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ABSTRACT 

Obtaining a high-efficient, low-cost, and time-saving method for manufacturing radio telescope 

primary reflectors is one of the most considerable obstacles for further progress in this area. In 

addition to the above, the lack of literature in this subject presents another problem, as the currently 

available manufacturing methods are considered trade secrets by their owners. To that end, the 

novel process of induction thermoforming was developed in the Steward Observatory Solar 

laboratory at the University of Arizona. This method offers potential advantages over the existing 

means of shaping curved metallic sheets. The main objective of this work is to develop and 

implement a numerical study to verify the performance of the proposed method. Hence, a 

mathematical model of the induction thermoforming was constructed. Finite element analysis 

(FEA) was implemented with the aid of ANSYS software to solve and analyze the model for a 

prototype plate with dimensions 120×120×3 mm. The simulation technology was developed by 

integrating the electromagnetic and thermal analysis modules in ANSYS. Comparing the results 

with those given by the existing experimental data shows an agreement, with a relative percentage 

error of less than 12% in temperatures data. Several numerical simulations were performed for 

many cases to study the effect of coil current, frequency, coil to plate distance, and heating time 

in the system performance. The research in this field is still at the beginning and has not been 

deeply investigated yet. It needs more improvements to obtain better control in system parameters 

and improve the process efficiency. 
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CHAPTER 1 INTRODUCTION 

1.1 Project Background 

A novel manufacturing method has been developed by an interdisciplinary team at the University 

of Arizona to introduce an innovative energy-efficient approach for shaping high-accurate metal 

sheets with induction (USA Patent No. PCT/US19/57032, 2019). This method aims to design and 

manufacture large curved antennas that can be used in radio communication and astronomy. The 

technique is based on a combined effect of induction heating (Joule effect), the electromagnetic 

force (Lorentz effect), and adjustable mold technology. The process may be controlled by a  

Computer Numerical Control (CNC) machine and integrated with an infrared deflectometry 

system for mass production assembly lines [1]. 

The metal sheets shaping begin by placing a flat sheet over an adjustable mold close to a pancake-

type induction coil. Short and robust alternating current will pass through this coil leading to 

substantial heating in the workpiece through Joule effect, without direct contact between the coil 

and the workpiece. As a result, the workpiece’s yield strength will decrease significantly, 

minimizing the load required to deform the piece to the desired shape. Simultaneously, repulsive 

magnetic forces will contribute to forming the sheet by pressing it into the mold. Finally, the mold 

will be adapted to correct for mold wear, spring back, or any other errors. The process working 

principle is summarized in Figure 1.1. 
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Figure 1.1. Induction thermoforming process diagram with a pancake induction coil [1]. 

Recently, the research team at the Steward Observatory Solar Lab produced accurate shape 

aluminum alloy panels with root mean square (RMS) surface error of 45 µm against a parabola 

with a 0.74 m focal length. The dimensions for the plates were 125 × 125 mm in length/width and 

3 mm in thickness. The process took 20 minutes approximately to reach just below the melting 

point of the alloy, with a total of 1 kWh consumed electric energy. Currently, the team is working 

on expanding this technology to manufacture 1.5 m metal panels [1]. 

The induction thermoforming method offers significant advantages over other methods in 

manufacturing curved panels. It is considered as a highly efficient and precise method, which make 

it suitable for high mass production. Additionally, it provides an economical production option for 

customer demand with a low or moderate volume. Using electricity as a source of power instead 

of fossil fuels helps in eliminating pollution emissions. Moreover, the use of induction to heat 

panels saves energy by reducing losses faced with furnaces being the heat source. The process is 

entirely local, with no need to transfer the hot plate to finish the forming process.  In terms of 

applicability, the proposed invention expands its usage beyond radio telescope reflectors to include 

other manufacturing industries, such as architecture, aerospace, automotive, and renewable energy. 
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1.2 Aim of the Thesis 

The design of induction thermoforming is based on experiments, which can be expensive and time-

consuming. Fortunately, the high-performance computing technology has been developed 

significantly in the last decades, making it possible to model the induction thermoforming process 

numerically. Different commercial software can be used to simulate and perform analysis for this 

method, for example, ANSYS and COMSOL Multiphysics. However, the involvement of 

electromagnetic, thermal, mechanical, and metallurgical physics in this problem makes the 

numerical solution extremely difficult.  

Our research aims to develop an accurate mathematical model that captures the fundamental 

physics of the process. Multi-physical simulations are then performed using ANSYS software to 

predict the performance of the method under different loading conditions. These simulations will 

also help in optimizing the design and operation of induction thermoforming. Comparing our 

simulations with experimental values helps in verifying the results and evaluating the software’s 

capability. We expect that our outcomes will play a vital role in exploring the design variables 

needed for optimal performance. 

1.3 Outline of Thesis 

The thesis is structured as follows. Chapter 1 introduces the problem, and Chapter 2 discusses the 

method applications in radio telescope technology and reviews other traditional methods. In 

Chapter 3, a theoretical background about the induction thermoforming process is given, 

particularly the governing equations that apply to this method. In Chapter 4, the chosen 

components of the process, and their material properties are reported. Also, the software and the 
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implemented algorithm, together with a description of how the system was modeled, are examined. 

The results are highlighted and discussed in Chapter 5. Chapters 6 outlines the conclusions drawn 

from the results.  
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CHAPTER 2 LITERATURE SURVEY 

2.1 Radio Telescope Technology 

Radio telescopes are mainly used to detect the radio waves emitted by astronomical sources in the 

sky. There are many applications for them, for instance, collecting and tracking data from satellites, 

making an observation for stars and planets and other astronomical objects, observing energetic 

objects, and monitoring radio signals from outer space. Therefore, they play a vital role in 

understanding our cosmos. Radio waves are expected to help in providing a clear image of the 

planetary systems and its formation,  the evolution of the universe, the black holes, the stars' death, 

and the galaxy system [2]. 

Currently, two super projects are under construction: The Square Kilometer Array (SKA) in South 

Africa and Australia which is an intergovernmental radio telescope project, and the Next 

Generation Very Large Array (ngVLA) in the United States which is consist of an 18-meter dishes 

that spread over 8,860 km [3]. 

Radio telescopes are typically consisting of the following components: a primary reflector, a sub-

reflector, a feed horn, a receiver with amplifier, recording devices, and a display and analysis 

system. The primary reflector collects and focuses the radio waves energy on a small receiver. 

After that, the receiver takes these waves and converts them into electrical signals, which will be 

sent to the amplifier to magnify them to a level that can be measured. The information is recorded 

and processed by a computer, then analyzed by the analysis system, turning them into images, 

spectra, or other forms. Figure 2.1 shows the main components of a typical radio telescope. 
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Figure 2.1. Radio Telescope Schematic [4]. 

Radio waves have a long wavelength, low frequency, and low energy content. Hence, the radio 

telescope size is colossal when compared with other telescopes (10-300 m in diameter) to collect 

enough radio energy. This would help in detecting signals and enhancing the radio images’ clarity. 

In general, the bigger the dish, the better the resolution.  The radio waves frequencies range 

between 30 hertz to 300 gigahertz. Figure 2.2 shows the electromagnetic spectrum. To achieve 

such sizes, the primary reflector is built by linking several reflective panels with each other in an 

array, creating a parabolic shape that focuses the radio waves in a single point [5]. These reflective 

panels could be freestanding on pads, stiffened with ribs, or reinforced with a honeycomb core. A 

reflective plate with honeycomb backing is illustrated in Figure 2.3. 
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Figure 2.2. The electromagnetic Spectrum [6]. 

 

 

Figure 2.3. Reflective panel with honeycomb backing.  

The radio telescope design features and materials have been developed over the years. New 

materials were introduced to improve their quality. The reflector surface can be made from 

traditional materials such as steel, aluminum, or aluminum alloys. Additionally, they are usually 

coated with metal films, taking advantage of their availability, cost, thermal expansion property, 

and the predictability of their elastic modulus [7]. The metal coating for reflector’s surfaces must 

be skin-deep.  Later, new materials were used like electroformed nickel, and carbon-fiber-

reinforced polymer (CFRP). In general, the reflector surface is made from aluminum due to its 

lightweight, thermal properties, and low cost [8,9]. 

The quality of the reflector is described in terms of aperture efficiency. Aperture efficiency is 

defined as the ratio between the effective area and the geometric area of the antenna. The effective 
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area detects the maximum energy that the radio telescope can receive. The aperture efficiency is 

typically in the range of 50-80%. When the aperture efficiency for the radio telescope is high, then 

there is no need to make a reflector with a large diameter to achieve a given directive gain [10]. 

One of the main factors affecting on the telescope’s efficiency is the gain loss. This loss is 

influenced by the amount of deviation the telescope has compared to the ideal paraboloid shape 

[9].  Many reasons can be listed as a source for this deviation. The first group is systematic and 

repeatable such as the effect of temperature variations, gravity load deformations, ice and snow 

loads, and wind forces. These loads should be considered carefully to avoid structural distortion. 

The other factors are related to manufacturing and assembly, for instance, panels misalignment 

and manufacturing error in the backup structure or the panels [9,11]. Therefore, there is a real need 

to develop a cost-effective method to manufacture reflective panels while maintaining the 

manufacturing error at acceptable levels. The antenna surface efficiency of a paraboloid is 

described by Ruze (1966) formula: 

 𝜂𝜂𝑠𝑠𝑠𝑠 = 𝑒𝑒−�
4πζ
𝜆𝜆 �

2

 (2.1) 

where 𝜂𝜂𝑠𝑠𝑠𝑠 is the surface efficiency, ζ is the effective surface root mean square (RMS) error, and 𝜆𝜆 

is the wavelength. The telescope effectiveness is a function of the RMS error in the surface of the 

antenna and the wavelength. This equation is useful for calculating the precision required for the 

panels at a given wavelength. Rearranging equation (2.1) we get 

 
ζ
𝜆𝜆

=
1
4π�

− 𝑙𝑙𝑙𝑙 𝜂𝜂𝑠𝑠𝑠𝑠 
(2.2) 
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Thus, to get the typical value for a surface efficiency (around 0.7), the required surface error (RMS) 

is approximately equal to 1/20th of the wavelength. 

2.2 Current State of Technology 

Different methods have been used through the years to form radio telescope reflector panels with 

high precision. This includes machined panels, electroformed panels, and flexed and glued Panels. 

Most of these techniques are expensive and time-consuming. In this section, each method was 

discussed in detail. 

2.2.1 Machined Panels 

Machining is one of the popular methods used to produce high accuracy reflector panels. 

