depth measured with level staff (distance from margin to bottom)
Accuracy of the created TIN model was done as the comparison of the elevation of the control points
at the swimming pool bottom directly collected with the GPS receiver with the elevation extracted
from TIN model. These points were collected only for the purposes of the accuracy assessment and
they were not used for the TIN model creation. Data collection of the control points at the swimming
pool bottom was done in the emptied pool in 16. april 2013. The points were collected in the area of
the swimming pool and the line of the start and end of the slope was estimated by visual checking of
the swimming pool bottom.

Figure 1. Scheme of the non-contact measuring of the z-coordinate of the point at the bottom (right)
and direct measuring of the z-coordinate of the boundary point (left)

RESULTS AND DISCUSION
During the data collection procedure in the 9th September 2012 there was collected 213 points with
the non-contact method during the sail and 22 points with direct measuring method. These points were
used for the creation of the swimming pool bottom TIN model. The characteristics of the collected
data are shown in the Table 1.
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Table 1. Characteristics of collected data
Category
collectiont

of

Non-contact
(GPS+sonar)

data

GPS accuracy of collected points [mm]

Amount
of points

Min.

Max.

Average

213

49

23

33

22

300

12

42

method

Direct
measuring
method (GPS)

The accuracy of the sonar measuring is quite sufficient, but the accuracy of the direct GPS measuring
method is lower. The revision of the collected data has shown, that the accuracy of two points (Point
nr. 12 and 13) is worse than 200mm. That indicates the failure of the RTK measuring, which occurred
during the data collection. This problem was solved by adding of the same elevation – average
elevation of the properly measured points from direct measuring, to all GPS points.
The 3D point data were loaded in ArcGIS 9.3 and the TIN model of the bottom was created. The TIN
model and collected 3D points are shown at Figure 2.
Control points were loaded in ArcGIS 9.3 as the 2D points (elevation of the points were not added as
z-coordinates of the point). For the evaluation of the TIN model accuracy the input points were
divided into three groups (as shown at Figure 3):
-

Points of the shallow part

-

Points of the sloped part

-

Points of the deeper part

Figure 2. TIN model of the swimming pool bottom and input data – 3D points
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Each group of points was evaluated separately, as the evaluation criterion was selected the difference
of the true elevation of the control point (collected with GPS at the bottom of the emptied pool) and
the elevation of the control point extracted from TIN model. The elevation of the points from TIN
model was extracted and added to attribute table of the control points (Add Surface Information tool)
and the difference of elevations was calculated in accordance to Equation 3.
[3.]

=

Where
dZ = difference of the elevations
ZTIN = elevation of the control point extracted from TIN model
ZTRUE = true elevation of the control point

Figure 3. Control points for the evaluation of the TIN model accuracy
The values of the elevation difference calculated in accordance to equation 3 can be positive or
negative. Positive value indicates that the model in the revised point is above the true bottom and
negative value indicates that the model in the revised point is under the true bottom. The assessment of
the accuracy – assessment of the elevation differences is shown in Table 2, where the results of
statistical functions calculated in MS Excel 2010 are shown. The statistics are done in accordance to
work of Halva (2012) for the comparison of the modelled and measured values of the characteristics of
bottom elevation.
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Table 2. Comparison of the differences of elevation

Statistical function

Part of swimming pool
Sloped part

Deep part

Shallow part

16

16

23

Average vertical accuracy
of direct measured points [m]

0.021

0.022

0.020

Minimum dZ

-0.136

-0.050

-0.051

Maximum dZ

0.014

0.014

0.013

Average dZ

-0.076

-0.017

-0.025

Standard deviation of dZ

0.041

0.018

0.018

Variance of dZ

0.002

0.000

0.000

Root mean square of dZ

0.087

0.025

0.031

Range of dZ

0.150

0.064

0.064

Count of revised points

From the results shown in Table 2 it is significant, that the average elevation difference as the main
characteristic shows quite sufficient accuracy of the created TIN model in the plain parts (both deeper
and shallower part), but the accuracy of the sloped part is worse than 50mm and varies from -136mm
to +14mm. For the analysis of the sloped part accuracy there was created the map of the control points
of sloped part, where the categorization of points was done in accordance to the elevation difference
dZ, as shown at Figure 3.

Figure 3. TIN model of the swimming pool bottom and input data – 3D points
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The greatest differences of the elevation are in the middle part of the swimming pool bottom slope.
These findings shows the need of the verification of the data collection and TIN model creation in the
field experiments at the water reservoir with rough bottom with the presence of the slopes or convex
or concave shapes of the bottom. The verification should be done as the depth measuring from the
vessel with sounding line or sounding pole for the depth measuring and multiple GPS measurements
of the vessel position and elevation. From the results of this work we can presume the accuracy of the
non-contact measuring and TIN model creation in values 75mm in sloped parts and 20mm in plain
shapes of the reservoir bottom. It is also interesting paradox that the larger depths of swimming pool
had shown better average accuracy than the shallower parts of the swimming pool.
CONCLUSIONS
Topography of the small water reservoirs is changing in time as the result of the natural processes and
artificial effects in the watershed or directly in the water reservoirs. These changes may lead to
negative effects to the reservoir functions and purposes, but these changes are not monitored
periodically and also the methodology of this kind of monitoring is not made.
The purpose of this paper is to propose the basic principle of the monitoring of the topography of the
water reservoir and to evaluate the ability and accuracy of this methodology. Principle of the work is
in the collection of the coordinates of the points at the bottom with the non-contact measuring with
sonar and GPS receiver during the sail with small vessel propelled with electric engine.
This method is available for use at the most of the small water reservoirs of Slovakia, where it can be
proficient in many tasks, such as monitoring of the actual elevation/depth of the reservoirs, calculation
of the water mass content and so on.
The accuracy of the method is about 20mm in plain surfaces of the reservoirs, but the accuracy of the
method in sloped parts is about 70mm. Further testing of the methodology shall be done to evaluate
the accuracy in the common field conditions.
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APPLICATION OF HEC-RAS WATER QUALITY MODEL TO ESTIMATE
CONTAMINANT SPREADING IN SMALL STREAM
Peter Halaj - Viliam Bárek - Anna Báreková - Denisa Halajová
Slovak University of Agriculture in Nitra, Trieda Andreja Hlinku 2, Nitra, Slovakia

