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Abstract 

This paper deals with physics of water aeration. Because water aeration highly influences the process 
of polluted water treatment as well as the process of water self-purification it becomes an important 
factor determining the amount of air entrained in the water. Falling water flow produces air bubbles 
and water droplets mixture in the air-water interface. This mixture develops in the course of time. A 
new method for determination of the amount of air entrained in the water was presented. The method 
was based on digital image processing. The method allows determination of the dynamics of air 
entrainment depending on several parameters of the nozzle as well as on the height of falling water 
flow. 
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1. INTRODUCTION 

Many physical processes occur due to the air and water interaction in water reservoirs. Among them, 
the depth of air entrapment is a very important element in the aeration process.  

Pollution of open reservoirs water also is the result of technologies, which are developing with 
extremely high rate. Thus, anthropogenic activity highly influences common environmental processes 
[1-4]. With production intensity increasing, influence of human activity on environment also 
increases. Atmospheric pollution with toxic substances generates acid rains, destroys the ozone layer 
and creates more undesirable phenomena. Biogenic and toxic substances from sewer towns, industrial 
plants and intensive agriculture areas infiltrate into natural water reservoirs. Encompassing theoretical 
and experimental investigations of each contributing parameters will lead to significant solutions. The 
main goal of water cleaning is to eliminate the results of above mentioned influences. Quantitative 
evaluation of atmosphere and natural water pollution, i.e. determination of pollution degree, amount 
and derivation of sediments can be successfully completed only after thorough investigation of 
combined processes of air and water mass transfer, diffusion, heat transfer, gas and fluid flow [5-10]. 
These processes can be described by common equations of motion, continuity, heat and impurities 
balance. These equations usually are applied for description of gas and fluid flows. The most part of 
these phenomena were investigated and results of the investigations were successfully used 
practically. To less investigated or at all not investigated processes should be assigned processes that 
occur in the open reservoirs air-water interface. These processes are extremely important due to their 
influence on water aeration, which on its own turn determinates rate and amount of water self-
purification process [11-14]. Full understanding of water aeration mechanism also allows 
improvement of water cleaning methods and control of water pollution treating [15-17].  

Processes occurring in the air-water interface first of all depend on conditions under which one or 
another process occurs. Interaction between surfaces of air and water also depends on the fluid flow 
nature, which can be laminar or turbulent. Turbulent flow stimulates air bubbles generation and creates 
conditions for their entrainment in water [18-22]. Investigations of water flows interaction with air 
were undertaken short time. The first successful experiments of air bubbles entrainment in water were 
performed only in the middle of the twentieth-century. Then air bubbles entrainment in water was 
considered as diffusion air bubbles in water, though now is known that there are many more processes. 
Water flowing trough wears and forcing trough hydropower’s turbines [23-25] mix with air and create 
mixtures which consist of air bubbles and water droplets. Resulting mixture air bubbles and water 
droplets is commonly called “white water” due to its visual effect. For experimental investigation air 
bubbles and water droplets mixture can be produced with vertically falling water jets. 
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2. RESEARCH METHODOLOGY  

2.1. Inception of air entrapment  

Water flow falling on to the free water surface deforms its surface and, sequentially, creates turbulent 
flows, which push the air into deeper water layers (fig. 1). 

 

 

Fig. 1. Deformation of water surface with the falling vertical jet 

 

Entrapment of air bubbles happens only when the turbulent shear stress is sufficiently high to 
overcome surface tension and buoyancy effect. Due to disturbed free surface, small turbulent 
structures with major eddies appear in the lower water layers. If the turbulent energy is sufficiently 
high to break through the free water, air bubbles can be entrapped. Naturally, for breaking through the 
free surface, the turbulent shear stress must be higher than the resisting surface tension force per 
square unit. Mathematically it can be expressed as follows [26]: 
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where ρv – water density, v – turbulent velocity fluctuation, (i, j) is the directional tensor, σ – water 
surface tension, π(r1+r2) – perimeter along surface tension, r1 and r2 are the two radii of the free 
surface deformation, A – surface area. 

 

2.2. Experimental Setup 

The companion experiment was performed under laboratory conditions with the vertical jet hitting free 
water surface in a transparent cylindrical vessel. The setup of experiment is shown in the figure 2.  

 

 

 

 

 

Falling water jet 
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Fig. 2. Setup of experiment 

 

Dimensions of the cylinder were: diameter – 18 cm and depth – 18.5 – cm. Experimentation utilized 
digital processing of images registered by the Canon PowerShot SX20IS camera connected to 
computer. Diameter of the jet nozzle was d0, initial velocity of jet v0=0, v1 – velocity of the jet at the 
moment of its contact with the water surface, h – the height of the falling jet i.e. distance from the 
nozzle tip to the water surface. h was varied in steps of 0.25 m from h = 0.25 m to h = 1 m, H – air 
penetration depth (m). Also the jet nozzle diameter d0 was varied from 0.003 m ÷ 0.008 m. Additional 
information is given in the table 1. 

