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Abstract 

The herein presented paper describes the simulation carried out in the scope of defects detection 

through electromagnetic induction and the validation with experimental test. A coupled 

electromagnetic and thermal model was carried out with the software ANSYS Multhyphysics. Through 

this method the possibility to detect defects based in electromagnetic induction was assessed. In fact 

detection occurs due to the induced current concentration on the edges of the defects and thus they can 

be visible in the resulting induced current patterns as well as on the generated temperatures. In 

addition a quasi-static model was developed for replicating a system in which the defects tool is 

moving for a completely automatized inspection. An experimental test was also performed for the 

validation of this predictive tool, to finally obtain a reliable and consistent model that may be used for 

future studies. This paper demonstrates the accuracy and match of the results between the simulation 

model and the physical experiment and thus the availability of the model to optimize the system and 

required parameters, prior to the physical construction and tests, with the consequent time and 

economic savings. 

Key words: induction heating, electro-thermal modeling, numerical simulation, experimental 

validation, mechanical design, engineering 

 

1 INTRODUCTION 

Simulation tools for the analysis and design of electromagnetic systems (alone or coupled with other 

physics) is still reduced in industrial applications, mainly due to the following reasons: the complexity 

of simulating coupled non-linear and three-dimensional problems and the need of high performance 

computers. However in the last years much effort has being concentrated in solving electromagnetic 

problems (1) (2). The reason might lie in the increasingly use of electromagnetic systems for induction 

heating applications. In fact, induction heating provides many advantages compared to traditional 

heating processes (gas furnaces, etc.), mainly: a fast heating rate, well-defined heating locations, good 

reproducibility and low energy consumption, reduction of start-up and shutdown timing, low 

equipment and labour cost and low carbon footprint (3). 

Electromagnetic Induction heating is based on the phenomenon by which an alternative current 

flowing through a coil induces a magnetic field and the subsequent eddy currents on an electrically 

conductive target part (workpiece). These eddy currents heat up the target workpiece due to the Joule 

effect. Thus, the heating pattern will be very closely related to the geometry of the target and the path 

of the coil, but also to other issues such as the skin effect (penetration of the currents below the piece 

surface), proximity and slot effects intrinsically related to the induction electromagnetic phenomena 

(4). In fact, these effects are those typically causing the non-uniform heating of magnetic pieces. In 

fact, no uniform currents are induced through the workpiece and the heat generation is concentrated on 

the surface.  

This paper studies the heating and temperature distribution caused by an induction system through the 

Finite Element Method (FEM). A validation process is also performed to assess the accuracy of the 

tool to replicate such systems. The goal is then to obtain a reliable tool that serves to predict the 

behaviour of the system and to ultimately achieve the required parameters for which the induced 

current concentration will be the highest, prior to the physical construction and testing. Thus this work 

consists of two parts. In the first part, the numerical method and the experimental test are described in 

which the generator parameters (power and frequency), the coil-piece disposition, coil geometry (path, 
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dimensions and location), are replicated. In the second part the assessment about the reliability and 

accuracy of the simulation method, which couples electromagnetism and heat transfer, was studied by 

comparing simulation results with empirical data. For this purpose, the computed temperature 

distributions were analysed in both systems. 

 

2 MATHEMATICAL MODEL AND SIMULATION METHOD 

In this section the equations for modelling the heat induction process are introduced; on the one hand, 

the electromagnetic and on the other the heat transfer equations are presented. The simulation method 

implemented is based on the numerical solution of these mathematical equations by means of the finite 

element method.  

 

2.1 Electromagnetic model 

The electromagnetic fields in matter obey the so-called macroscopic Maxwell’s equations. These 

equations relate the electromagnetic fields: electric field  ⃗ , the displacement field   ⃗⃗ , the magnetic 

flux density  ⃗ , the magnetic field intensity  ⃗⃗ , the free current density    , and the free electric charge 

density    . The free charge and current refer to those not associated with matter (dielectric and/or 

magnetic materials).  

For general time-varying electromagnetic fields, the Maxwell equations in differential form can be 

written as (5): 

   ⃗⃗    ⃗⃗  ⃗   
  ⃗⃗ 

  
   Ampere’s law (with Maxwell addition)   

   ⃗    
  ⃗ 

  
      Faraday’s law   

   ⃗        Gauss’s law for magnetism    

   ⃗⃗        Gauss’s law   

These equations have to be complemented with the continuity equation (charge conservation) 

       
   

   
     

and the corresponding constitutive equations of each material: 

 ⃗⃗   ⃗⃗ ( ⃗ )  ⃗⃗   ⃗⃗ ( ⃗ ) 

The materials analysed in this work can be considered as linear, isotropic and homogeneous 

 ⃗⃗       ⃗   ⃗⃗  
 ⃗ 

    
 

where    is the vacuum permittivity and    the vacuum permeability and     and    the corresponding 

material relative permittivity and permeability. 