Mitsubishi Electric used this technique to manufacture the Japanese ALMA (Atacama Large 

Millimeter/submillimeter Array) 12 m antennas, where each antenna consists of 205 aluminum 

panels. First, the rear surface of a pure aluminum slab is machined to form a rib structure with a 

diamond grid pattern to reduce the weight of the panel while providing the stiffness and stability 

required (Figure 2.4a). Then, rough machining of the front surface is performed to generate the 

needed curve (Figure 2.4b). The residual stress should be minimized in this step to avoid 

undesirable deformations. Several grinding processes are applied to the front surface to achieve 

the target accuracy with the guidance of a position sensor (Figure 2.4c). Finally, the panel passes 

through a multi-stage chemical etching process to improve the solar heat dispersion while 

maintaining an efficient collection of radio waves, and to protect antenna surface from corrosion 

[12]. This process is time-consuming and energy-intensive. 
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Figure 2.4. ALMA telescope panel machining by Mitsubishi. (a) Rib structure, (b) Rough machining of 
the curved front surface, (c) Finishing machining of the front surface. 

2.2.2 Electroformed Panels 

The AEC (European) ALMA antenna reflectors were manufactured by an electroforming method. 

Electroforming is an additive manufacturing process that uses an electrolytic bath to produce metal 

parts with high quality by depositing the metal on a conductive patterned surface called master 

surface. The conductive electrolytic bath contains two electrodes (a cathode and an anode) 

connected to a power source and a metal salts solution. Generally, the master surface is a high 

precision mold [13]. The basic principle of electroforming is illustrated in Figure 2.5. 

 
Figure 2.5. Electroforming process [13]. 

At the anode, the metal will be dissolved electrolytically into ions by the aid of a direct electrical 

current (DC) that passes through the solution. These metallic ions will be converted into atoms, 

moving through the electrolyte solution toward the cathode. After that, the atoms will deposit on 
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the surface of the mold, atom by atom, forming a new layer with a specific thickness and accuracy. 

Finally, the replicated surface is parted from the master surface [14]. 

Medio Lario, the Italian company that invented this method [15], used electroforming to produce 

high-quality reflective panels. Nickel atoms were deposited on a machined steel mold substrate to 

form the front surface of the plate. The 1.5 mm thick electroformed nickel sheet reinforced by 

gluing it with an aluminum honeycomb, forming a core that was sandwiched with a separate 

electroformed nickel sheet having a slightly different radius. The front surfaces may also be coated 

by rhodium to minimize heat absorption. According to the company data, they produced 3000 

panels for ALMA (ESO) project between 2006-2012 [16]. 

Electroforming is a highly effective method when producing lightweight parts and thin-walled 

components. Many complicated shapes with different sizes that are difficult to be machined can 

be manufactured with high dimensional precision and resolution [13].  Also, various layers of 

electroformed metals can be bonded together as required. On the other hand, this process is 

characterized by the long deposition time and the restriction in using some material. Additionally, 

a careful procedure is required to remove the workpiece from the mold without being damaged 

[14]. 

2.2.3 Flexed and Glued Panels 

In this method, a 1 mm thin sheet of aluminum will be placed over a high precision machined mold 

with holes on its surface. These drilled air holes are linked with vacuum lines. The plate is forced 

to adhere to the mold by the effect of vacuum suction through the holes. Then, slotted aluminum 

ribs are glued on the back manually to hold the aluminum sheet in shape. See Figure 2.6. Finally, 
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the vacuum is released when the glue cures and the whole panel is held in place by the glued ribs 

[17]. 

One of the drawbacks of this method is the spring back that may appear. Therefore, there is a need 

to check the deviation that happens from the original shape and try to compensate for it iteratively. 

The flexed and glued aluminum panels, made by the 54th Research Institute of China Electronics 

Technology Group Corporation (CETC54), used to manufacture radio telescope panels for 

MeerKAT and the Square Kilometer Array (SKA) prototypes. 

 
Figure 2.6. A rib structure applied to the back of the SKA prototype panel to hold its shape. 

2.2.4 Summary of Existing Methods 

A comparison between the traditional reflector panels manufacturing method with the proposed 

technology in terms of accuracy, time, and cost is available in Table 2.1. 
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Table 2.1. Antenna reflector manufacturing technologies comparison [1,17]. 

Technology Example 
Surface 

Accuracy (𝝁𝝁m 
RMS) 

Duration Cost ($/𝒎𝒎𝟐𝟐) 

Machined North American 
ALMA 5-10 8.75 hr/m2 3,760 

Electroformed 
Nickel AEC ALMA 10 3000 panels 

in 6 years Unpublished 

Flex and Glue MeerKAT 70-90 Unpublished 1,250 
Induction 

Thermoforming 
Proposed Research 45 0.6 hr/𝑚𝑚2 550 
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CHAPTER 3 BACKGROUND AND THEORY 

The induction thermoforming process is based on two physical principles. First, the induction 

heating, where a transfer of electric energy is taking place from the inductor coil to the piece to be 

heated through electromagnetic fields. Which, in turn, transfers to heat due to the Joule effect. 

Secondly, the magnetic force (Lorentz effect), which is a repulsive force generated between the 

coil and the workpiece, used to press the panel into the mold. In general, these forces are not 

adequate to make a deformation on the plate. Fortunately, a reduction in the yield strength of the 

plate material is expected at elevated temperature, allowing for plastic deformation to occur with 

small forces. In this chapter, we will study several models that describe the effect of temperature 

on yield strength. Additionally, we will investigate the physics of the induction heating and the 

magnetic forces. Finally, we will explore some important aspects of the process. 

3.1 Metal High Temperature Softening 

Hot-working is a common formation process in which the forming takes place at elevated 

temperatures above the re-crystallization temperature of the metal. The high temperatures reduce 

the flow stress of metals, which results in low deforming forces; therefore, large deformations are 

possible.  It is also known that at high temperatures, the metals become soft as the movement of 

dislocations gets easier [18]. 

The yield strength is a material property defined as the maximum stress that can be applied to the 

material along its axis before changing its shape, i.e. without causing plastic deformation. Many 

factors are affecting yield strength values such as temperature, strain hardening, strain rate, and 

hydrostatic pressure. 
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In this research, the high temperature softening phenomena of metals is utilized, where the yield 

strength decreases with temperatures. This would cause a reduction in the required force to perform 

plastic deformation and in the unwanted springback effect. This temperature effect attributed to 

the high dependency of yield strength on the dislocations' movement of atoms. Increasing 

temperature will boost the internal energy of atoms, so they will vibrate more strongly, which leads 

to making the movement of dislocations easier. Thus, smaller stress is needed to break the bonds 

[18]. 

 
Figure 3.1. The effect of temperature on yield strength [19]. 

As mentioned before, our workpiece will be subjected to both mechanical and thermal loads 

through the forming process. Therefore, there must be an accurate model that characterizes the 

thermo-mechanical response when subjecting the material to high temperatures. Various 

approaches were proposed to describe the relationship between stress, strain rate, and temperature. 

In the following sections, the frequently used models in metal forming simulation will be discussed 

in detail. The widely accepted phenomenological constitutive equations are the Johnson-Cook 

(JC), Khan-Huang-Liang, Arrhenius, and Cowper-Symonds. 
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3.1.1 Johnson-Cook (JC) Constitutive Equation 

The JC constitutive model was first proposed by Johnson and Cook in 1983 [20] and considered 

one of the most used models to predict the plastic behavior of materials at elevated temperatures, 

either in its standard form, as shown in equation (3.1), or with some changes in its terms. 

 𝑆𝑆 = (𝐴𝐴 + 𝐵𝐵𝑒𝑒𝑛𝑛) �1 + 𝐶𝐶 𝑙𝑙𝑙𝑙 �
�̇�𝑒
𝑒𝑒0̇
�� �1 − �

𝑇𝑇 − 𝑇𝑇0
𝑇𝑇𝑚𝑚 − 𝑇𝑇0

�
𝑚𝑚

� 
(3.1) 

where 𝑆𝑆 is the flow stress, 𝑒𝑒 is the plastic strain, �̇�𝑒 is the strain rate, and 𝑒𝑒0̇ is the reference strain 

rate. The material constants are the yield stress under reference conditions 𝐴𝐴, the strain hardening 

constant 𝐵𝐵, the strain hardening coefficient 𝑙𝑙, the strengthening coefficient of strain rate 𝐶𝐶, and 

the thermal softening coefficient 𝑚𝑚. 𝑇𝑇, 𝑇𝑇𝑚𝑚, and 𝑇𝑇0 are the deformation temperature, the melting 

temperature, and the reference temperature, respectively. 

Published researches suggest different ways to calculate the parameters in the JC constitutive 

equation. One of these methods is summarized by Murugesan and Jung in [21]. A cluster global 

optimization algorithm is also proposed to determine the JC model parameters [22]. 

3.1.2 Khan-Huang-Liang (KHL) Constitutive Function 

KHL model is a Phenomenological constitutive model that has been modified to accommodate 

changes in strain rate at elevated temperatures. Khan et al. and Kabirian et al. made this adjustment 

for the original KHL model to study the sensitivity of changes in strain rate at high temperatures 

for AA5182-O material [23,24]. The Khan-Huang-Liang constitutive function is expressed by: 
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 𝑆𝑆 = �𝐴𝐴 + 𝐵𝐵 �1 −
𝑙𝑙𝑙𝑙 �̇�𝑒
𝐷𝐷𝑝𝑝

�
𝑛𝑛1

𝑒𝑒𝑛𝑛0� �
�̇�𝑒
�̇�𝑒∗�

𝐶𝐶

�
𝑇𝑇𝑚𝑚 − 𝑇𝑇
𝑇𝑇𝑚𝑚 − 𝑇𝑇0

�
𝑚𝑚

 
(3.2) 

where 𝑆𝑆 is the true stress, 𝑒𝑒 is the true plastic strain, �̇�𝑒 is the current strain rate, �̇�𝑒∗ is equal to 

0.01𝑠𝑠−1 and it represents the reference strain rate at reference temperature (usually room 

temperature). 𝐴𝐴 and 𝐵𝐵 are material constants and they are determined based on the experimental 

data. 𝐶𝐶 stands for the overall factor for strain rate sensitivity.  𝑇𝑇, 𝑇𝑇𝑚𝑚, and 𝑇𝑇0 are the deformation 

temperature, the melting temperature, and the reference temperature, respectively. 𝑙𝑙0 is the work 

hardening exponent, 𝑙𝑙1 is the strain rate sensitivity of the work hardening, and 𝐷𝐷𝑝𝑝 = 106𝑠𝑠−1 and 

stands for the deformation rate. 