Abstract
The paper presents study of some aspects of HEC-RAS water quality model connected to simulation of
contaminant transport in small stream. Authors mainly focused on one of the key tasks in process of
pollutant transport modelling in streams - determination of the dispersion characteristics represented
by longitudinal dispersion coefficient D. Different theoretical and empirical formulas have been
proposed for D value determination and they have revealed that the coefficient is variable parameter
that depends on hydraulic and morphometric characteristics of the stream reaches. Authors compare
the results of several methods of coefficient D assessment, assuming experimental data obtained by
tracer studies and compare them with results optimized by HEC-RAS water quality model. The
analyses of tracer study and computation outputs allow us to outline the important aspects of
longitudinal dispersion coefficient set up in process of the HEC-RAS model use.
Key words: longitudinal dispersion coefficient, HEC-RAS, water quality modeling
INTRODUCTION
The present legislation evaluating the quality of water bodies in Slovakia is based on implementation
of the Water Framework Directive (2000/60/ES) (Torma and Fazekašová 2007). Concerning this
Directive the monitoring of chemical and ecological parameters of surface waters is required and goal
represents evaluation of anthropogenic impact on the waters. It does not refer to river bed only, but
simultaneously the state of the environment near to stream is taken into consideration. Climate and
hydrological changes, modification of physical conditions in streams affect, inter alia, transport
phenomena including pollution propagation in stream channel (Babošová et al. 2006; Boltižiar,
Michaeli & Mojses 2012; imo and Šiška 2006; Šiška and imo 2006). The water quality predictions
affect uncertainty in inputs related to the analyzed transport process [Igaz et al. 2008; Igaz, imo &
Horák 2010; Macura et al., 2012) Computational fluid mechanics advances of the past few decades
enable new approaches in water quality modelling and intensive development of environmental fluid
mechanics. A major connection between this latter field and pure fluid mechanics lies in the
determination of terms needed to specify the transport and mixing rates for a given parameter of
interest (Rubin, and Atkinson, 2001).
The theory of pollution dispersion in water
The basic governing equation based on the principle of conservation of mass and Fick's law is the
Advection-Dispersion Equation (ADE). The main characteristics of dispersion are dispersion
coefficients in relevant directions. Determination of the dispersion characteristic is the key task for
solving problem of pollutant transport in streams and modelling of water quality. The common
description of the mass spreading in water is form of one-dimensional ADE (Velísková and Soká
2011):
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where:
C - mass concentration (mg.l-1)
D - longitudinal dispersion coefficient (m2.s-1),
A- discharge area in a stream cross-section (m2),
Q - discharge (m3.s-1),
K - rate of growth or decay of contaminant (s -1),
Cs - concentration of a source (mg.l-1),
q - discharge of a pollution source (m2.s-1).
To solve the ADE (1) the values of dispersion coefficient in the longitudinal, transverse and the
vertical directions (Dx, Dy, and Dz) together with the initial and boundary conditions have to be known
(Ashan 2008). The initial and boundary conditions are obtained during field measurements. The
dispersion coefficient has to be assessed on basis of dispersion process theory and values of
measurable characteristics. For determination of longitudinal dispersion coefficient several theoretical
and empirical formulations have been proposed (Velísková and Soká 2011).

Figure 1. Straight reach of the Malá Nitra
River

Figure 2. Location of the tracer injection
and sampling points on the Malá Nitra
River
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MATERIALS AND METHODS
Experimental reach of the stream - the Mala Nitra River is situated at the southwest part of Slovakia
(Figures 1. and 2.). Mala Nitra is small modified stream with basin area A = 76.6 km². Discharge
regime is affected by flow regulation of the weir located 15 km upstream in bifurcation point with the
Nitra River. Cross sections changed by natural
morphological processes had originally trapezoidal shape with bed width b = 4 m, height h= 2.5 m and
slope 1:2. Longitudinal bed slope was various due to natural morphological changes (So = 0.0015,
0.00023 and 0.0003). Measured discharge during field experiments were within the interval 0.230
m3.s-1 and 0.235 m3.s-1. Roughness coefficient determined on base of field measurements was n =
0.035.
Field measurement method
To determine the longitudinal dispersion coefficient the tracer with a known quantity and
concentration was dosed into the geometric centre of the stream width at the beginning of measured
section instantaneously. The salt solution (NaCl) was used as a tracer that caused a change of water
conductivity in the stream. A single dose of tracer was 120 or 180 l with mass 10 000g or 15 000 g
NaCl. Subsequently, the time course of tracer concentration was monitored in sampling location along
the stream. Sampling points were at 60, 120, 180, 410 and 1340 m (Figure 2). Conductivity
measurements were completed with portable conductivity meters, located in the centre of the
measured cross-section width.
Tracer experiment was repeated minimally three times. Conductivity values of surface water were
recorded in 0.5 m station distances of each measured cross-section. The channel morphology, velocity
distribution and actual discharge were measured in every cross-section for whole set of tracer
experiments. Figure 3. shows structure of point velocities in cross section at sampling point 2.

Figure 3. Schematic view on measured velocity field in cross section at sampling point 2.,
m downstream from tracer injection point

120

Methods for longitudinal dispersion coefficients determination
An assessment of longitudinal dispersion coefficients was carried out on base of results of field
measurements. We used three various methods: analytical solutions of ADE, using of tracer
concentration bell shaped curve characteristics and by using of numerical model.
The determination of longitudinal dispersion coefficient by analytical solutions of ADE was based on
equation applicable for instantaneous injection of tracer (De Smedt 1989):
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(2)

where A is a discharge area in a stream cross-section (m2), m is the mass of a tracer, v is a mean
velocity in cross section (m.s-1). Equation (2) was used for simulation of tracer experiment
(concentration distribution) for various values of longitudinal dispersion coefficient. The difference
between the measured and simulated values is evaluated. The minimal difference determines the value
of the longitudinal dispersion coefficient for each one of the experiments (Figures. 5 - 7).
The second way for the longitudinal dispersion coefficient from the width t of the bell shaped curve
(Figure 4.) at concentration value (Cmax - Co)/2 (De Smedt 1989):
2

D

v3 t
16x ln 2

(3)

Figure 4. Characteristics of bell shaped curve of tracer concentration versus time
As the third method we used numerical model. In the case of longitudinal dispersion coefficient
assessment it was model HEC-RAS. This model was developed by the United States Army Corps of
Engineers (USACE 2006) and is designed to model complex phenomena and processes in the river
systems. This software allows calculations of one-dimensional steady non-uniform and unsteady
flows, solving of hydraulic engineering tasks, design of modifications stream channels, design of
water works, pollution transport modelling, modelling of temperature of surface water, bed load
transport, modelling of accumulation-erosion processes in stream channels, etc. This module applied
the QUICKEST-ULTIMATE explicit numerical scheme to solve the one-dimensional ADE using a
control volume approach.

485

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
RESULTS AND DISCUSSION
Results of the tracer experiment no. 5 with comments are referred to below. Figures 5. – 7. represent
concentration profiles obtained with HEC-RAS model for different parameters set up and measured
during tracer experiment in sampling points. Figure 8. shows schematic plot of time and spatial
spreading of concentration profile in 200 m long reach of the Mala Nitra River (HEC-RAS model
output modified by authors)

Figure 5. Comparison of concentration profiles obtained with HEC -RAS model and the results
measured during tracer experiment in sampling points at distance 60 m, 120 m and 180 m from
injection point, considering 10 kg of NaCl injected in the river channel for discharge 0.230 m3.s-1,
average flow velocity of 0.17 m.s-1, dispersion coefficient 0.09 m2.s-1 and computational cell size 5
m.

Figure 6. Comparison of concentration profiles obtained with HEC -RAS model and the results
measured during tracer experiment. Condition remained the same as for previous tracer experiment.
Cell size was reduced to 2 m and D value was changed to obtain the best match.
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Figure 7. Comparison of concentration profiles obtained with HEC -RAS model and the results
measured during tracer experiment. Condition remained the same as for previous tracer experiment but
D value was optimized to reach the best match for all concentration profiles.