For the electrical conductive materials holds 

      ⃗ ,     Ohm’s law 
 

where σ is the material electric conductivity. 

Since alternating (harmonic) input currents (voltages) are considered, under the previous assumptions, 

the steady-state harmonic fields will have the following form in complex notation: 

 (   )    [     ̂( )]   
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where   represents time,    is the position,       is the angular frequency of the input current,   the 

imaginary unit number and  ̂( )is the complex amplitude of the field.  

The induction systems used in industry for heating process work in the so-called low-frequency 

regime. For low-frequency, the term in Ampere’s law including the electric displacement can be 

neglected and the Maxwell’s equations reduce to the so-called harmonic eddy current model: 

   ⃗             

   ⃗     ⃗      

   ⃗      

   ⃗      

The current   set to flow along the inductor coil is related to the current density     through the equation 

   ∫   
 

    

where    is the coil cross section. 

 

2.1.1 Finite Element Model. Mesh and skin effect 

This set of equations can be discretized with the Finite Element Model, as implemented in the 

ANSYS® Emag software (6) (7), to solve them numerically. The outputs of these electromagnetic 

simulations are the generated electromagnetic fields and the induced eddy currents.  

In order to ensure a good accuracy of the FEM simulations, it is crucial that the finite element mesh is 

characterized by a refined element size on the surface of the workpiece to represent properly the 

aforementioned skin effect. This is a very significant effect to take into account to achieve a reliable 

model, since the eddy currents will be concentrated on the surface of the part and thus, the FEM 

should include more than one element within the skin depth  . Fortunately, the thickness of the skin 

depth can be estimated accurately from the following relation:   

  √
 

      
 

On the other hand, in order to represent in the FEM model the ‘unbounded’ air surrounding the 

system, a finite size air box enclosing the workpiece and the inductor with suitable boundary 

conditions (magnetic flux tangential to its faces) was considered.  

With regard to the coil, it is treated as a source conductor with a given current (provided by the 

generator) and hence a current intensity is introduced from one end of the coil and a ground (zero) 

voltage is set on the other end.  

Since the electromagnetic transient period, previous to the steady-state harmonic regime, is very short 

in time and can be neglected, the initial conditions have no influence and therefore are not required in 

the numerical model. 

 

2.2 Heat transfer model 

The electromagnetic model must be coupled with the heat transfer problem, to study the thermal 

effects of the induction phenomena. The following equations will guide the thermal behaviour, which 

varies depending on the element location: inside de model (conduction effects) or in the exterior 

surface (which accounts for conduction, radiation and convection effects). 
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                   , condition inside 

    
  

  
                           ( 

      
 )      (      ), condition on the 

surface 

 

The heat generated in the materials by the electric currents due to the Joule effect is included as a heat 

source in the heat conductive equation: 

   
  

  
   (    )   

| | 

  
 

where   is the temperature and     and   the material  density, specific heat and thermal conductivity, 

respectively.  

The boundary conditions of the heat transfer problem consider the Newton’s law of cooling with an 

effective heat transfer coefficient   in the exterior surfaces of the pieces, to account for heat 

losses/gains  ̇    from convection and radiation (linearized) with the surrounding media (air in our 

study). 

 ̇      (      ) 

The numerical solution of the thermal problem is performed by means of the Finite Element 

discretization (8) of the above heat transfer equation as implemented in ANSYS® Mechanical APDL. 

Assuming that the variation of the electromagnetic properties (  T , T ,        ) with temperature is 

negligible, the coupling between the electromagnetic and thermal models reduces to a one-way, that is, 

the harmonic EM problem is solved first to compute the heat source produced by the Joule effect and 

this heat will be the input in the transient heat transfer problem. 

 

3 NUMERICAL AND EMPIRICAL MODELS  

In this section the model developed is described. The system for the experimental test was replicated 

through simulation and both characteristics are shown here. First the simulation of the induction 

heating is presented, which was implemented in the FEM software ANSYS® APDL. 