3.1.3 Arrhenius Constitutive Equation  

The Arrhenius constitutive model was used by several researchers to identify the material’s 

parameters after hot compression tests, and to study the deformation characteristics of different 

alloys. The effect of temperature 𝑇𝑇, activation energy 𝑄𝑄, and strain rate �̇�𝑒 on the flow stress 𝑆𝑆 can 

be expressed by the constitutive relationship: 

 𝑆𝑆 =
1
𝛼𝛼
𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑎𝑎𝑙𝑙ℎ

⎝

⎛𝑒𝑒
�
𝑙𝑙𝑛𝑛(�̇�𝑒)−𝑙𝑙𝑛𝑛(𝐴𝐴)+ 𝑄𝑄

𝑅𝑅𝑅𝑅
𝑛𝑛 �

⎠

⎞ (3.3) 

where 𝐴𝐴 and 𝑙𝑙 are material parameters, 𝑅𝑅 is the universal gas constant, and 𝛼𝛼 is the stress 

multiplier. Methods to find these parameters can be found in the literature. One drawback of this 

method is that it can only predict the flow stress for the peak stress or steady-state flow stress [25]. 
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3.1.4 Cowper-Symonds Constitutive Equation 

The Cowper-Symonds is a simple elastic-plastic model that uses a power equation of the strain 

rate. The error in this model is quite low; thus, it is considered as a model that gives good 

performance to predict the entire strain range before the failure happens [26]. In Particular, the 

model catches well the sharp increase in the yield stress at high strain rates. The Cowper-Symonds 

model scales the initial yield stress 𝑆𝑆0 as shown below: 

 𝑆𝑆 = �𝑆𝑆0 + 𝐵𝐵𝑒𝑒𝑝𝑝𝑙𝑙𝑛𝑛 � �1 + �
�̇�𝑒
𝐶𝐶�

1/𝑝𝑝

� 
(3.4) 

where 𝑆𝑆 is the flow stress, 𝑒𝑒𝑝𝑝𝑙𝑙 is the plastic strain, �̇�𝑒 is the strain rate. 𝐶𝐶 and 𝑝𝑝 are the strain-rate 

parameters of the Cowper-Symonds material model; 𝐵𝐵 and 𝑙𝑙 are the strain hardening coefficient 

and hardening exponent, respectively. Those parameters are determined through a special 

experimental and optimization processes. Representing an accurate behavior of the material 

through this model depends on the values of the associated constants [27]. The temperature 

dependence is not included directly into the equation; therefore, the presented coefficients are 

considered as temperature dependent [28]. 

3.2 Induction Heating 

Induction heating (IH) is a heating process of an electrically conductive materials without physical 

contact by means of electromagnetic induction. The phenomenon of the electromagnetic induction 

is based on a complex interaction between the following physical principles: electromagnetic, 

Joule effect, heat transfer, and circuit analysis. 
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A coil of a suitably type and dimensions, placed close to a workpiece to be heated, is subjected to 

an alternating voltage that will generate an alternating current (AC) circulation in the induction 

coil. This current will produce a time-variable magnetic field to its surrounding with the same 

frequency of the current inside the coil. These magnetic fields crossing the workpiece induces eddy 

currents opposing the direction of coil current and have the same alternating frequency. As a result 

of the Joule effect caused by these currents, a non-uniform heat source will be generated in the 

workpiece[29].  

Induction heating has gained increasing interest recently and introduced to many manufacturing 

processes due to its high efficiency, precise control, and very low environmental pollution. It also 

allows localized heating and reduces heating time[30]. This kind of technology finds its place in 

many industrial applications, such as: heat treatment (annealing, hardening, tempering, …), 

melting, forging, welding, and brazing. 

A typical induction heating system consists of a power source, frequency converter, inductor, 

cooling system, and control system. The power source is needed to supply the entire process with 

the required energy to heat the load. The converter adjusts the range of frequencies proper for an 

application. The choice of the frequency is crucial in deciding the distribution and depth of 

penetration of current inside the workpiece, hence the heat generation. The work coil, the inductor, 

is a key factor in how efficient the workpiece is heated. The coil configurations range from simple 

solenoidal type to complex shapes designed for localized or special heating. Figure 3.2 shows the 

common coil designs used for induction heating applications. Water-cooled inductors and a 

suitable control system may be needed for industrial applications where high power density or a 

large production rate is needed.  
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Figure 3.2. Most used inductors geometries  (a) pancake coil, (b) helical coil, (c) conical coil, (d) 

single-turn coil, (e) irregular coil adapted to the workpiece shape, (f) double-helical coil [31]. 

3.2.1 Electromagnetic Analyses of IH 

Before discussing the mathematical model of the magnetic field distribution and the generated 

eddy current, it is important to understand several electromagnetic phenomena and properties that 

affect the performance of an induction heating system.  

3.2.1.1 Electromagnetic Basics 

The alternating current in the induction coil produces a circulating magnetic field around its turns. 

In electromagnetics, this magnetic field can be described by two different but closely related fields: 

the magnetic flux density 𝐵𝐵�⃗  and the magnetic field intensity 𝐻𝐻��⃗ . 

Historically, the term "magnetic field" is used to denote 𝐻𝐻��⃗ . The magnetic field intensity is the 

externally applied magnetic field required to induce magnetic flux density within any material. If 

a coil is wrapped around material and a current passed through it, it will create H-field, which in 

turn will induce a B-field within the material. This magnetic field intensity depends on the current 
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carried by the conductor and the conductor shape and geometry. In SI units, 𝐻𝐻��⃗   measured in 

amperes per meter (A/m). 

The magnetic flux density indicates the amount of magnetic field induced in the medium and 

depends on the intensity of the field and the nature of the medium. 𝐵𝐵�⃗  is measured in teslas (T), 

which is equivalent to (newton second)/ (Coulomb meter). The magnetic field 𝐵𝐵�⃗  generated by a 

current 𝐼𝐼 at position 𝑎𝑎 in 3D-space can be found by Biot–Savart law: 

 𝐵𝐵�⃗ =
μ0
4π

�
𝐼𝐼𝐼𝐼𝑙𝑙 × 𝑎𝑎′��⃗

�𝑎𝑎′��⃗ �
3

𝑐𝑐
 

(3.5) 

where 𝐼𝐼𝑙𝑙 is a vector describes an infinitesimal length of the conductor along the path 𝐶𝐶. The path 

is defined in the direction of the current 𝐼𝐼.  𝑎𝑎′��⃗ = 𝑎𝑎 − 𝑙𝑙 is a displacement vector between the location 

of 𝐼𝐼𝑙𝑙 (𝑙𝑙) and the point at which the magnetic field is calculated 𝑎𝑎, and μ0 is the permeability of 

free space (discussed in the coming sections). Two points can be concluded from the above 

equation. First, the magnetic field induced at any point in the space is a vector sum of each 

infinitesimal segment of the current-carrying wire. Secondly, the magnetic field decreases with 

distance from the conductor. For long, straight wire, with constant uniform current this equation 

becomes: 

 �𝐵𝐵�⃗ � =
μ0𝐼𝐼
2π𝑎𝑎

 (3.6) 

with a direction tangent to a circle perpendicular to the conductor. The relation between current 

and B-field can also be specified by the simplified form of Ampere’s law: 
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 �𝐵𝐵�⃗
𝑐𝑐

⋅ 𝐼𝐼𝑙𝑙 = 𝜇𝜇𝐼𝐼𝑒𝑒𝑛𝑛𝑐𝑐 (3.7) 

with 𝐼𝐼𝑒𝑒𝑛𝑛𝑐𝑐 is the current enclosed by the path 𝐶𝐶. 

Conversely, a time-varying magnetic field is always accompanied by an electric field (hence a 

current) when it fluxes through a surface enclosed by a loop, due to Faraday's law of induction: 

 �𝐸𝐸�⃗
𝑐𝑐

⋅ 𝐼𝐼𝑙𝑙 = −
𝐼𝐼
𝐼𝐼𝑑𝑑
�𝐵𝐵�⃗
𝑠𝑠

⋅ 𝐼𝐼𝐴𝐴 
(3.8) 

where 𝑠𝑠 is surface bounded by the closed path 𝑎𝑎, 𝐸𝐸�⃗  is the electric field, 𝐼𝐼𝑙𝑙 is an infinitesimal vector 

element of the path 𝑎𝑎, and 𝐼𝐼𝐴𝐴 infinitesimal vector element of surface 𝑠𝑠. The generated currents are 

called eddy currents. The minus sign means that the induced electric field will have the opposite 

direction to the magnetic field. This conclusion is the well-known Lenz's law. 

3.2.1.2 Electromagnetic Properties 

In this section, we will concentrate on the properties with the most notable effect on the 

performance of an induction heating system, namely electrical resistivity and magnetic 

permeability. 

3.2.1.2.1 Electrical Resistivity (Electrical Conductivity) 

Electrical resistivity (𝜌𝜌) can broadly be defined as the material ability to resists electric current. 

The SI units for 𝜌𝜌 is ohm⋅meter (𝛺𝛺 ⋅ 𝑚𝑚). The relationship between the electrical resistivity and 

electrical resistance 𝑅𝑅 (𝛺𝛺) for a single material conductor with a uniform cross-section is given 

by: 



33 
 

 𝜌𝜌 = 𝑅𝑅
𝐴𝐴
𝑙𝑙
 (3.9) 

where 𝑙𝑙 is the length of the conductor and 𝐴𝐴 is the cross-sectional area of the conductor. Electrical 

conductivity (𝜎𝜎) is the reciprocal of electrical resistivity. It defines how easily the material can 

conduct an electric current. The SI unit of electrical conductivity is siemens per meter (𝑆𝑆/𝑚𝑚), with 

𝑆𝑆 is equivalent to (1/ 𝛺𝛺). Both properties are used interchangeably in engineering practice. In 

general, metals and alloys are excellent electrical conductors. Electrical resistivity for common 

induction heating metals at room temperature is summarized in Table 3.1.  

Electrical resistivity values are affected by temperature and chemical composition. For metals, 𝜌𝜌 

increases with temperature. The electrical resistivity relationships with temperature for some 

metals are shown in Figure 3.3. 

A linear function is used sometimes to describe the relationship between the electrical resistivity 

and the temperature: 

 𝜌𝜌(𝑇𝑇) = 𝜌𝜌0[1 + 𝛼𝛼(𝑇𝑇 − 𝑇𝑇0)] (3.10) 

where 𝜌𝜌0 is the electrical resistivity at the reference temperature 𝑇𝑇0, 𝜌𝜌(𝑇𝑇) is the electrical resistivity 

at any temperature, and 𝛼𝛼 is the temperature coefficient of the electrical resistivity (1/o𝐶𝐶). Values 

of 𝛼𝛼 for selected metals are available in Table 3.1. 

Table 3.1. Electrical resistivities and temperature coefficient for some metals [29]. 