Figure 8. Schematic plot of time and spatial spreading of concentration profile (HEC-RAS model
output modified by authors)
To evaluate the match of concentration profile pairs (HEC-RAS ver. experiment) we define values rx,
r and rcmax which represents the ratio of arithmetic average, standard deviation, maximal concentration
and travel time of concentration peak of experimental and by model obtained data for given sampling
points. The results of the analysis are presented in table 1.
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Table 1. Analysis of concentration profiles characteristics for particular sampling points
Sampling point

1

2

3

1

2

3

1

2

3

SP distance (m)

60

120

180

60

120

180

60

120

180

Cell size (m)

5

5

5

2

2

2

2

2

2

D (m.s-1)

0.09

0.09

0.09

0.01

0.15

0.15

0.05

0.11

0.13

rx

0.946

1.092

1.073

1.151

1.220

1.170

1.041

1.124

1.070

r

1.011

1.010

1.008

1.020

1.018

1.017

1.007

1.005

1.003

rcmax

0.895

0.958

0.977

0.985

0.995

1.003

0.997

1.006

1.003

rt

1.035

1.045

0.991

1.053

1.045

0.991

1.035

1.034

0.991

The results presented in Table 1. show that characteristics of concentration profile curves calculated
by HEC-RAS model are sensitive on model parameters setup mainly for river stations close to
injection point where tracer isn’t homogeneously spreading across the cross section. To achieve the
best match between measured and modelled results close to injection point it’s recommended to set up
shorter cell size and precisely specified D coefficient in these reaches. Analysis of modelled
concentration profile shows transmission effect of D coefficient value when change of D in given
reach evokes the optimisation of D value at downstream reaches.

Figure 9. Comparison of concentration profiles in sampling points at distance 120 m, 410 m and 1340
m from injection point
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Figure 9. presents comparison of concentration profiles in sampling points (SP2, SP4 and SP5) at
distance 120 m, 410 m and 1340 m from injection point obtained with HEC-RAS model, by analytical
solution and on base of measured concentrations during tracer experiment. D values are assessed and
optimised to get best match by three methods (HEC-RAS, analytical solution and t value of the
concentration profile curve). The range of mean values of the D coefficient determined on base of
analytical solution of the advection-dispersion equation (Eq.2) is 0.265 – 1.35 m2.s-1, t value of the
concentration profile is 0.21 – 4.43 m2.s-1 (Eq.3) and HEC-RAS model is 0.070 – 2.50 m2.s-1. The
differences among values of D coefficient are not so distinct. It is convenient to mention, that ranges
of values obtained by Eq.1 and Eq.2 are closer to values obtained in laboratory flume than in natural
conditions (Fischer et al. 1979). Coefficient D values obtained by the HEC-RAS model are more
variable along investigated part of the river. It can be the consequence of that the model simulates the
flow conditions more precisely than analytical relation and values derived from concentration profile
curve. Although comparison of travel time of peak concentration profiles in sampling points at
distance 120 m, 410 m and 1340 m from injection point obtained with HEC-RAS model and values of
measured concentrations during tracer experiment shows good match (Figure 10.) in the shape of
concentration curve are some differences. Asymmetrical shape of observed solute concentration
profile characterized by steep leading edges and prolonged tails in Figure 9. (1340 m from injection
point) is due to retardation of solute migration. It is caused by transient storage occurrence when
portions of transported solute become temporarily isolated from main stream in channel (De Smedt,
Brevis & Debels, 2005). In our case it is due to existence of aquatic vegetation and dead zones in
places of the bank failure in the downstream reach of the river. On base of obtained results we may
state that transient storage is important factor that is not included in water quality module of HECRAS software that in cases of some specific conditions (relatively narrow river channel with dense
aquatic vegetation) may affect model outputs.

EXPERIMENT 11
(Q = 0.235 m3.s-1, m = 15 000 g NaCl, v =0.17
m.s-1)

Travel time of peak [min.]

150

123.50 124.75

100
50

42.25
14.75
15.00

0
0

43.50

HEC-RAS
Experimmental

500
1000
1500
Distance from injection [m]

Figure 10. Comparison of travel time of peak concentration profiles in sampling points at distance
120 m, 410 m and 1340 m from injection point obtained with HEC-RAS model and values of
measured concentrations during tracer experiment
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CONCLUSIONS
The application of HEC-RAS software, that includes water quality model showed good match with
experimental data, allowing a reasonable support in decision making process connected to river water
quality management. Although model is able to predict the parameters for practical applications, use
of the model has limited confidence unless previously calibrated in the particular river reach under
consideration. This task is very urgent in rivers with many natural factors that may influence the
longitudinal dispersion e.g. in-stream vegetation, geometric irregularities or existence of hyporheic
zones.
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PRINCIPLES OF SOIL PARTICLE SIZE ANALYSIS BY INDIRECT OPTICAL METHOD:
ADVANTAGES AND DISADVANTAGES OF LASER DIFFRACTION ANALYSIS
Kondrlova, E., Igaz, I., Horak J.
Department of Biometeorology and Hydrology, Slovak University of Agriculture,
Hospodarska 7, 94976 Nitra, Slovakia, e-mail: elena.kondrlova@uniag.sk

Abstract
Advances in computer technology have led to progressive development of optical methods. Optical
methods can be divided into two groups: direct and indirect methods. The first group includes those
methods that directly analyse photographic or electronic image record. The indirect methods use the
relationship between particle size and properties of the scattered light. Laser diffraction uses
scattering of electromagnetic waves on the particles to measure the particle size distribution. Angle of
scattered light is inversely proportional to size of particle at which the incident light beam is
scattered. This study presents the basic principles of laser diffraction, particle size analysis theories
and design of a laser particle sizer ANALYSETTE 22 MicroTec plus (FRITSCH). Further, the
advantages and disadvantages of this method are present in comparison with pipette method.
Key words: particle size analysis, optical methods, laser diffraction, ANALYSETTE 22 MicroTec plus
1 INTRODUCTION
Content of mechanical particles with mineral origin that have various shapes and sizes as well as
different mineralogical and chemical composition determines the soil texture. Mineral soil particles of
defined size are aggregated into groups with a specific name of grain size fraction. Every soil fraction
consists of particles with similar dimensions and in addition, some of their basic physical and physicochemical properties are more or less identical (Fazekašová & Torma 2007; Halaj & Bárek 2009).
Quantitative representation of these fractions in the soil, expressed as a volume or mass percentage, is
called the soil texture. Fine soil (particles less than 2 mm) is an essential component of soil. The grain
size affects all the basic soil properties of the soil, e.g. porosity, air and water capacity, water and air
permeability, adhesion, plasticity, soil sorption, and soil temperature (Bárek, V, Halaj, P & Báreková,
A 2007; imo, J & Špánik, F 2009; Fazekašová et al. 2011; Ivanová et al. 2012). It is an important