 

3.1 Description of the numerical model 

In this section the details of the validated model are provided, with the geometry, boundary conditions 

and the mesh details. The implemented method, consists on a metallic plate (workpiece) exposed to an 

electromagnetic induction field generated by a cooper coil (inductor) positioned above it (Figure 1). 

The coil and plate relative displacement velocity was 62.5 mm/s (Figure 1). The numerical model 

developed is based on a quasi-static model, to include the displacement of the tool with respect to the 

induction coil.  

 

Figure 1. Geometry for numerical model. Coil and Plate with relative displacement 
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3.1.1 Geometry 

In the following picture the plate dimensions used for the validation study and performed cracks can 

be seen. For simplification purposes and in order to reduce computational time, only a piece of 200mm 

has been considered. The plate and cracks dimension details are given in the following image. 

 

 

Figure 2. Entire configuration (left) and the part to be used on the study (right) 

 

Coil dimensions details are given in the following picture: 

 

Figure 3. Coil dimensions 

 

3.1.2 Properties and Boundary conditions 

In this section the material properties and boundary conditions of the model are described. First the 

required parts to perform the electromagnetic simulation are mentioned, which comprise the assembly 

of the model that require the steel plate, the coil and the surrounding air, as demonstrated in the 

following figure. 

 

 

Figure 4. Simulation model. Air, Coil and Plate 
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The materials utilized and the most important properties related to the physics of the problem are 

presented here.  

 

Table 1. Material properties 

 ρ  

(kg/m3) 

Cp  

(J/kg K) 

K 

 (W/m K) 

 ρel  

(ohm m) 

µrel 

AIR 1.2 1004 0.0257 - 1 

STEEL 7850 486 51.9 1.17e
-7

 5000 

COPPER 8300 385 401 1.7e
-8

 1 

 

The conditions that were imposed over the electromagnetic model are:  

1. A magnetic flux boundary condition which imposes a constraint on the direction of the magnetic 

flux was imposed. This feature constraints the flux to be tangential and thus it must be applied to 

the exterior faces of the air and thus contain the magnetic flux inside the domain. 

2. The coil was treated as a source conductor and thus the current was set on the inlet side of the coil. 

A zero ground voltage was set on the other end.  

The electromagnetic problem was solved with a harmonic FEM study, in which the introduced 

frequency was 230 kHz. In the heat transient problem the boundary and initial conditions were the 

following:  

1. Initial ambient temperature was set to 20° C. 

2. Adiabatic conditions were set to the plate (No convection neither radiation was considered due to 

the reduced time pulse at which it will run and the fact that the heat will be mostly conducted 

through the plate). 

3. The joule heat source obtained from the electromagnetic model was applied to the plate. For each 

coil position, the heat generation is loaded on the plate, with the previous temperatures as the 

initial condition.  

Thus and to summarize the input parameters and some properties of the model are presented here: 

 

Table 2. Model properties and boundary conditions 

Parameter Value 

Current 252A  

Frequency 230kHz 

Power 4kW 

Tamb 20ºC 

Coil length 1070mm 

Coil-piece distance  3mm 

 

The Finite Element mesh used for the simulations is shown in Figure 5. As stated previously, a local 

mesh refinement was required close to the surface of the workpiece to ensure to simulate accurately 

the skin effect.  Electromagnetic studies require a fine mesh, especially on the surface where the eddy 
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current will mostly take place, i.e. the skin depth (9). Due to this phenomenon, it is recommended that 

at least two elements are set within this depth to gather the eddy current properly. Considering the 

aforementioned magnetic properties ( 

Table 1), the frequency of 230 kHz,  the skin depth will be 5,07 µm.  

With the aim of achieving more accurate results, an inflation of 5 layers was modelled and the first 

layer was set to 2µm as shown in the following figure. 

 

 

Figure 5. Model mesh (left) Skin depth layer's detail (right) 

 

This study requires to be extremely careful with the mesh, since it must maintain the same mesh and 

nodal numbering in the plate, for transferring the nodal heat generation results obtained on the 

electromagnetic study to the transient thermal problem. 

In the simulation, a first run of this model was carried out to obtain the electrical impedance IVZ /

     , of the system. Once the impedance is known, the current is set to match the actual prescribed 

power used for each particular experimental setting. From the phase (argument) of this impedance    
the capacity of the oscillator can be calculated (8.09μF), which required for the matching of the 

electrical circuit so that the voltage and current coming from the generator are in phase and thus, there 

is no reactive power.   