Material (at 25 C) Electrical Resistivity 𝜌𝜌 
(µΩ*m) 

Temperature 
Coefficient α 

(1/°C) 
Aluminum 0.027 0.0043 

Copper 0.017 0.004 
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Gold 0.024 0.0035 
Lead 0.21 0.0037 
Silver 0.015 0.004 

Tungsten 0.054 0.0045 

Electrical resistivity has a direct effect on the heat generation, and hence the performance of the 

induction system. Therefore, it is important to account for its temperature variations for a more 

accurate result. 

 
Figure 3.3. Electrical resistivities of some metals [29]. 

3.2.1.2.2 Magnetic Permeability and Permittivity 

Magnetic permeability (𝜇𝜇) is the capability of a material to conduct magnetic flux. In SI units, 

permeability is measured in Henries per meter (𝐻𝐻/𝑚𝑚). Generally, relative magnetic permeability 

(𝜇𝜇𝑟𝑟) is used rather than the magnetic permeability to specify the permeability. It is defined as the 

ratio of the permeability of the material to the permeability of free space (𝜇𝜇0).  

 𝜇𝜇𝑟𝑟 =
𝜇𝜇
𝜇𝜇0

 (3.11) 
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Where 𝜇𝜇0 = 4𝜋𝜋 × 10−7𝐻𝐻/𝑚𝑚 is the permeability of free space. In electromagnetism, magnetic 

permeability is also defined as the ratio of the magnetic flux density (𝐵𝐵) to magnetic field intensity 

(𝐻𝐻). 

 𝜇𝜇 =
𝐵𝐵
𝐻𝐻

 (3.12) 

Different materials are classified into three major categories based on their magnetization ability: 

1) Paramagnetic materials: These materials are characterized by slightly greater values of 𝜇𝜇𝑟𝑟 than 

1 (𝜇𝜇𝑟𝑟 > 1). Aluminum, titanium, and stainless steel are examples of these materials.  

2) Diamagnetic materials: Relative magnetic permeability of this material is slightly less than 1 

(𝜇𝜇𝑟𝑟 < 1). This is true in the case of copper, gold, and silver. 

3) Ferromagnetic materials: High values of 𝜇𝜇𝑟𝑟 are expected of such materials (𝜇𝜇𝑟𝑟 >> 1). A well-

known example of ferromagnetic materials is carbon steels. 

In most induction heating applications, relative magnetic permeability decreases with increasing 

temperature until it loses the magnetic property becoming nonmagnetic. This point is called the 

Curie temperature (Curie point). 

On the other hand, permittivity, denoted by 𝜀𝜀, indicates the capability of a material to conduct 

electric field. The standard SI unit for permittivity is Farad per meter (𝐹𝐹/𝑚𝑚). It is common to use 

relative permittivity 𝜀𝜀𝑟𝑟 to indicate permittivity, which is defined as the ratio of the absolute 

permittivity and the permittivity of free space (𝜀𝜀0 = 8.854 × 10−12𝐹𝐹/𝑚𝑚). 
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 𝜀𝜀𝑟𝑟 =
𝜀𝜀
𝜀𝜀0

 (3.13) 

3.2.1.3 Electromagnetic Phenomena in IH 

It is important to understand some of the electromagnetic phenomena that affect magnetic field 

distribution and nonuniform eddy current flow, hence the performance of an induction heating 

system. In this section, we will discuss the most significant phenomena that will arise in the 

electromagnetic solution of the problem. 

3.2.1.3.1 Skin Effect 

Skin effect is a characteristic of alternating currents where they will be concentrated on the surface 

of the conductor. In general, the current density is highest at the surface of the conductor and 

decrease exponentially toward its center, producing non-uniform distribution of current density 

[32]. The distribution of the current density with thickness of the workpiece is given by: 

 𝐽𝐽 = 𝐽𝐽𝑒𝑒𝑒𝑒−𝑦𝑦/δ (3.14) 

where 𝐽𝐽 is the current density (𝐴𝐴/𝑚𝑚2) at distance 𝑦𝑦 from the conductor’s surface, 𝐽𝐽𝑒𝑒 is the current 

density at the conductor’s surface, and 𝛿𝛿 is penetration depth (𝑚𝑚). The penetration depth 𝛿𝛿 is the 

thickness of the surface layer at which the current density has decreased to 0.37 of its value at the 

surface (63% of the current confined there). The formula for the penetration depth in a 

homogeneous and linear medium is given by: 

 δ = �
2ρ
ω𝜇𝜇

= 503�
ρ
𝜇𝜇𝑟𝑟𝑓𝑓

 (3.15) 
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where ω = 2π𝑓𝑓 is the frequency in (𝑎𝑎𝑎𝑎𝐼𝐼/𝑠𝑠) and 𝑓𝑓 is the frequency in (𝐻𝐻𝐻𝐻). According to the last 

equation, the penetration depth in the workpiece depends on the frequency of the AC field and 

material properties (ρ and 𝜇𝜇) of the workpiece. 

Similarly, the distribution of volumetric power density from the surface of workpiece toward the 

interior can be expressed by: 

 𝑤𝑤 = ρ𝐽𝐽𝑒𝑒2𝑒𝑒
−2𝑦𝑦δ  (3.16) 

It turns out that 86.5% of the total electromagnetic wave power is dissipated within a surface layer 

with thickness equal to the penetration depth. Figure 3.4 shows the distributions of current and 

power density with the depth per penetration depths. As obvious, the concentration of current and 

power densities are negligible with distances greater than three times the penetration depth [32]. 

Finally, δ is a function of temperature since both ρ and 𝜇𝜇 changes with temperature. Penetration 

depths for various materials at different temperatures are shown in Figure 3.5. 

 
Figure 3.4. Current density (𝐽𝐽) and power density (w) distributions as a function of the distance from the 

surface of the workpiece [32]. 



38 
 

 
Figure 3.5. Reference depth for various materials at different temperatures [33]. 

3.2.1.3.2 Proximity Effect 

The proximity effect is a surface phenomenon where a change in current density distributions of 

two (or more) conductors placed nearby to each other happened due to the interaction of their 

magnetic fields. For the case of AC flow in two conductors, the proximity effect will depend on 

the direction of currents and the distance separating them. 

If the conductors’ current flow in opposite directions, then the magnetic field generated by each 

conductor is having the same direction in the interior areas complementing each other and opposite 

directions in the exterior areas canceling each other. Therefore, the current distribution will be 

concentrated on the sides facing each other. The opposite is expected if the current flow in the 

same direction lead to more concentration on the opposite sides of the conductors. Both cases are 

presented in Figure 3.6. On the other hand, the strength of the proximity effect will decrease with 

increasing the distance between conductors.  
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In most induction heating applications, proximity effect occurs between the inductor holding the 

source current and an electrically conductive workpiece with generated eddy currents. Because of 

the opposite direction of these currents (as per Faraday’s law), both the coil current and eddy 

currents will concentrate in the areas facing each other leading to more heating in these regions. 

Therefore, proximity effect will improve coil to workpiece electromagnetic coupling. 

 
Figure 3.6. Proximity effect [34]. 

3.2.1.3.3 End and Edge Effects in Rectangular Slabs 

The end and edge effects are a magnetic field distortion that may arise in induction heating, leading 

to overheating at the workpiece edges. These effects occur both in longitudinal and transversal 

directions because of the finite size of the slab. In general, the end and edge effects depend on the 
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induction heating application, the workpiece geometry and material, and the relative lengths of the 

load and the coil [35]. 

Figure 3.7 illustrates the basic features of this phenomenon. A workpiece with length 𝑎𝑎 and width 

𝑏𝑏, which are considerably larger than its thickness 𝐼𝐼, is located in a uniform magnetic field oriented 

along the z-axis. The electromagnetic field distribution is subdivided into three regions: the central 

zone, where it is characterized by constant field distribution corresponds to an infinite plate excited 

by the same magnetic field, and areas of longitudinal end effect and transversal edge effect. Also, 

the figure demonstrates the induced power density distribution 𝑝𝑝 on the top surface of the plate 

along the x and z axes, normalized to the center point value 𝑃𝑃𝑐𝑐 of the longer side's centerline. 

 
Figure 3.7. End and edge effects in the induction heating of a slab [35]. 
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3.2.1.4 Mathematical Modeling of the Electromagnetic Field 

The complete mathematical model of induction heating involves physical phenomena related to 

electromagnetic and heat transfer. In this section, the basic equations that governed the 

electromagnetic fields are discussed in detail. 

The system of equations governing the electromagnetic field is Maxwell’s equations. Their 

differential form for a general time-varying field is: 

 ∇ × 𝐻𝐻��⃗ = 𝐽𝐽 +
𝜕𝜕𝐷𝐷��⃗
𝜕𝜕𝑑𝑑

 (3.17) 

 ∇ × 𝐸𝐸�⃗ = −
∂𝐵𝐵�⃗
∂𝑑𝑑

 (3.18) 

 ∇ ⋅ 𝐷𝐷��⃗ = ζ (3.19) 

 ∇ ⋅ 𝐵𝐵�⃗ = 0 (3.20) 

where 𝐻𝐻��⃗  is magnetic field intensity (Wb), 𝐵𝐵�⃗  is the magnetic flux density (T), 𝐸𝐸�⃗  is the electric field 

intensity (V/m), 𝐷𝐷��⃗  is the electric flux density (C/𝑚𝑚2), 𝐽𝐽 is the current density (A/𝑚𝑚2), and ζ is the 

electric charge volume density (C/𝑚𝑚3). 

The current density 𝐽𝐽 is consists of the source current density 𝐽𝐽𝑠𝑠��⃗  and the induced eddy current 

density 𝐽𝐽𝑒𝑒���⃗ . 

 𝐽𝐽 = 𝐽𝐽𝑠𝑠��⃗  +𝐽𝐽𝑒𝑒���⃗  (3.21) 
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Maxwell’s equations have a specified physical interpretation in addition to their mathematical 

value. The explanation for each of them is summarized in Table 3.2. 

Table 3.2. Maxwell's equations and their physical meaning. 

Equation 
Number Name Physical Meaning 

Equation (3.17) 
Ampere’s law 

(with Maxwell's 
addition)  

A circulating magnetic field is generated by an electric 
current and/or by the change of electric field with time 
(Displacement current). 

Equation (3.18) Faraday's law of 
induction 

A changing magnetic field produces a circulating 
electric field and induces currents in the surrounding 
area. The minus sign indicates that the induced electric 
field will have the opposite direction to the source field.  

Equation (3.19) Gauss's law The static electric field is directly proportional to the 
electric charges that is causing it.  

Equation (3.20) Gauss's law for 
magnetism 

There are no source points at which the magnetic field 
lines start or end; instead, they form a continuous loop. 