In all experiments the same volume of water V was poured into test cylinder. The average amount of 
water Qw (m3/s) flowing through the jet nozzle can be calculated as tVQw / , where t – elapsed time to 
complete water pouring. Also Qw can be calculated as: 
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Equations (2) give: 

 

2
1

2
0

0

1

d

d

v

v


                    (3) 

 



Ecology & Safety 
ISSN 1314-7234, Volume 10, 2016 

Journal of International Scientific Publications
www.scientific-publications.net

 

Page 55 
 

From the energy conservation law it follows:  

 

hgvv  22
0

2
1                      (4) 

 

were g – free fall acceleration, m – mass of poured water, d0 and d1 are shown in Fig. 2.  

As can be seen from Fig. 2, camera takes pictures of air bubbles and water droplets mixture created by 
a vertical jet. Computer analyzes received optical images and determines air bubbles concentrations. 
For digital image processing Library Python 2.7 program was used. 

 

Table 1. Initial data of experiment 

d0=0.003 m; Qw=1.5543·10-5 m3/s d0=0.004 m; Qw=2.2382·10-5 m3/s 

h, m v1, m/s d1, m Fr1 h, m v1, m/s d1, m Fr1 

0.25 2.2 0.0026 13.8 0.25 2.2 0.0036 11.7 

0.5 3.1 0.0023 20.6 0.5 3.1 0.003 18.1 

0.75 3.8 0.0101 26.7 0.75 3.8 0.0027 23.4 

1.0 4.4 0.0097 31.6 1.0 4.4 0.0025 28.1 

        

d0=0.007 m; Qw=7.9856·10-5 m3/s d0=0.008 m; Qw=1.0778207·10-4 3/s 

h, m v1, m/s d1, m Fr1 h, m v1, m/s d1, m Fr1 

0.25 2.2 0.0068 8.5 0.25 2.2 0.0079 7.9 

0.5 3.1 0.0057 13.1 0.5 3.1 0.0067 12.1 

0.75 3.8 0.0052 16.8 0.75 3.8 0.006 15.7 

1.0 4.4 0.0048 20.3 1.0 4.4 0.006 18.1 

 

Experimental methodology is depicted in Fig. 3. At the left side the real image of the air bubbles and 
water droplets mixture is shown. At the right side the modified image with the air bubbles changed to 
the black spots is presented. Visual analysis of the left image shows that the air bubbles are much 
brighter than the background. This feature allows evaluation of the air bubble concentration in the 
water. 
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Fig. 3. Change of air entrainment 

 

As can be seen from Fig. 3 the image representing the experiment consists of three parts. On the left 
side (Fig 3a) is a real image of air bubbles and water droplets mixture. The central part of figure 
(Fig 3b) represents modified image of air entrainment in the water. Computer program Python 2.7 
code optical analyzes received images and presents data. The black digital image is the modified 
image of air bubbles and the white image is of water droplets [27]. On the right side of the figure 
(Fig 3c) the change of concentration of air entrained in depth and width is represented. 

 

3. RESULTS AND DISCUSSIONS 

Vertical water flow (jet) hitting the free water surface causes mixing of water and air. As a result of 
this mixing air is entrained in the deeper water layers. Air-water mixture exists not only under the air-
water interface but also above this interface when under the water surface the air-water mixture bloats, 
air bubbles rises up and is removed from water. Falling water also can generate water sprays that can 
evaporate or fall back to the water surface. Fallen sprays can knock out new water sprays or be 
absorbed by the water. These processes were included in the here in developed a mathematical model 
by A.Vaideliene and A. Galdikas [28]. The model has significant relevance to development and 
improvement of aeration process and can be used for practical purposes. 

All of the discussed and described processes [28] due to the air-water interaction can be summarized 
by an overall mathematical model, equation (5). This model includes the processes of air entrapping, 
air elimination, water sputtering and resorption: 
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The entire air entrainment zone is represented by the K layers which can be filled with air, water or 
sum of them. Normalized filling function of j-th layer was introduced: 

 

      1,,1,...,2,1,121  KKKjwhenjjj                      (6) 

 

where  j
1 and  j

2  are functions of a layer filling with water and air, respectively. Rate of change of 

these functions  j
1   j

2  can be described as a sum of equations of entrainment, removal, sputtering, 
evaporation and resorption rate. 