parameter in the understanding of sedimentary environments and depositional processes, as
well as for pollutant transfer and studies of geochemical cycles (Loizeau et al. 1994)Knowledge
on the size distribution of soil particles is used for land use proposals, in the crop cultivation as well as
for determining soil tillage and fertilization (Fulajtár 2006; imo & Špánik 2010). Nowadays, there
are present various methods of determining the percentage of particle size fractions that differ mainly
by the type and amount of sample used for the analysis, demands on sample preparation, speed of
analysis and processing of the results, the price of instrumentation and measurement range (minimum
and maximum particle size) (Jesenák 2008). The classical techniques of particle counting, sieving, and
settling are still in use though often using automated instruments. New ways of sensing old variables,
such as discriminating and counting grains by image analysers, have also been developed. In addition
there are some completely new principles in use – laser diffractometry and photon spectroscopy
(Agrawal, McCave & Riley 1991). Sieve analysis is the simplest way of determining the percentage
representation of individual fractions. It is also used for the pretreatment of samples for sedimentation
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analysis. The most commonly used sedimentation methods include pipette method, hydrometer
method according to Cassangrande and decantation method. Another group of methods to determine
the distribution granularity of soil fractions are optical methods. These include traditional methods of
optical microscopy, which became available shortly after the invention of the optical microscope (in
1590) as well as very modern and highly sophisticated techniques, using highly specialized
instrumentation. Optical methods can be divided into two groups: direct and indirect methods. The
first group includes those methods that directly analyse photographic or electronic image record. The
indirect methods use the relationship between particle size and properties of the scattered light. In the
latter case, the particle size is derived based on the theoretical model that characterizes this
relationship. While the first group of methods can be used in almost all cases of particle size analysis,
the second group of methods is used mainly for analysis of particulate matter (Jesenák 2008). Laser
diffraction uses scattering of electromagnetic waves on the particles to measure the particle size
distribution. Angle of scattered light is inversely proportional to size of particle at which the incident
light beam is scattered. The partial deflection of the laser light results in a characteristic, ring-shaped
intensity distribution behind the sample which is measured by a specially shaped detector. This image
of the scattered light is called Fraunhofer diffraction pattern, in the middle there is located the zero
maximum and then the course decreases sharply. Measured particle size is calculated based on the size
of the gaps between the circles: large particles form rings with smaller spaces, small particles form
rings with bigger space. Analysis of a large set of particles is based on the fact that particles of the
same size are converging light beam to the same point.
An important methodological problem associated with determination of the particle size distribution
by any method is the preparation of soil samples. Ry ak, Bieganowski & Walczak (2007) defined a
number of common methods of soil sample preparation: mechanical (mixing various mixers, using an
ultrasonic bath) and chemical (adding of appropriate detergent). Prior to particle size analysis by laser
diffraction, various combinations of these methods are used for the preparation of soil samples. Eshel
et al. (2004) dispersed overnight 0.1 to 0.5 g of soil in 10 ml of a 50 g.l-1 hexametaphosphate solution.
Before the measurements, the samples were subjected to a 1-min ultrasonification. Di Stefano, Ferro
& Mirabile (2010) treated 10 g of soil sample with 30% hydrogen peroxide to assure complete organic
matter removal. The samples were further dispersed in 100 ml of a sodium hexametaphosphate
solution (having concentration equal to 50 g.l -1) to remove aggregates. The treated samples were
mixed overnight using an end – over – end shaking and subjected to ultrasonic treatment for less than
3-min duration. Vdovi , Obho aš & Pikelj (2010) dried the soil samples at 105 ° C, dispersed the
samples in deionized water and treated with ultrasound for 5 minutes. Prior to analysis, they used
various methods of disaggregation and sample dispersion: i) the original sample was dispersed in
deionized water (10 g.dm-3), ii) the sample was dispersed in a 0.1% solution of a dispersant (sodium
hexametaphosphate), iii) the sample was treated with 15% solution of H2O2 and iv) sample was treated
with H2O2 and then suspended in 0.1% dispersant solution. A method of soil sample preparation prior
to analysis, the choice of method to determine the particle size distribution, as well as setting of
measuring device during the analysis has a significant influence on the measurement results and thus
the comparability of the results obtained by various methods of particle size distribution
determination.
This study presents the basic principles of laser diffraction, particle size analysis theories and design of
a laser particle sizer ANALYSETTE 22 MicroTec plus (FRITSCH GmbH, Idar-Oberstein). Further,
the advantages and disadvantages of this method are discussed.

493

Published by Info Invest, Bulgaria, www.sciencebg.net

Journal of International Scientific Publications:
Materials, Methods

Technologies, Volume 7, Part

ISSN 1313-2539, Published at: http://www.scientific-publications.net
2 MATERIAL AND METHODS
2.1 Design of laser particle sizer
Laser particle sizer ANALYSETTE 22 MicroTec plus (FRITSCH GmbH, Idar-Oberstein) consists of
dry dispersion unit, measuring unit and wet dispersion unit (Fig. 1). The selected technical parameters
of measuring and dispersion units are shown in Table 1. Dry dispersion is especially suited for not too
fine, free-flowing materials, which react in water or other liquids. This type of dispersion fits the best
for the measurement of agglomerates of dry powder or for determining particle size distributions of
free-flowing, coarse-grained materials. For soil samples, the wet dispersion is the ideal method for
perfect dispersion. Therefore the samples are feed into a closed liquid circulation system. An
integrated and freely programmable ultrasonic emitter ensures fast and extremely efficient degradation
of the agglomerates – precisely adapted to each sample. Due to the integrated water connection, the
unit can be automatically cleaned and refilled with new, clean liquid after each measurement.

Fig. 1 ANALYSETTE 22 MicroTec plus: dry dispersion unit, measuring unit and wet dispersion unit
(left to right) (photo: Kondrlová, 2013)
Unit

Technical parameters
Measuring range: 0.08 – 2000 µm (wet dispersion); 0.1 – 2000 µm (dry dispersion)
Two semiconductor lasers: green ( = 532 nm, 7 mW); IR ( = 940 nm, 9 mW)
Number of particle size classes: max. 108
Optical arrangement: Inverse Fourier design; movable measuring cell (FRITSCH
patent)

Measuring
unit

Fourier lenses: 260 mm and 560 mm focal length (green or infrared); 10 mm diameter
of the laser beam in the Fourier lens
Automatic laser beam alignment
Sensor: 2 segments, 1x for vertical and 1x for horizontal direction of the laser light
polarisation; 57 elements
Typical measuring time: 5 – 10 s (measurement value recording of a single
measurement); 2 min (entire measuring cycle)

Wet
dispersion
unit
Dry
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Suspension volume 300 – 500 cm3
Radial pump with adjustable speed
Ultrasonic with adjustable output (max. 60 Watt)
Sample volume <1 – 100 cm2
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dispersion
unit

High frequency feeder
Annular gap Venturi nozzle
Required compressed air supply: min. 5 bar, 125 l/min; oil-, water-, particle – free
External exhaust system required

Table 1 ANALYSETTE 22 MicroTec plus – technical parameters (FRITSCH-b n.d.)
The measuring cell contains two sources of semiconductor lasers, inverse Fourier optical system,
detector, amplifier, evaluation and signal control unit. Depending on the type of dispersion, an
optically transparent measuring cell is inserted into upper part of measuring unit (Fig. 2). Inverse
Fourier design is an alternative to the conventional design in the form of a convergent laser beam: by
positioning the Fourier lens in front of the measuring cell, a convergent laser beam passes through the
measuring cell.

Fig. 2 ANALYSETTE 22 MicroTec plus: measuring cell from wet dispersion unit with a flow cuvette
(photo: Kondrlová, 2013)
The scattered light is focused directly onto the detector without additional optical elements (Fig. 3). A
semi-conductor laser with green light carries out the measurement of small particles, while an
infrared-semiconductor laser handles large particle size ranges. Both lasers can be optimally aligned
extremely quickly, automatically and independently of each other through lateral motion. Your
advantage: the ideal wavelength for every particle size and an ideal combination of large measuring
range, outstanding resolution and small footprint. With redirection of the long wavelength red laser
beam, the ANALYSETTE 22 MicroTec plus allows for maximum measurement precision even for
large particles within a compact unit. To switch to the measurement of small particles in the short
wavelength green laser, the detector and the laser source are simply moved as a unit – the measuring
cell remains fixed in place (Fig. 4).
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Fig. 3 Scheme of inverse Fourier optics design (FRITSCH-b n.d.)