 

This system of equations should be coupled with the following relations associated with 

conducting material properties to make it solvable: 

 𝐽𝐽 = σ𝐸𝐸�⃗  (3.22) 

 𝐵𝐵�⃗ = 𝜇𝜇𝐻𝐻��⃗  (3.23) 

 𝐷𝐷��⃗ = 𝜀𝜀𝐸𝐸�⃗  (3.24) 

where σ, 𝜇𝜇, and 𝜀𝜀 denote the electrical conductivity, magnetic permeability, and permittivity of the 

material, respectively. 

For low-frequency applications, which is the case for most induction heating process of metallic 

materials, the displacement current density ∂𝐷𝐷��⃗ / ∂𝑑𝑑 is negligible compared to the current density 𝐽𝐽. 
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This is what we call the magneto-quasistatic system. In general, this assumption is reasonable with 

the condition: 

 ω𝐿𝐿 ≪
1
√μ𝜀𝜀

 (3.25) 

where ω is the frequency and 𝐿𝐿 is the characteristic length of the problem. Therefore, Ampere’s 

law, equation (3.17), can be simplified as: 

 ∇ × 𝐻𝐻��⃗ = 𝐽𝐽 (3.26) 

The zero-divergence condition of 𝐵𝐵�⃗  in equation (3.20) allows writing 𝐵𝐵�⃗  in terms of magnetic vector 

potential 𝐴𝐴, (Wb/m). 

 𝐵𝐵�⃗ = ∇ × 𝐴𝐴 (3.27) 

From equations (3.18) and (3.27), one can obtain the electric field by: 

 𝐸𝐸�⃗ = −
∂𝐴𝐴
∂𝑑𝑑

− ∇𝜑𝜑 (3.28) 

where 𝜑𝜑 is the electric scalar potential, (V). From equations (3.22) and (3.28): 

 𝐽𝐽 = −σ
∂𝐴𝐴
∂𝑑𝑑

+ 𝐽𝐽𝑠𝑠��⃗  (3.29) 

with  𝐽𝐽𝑠𝑠��⃗ = −σ∇𝜑𝜑. Also, the current density can be written as: 

 𝐽𝐽 = ∇ × 𝐻𝐻��⃗ = ∇ × �
1
𝜇𝜇
𝐵𝐵�⃗ � = ∇ × �

1
𝜇𝜇
∇ × 𝐴𝐴� (3.30) 
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Substituting (3.29) in (3.30), then: 

 ∇ × �
1
𝜇𝜇
∇ × 𝐴𝐴� = −σ

∂𝐴𝐴
∂𝑑𝑑

+ 𝐽𝐽𝑠𝑠��⃗  (3.31) 

Similar equations can be derived for different fields 𝐻𝐻��⃗ , 𝐵𝐵�⃗ , 𝐸𝐸�⃗ , and 𝐽𝐽. For a time-harmonic source 

current density with a single frequency ω: 

 𝐽𝐽𝑠𝑠��⃗ (�⃗�𝑥, 𝑑𝑑) = 𝐽𝐽𝑠𝑠��⃗
′
(�⃗�𝑥)𝑒𝑒𝑗𝑗ω𝑡𝑡 (3.32) 

 𝐴𝐴(�⃗�𝑥, 𝑑𝑑) = 𝐴𝐴′(�⃗�𝑥)e𝑗𝑗(ω𝑡𝑡+ϕ) (3.33) 

where 𝑗𝑗 denote the imaginary number. Equation (3.31) becomes: 

 ∇ × �
1
𝜇𝜇
∇ × 𝐴𝐴� = −𝑗𝑗ωσA��⃗ + 𝐽𝐽𝑠𝑠��⃗  (3.34) 

or 

 
1
𝜇𝜇
∇�∇ ⋅ 𝐴𝐴� −

1
𝜇𝜇
∇2𝐴𝐴 + ∇ �

1
𝜇𝜇�

× �∇ × 𝐴𝐴� = −𝑗𝑗ωσA��⃗ + 𝐽𝐽𝑠𝑠��⃗  (3.35) 

For a homogeneous, isotropic medium independent of the field ∇(1/𝜇𝜇) = 0 and imposing the 

Coulomb gauge condition ∇ ⋅ 𝐴𝐴 = 0 [36], the differential equation of the magnetic vector potential 

will be in the form: 

 𝑗𝑗ωσA��⃗ −
1
𝜇𝜇
∇2𝐴𝐴 = 𝐽𝐽𝑠𝑠��⃗  (3.36) 

This governing equation with proper boundary conditions can be solved for magnetic vector 

potential directly or other fields indirectly taking into consideration the coil type. A Dirichlet 
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condition (𝐴𝐴 = 0) or Neumann condition (∂𝐴𝐴/ ∂𝑙𝑙 = 0) at the outer boundary of the region and 

continuous fields between objects are usually used for boundary conditions. The general boundary 

conditions of electrical and magnetic fields at the interface between two materials are derived from 

Maxwell’s equations and summarized in the Table 3.3. The unit normal, 𝑙𝑙�, points outward from 

medium 2 toward 1. 

Table 3.3. General electrical and magnetic field boundary conditions at the interface between two materials. 

Boundary condition Meaning 

𝑙𝑙� ⋅ �B��⃗ 1 − B��⃗ 2� = 0 
The normal component of the magnetic flux 
density must be continuous across the surface 
between medium 1 and 2. 

𝑙𝑙� × �𝐸𝐸�⃗1 − 𝐸𝐸�⃗ 2� = 0 
The tangential components of the electric field 
are continuous across the boundary between 
medium 1 and 2. 

𝑙𝑙� ⋅ �𝐷𝐷��⃗ 1 − 𝐷𝐷��⃗ 2� = ζ 

The normal component of the electric flux is 
discontinuous across the interface between 
medium 1 and 2 unless the case of electrically 
conductive medium ζ = 0. 

𝑙𝑙� × �H��⃗ 1 − H��⃗ 2� = J⃗s 

The tangential components of the magnetic 
field intensity are discontinuous across the 
interfacing mediums, and the jump in their 
values equal the surface current density. If the 
material has a finite conductivity, then there is 
a zero-surface current, and the tangential 
components are continuous. 

3.2.2 Thermal Analyses of IH  

A second important physical phenomenon related to induction heating processes is heat transfer. 

We present here a brief introduction of essential thermal properties and a general mathematical 

model where the heat generated because of eddy currents circulation being the source of 

temperature increase in the workpiece. 
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3.2.2.1 Thermal Properties 

The thermal properties of the workpiece have a direct influence on the type of heating and the 

induction system design. Therefore, defining the correct values of these properties is a crucial step 

in molding induction heating.    

Thermal conductivity is a measure of a material capability to conduct heat. It is commonly denoted 

by 𝑘𝑘 and measured in watts per meter-kelvin (W/m k). A high thermal conductivity material will 

transfer heat faster than a low thermal conductivity material. For local heating applications, a low 

thermal conductivity material is more desirable where lower heat losses are achieved. However, a 

high thermal conductivity material is favorable if our goal is to obtain a uniform temperature 

distribution within the workpiece. The nonlinear temperature dependence of 𝑘𝑘 is shown in Figure 

3.8. According to the Wiedemann-Franz law, there is a theoretical relation between the thermal 

conductivity 𝑘𝑘 and the electrical conductivity 𝜎𝜎 with Lorentz number 𝐿𝐿 being the constant of 

proportionality as per the following: 

 𝐿𝐿 =
𝑘𝑘
σ𝑇𝑇

= 2.445 × 10−8  𝑊𝑊 ⋅ ω/𝐾𝐾2 (3.37) 

Specific heat c is the amount of energy to be added to a unit mass of the material to increase its 

temperature by one degree. The SI unit of specific heat is expressed in (J/K kg).  A higher specific 

heat value means more energy required to heat a unit mass one temperature degree. The increase 

in specific heat is linear as a function of temperature. Specific heat values with temperature for 

different metals is shown below. 



47 
 

 
Figure 3.8. The temperature dependence of the thermal conductivity for selected solids [37]. 

 
Figure 3.9. Specific heat vs. temperature for some metals [29]. 
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The thermal conductivity and specific heat values differ dramatically based on the type of alloy 

used for induction heating. In general, their values for aluminum alloys are usually lower than 

those of pure aluminum [12]. See Table 3.4. 

Table 3.4. Variation of thermal properties of some 7000-series aluminum alloys from pure aluminum at room 
temperature [29]. 

Aluminum Alloy Temper Treatment 
Thermal 

Conductivity W/(m 
°C) 

Specific Heat        
J/(kg °C) 

Pure aluminum Commercial grade 211 933 

7005 
O 166 855 
T6 137  

7050 T73 180 860 
7072 O 227 893 

7075 
T6 130 960 
T73 155  

3.2.2.2 Mathematical Modeling of Temperature Field 

The temperature evolution in the workpiece can be expressed by the classical heat equation. 

 γ𝑎𝑎
∂𝑇𝑇
∂𝑑𝑑

= ∇ ⋅ (𝑘𝑘∇𝑇𝑇) + 𝑄𝑄 (3.38) 

where 𝑇𝑇 is temperature, γ is the density, 𝑎𝑎 is the specific heat, 𝑘𝑘 is the thermal conductivity, 𝑄𝑄 is 

the heat source term due to eddy currents (W/𝑚𝑚3). For the case of heat conduction in a plate 

workpiece, it is common to express the above equation in Cartesian coordinates: 

 γ𝑎𝑎
∂𝑇𝑇
∂𝑑𝑑

=
∂
∂x �

𝑘𝑘
T
∂x�

+
∂
∂y �

𝑘𝑘
T
∂y�

+
∂
∂z �

𝑘𝑘
T
∂z�

+ 𝑄𝑄 (3.39) 

The heat generated by eddy currents 𝑄𝑄 is obtained from the electromagnetic solution by:  
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 𝑄𝑄 = 𝐽𝐽 ⋅ 𝐸𝐸�⃗ =
1
σ
�𝐽𝐽�

2
= σ�𝐸𝐸�⃗ �

2
 (3.40) 

The temperature distribution in the workpiece can be found by solving (3.39) and (3.40) with 

appropriate boundary and initial conditions. The initial condition is usually uniform and equals to 

the ambient temperature. Different kind of boundary conditions are present based on the induction 

heating system and the assumptions involved: a combination of convection and thermal radiation 

heat losses between the workpiece and the air, Neumann boundary condition in the case of a 

perfectly insulated workpiece, prescribed temperature or heat flux. 

Table 3.5. Boundary conditions for the heat equation. 