In the FEM model of the transient heat transfer problem, the source terms and boundary conditions 

implemented were: the heat source (Joule Heating) coming from the previous solution of the 

electromagnetic problem  and the heat losses through the workpiece surface represented by means of a 

heat transfer coefficient  . As initial condition, the coil and workpiece are assumed at room 

temperature (20.6 °C). 

These calculations were done for a sequence of time steps, in which the coil was displaced, based on 

the velocity of the workpiece movement (Figure 1). 

 

3.2 Experimental test 

This validation becomes crucial to assess the reliability of the numerical model for electromagnetic 

induction heating calculations and its feasibility as a design tool.  To this aim, the temperature patterns 

of both, experimental and simulation results were compared at different time steps during the 

induction heating process. 

The results of the temperatures generated by the induced current, were captured by a thermographic 

camera in a given time step, once the heating and the induction effects started. The images obtained by 

the camera are given in a sequence of x radial line of pixels at small time steps, as the plate displaces. 

Thus the image composition will comprise the sequence of these captured radial pixels (Figure 6). 
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Figure 6. Image sequence and composition 

 

Those digital output images were translated into a pc, for pre-processing and first results analyses were 

obtained (Figure 7). In fact the performed test, helped also to understand and evaluate the integration 

between the different components, comprising hardware, software and the control system in order to 

achieve a final image with the captured sequences from the camera, while the piece displacement is 

automatically carried out and controlled. 

 

 

Figure 7. Processed first thermal gradient images 

 

4 RESULTS AND VALIDATION  

In this section the validation of the simulation method with experimental tests is demonstrated. The 

data that will be used for this purpose are temperatures patterns. The most relevant time step images 

are shown below. The position of the coil with respect to the plate was defined by the distance from 

the end of the coil to the plate (Figure 8), which will correspond to the different time steps, 

considering the initial position in which the distance is 25mm and thus t=0. 

 

 

Figure 8. Distance between Coil and Plate 

 

In the following images the temperature patterns at the first time steps can be observed: 
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Figure 9. Model (top) and temperature pattern (bottom) at  t=0.21 s, d=9.38mm 

 

 

Figure 10. Model (Top) and temperature pattern (bottom) on surface. t=0.37s, d=0.63mm 

 

Now the temperatures at different time steps are shown, in which the thermal distribution around the 

crack is observed. Those in which the coil is right above the crack is that corresponding to the 1.1-1.2s 

time step. The position in which the crack will be in the middle of the two wire coils is at 1.4s, as 

shown in the following images. 

 

  

Figure 11. Temperature on surface. t=0.51s Figure 12. Temperature on surface. t=0.89s 

 



Materials, Methods & Technologies 

ISSN 1314-7269, Volume 10, 2016 

Journal of International Scientific Publications 

www.scientific-publications.net 

 

Page 19 

 

  

Figure 13. Temperature on surface. t=1.05s Figure 14. Temperature on surface. t=1.18s 

 

  

Figure 15. Temperature on surface. t=1.26s Figure 16. Temperature on surface. t=1.45s 

 

General temperatures between 27°C and 49°C are found on the piece. The maximum temperature is 

found at the edges of the plate, due to the edge effect (9). These are very high also due to the coil 

winding which is positioned just above the ends of the plate.  

Right under the coil temperatures around 45-49°C are found, instead between the coils 27-30°C are 

observed. Thus when the coil is positioned above the crack it will be highly visible, above all on the 

tips, due to the discontinuity that is generated on the induced current. However this effect will not to 

be captured by the camera since the coil covers the crack from this top perspective. 

In the following images the experimental test results, obtained from the thermographic camera are 

compared with the simulation results. The accessible images from the camera are based on a grey scale 

map of bits (based on digital unit values) that can be translated to temperature differences. For this 

reason first the thermal differences were compared and then also those were traduced into 

temperatures (within a color scale map) considering an ambient temperature of 20°C, to be able to 

compare both results. In the following image first comparison of both images at the same time step 

(1.4s), in which the crack is between the coils  are presented. 



Materials, Methods & Technologies 

ISSN 1314-7269, Volume 10, 2016 

Journal of International Scientific Publications 

www.scientific-publications.net 

 

Page 20 

 

  

Figure 17. Initial comparison between a thermographic image and simulation results 

 

As it can be observed the coil slightly differs from that used for the model. In fact the coil that was 

used for the real case, was bended manually, and thus it does not show equidistant spiral wires. In 

addition the diameter of the coil that was finally used for the experimental case was smaller than that 

defined for the simulation. However the main differences which are expected in this regard are related 

to the width and length between the coils. In the test the width and length is higher and this may lead 

to some differences on the results due to the following: 

 The different position or distance between the coil and the crack, above all taken into account the 

rapid heat decrease that happens in a very short time.  