Fig. 4 Scheme of measurement design according to the active laser (FRITSCH-a n.d.; modified)
2.2 Control software
The device is controlled by instructions from the MaS control software that is based on a relational
database in which all user entries, parameters and results are securely stored and safe from
manipulation. The software contains completely Predefined Standard Operating Procedures (SOPs)
that regulate many typical measurement processes. Own SOPs can be completely freely defined, or the
existing can be modified to perfectly suit measurement requirements: the dispersion process and
duration, measuring frequency, time intervals and many other parameters can be easily selected and
saved as separate SOPs. The report generator allows measurement reports to be organised exactly
according to user needs. The user – friendly software interface enables clear organisation of the
measuring data; fast comparison of different measurements; freely selectable user values issued in a
table format; data export to Excel, PDF, etc., storage in SQL database (FRITSCH-b n.d.).
2.3 Theories for analysis
The actual result of a particle size measurement is only created through analysis with the supplied
software. Depending on the particle properties and requirements, two common analysis theories are
used for this: Fraunhofer theory for larger particles when their exact optical parameters are unknown
and Mie theory for the smallest particles with known optical parameters. It is very easy to select both
theories in the FRITSCH MaS control software. The Fraunhofer theory describes the portion of light
deflection that occurs exclusively as a result of diffraction. If light encounters an obstacle or an
opening, this results in diffraction and interference effects. If the incoming light is parallel (even wave
fronts), this is referred to as Fraunhofer diffraction. Since for sufficiently large particles the light
deflection is dominated by diffraction, Fraunhofer theory can be used for particle size distribution
down to the lower micrometre range. One major advantage of Fraunhofer theory lies in the fact that no
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knowledge of the optical properties of the examined material is required. For particles with diameters
that are not significantly larger than the wavelength of the light used, the Mie theory is applied for the
analysis of the measurements. This theory is the complete solution of the Maxwell equations for the
scattering of electromagnetic waves by spherical particles. It can be used to analyse the characteristic
intensity distributions for even very small particles, which, in contrast to Fraunhofer theory, are not
restricted to scattering angles of less than 90° (forward scattering). In fact, scattering angles of greater
than 90° also occur (backward scattering). In order to be able to use the intensity distribution for the
calculation of the particle size, determined in this manner, the refraction index and absorption index of
the sample must be known with the Mie theory in contrast to the Fraunhofer theory. The FRITSCH
software includes a comprehensive database containing the refraction indexes of numerous different
materials (FRITSCH-b n.d.). On the other hand, it is very difficult to estimate these values for
heterogenic mixtures, e.g. soil. Since most of the current laser particle sizers works with a laser with a
wavelength of 500 up to 700 microns, thus the use limit of methods ranges from 0.5 up to 0.7 microns
(1 micron respectively) (Crolly n.d.). However, the decision of which method is used depends not only
on particle size but also on the heterogeneity of the sample material and the particular application.
2.4 Sample preparation prior to analysis
To date, the standard method of soil sample preparation for laser diffraction has not yet been specified.
Sample preparation methods that were used for our analysis were derived from the established
practices used in standard sedimentation methods. In order to derive a rapid and simple method of soil
sample preparation prior analysis, some steps (e.g. removal of carbonates and organic matter) were
omitted or simplified. As an example, randomly selected soil sample (59/15) collected in the Nitra
River catchment, West Slovakia was used for analysis. Prior to laser analysis sample was sieved and
fraction < 2 mm was further divided into individual samples, that were treated according to proposed
methods of soil sample preparation. The procedures included weighting, mixing, covering for 4 resp.
24 hours prior to analysis, changing the device settings – ultrasonic at energy level No. 1, 5 and 10
respectively.
List of methods used for soil sample preparation:
1. method – susp_24U10: 5g of fine soil mixed in 100 ml beaker with 45 ml of tap water and 5 ml of
Graham's salt, dispersion for 24 hours, ultrasonic – energy level No. 10.
2. method – dest_24U10: 5g of fine soil was mixed with 5 ml of distilled water, dispersion for 24
hours, ultrasonic – energy level No. 10.
3. method – r_5g_24U10: 5 g of fine soil mixed with 3 ml of Graham's salt, dispersion for 24 hours,
ultrasonic – energy level No. 10.
4. method – r_3g_24U10: 3 g of fine soil was mixed with 3 ml of Graham's salt, dispersion for 24
hours, ultrasonic – energy level No. 10.
5. method – r_3g_24U5: 3 g of fine soil was mixed with 3 ml of Graham's salt, dispersion for 24
hours, ultrasonic – energy level No. 5.
6. method – r_3g_24U1: 3 g of fine soil was mixed with 3 ml of Graham's salt, dispersion for 24
hours, ultrasonic – energy level No. 1.
7. method – r_3g_4U5: 3 g of fine soil was mixed with 3 ml of Graham's salt, dispersion for 4 hours,
ultrasonic – energy level No. 5.
8. method – r_3g_4U1: 3 g of fine soil was mixed with 3 ml of Graham's salt, dispersion for 4 hours,
ultrasonic – energy level No. 1.
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3 RESULTS AND DISCUSSION
3.1 Particle size analysis by laser diffraction
Prior to the measurement, each sample was mixed well. Sample in the form of suspension was poured
into the graduated cylinder and shaken several times. Appropriate SOP for wet dispersion was selected
in the MaS control software. At first, the intensity of scattered light in dispersion liquid (tap water)
without present sample particles was measured to obtain the background measurement. This
measurement enables to assess any possible pollution of the measuring cell, which is then subtracted
from the following measurement of the sample dispersed in the liquid. The required small quantity of
sample has been dosed in an ultrasonic bath (volume set to 400 ml). The measurements were carried
out over the whole measurement range of the instrument (0.08 – 2000 m) using the Fraunhofer theory
and automatic calculation model. In case of overloading the optimal dose (10 - 15% of beam
obstruction), the sample was diluted to the optimal concentration using software tool. Pump unit (set
to executive level 6) supplied smooth flow of dispersion liquid and dispersed sample in an ultrasonic
bath as well as in the measurement cell. Each sample was dosed 3-times and each dose was analysed
3-times. After each sampling, the suspension was discharged from the dispersion unit into drain and
the unit for wet dispersion was cleaned automatically to get ready for the next measurement.
3.2 Interpretation of the results in the MaS control software
After the measurement is done, the resulting values can be seen right on the screen in various forms.
Graph window on the left side (default setting) presents cumulative distribution curve and fractional
histogram for selected measurement (Fig. 5). Since there is possibility of multiplied selection, various
number of measurement results can be graphically compared what can be very useful for repeated
analyses. Result table on the right side (default setting) presents the cumulative percentage distribution
of the particle size fractions (in m) specified prior to analysis (Fig. 5). Results from selected
measurements can be printed in report form and saved under various file types. To do more detailed
analyses, it is possible to export the results of individual measurement in the Excel file (Fig. 6). All the
measurements are stored in the database. One of the advantages of this database is the possibility to
recalculate the analysis results under specific circumstances: changing calculation model, analysis
theory (Fraunhofer to Mie and vice versa) or the particle size classification defined by different size
fractions. In all these cases, repeating of the measurement is not needed.