Distribution Boundary condition 
Specified temperature 𝑇𝑇 = 𝑇𝑇𝑠𝑠 

Specified heat flux −𝑘𝑘
∂𝑇𝑇
∂𝑙𝑙

= 𝑞𝑞𝑠𝑠 

Adiabatic or insulated surface ∂𝑇𝑇
∂𝑙𝑙

= 0 

Convection surface condition −𝑘𝑘
∂𝑇𝑇
∂𝑙𝑙

= ℎ(𝑇𝑇 − 𝑇𝑇∞) 

Radiation surface condition −𝑘𝑘
∂𝑇𝑇
∂𝑙𝑙

= 𝜀𝜀𝜎𝜎𝐹𝐹12(𝑇𝑇14 − 𝑇𝑇24) 

Solid interface 
𝑇𝑇1 = 𝑇𝑇2 

𝑘𝑘1
∂𝑇𝑇1
∂𝑙𝑙

= 𝑘𝑘2
∂𝑇𝑇2
∂𝑙𝑙

 

where 𝑙𝑙� is a unit normal with a direction outward to the surface, 𝑇𝑇𝑠𝑠 is the prescribed temperature, 

𝑞𝑞𝑠𝑠 is the prescribed heat flux, ℎ is the convection heat transfer coefficient [𝑊𝑊/(𝑚𝑚2 ⋅ °𝐶𝐶)], 𝜀𝜀 is the 

material emissivity, 𝜎𝜎 is the Stefan–Boltzmann constant [𝜎𝜎 = 5.67 × 10−8𝑊𝑊/(𝑚𝑚2𝑘𝑘4)], 𝐹𝐹12 is the 

shape factor between surface 1 and 2 (𝐹𝐹12 =1 for the case of a workpiece surrounded by the 

environment), and 𝑇𝑇∞ is the ambient temperature. 
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Convection losses vary dramatically with temperatures of the workpiece and the surrounding air, 

and the value of the convection coefficient, wither it is free or forced. The convection condition 

stated in the table can be replaced with an empirical relation to account for a workpiece in the open 

air [38], therefore:  

 −𝑘𝑘
∂𝑇𝑇
∂𝑙𝑙

= 1.54(𝑇𝑇 − 𝑇𝑇∞)4/3 (3.41) 

From practice, convection dominates the largest share of heat losses when it comes to low-

temperature induction heating applications, especially in the case of forced convection. Whereas, 

radiation is more important at elevated temperature for materials with high emissivity. 

A significant amount of radiation heat transfer between the coil and the workpiece may come into 

the scene for high temperature heating applications, leading to making the losses calculation more 

complicated. This radiation exchange requires the knowledge of the temperature distribution of 

the coil as well. For a circular cross section heating coil, equation (3.38) can be used in 

axisymmetric coordinate to evaluate the temperature at each point in the coil surface: 

 γ𝑎𝑎
∂𝑇𝑇
∂𝑑𝑑

=
1
𝑎𝑎
∂
∂𝑎𝑎 �

𝑘𝑘𝑎𝑎
∂𝑇𝑇
∂𝑎𝑎�

+
∂
∂𝑥𝑥 �

𝑘𝑘
∂T
∂𝑥𝑥�

+ 𝑄𝑄 (3.42) 

Using a liquid-cooled coil instead of a solid coil complicates the problem and introduces the 

general flow equations in axisymmetric coordinate. For an incompressible flow with constant 

viscosity 

Mass conservation equation: 
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 1
𝑎𝑎
𝜕𝜕
𝜕𝜕𝑎𝑎

(𝑎𝑎𝑣𝑣𝑟𝑟) +
∂
∂𝑥𝑥

(v𝑥𝑥) = 0 (3.43) 

Momentum Conservation Equations: 

 

γ �
∂v𝑥𝑥
∂t

+ v𝑥𝑥
∂v𝑥𝑥
∂𝑥𝑥

+ v𝑟𝑟
∂v𝑥𝑥
∂𝑎𝑎 �

= −
∂P
∂𝑥𝑥

+ μ
∂2v𝑥𝑥
∂𝑥𝑥2

+
μ
𝑎𝑎
∂
∂𝑎𝑎 �

𝑎𝑎
∂v𝑥𝑥
∂𝑎𝑎 �

+ B𝑥𝑥 

(3.44) 

 

γ �
∂v𝑟𝑟
∂t

+ v𝑥𝑥
∂v𝑟𝑟
∂𝑥𝑥

+ v𝑟𝑟
∂v𝑟𝑟
∂𝑎𝑎 �

= −
∂P
∂𝑎𝑎

+ μ
∂2v𝑟𝑟
∂𝑥𝑥2

+
μ
𝑎𝑎
∂
∂𝑎𝑎 �

𝑎𝑎
∂v𝑟𝑟
∂𝑎𝑎 �

− μ
v𝑟𝑟
𝑎𝑎2

+ B𝑟𝑟 

(3.45) 

Energy Conservation Equation: 

 

𝛾𝛾 �
𝜕𝜕𝑒𝑒
𝜕𝜕𝑑𝑑

+ 𝑣𝑣𝑥𝑥
𝜕𝜕𝑒𝑒
𝜕𝜕𝑥𝑥

+ 𝑣𝑣𝑟𝑟
𝜕𝜕𝑒𝑒
𝜕𝜕𝑎𝑎�

=
∂
∂𝑥𝑥 �

𝑘𝑘
∂𝑇𝑇
∂𝑥𝑥�

+
1
𝑎𝑎
𝜕𝜕
𝜕𝜕𝑎𝑎 �

𝑘𝑘 𝑎𝑎
𝜕𝜕𝑇𝑇
𝜕𝜕𝑎𝑎�

+ μ �
∂𝑣𝑣𝑥𝑥
𝜕𝜕𝑥𝑥 �

2

+ μ �
∂𝑣𝑣𝑥𝑥
𝜕𝜕𝑎𝑎 �

2

+ μ �
∂𝑣𝑣𝑟𝑟
𝜕𝜕𝑥𝑥 �

2

+ μ �
∂𝑣𝑣𝑟𝑟
𝜕𝜕𝑎𝑎 �

2

 

(3.46) 

where 𝑣𝑣𝑥𝑥 and 𝑣𝑣𝑟𝑟 are the axial and radial velocity components, respectively. P is the fluid pressure, 

B𝑥𝑥 is the body force component in the axial direction, B𝑟𝑟 is the body force component in the radial 

direction, and μ is the fluid viscosity. Finally, 𝑒𝑒 is the internal energy of the fluid, where 𝐼𝐼𝑒𝑒 = 𝑎𝑎𝐼𝐼𝑇𝑇 

for liquids. The above-mentioned equations are highly nonlinear and coupled with each other. 

Therefore, numerical techniques with simplifying assumptions are required to solve them 

correctly. 
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3.3 Lorentz Forces 

Maxwell (the Scottish scientist) explained that a varying magnetic field will not only induce eddy 

currents in nearby conductors but will also apply forces to these conductors. These non-contact 

forces are called Lorentz forces. The Lorentz force is a force on a non-stationary charged particle 

due to magnetic fields. According to some references, the Lorentz force is defined as the total 

electromagnetic force (magnetic and electric forces); however, our definition here is restricted to 

the magnetic force. 

For some applications, excessive magnetic forces can adversely affect the rigidity, repeatability, 

and heating quality of the induction heating system. If not correctly addressed, magnetic forces 

may cause excessive noise, vibration, or even a failure in the system parts. On the other hand, these 

forces play a vital rule in other applications. Some examples of Lorentz forces applications are 

levitators, electromagnetic pumps, and electromagnetic separators [29]. 

In induction thermoforming, the Lorentz force is used to form an electrically conductive workpiece 

gradually to the desired shape. Although the amount of this force is small, it will be enough to 

perform the electromagnetic formation. The workpiece is being heated while the force applied, 

lowering yield strength, which makes the force enough for the process to plasticly forming the 

workpiece. Several advantages are expected for using these forces compared with conventional 

forming methods, for instance: 

1) There is no mechanical contact between the coil and the workpiece. This allows for avoiding 

unnecessary impurities or imprint on the surface of the workpiece.  
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2) The process is highly repeatable and automated. The applied force can be adjusted remotely 

by varying the system input parameters. 

3) The method reduces the tool and energy cost significantly because heating and forming 

required the same setup. 

4) The formation of low-conductive material (glass, polymers, and ceramics) can be achieved by 

the magnetic force.  

5) Less springback is expected compared to conventional forming operations. 

Mathematically speaking, a particle of charge 𝑞𝑞 traveling in a magnetic field 𝐵𝐵�⃗  with an 

instantaneous velocity �⃗�𝑣 experiences a force of: 

 �⃗�𝐹 = 𝑞𝑞�⃗�𝑣 × 𝐵𝐵�⃗  (3.47) 

The direction of this force is perpendicular to both the magnetic field 𝐵𝐵�⃗  and �⃗�𝑣 and defined by the 

right-hand rule. The work associated with this force is zero because the velocity of the particle and 

the magnetic force are always perpendicular to each other. 

Instead of a single particle, the Lorentz force on a continuous charge distribution can be written 

as: 

 𝐼𝐼F�⃗ = 𝐼𝐼𝑞𝑞 �⃗�𝑣 × 𝐵𝐵�⃗  (3.48) 

where 𝐼𝐼�⃗�𝐹 is the force applied on an infinitely small amount of the charge distribution with a charge 

𝐼𝐼𝑞𝑞. Dividing both sides by the volume of this amount of charge distribution 𝐼𝐼𝑑𝑑: 
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 𝐼𝐼�⃗�𝐹
𝐼𝐼𝑑𝑑

= ζ �⃗�𝑣 × 𝐵𝐵�⃗  (3.49) 

where 𝜁𝜁 = 𝐼𝐼𝑞𝑞/𝐼𝐼𝑑𝑑  is the charge density. From the definition of the current density 𝐽𝐽 = 𝜁𝜁 �⃗�𝑣, the 

force density (𝑁𝑁/𝑚𝑚3) is: 

 𝐼𝐼F�⃗
𝐼𝐼𝑑𝑑

= J⃗ × B��⃗  (3.50) 

The total magnetic force is then: 

 F�⃗ = � J⃗
V

× B��⃗  𝐼𝐼𝑑𝑑 (3.51) 

In AC analysis, the evaluation of the Lorentz forces based in equation (3.51) leads to two integrals: 

a constant part which reflects a time average value and an alternating part represents a harmonic 

change in time with twice frequency as the original field [39]. The resulting forces of an 

electromagnetic field are then expressed by: 

 �⃗�𝐹𝐷𝐷𝐶𝐶 =
1
2
∫ Re|𝐽𝐽 ̅× 𝐵𝐵�∗| d𝑑𝑑 (3.52) 

 �⃗�𝐹𝐴𝐴𝐶𝐶 =
1
2
∫ |𝐽𝐽 ̅× 𝐵𝐵�| d𝑑𝑑 (3.53) 

where 𝐽𝐽 ̅and 𝐵𝐵�  are the current density and the magnetic flux density complex vectors and the ∗

 symbol represents the complex conjugate. 