Solutions of equations (5) can be used for determining concentrations of air bubbles and water 
droplets due to turbulent flows created by a free vertical water jet hitting the free water surface. This 
model was verified by using data from the below-described experiment. 

 

3.1. Comparison of experimental and theoretical results 

The amount of entrapped air (Fig. 2) depends on diameter of nozzle d0, the height of falling jet h, 
diameter d1, and velocity v1. Small sputtering at the surface of water also influences the amount and 
distribution of entrapped air. Influences of all these factors can be determined theoretically by using 
equations (5) or experimentally. We used both ways and compared the obtained results. For comparing 
the theoretical and experimental results we used our experimental data as well as the data presented by 
others researchers [29-31].  

As a boundary condition we took the monolayer k=m=60. In this study we define, that the last layer 
filled with air and water is the m-th layer while the (m+1)-th monolayer is filled only with water. 
Using equations from (4.13) we took the initial and boundary conditions corresponding to t = 0: 

   ,102 k    001 k  when 1≤k<m and 
   ,002 k     101 k
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     tt mm 1

11
  , when m≤k≤K.  

 

 

Fig. 4. Air and water distribution in layers for different Froude numbers. Modeling was done 
according to equations (5) 

 

Figure 4 shows that with an increasing monolayer numbers, concentration of air decreases from one to 
zero and is dependent on the Froude number. Also, can be seen that the 60-th layer is the air-water 
interface layer. Because the water concentration variation is a reciprocal process, water concentration 
changes from zero to one.  
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Fig. 5. Dependencies of individual layers (K) filling with water for Fr=5 were established by solving 
equation (5) 

 

Figures 5 and 6 show air and water distribution dependences on time in separate layer. The boundary 
layer between air and water is at K=60. Just at the beginning of air entrapment its concentration in 
separate monolayer decreases from 1.0 (starting from K th monolayer) to 0.0 due to formation of the 
mixture of air bubbles and water droplets. Close to the K=60 layer new adjacent layers are filled with 
air bubbles and water droplets mixture from above and below the interface.  

 

 

Fig. 6. Dependencies of individual layers (K) filling with air for Fr=5 were established by solving 
equation (5) 

 

With decreasing amount of water, the amount of air increases in adjacent layers. As it can be seen 
from figure 5 the first layer being filled with water at time t is nearly 0.0, when filling with air of time 
t (Fig. 6) approaches 1.0. 
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In figure 7 shows the air and water concentrations distribution at various in depths by employing 
equation (5). In solving this equation φair, φw (air and water concentrations) in layers are distributed 
according to Gaussian function and Fr=9.2. 

 

 

Fig. 7. Air and water concentrations distribution in depth 

 

It can be seen from Fig. 7 the curve on the bottom (blue) shows concentration of entrapped air while 
the upper curve shows changes in water concentration. The concentration of air entrapped in water 
initially increases and then after reaching maximum starts to decrease to zero. Initially, the water 
concentration φ decreases and after reaching minima starts to increase to 1.0. Curves (red) of inserted 
diagram show entrapped air and water concentration’s variation in monolayer. 

To validate the developed model equation (5) was employed with the same initial conditions used in 
experimentation. Theoretical values correlate very well with the experimental data shown in Figure 8. 
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Fig. 8. Air and water concentration dependences on layer numbers. Continuous curve 1 – water 
concentration variation, dotted curve 3 – air concentration variation calculated according equation (5). 

Dashed curve 2 – experimental data with d0=0.003 m; d1=0.0026 m; v1=4.4 m/s; h=1.0 m; Fr=18.1 

 

Figure 8, shows concentration of air bubbles based on equation (5). The maxima is reached when 
K=300 and Fr=18.1. Verifying this case by experiment with the initial data set of d0=0.003 m; 
d1=0.0026 m; v1=4.4 m/s; h=1.0 m; Fr=18.1 the maximum concentration was 0.85431. The calculated 
maximum according to equation (5) was 0.825. Air concentration maximum (Fig. 8 – dotted line) 
corresponds to the water concentration minimum (Fig. 8 – continuous line). Comparison of theoretical 
and experimental dependences of air and water concentrations shows an excellent correlation. 

 

4. CONCLUSIONS 

1. Air entrainment in water plays important role in processes of water treatment and water self-
purification.  

2. Initial conditions of air bubbles and water droplets mixing determine dynamics of this process that 
on its own turn determine amount of air bubbles entrained in water.  

3. Dynamics of air bubbles and water droplets mixing can be visualized and analyzed by means of 
digital images processing.  

4. Analyse of images taken at many different moments of mixture developing allows determine 
amount of air entrained dependences on many parameters, and first of all on height of water flow 
fall and on nozzle parameters. 
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