Fig. 5 Interpretation of the measured values in the MaS control software
Measurement results were averaged for each soil sample preparation method. The course of the
distribution of the various particle size fractions is represented by the cumulative particle size curve
(Fig. 6). Comparison of the results shows a significant effect of sample dispersion duration,
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concentration of dispersion mixture as well as the ultrasonic intensity on the fragmentation of soil
aggregates (Fig. 6). With increasing ultrasonic intensity, the distribution of finer particles was also
arising and thus the highest proportion of fine particles was observed for methods 3 and 4 (sample in
the form of watery soil paste, ultrasonic level No. 10). Methods 3 and 4 differed from each other only
by the quantity of material used to prepare the samples. The course of their cumulative particle size
curves is similar, so it can be concluded that for particle size analysis a very small amount of sample is
needed (3 g). The dispersion duration did not influence the results at low ultrasonic intensity (method
6 vs. 8), but for higher ultrasonic intensities it should be considered (method 5 and 7). The comparison
of the results shows that the ultrasonic intensity has got greater impact on the breaking of soil
aggregates than the dispersant application at the indicated concentration. Chappell (1998) also
considered the possibility that the exposure of the sample to too long ultrasonic treatment may also
lead to breaking of quartz grains. His assumption was verified by conducted laboratory microscopic
observations of sharp-edged grain fragments. In the case of method 2, where no dispersant solution
was used, lower percentage distribution of fine particles was measured than at other methods with the
same level of ultrasonic treatment (method 3 and 4), resp. the medium level (method 5 and 7). In case
of method 1 – sample suspension, the effect of dispersant was lower, due to its lower concentration. At
the same time, this method achieved the highest variation coefficients from 4 up to 8%, what means
that this method of sample preparation was not as repeatable as the other methods. Despite the
continuous stirring, to prevent particle deposition and representative sampling was very difficult. Due
to sedimentation of particles in suspension, the results of analysed samples prepared by method 1 may
be burdened with measurement errors. The same problem was described also by Arriaga, Lowery &
Dewayne Mays (2006).

Soil sample 59/15

Cumulative distribution (%)

100

1. susp_24U10
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2. dest_24U10
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70
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6. r_3g_24U1
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Fig. 6 Cumulative particle size curves for individual soil sample preparation methods
Several authors dealt with comparison of pipette method and laser diffraction (e.g. Eshel et al. 2004;
Beusenlick et al. 1998; Vandecasteele & De Vos 2001; Arriaga, Lowery & Dewayne Mays 2006;
Vdovi , Obho aš & Pikelj 2010). Since these methods are based on different physical principles, the
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distribution of grain size fractions determined by the laser diffraction is not comparable with the
sedimentation methods in the ratio 1:1 (Vandecasteele & De Vos 2001). While at pipette method the
values on mass percentage are obtained, the latter method gives the results in volume percentages.
This fact decreases trustworthiness of laser diffraction as a method of determining soil texture, despite
of its many benefits. Beusenlick et al. (1998) quoted following advantages of this method: it is rapid
and has good reproducibility, only single analysis is needed to obtain a wide range of particle sizes,
small amount of sample material is needed, detailed information on the grain size distribution is
obtained and results are given directly in a digital form (MS Excel spreadsheet) and can be easily
manipulated.
4 CONCLUSIONS
Because of its advantages, laser diffraction is recommended method of soil texture determination. It
allows more detailed analysis of the particle size distribution and simultaneous use of the results for
the purpose of different national soil classification systems without necessity to repeat the
measurements. Comparison of the results confirms the importance of sample preparation method and
its effect on particle size analysis. It is also recommended to test the accuracy of the proposed methods
on a larger set of samples in various settings and parameters of the device (ultrasonification level,
measuring range).
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DIFFERENT CALCULATION METHODS OF RAIN FACTOR
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Abstract
The current time is characterized by extensive use of computer technology, and therefore came to the
digitization of data. Although the Slovak Hydrometeorological Institute approaches to digitization of
rain-guage tapes. The aim of this paper is to compare different methods of rain factor calculation. In
this research were used two methodologies i.e. methodology of Wischmeier-Smith and Hudson
methodology. In this paper is also presented the new methodology for rain factor calculation – the
modified Wischmeier-Smith methodology. The main difference between these two methodologies is in
the data processing especially in the calculation and choosing of kinetic energy intervals. These
factors influence the resultant values of rain factor. The data for this research were provided by
Slovak Hydrometeorological Institute in Bratislava, concretely were prepared data from rain-guage
station Sere for period 1962-1966. Obtained and calculated values show that Hudson relations and
consequence resultant values are lower than the values calculated with methodology of WischmeierSmith. After these calculations were resultant values of rain factor compared with existing values of
rain factor calculated in the past by Soil Science and Conservation research Institute in the map form.
This comparison showed that values calculated with using Hudson methodology are closer to past
values. This fact is significant because it will be useful to revaluate the used methodology also because
that there are deficient data about rain and the Hudson methodology can be use also for deficient
data.
Key words: rain erosion, rain factor, Wischmeier-Smith, Hudson, rain erosivity
1. INTRODUCTION
Soil creates the environment for plants, animals and definitely for man and also represents
irreplaceable resource for man. World population increased from 2 to 10.000,000 from the beginning
of agricultural production 10 to 12.000 years ago, to 6.5 billion in 2006 and may stabilize to 10-12
billion in 2100. This constantly growing numbers lead us to think about the importance of soil
protection, which has incalculable value to mankind.
Soil water erosion consider serious problem in the Europe Union. Almost 12.0% of all areas in Europe
are endangered by water erosion and of course in Slovak republic is endangered as many as 43.3% of
agricultural soils. These alarming numbers incite detailed research of water erosion factors. One of
the factors which significantly influenced the soil erosion caused by rain is the rain factor R or rain
erosivity. The rain factor was calculated for conditions of Slovak republic in the past by the research
worker A.Malíšek and then with using GIS devices by the Soil Science and Conservation Research
Institute. In the present time is increasing the need for detailed research of soil erosion and this is the
main reason why was made this research.
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2. MATERIAL AND METHODS
The data for this research were provided by Slovak Hydrometeorological Institute in Bratislava. It was
used data for rain-guage station Sere (which is localized in the south-western part of Slovak republic)
for period 5 years i.e. 1962-1966. The provided data were in digital form, in one minute step. The data
were proceeding in the MS Excel. The first used methodology was designed by Wischmeier-Smith [5],
[6]. This methodology consider for erosive effective rainfall that rainfall which is higher than 12.5 mm
and with intensity higher than 24.00 mm.h-1 at least one rain division. The following equations for
calculation were used:

R

[MJ.ha-1.cm.h-1]

E I 30

(1)

where:
R – rain erosivity factor [MJ.ha-1.cm.h-1],
I30 – maximum 30-minutes rain intensity [cm .h-1]

KE

(11,87 8, 73 log10 I ) H z

[J.m-2.mm-1]

(2)

where:
KE – kinetic energy [J.m-2.mm-1],
I – rain intensity [mm.h-1]
Hz – rain depth [mm]
The main difference in this work is that, for the data preparation was design new methodology which
is modified Wischmeier-Smith methodology i.e. the chosen effective erosive rainfalls were not divided
into rain divisions but each minute of selected rains were considered for individual rain division. This
designed methodology eliminates the individual mistakes for choosing of rain divisions.
In the past was also used methodology designed by Wischmeier-Smith, but this methodology used
data about precipitation in graphical form. But in the present time are data not only about precipitation
recorded in digital form i.e. the data are more detailed and therefore it is better to do calculation with
using of these data. The figure 1 shows the preparation of data for consequent calculation of rain
factor.
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Fig. 1 Provided data in digital form in one – minute step in program MS Excel
According Hudson [2], [1] is calculation of EI30 and KE>1 the same, but advantage of KE>1 index is
that it can be used also for less detailed records about rains. For both these methodologies it is
necessary to know rain depth, which fall down and also appropriate intensities. Simple calculation is
introduced in table 1.
Procedure of calculation according this methodology is following:
1. For chosen rain depth is calculated the rain intensity
2. Then is the rain arrange according intensities shown in the table 1
3. For each intensities groups is calculated kinetic energy according following equation:

KE

29,8

127,5
I

[J.m-2.mm-1]

(3)

Where:
KE – kinetic energy [J.m-2.mm-1],
I – rain intensity [mm.h-1]
4. At the end, the sums of each intensity are sum up and the total kinetic energy of rain is
calculated
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Intensity

Precipitation amount

Rain kinetic energy

Sums

[mm.h ]

[mm]

2

[J.m .mm]

Column 2 x Column 3

0-25

30

-

-

25-50

20

26

520

50-75

10

28

280

>75

5

29

145

Total

65

-1

945 J.m-2

Table 1 Example of calculation according Hudson methodology
After calculation of kinetic energy of each rain we proceeded according Wischmeier- Smith
methodology i.e. maximal 30-minutes intensity was chosen and the values were inducted to the
equation for calculation of rain factor.
3. RESULTS AND DISCUSSION
The first created chart shows the comparison of frequency of precipitation in each years of examined
period on the locality Sere . The both methodology have different criteria for choosing of erosive
effective rainfalls.

Fig. 1 Comparison of precipitation frequency according Wischmeier-Smith and Hudson, Sere
(1962-1966)
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As we can see from created chart, in the years 1963, 1965 and 1966 there occurred the differences in
precipitation frequency. In others examined years were number of erosive effective rainfall same for
both methodology. According Hudson methodology is number of erosive effective rainfall lower than
number of erosive effective rainfalls according Wischmeier-Smith methodology.
The table 2 shows comparison of R-factor values, which was calculated with using both mentioned
methodology i.e. Hudson and Wischmeier-Smith methodology for each year of examined period on
Sere locality.
Rannual W.-S.

Rannual KE>1

1962

28,7243

18,3626

1963

32,3413

18,6151

1964

25,3072

18,3626

1965

83,3082

40,3854

1966

65,8864

59,4856

Average

47,1135

31,0423

Table 2 Comparison of annual and average
On the base of calculation method was created following chart 2, which illustrates comparison of
average values of rain factor.

Fig. 2 Comparison of average rain factor values (Wischmeier-Smith and Hudson), Sere (1962-1966)
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As we can see from listed chart, the value, which was calculated according Wischmeier-Smith
methodology for meteorological station Sere for period 1962-1966 is more than 2-times higher than
value calculated according Hudson methodology.
Consequently were created charts from obtained values about redistribution of rain factor for each
months of vegetation period. This step was necessary because we want to know how different methods
of rain factor calculation influenced its redistribution during the vegetation period.

Fig. 3 Redistribution of rain factor according Wischmeier-Smith on the particular months of
vegetation period, Sere (1962-1966)
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Fig. 4 Redistribution of rain factor according Hudson on the particular months of vegetation period,
Sere (1962-1966)
Despite the fact, that values of redistribution of rain factor are different, the highest percentage fall on
the same months of vegetation period i.e. on months June, July and August and the lowest on April
(when no erosive effective rainfall was observed according both methodologies) and then on
September and October.
4. CONCLUSION
Comparing the methodology of Hudson (KE>1) and methodology of Wischemeier-Smith, it was
found out that the Hudson methodology used for the calculation and the calculated values of R-factor
are almost 2-times lower than with using the methodology of Wischmeier-Smith. Also it was found
out that aside from used methodology the redistribution of rain factor for individual months of
vegetation period is the same. The mentioned fact has very important influence on prevention
measures against erosion caused by rain, because especially in this period is soil endangered by
erosion, so it is very important to design right anti-erosion measures. This fact point at re-evaluation
of used methodology for calculation of rain factor in our conditions.
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DESIGN AND REALIZATION OF WIND DIRECTION AND WIND SPEED SENSOR
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Abstract
The paper deals with the design and realization of the wind direction and wind speed sensor
(anemometer), which works by optoelectronic principle and measure frequency of impulses from the
wind fan of the anemometer. In the present work were used methods and materials conformable with
the modern electronic and informatics as well as mathematic – statistic methods of the linear
regression which were used in the process of the calibration characteristic. Results from analyses are,
that the anemometer works from 0 to 150 km.h-1 with the errors of measurement to 1% to 90 km.h-1
and over 90 km.h-1 to 3% of measured value. The prime area application of the wind direction and the
wind speed sensors is in the automatic weather–stations, in the agricultural (microclimatic weather–
stations) in the field conditions and in the industry for the other technological operations where is
need to monitor air speed circulation. This function sensor will be used as model for the education
system on the lesson of the biometeorology and climatology.
Key words: anemometer, wind direction sensor, optoelectronic principle
1. INTRODUCTION
Weather information has become an integral part of our everyday life. One of the most important
meteorological elements and phenomena, such as temperature, air pressure, precipitation, etc. is the
wind direction and speed. Wind effects can be favorable or unfavorable.
The beneficial effects is mainly air exchange in stands of vegetation and soil, where is the fresh air
constantly brings to plants, which by its composition corresponds best to the requirements of plants,
especially in photosynthetic assimilation [4], [5]. On the airflow is directly dependent the existence of
wind-pollinated (anemophily) plants [1]. Wind transmits the pollen over long distances, which fall on
their ways on the flowers female organs and pollinate them. In higher latitudes, where there are few
insects, wind pollinate up to 38% of plants.
In terms of hygiene is air exchange very important in the areas of industrial buildings and settlements
[6].
Harmful effects of wind are most often associated with the reduction of the bioclimatic country total
value [7]. Wind significantly increases evaporation and transpiration, thereby drying the soil and
plants wither and dry up [2]. Even at wind speeds of 0.5 ms-1 were observed an increasing of
transpiration about 100% in leaves of beech. Very dangerous are winds, which occurred at the same
time with low relative humidity, where the wind causes wind erosion, especially in the drier areas, in
which one part stripped off the plant roots and elsewhere plants being buried by dust or sand [3], [9].
The presented paper deals with own proposal and the actual realization of direction and wind speed
sensor, which works on optoelectronic principle, which is based on measuring the impulses
frequentation of the proposed vanes of anemometer.
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2. MATERIAL AND METHODS
Anemometers analysis (wind speed sensors analysis)
The most commonly used measurement principles of anemometers are:
1. Electrical principle (remote electrical anemometer)
2. Inductive principle (induction anemometer)
3. Mechanical principle (cup counter anemometer)
4. Electronic principles (electromagnetic, optoelectric)
Currently, come to the forefront electronic anemometers, which operate on the principle of pulse rate
measuring with using electromagnetic or photoelectric elements.
2.1 Description of electromagnetic anemometer working principle
Sensor which works on the electromagnetic principle functions such that vanes are attached to the
shaft which rotates and at the other end are fixed two magnets. These magnets switch reed contact
(e.g. reed relay). The accrued pulses are fed to a serial or parallel (LPT) entry PC or data logger, where
with help of software are further processed.
2.2 Description of proposed optoelectronic anemometer working principle
The proposed type of anemometer is working on optoelectronic principle by using phototransistor,
illuminating LED (Light Emitted Diode) and aperture on the shaft. As in the previous case, also in this
case are the resulting pulses impressed to the further processing and subsequent evaluation to the PC.
The main task of the evaluation software is the ability to load generated impulses ("0" and "1") for a
certain time unit and assign them to the correct value of the measured quantity on the basis of
calibration with other measuring device. The advantage of working on optoelectronic principle against
sensors sensor based on electromagnetic principle is the smaller geometric dimensions, less failure,
higher reliability, and greater compactness.
The problem is the mechanical construction of these sensors, on which will also depend on their total
accuracy.
2.3 Analysis of wind direction sensor
For measure of the wind direction are used various types of direction indicators. The most often work
on electrical principles (electric direction indicator) or mechanical principle (registration direction
indicator (so called Stružková)).
2.4 Working principle description of proposed optoelectronic sensor of wind direction
The proposed wind direction sensor works as well on optoelectronic principle using three
phototransistors, three LED lighting and a specially designed shade on shaft. As in the previous case
of the wind speed sensor, also in this one are the resulting pulses impressed to the further processing
and subsequent evaluation to the PC. The main task of the evaluation software is also the ability to
retrieve generated impulses ("0" and "1") for a certain time unit and assign them to the correct value of
the measured quantity on the basis of calibration with other measuring device. Also in this sensor
realization is very important to properly manage the mechanical construction, on which will depend
the total accuracy.
From the above analysis and working principle of sensor for wind direction and wind speed can be
deduct the following conclusions:
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1. When designing real sensor for direction and wind speed should be appropriately design and
analyze physical principle by which the sensor will operate.
2. Since most of the system parameters can be changed only to a very limited extent, the main
influencing requirements of the proposed model are the sensitivity and accuracy of the sensor
for direction and wind speed, but also the correctness of each auxiliary electronic circuit.
3. When designing real measuring unit for sensing the direction and speed of wind should place
great emphasis on motion and the actual implementation of mechanical construction, from
which will depend on the overall accuracy of the proposed encoder.
4. Finally, the overall accuracy will depend not only on the parameters referred above, but also
by the proposed software.
2.5 Design of motion sensing unit for measuring of wind speed and wind direction
This measure seems to be very simple in principle; it is measures the pulse frequency from wind cup
crown. But the problem is its mechanical design.
For the evaluation of the wind speed was designed and fabricated sensor working on the
optoelectronic principle with using electro optical transistor, LED lighting and the diaphragm shaft.
According to the shape of the output pulses it is necessary to add shaping comparator that pulses have
not been evaluated incorrectly. The Fig.1 shows the layout coding wheels for measuring of wind
speed.
For the evaluation of wind direction was designed and fabricated scanning sensor, which uses a
resolution of eight wind directions, which for making common observation in agrometeorology is
completely sufficient. Sensor with higher resolution will be more complex and more difficult to
produce. If necessary, it is possible to rewrite control program, and use three sense wires used for
serial data transmission from the sensor. The program evaluates the direction according to the
following protocol:
NORTH = 0 degrees