For a current-carrying wire settled in a magnetic field, each charge comprising the current will 

experience the Lorentz force. The cumulative effect of these forces is called the Laplace force. In 

the case of a curved, stationary wire with a steady current 𝐼𝐼, the net force is: 
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 F�⃗ =  𝐼𝐼 � d𝑙𝑙 × B��⃗  (3.54) 

where d𝑙𝑙  is an infinitesimal segment vector of the wire whose direction is along the current flow. 

3.4 Springback Effect 

Springback is one of the challenges faced by many manufacturing industries that affect the 

dimensional accuracy of a final part. Springback is the alteration in the geometry of a part that 

happens during unloading when releasing the forces at the end of the forming process, leading to 

a change in the final form of the workpiece. Thus, it is considered as an elastic distortion. This 

effect creates many difficulties in predicting the final shape of a workpiece. So, springback 

compensation is required to achieve accurate results and to reduce the risk of wasting money on 

changing tools and processes later [40].  

In a workplace environment, trial and error are commonly used to solve problems related to 

springback. However, this method is considered as a waste of material, money, effort, and time. 

Specialized simulation software based on finite element algorithms has also been used to solve 

this problem by revealing springback early for different shape parts. Nevertheless, this method 

accuracy is sensitive to the boundary conditions and the material that is used in the simulation 

model [41]. 

Accordingly, there is a real need to use a method or to design an appropriate tool to overcome 

these obstacles.  In our study, meeting dimensional specifications of the formed workpiece are 

challenging. Thus, we suggest using an adjustable mold with a proper control system for direct 

spring back compensation based on sensors data feedback. This will help in reducing time and 



56 
 

effort while having an accurate final product, making this method suitable for automated 

production lines. 

3.5 Adjustable Mold 

Molding is the process of manufacturing by shaping raw material using a rigid frame called mold. 

Casting and stamping are a common example of molding. Mold manufacturing is considered as a 

nonrecurring cost (NRC), which means that the cost of equipment or maintenance incurred only 

one time or at least not regularly. Therefore, the mold must be designed carefully to avoid any 

added costs in the future. 

Forming molds can occur by several methods. In cold forming operations, severe tool damage and 

large springback are problematic [42]. Thus, the die must be designed in a way that compensates 

this springback so it can overcome such problems. On the other hand, the machining process for 

these dies may be expensive, time-consuming or both which leads to a limitation in using them in 

industrial series production. 

To overcome these obstacles, a new reconfigurable mold technology was developed by Dr. Roger 

Angel (USA Patent No. 62/899,093, 2019) and intended to be used with induction thermoforming. 

An adjustable mold is used to form the workpiece into the required shape (i.e. a parabola in our 

case). This mold is consisting of hexagonal tiles joined together with springs, forming a 

honeycomb-like shape. This is achieved by water jet machining of a metallic sheet to cut it in a 

way that considerably increases its flexibility while maintaining its mechanical properties. The 

elevation and orientation of each tile are accurately adjusted by an actuator moving in the axial 

direction and a swivel-like mechanism that allows the free tilting of the hexagons to form a smooth 

surface. This allows for fine tuning of the overall mold shape. 
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Figure 3.10. Adjustable mold: 50 x 50 cm prototype (left) and a descriptive diagram (right) showing the 

tiles joined with springs with bolts used as actuators adjusted from the back, and the workpiece being formed on 
top of it (USA Patent No. 62/899,093, 2019). 

The reshaping ability allows for manufacturing multiple panels with a different profile with a 

single mold, saving the time, material, and energy of retooling dies. Also, it provides a method for 

springback compensation if it is integrated with a feedback-control system. Additionally, mold 

wear is easily corrected. 

To adjust the mold, a comparison between the parabolic equation of the desired shape with a 3D 

cloud point of the position of the center of each tile processed by an algorithm created in Matlab 

(Figure 3.11a). The position of the tiles is carried out with the help of a coordinate measuring 

machine (CMM). The algorithm then calculates the residuals (Figure 3.11b) and creates a position 

matrix that defines the number of degrees and turn's direction of each actuator to adjust the mold. 

The same process will be repeated until an acceptable level of error is reached. Figure 3.11c shows 

the exponential relationship between the RMS error obtained and the number of iterations [1].  The 

RMS error formula described with the following formula: 

 𝑅𝑅𝑅𝑅𝑆𝑆 𝑒𝑒𝑎𝑎𝑎𝑎𝑒𝑒𝑎𝑎 = �∑ �𝐻𝐻𝑚𝑚𝑚𝑚 − 𝐻𝐻𝑝𝑝𝑚𝑚�
2𝑛𝑛

𝑚𝑚=1
𝑙𝑙

 (3.55) 
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where 𝐻𝐻𝑚𝑚𝑚𝑚 and 𝐻𝐻𝑝𝑝𝑚𝑚 represents the 𝑎𝑎𝑡𝑡ℎ measured and expected elevation values, respectively, and 𝑙𝑙 

is the number of samples. 

 
(a) 

 
(b) 

 
(c) 

Figure 3.11. Adjustable mold fine tuning: (a) point cloud for the final iteration, with the second order 
polynomial curve fitting; (b) residual plot for the required curve and (c) iteration vs RMS error for a desired 

curve, obtaining 56 µm RMS in 7 iterations. 

The RMS error is a function of the mold’s size, the surface characteristics, and the size of each tile 

that conforms to the flexure. If the desired shape is a parabola, then the RMS error decreases with 

the focal length of the parabola. For a fixed focal length, the RMS error is minimized when 

reducing the tile size as expected. 
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CHAPTER 4 DESCRIPTION OF THE PROBLEM AND THE 

SOFTWARE 

4.1 System’s Parameters 

The numerical solution domain can be divided into four different regions based on the geometry 

and the material, namely, the workpiece, the induction coil, the coolant fluid, and the mold. All 

these parts should be contained inside a rectangular airbox, where the fields will be solved. Figure 

4.1 shows a CAD drawing of a typical induction thermoforming system. The mold is excluded 

from the drawing to avoid confusion. In this section, each part's properties and dimensions are 

introduced. 

 
Figure 4.1. Induction thermoforming system. 
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4.1.1 The Workpiece 

A rectangular plate (125×125×3 mm), made from 1100 aluminum alloy, was adopted in this model 

as our workpiece. 1100 aluminum alloy belongs to the 1000 series, as specified by the American 

Society for Testing and Materials (ASTM). Besides aluminum (99% min), its alloy composition 

limits are copper (0.05–0.20%), iron (1% max), silicon (1% max), manganese (0.05% max), zinc 

(0.1% max), and others (0.15% max). This alloy is used in applications that need good formability 

and high corrosion resistance, where high strength is not substantial. Thus, it used widely in storage 

equipment, sheet metal work, and heat exchangers [43]. 

The range of temperatures that the workpiece will be affected by is between the room temperature 

and just below the melting temperature of the alloy (643-657 °C). The relative magnetic 

permeability within the temperature range of interest was considered constant. According to 

experience, it assigned a value of 1.000021. The electrical resistivity increases with temperature 

and satisfies a linear relationship. By referring to relevant literature, the resistivity of 1100 

aluminum alloy is 30.2 𝑙𝑙𝛺𝛺 ⋅ 𝑚𝑚 at 20 °𝐶𝐶, with a temperature coefficient of 0.1 𝑙𝑙𝛺𝛺 ⋅ 𝑚𝑚 per K [43]. 

Therefore, we can get the following relation to estimate the resistivity values in 𝛺𝛺 ⋅ 𝑚𝑚: 

 ρ = (28.2 + 0.1T) × 10−9 (4.1) 

The values of workpiece thermophysical properties with temperature are manifested in Table 4.1. 

The density, specific heat, and thermal conductivity of the plate were approximated as a piecewise 

linear function. The emissivity coefficient for the workpiece is roughly 0.1 for a polished surface. 

Finally, the air in contact with the workpiece was considered at a constant temperature equal to 

the environment temperature, with a convection heat transfer coefficient equal to 50 𝑊𝑊/(𝑚𝑚2 ⋅ °𝐶𝐶). 
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Table 4.1. The thermophysical properties of 1100 aluminum alloy with temperature [44]. 

T (°𝑪𝑪) Density (kg/𝒎𝒎𝟑𝟑) Specific Heat (J/g K) Thermal conductivity 
(W/m K) 

25 2710 0.91 219 
100 2700 0.93 221 
200 2660 0.975 226 
300 2640 1.00 226 
400 2615 1.03 224 
500 2595 1.08 224 
600 2575 1.14 217 

 

4.1.2 The Induction Coil 

A hollow pancake coil was chosen as the inductor for our initial study of the induction 

thermoforming process. Table 4.2 lists the induction coil dimensions used in the experiment. The 

inductor was made from a flexible copper tube with a 1 mm thick fiberglass jacket that serves as 

electrical insulation. Initially, the coil was placed 3mm above the workpiece and excited by a 300 

Ampere current with 35 kHz frequency. For the sake of simplicity, the copper properties were 

considered temperature independent, as indicated in Table 4.3. The coil was built with an inside 

channel to permit the flow of a cooling liquid through it. 

Table 4.2. Inductor geometry. 

Number of turns 7 

External Diameter 8 mm 

Internal Diameter 6 mm 

Turn spacing 10 mm 
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Table 4.3. Material properties of the inductor. 

Specific Heat 
(J/kg K) 

Thermal 
conductivity 

(W/m K) 

Density 
(kg/𝒎𝒎𝟑𝟑) 

Electrical 
conductivity 

(S/m) 

Relative 
permeability 

381 387.6 8978 58000000 0.999991 

4.1.3 The Coolant 

There is a need to cool the induction coil and the power supply electronics in high power 

applications to avoid system failure. A typical heat dumping mechanism consists of coolant, 

coolant storage, pump, and fan radiator. In our project, liquid water served as the coolant. Relevant 

properties of water are summarized in the following table. 

Table 4.4. Material properties of the water. 

Specific Heat (J/kg K) Thermal conductivity 
(W/m K) Density (kg/𝒎𝒎𝟑𝟑) Viscosity (kg/m s) 

4182 0.6 998.2 0.001003 

4.1.4 The Mold 

A glass mica ceramic mold was invented with dimensions of 125×125×12 mm by machining one 

of its faces to a convex spherical shape with a radius of 1410 mm. Glass mica ceramic (also known 

as Mykroy/Mycalex) is an excellent electrical and thermal resistive material that is used to 

fabricate intricate shapes. One of the advantages of this material is the dimensional stability at 

high-temperature conditions (up to 800 °C). The thermal material characteristics of the mold 

material, as specified by the manufacturer, are listed in Table 4.5. 