 The coil winding will be a little displaced from the edges of the plate (Figure 17), and this may 

lead to lower temperatures than those found on the simulation. 

However the goal of this comparison is to provide a qualitative validation and as observed below a 

very good agreement was achieved. In the following image the thermal difference between the crack 

and the surroundings was checked from the thermographic image.  

 

  

Figure 18. Digital unit values on the surroundings (left). On the edges (middle) and tips (right) of the 

crack 

 

The values between those points, on the surface of the plate (left) and the middle of the crack (right) 

were compared and a thermal difference of 5-7°C was found from the surroundings to the middle of 

the crack. If those are compared to the results obtained from the simulation (Figure 19), we can 
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observe that the temperature jump between these two zones is around this value, 7°C (when the crack 

is positioned between the coils). 

 

 

Figure 19. Simulation temperatures at the measurement points 

 

When the digital units from the thermographic camera are translated to temperatures, considering an 

ambient temperature of 20C, the following values are obtained: 

 

 

Figure 20. Temperatures from the thermographic images 

 

Temperatures found around the crack are a 34°C, which match quite well with those obtained from the 

simulation, between 34-40°C (Figure 19).  Thus for this general consideration of the temperatures and 

the qualitative validation purpose, a quite well match of temperatures was found, around 27-30°C in 

the surroundings between the coils of both the test and simulation and around 34-40°C on the cracks o 

near the edges of the crack. 

This approximation was done considering that the results from the thermographic camera cannot be 

used to read the exact temperature, in a high extent due to the image noise, but an overall thermal map 

can be obtained as shown. 

Hence, further details around the crack and tips of the crack are difficult to validate also due to the 

resolution or the camera and the fact that the sequence image composition, will not provide accurate 

temperatures from the IR maps. In fact this is the reason for which slightly higher temperatures are 

defining the crack and its geometry on the images from the thermographic camera (Figure 20) and 

instead lower temperatures on the simulation. The fact is that simulation provides also the 

temperatures inside de crack, on the plate deeper area and thus not only on the surface as it does the 

Temp 
27.2C 

Temp 
34.5-40C 
 

X196 Y185 
Temp 30.25C 

X226 Y213 
Temp 34.64C 
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camera. Thus the thermographic images renders that the IR signals from this deeper area are not 

received from the camera, and thus only the higher temperature of the edges will be received. A 

detailed view of the crack and its temperature patter is observed on the simulation image below, where 

the edges and near surroundings show the higher temperatures and a stronger IR signal, validating this 

assumption. 

 

 

Figure 21. Detailed view of the crack 

 

5 RESULTS AND CONCLUSIONS 

A coupled electromagnetic and thermal simulation tool, based on the Finite Element Method, was 

implemented and validated against an experimental setup consisting of a plate with an induction coil 

moving above it. The accuracy of the simulation relies on the reliability and precision of the input 

data, mainly: materials properties (magnetic permeability, electric conductivity, permittivity, 

emissivity), the ambient temperature as well as the heat transfer coefficient (to carefully gauge the heat 

losses to the surrounding air by radiation and convection).  

The performed comparison showed some slightly differences on the results due to the different 

position and shape of the configuration, mainly the coil, in the simulation and the real case. In any case 

the goal is to provide a qualitative validation and as observed very good agreement was achieved. 

Temperatures found around the crack are a 34°C, which match quite well with those obtained from the 

simulation (between 34-40°C).  A quite well match of temperatures was also found in the surroundings 

between the coils of both the test and simulation, 27-30°C and 34-40°C on the cracks o near the edges 

of the crack. Further details around the crack and tips of the crack are difficult to validate also due to 

the resolution or the camera. In fact this is the reason for which slightly higher temperatures are 

defining the crack and its geometry on the images from the thermographic camera and instead lower 

temperatures on the simulation (simulation provides also the temperatures inside de crack, on the plate 

deeper area and thus not only on the surface as it does the camera). The thermographic images renders 

that the IR signals from this deeper area are not received from the camera, and thus only the higher 

temperature of the edges will be received.  

Due to the good agreement between the measurements and the numerical results, the implemented 

simulation tool was considered suitable for performing the analysis of induction systems. The 

simulation was found to be a very powerful tool to check the system behavior saving time and 

resources. 
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