Direction

N

NE

E

SE

S

SW

W

NW

0

45

90

135

180

225

270

315

Bit A

0

0

0

0

1

1

1

1

Bit B

0

0

1

1

1

1

0

0

Bit C

0

1

1

0

0

1

1

0

Table 1 Protocol for evaluation of side direction
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Abbreviation

Wind direction

Azimuth

N

North

360°

NE

North-east

45°

E

East

90°

SE

South-east

135°

S

South

180°

SW

South-west

225°

W

West

270°

NW

North-west

315°

Table 2 Eightfold scale of wind direction

Fig.1 Shade of wind speed

Fig.2: Shade of wind direction

To determine the wind direction in this coding is preferable to use optoelectronics. Shade will have
shape of wheels with milled holes so that the mask and pass the light on the phototransistor under the
protocol are showed in tab. 1. Formatting of sensor again depends on the possibilities of each
constructor (see Figure 2). Thick lines are marked milled holes.
Diagram of the electronics located within the meter of wind direction and speed is shown in Figure 3.
As mentioned earlier, this sensor uses optoelectronics. As a light source is used infrared LED, that
shines through the shade to the phototransistor sensitive to infrared light. Due to the small area within
the meter are designed and used phototransistors
3 mm. The output is taken from the collector
resistor and the inverter formed by a Schmitt trigger circuit.
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Due to the high variability in production of mechanics of wind direction and wind speed meter, is the
proposal board with printed circuit design adapts to sensor.

Fig. 3 Connection scheme of wind speed and wind direction sensor
2.6 Calibration of wind speed sensor
Calibration of the wind speed sensor is very difficult tasks which it has much in common with
electronics. The number of pulses is greatly dependent on the mechanical design. For calibration we
need to know the actual number of pulses per measurement period. The actual measurement was made
on, so that the speedometer was placed on the roof of the car and there was watched the number of
pulses with using a digital multimeter Metex M - 3850D, depending on the speed of the car set (Table
2). An important condition for wind speed calibration is to be performed to done the calibration itself
of dead calm, when is avoiding any error of measurement and calibration accuracy will depend only
on the accuracy and precision of the vehicle tachometer (digital multimeter Metex), which determines
the frequency. For calibration has been used car Octavia, where the manufacturer specifies an error of
tachometer to 90 km.h-1 about 1% and over 90 km.h-1 about 3%. From the measured data was a used
mathematical - statistical method of linear regression (Fig.4), established a standard curve, which is
incorporated into the program Meteostation.

Speed (km/h)
Frequency(Hz
)

0

5

1
0

1
5

2
0

3
0

4
0

5
0

6
0

7
0

8
0

9
0

10
0

11
0

12
0

13
0

14
0

15
0

0

1

2

3

5

7

1
1

1
3

1
6

1
9

2
2

2
4

28

31

36

38

41

43

Table 3 determined values of frequency for sensor calibration
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Calibration characteristic of wind speed sensor

160

Speed (km/h)

140
120
100
80
60

y = 3,3707x + 4,109
R² = 0,9972

40
20
0
0

10

20

30

40

50

Freque ncy (Hz)

Fig. 4 Calibration curve of wind speed sensor

Fig. 5 Detailed view on sensor of wind speed and wind direction
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2.7 Calibration of wind direction sensor
For proper operation of the wind direction sensor is sufficient to direct the rudder to the north, and set
proper coding ring. Weather Station allows you, to recalibrate this direction, and it is not necessary to
climb the mast and rudder turn.
2.8 The mechanical design of the direction and wind speed sensor
Mechanical design of direction and wind speed sensor are proposed in the program
MechanicalDesktop and AutoCAD.
3. RESULT AND DISCUSSION
From the analyzes and the results can be finally conclude that the proposed sensor operates in the
range 0-150 km.h-1 with a measuring error up to 1% when speed is 90 km.h-1, and over 90 km.h-1
about 3% of value. If we want to achieve greater accuracy of sensor and thus reduce the measurement
error to 1%, it is necessary to done anemometer calibration performed in the calibration chamber of
Slovak Hydrometeorological Institute, which would minimize errors.
4. CONCLUSION
The proposed machine finds wide application in various areas, especially where it is necessary to
monitor and store individual data on wind direction and wind speed for a variety areas of agricultural
and non-agricultural purposes.
The main application area of wind direction and wind speed sensor (anemometer) is the automatic
weather stations, also in agriculture, as part of agro-meteorological stations and microclimate stations
under field conditions, in the industry, in various technological operations, where it is necessary to
monitor air speed, and not least as a guide for the teaching hours on Biometeorology and Climatology.
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