Table 4.5. Material properties of glass mica ceramic [45]. 

Specific Heat (J/kg K) Thermal conductivity 
(W/m K) Density (kg/𝒎𝒎𝟑𝟑) 

502.4 1.15 2700 
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4.2 Mathematical Model   

In this section, we summarized the final set of assumptions, equations, and boundary conditions 

for easy referencing.  

4.2.1 Assumptions and Limitations  

Some conditions were assumed when simulating the system to make the solution method more 

manageable. The impact of these assumptions will be verified in the coming chapters. 

1) The magneto-quasistatic form of Maxwell’s equations was used with the Coulomb gauge 

assumption. 

2) Constant material properties were assumed for the coil, the coolant, and the mold. This can be 

justified by knowing that their temperatures are not expected to increase significantly. 

3) Due to the software limitation, the immediate air temperature, in contact with the heated 

workpiece, was assumed constant with a temperature equal to the environment temperature.  

4) Because of the fiberglass insulation of the coil, the radiation exchange between the workpiece 

and the inductor was neglected. 

5) The air gap between the plate and the adjustable mold was handled by adding a thermal 

resistance to the model. 

6) No magnetic flux concentrators were adapted in our model (sometimes used in induction 

heating applications). The concentrators are specialized materials used to intensify the 

magnetic field in certain areas, leading to an increase in power transfer efficiency. 
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7) The workpiece is fixed in place (A rotating mechanism was used in the experimental setup to 

ensure a uniform temperature distribution in the workpiece). 

4.2.2 Governing Equations 

The final set of equations that govern the induction thermoforming process after implementing the 

assumptions listed in the last section are given as follows: 

• Electromagnetic equations: 

 jωσA��⃗ −
1
𝜇𝜇
∇2𝐴𝐴 = 𝐽𝐽𝑠𝑠��⃗  (4.2) 

 𝐽𝐽𝑒𝑒 = −jωσA��⃗  (4.3) 

• Thermal equations: 

The workpiece 

 γ𝑤𝑤𝑎𝑎𝑤𝑤
∂𝑇𝑇𝑤𝑤
∂𝑑𝑑

= 𝑘𝑘𝑤𝑤 �
∂2𝑇𝑇𝑤𝑤
∂𝑥𝑥2

+
∂2𝑇𝑇𝑤𝑤
∂𝑦𝑦2

+
∂2𝑇𝑇𝑤𝑤
∂𝐻𝐻2

� +
1
σ𝑤𝑤

�𝐽𝐽𝑒𝑒�
2
 (4.4) 

The Mold 

 γ𝑚𝑚𝑎𝑎𝑚𝑚
∂𝑇𝑇𝑚𝑚
∂𝑑𝑑

= 𝑘𝑘𝑚𝑚 �
∂2𝑇𝑇𝑚𝑚
∂𝑥𝑥2

+
∂2𝑇𝑇𝑚𝑚
∂𝑦𝑦2

+
∂2𝑇𝑇𝑚𝑚
∂𝐻𝐻2

� (4.5) 

• Magnetic force equations: 

 �⃗�𝐹𝐷𝐷𝐶𝐶 =
1
2
∫ Re|𝐽𝐽e̅ × 𝐵𝐵�∗| d𝑑𝑑 (4.6) 
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 �⃗�𝐹𝐴𝐴𝐶𝐶 =
1
2
∫ |𝐽𝐽e̅ × 𝐵𝐵�| d𝑑𝑑 (4.7) 

where the subscripts 𝑤𝑤 and 𝑚𝑚 refer to the workpiece and the mold, respectively. The magnetic 

flux density 𝐵𝐵�⃗  in the force equations can be found from the magnetic vector potential definition, 

equation 3.27. The electromagnetic and the thermal equations form the electromagnetic - thermal 

coupling needed to be solved to obtain all required fields. 

4.2.3 Initial and Boundary Conditions 

The initial temperature of all system parts was assumed uniform and equal to the room temperature 

𝑇𝑇∞. Furthermore, a suitable number of boundary conditions are needed for each domain to finish 

the problem modeling. 

• Electromagnetic boundary conditions: 

Along the remote boundary 

 𝐴𝐴 = 0 (4.8) 

Along the boundary 𝛤𝛤12 between the domains 𝛺𝛺1 and 𝛺𝛺1 

 𝐴𝐴1 = 𝐴𝐴2 (4.9) 

• Thermal boundary conditions: 

All heat transfer modes appear at our workpiece boundaries, as shown in the figure below. A 

combination of convection and radiation conditions occurs at all surfaces in contact with the 

surrounding air. Additionally, conduction exists at the interface between the workpiece and the 
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mold. The air gap should be handled carefully by adding a thermal resistance between the two 

parts.  Similar boundary conditions were assumed for the mold except for the bottom surface, 

where it is perfectly insulated. 

 
Figure 4.2. Aluminum plat’s thermal model, showing all boundary conditions. 

Mathematically, the convection-radiation boundary condition can be described as: 

 −𝑘𝑘𝑤𝑤
𝜕𝜕𝑇𝑇𝑤𝑤
𝜕𝜕𝑙𝑙

= ℎ(𝑇𝑇𝑤𝑤 − 𝑇𝑇∞) + 𝜀𝜀𝜎𝜎(𝑇𝑇𝑤𝑤4 − 𝑇𝑇∞4) (4.10) 

and at the interface: 

 𝑘𝑘𝑤𝑤
∂𝑇𝑇𝑤𝑤
∂𝑙𝑙

= 𝑘𝑘𝑚𝑚
∂𝑇𝑇𝑚𝑚
∂𝑙𝑙

 (4.11) 

 𝑘𝑘𝑤𝑤
∂𝑇𝑇𝑤𝑤
∂𝑙𝑙

= 𝐶𝐶(𝑇𝑇𝑤𝑤 − 𝑇𝑇𝑚𝑚) (4.12) 

where 𝐶𝐶 is the interface conductance, which is equal to the thermal conductivity of the air over the 

average gap depth. A reasonable value for this depth can be found from knowing the mold's shape 

profile. The mold can be approximated as a parabolic surface with focal length 𝑓𝑓 (Figure 4.3a): 
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 𝐻𝐻 =
1

4𝑓𝑓
(𝑥𝑥2 + 𝑦𝑦2) (4.13) 

Since the workpiece is initially set at the corner tiles, we can find the gap thickness at each point 

on the plate surface. A Matlab code was developed for this purpose, as per Figure 4.3b. The mean 

value is 1.845 mm. Thus, the gap thermal conductance was estimated to be 16.771 W/𝑚𝑚2K. 

  
(a) (b) 

Figure 4.3. Air gap estimation: (a) Parabolic shape of the mold surface; (b) Gap thickness plot. 

4.3 ANSYS Software 

Last century, the concepts and theories behind different multiphysics field simulations were purely 

theoretical because of the scarcity of computing resources. Nowadays, pioneered researchers 

started on developing sophisticated algorithms and establishing simulation software that solves 

these problems by segregating physics into categories to facilitate the solving process. Moreover, 

computational engineers became more specialized and experienced in this field. On the other hand, 

the coupling of different physics together is still considered as a challenge since we must integrate 

various elements using completely different platforms. 
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Aware of these challenges, researchers developed different commercial software, such as 

COMSOL Multiphysics and ANSYS, that gather all physics in a single platform. In this research, 

ANSYS software was chosen to solve the problem with the aid of ANSYS Maxwell 3D and 

ANSYS Mechanical software. ANSYS software offers flexible multiphysics simulations, where 

we can make parameter optimization to foresee how they will perform in real work environments. 

Moreover, users can import CAD geometries directly to ANSYS workbench. In addition to that, 

ANSYS software accelerates the meshing of large and complex geometries, giving the users the 

capability to adjust and control their design to generate a high-quality mesh. 

In this section, ANSYS Maxwell 3D and ANSYS Mechanical software needed to solve the 

electromagnetic and thermal fields will be introduced. Then, the coupling algorithm will be 

discussed. 

4.3.1 ANSYS Maxwell 3D 

ANSYS Maxwell is a high-performance electromagnetic field simulation software package. It 

used by engineers to make analysis and design of 2D and 3D electromechanical and 

electromagnetic devices, such as sensors, motors, transformers, coils, and actuators. Due to the 

complexity of our problem, the simplification of the model to a 2D problem is impossible. 

Therefore, Maxwell 3D was the chosen design type. ANSYS Maxwell solves the electromagnetic 

problems by solving Maxwell's equations in a defined region. The numerical method adopted by 

the software for this purpose is the finite element analysis (FEA). The modeling process steps of 

the solution are shown in the subsequent flowchart. 
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Figure 4.4. Maxwell 3D modeling process. 

ANSYS Maxwell automatically chooses the appropriate equations when solving a problem based 

on the selected solver. The available magnetic solvers are Magnetostatic, Eddy Current, and 

Magnetic Transient. Eddy Current is the commonly adopted solver for induction heating 

applications. It used mainly for solving magnetic field applications that vary sinusoidally with time 

at a given frequency. The solver is limited to applications with stationary objects and linear 

materials properties. The quantity solved by this solver is the magnetic field (𝐻𝐻), allowing us to 

calculate all other fields from it. 

Finite element is a powerful numerical technique for solving initial and boundary value problems 

by breaking the geometry into small pieces called elements. The accuracy of its solution increases 

with the number of elements. The idea of this method is based on reducing the differential 

equations into algebraic equations, which can be easily solved with Gaussian elimination, by using 

a weighted integral form of the equations. In ANSYS Maxwell 3D, the tetrahedron is the 

fundamental unit of elements. The tetrahedron has ten nodes at edges and vertices of its 3D 

structure, as shown in Figure 4.5. The field quantities were calculated at these nodes, and the 

remaining field was interpolated with a second-order quadratic polynomial. 

Solver type Geometry Material 
properties

Field 
sources 

and 
boundary 
conditions

Mesh Solution post 
processing
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Figure 4.5. Representation of 10 nodes tetrahedron. 

Maxwell relies on an automatic adaptive algorithm to generate the mesh, which allows for accurate 

and efficient field solutions. The automatic meshing is convenient for arbitrary geometry changes 

and accounts for currents at small depths. In the analysis setup window, the user will define the 

level of acceptable errors for convergence and the percent of mesh refinement for each solution 

pass. This choice is based on a trade-off between the desired solution accuracy and the available 

computing resources. After each pass, the software will report the percent energy error and, if 

required, refine the mesh in places where there are significant errors, strong field, large field 

gradients, or have a considerable impact on the solution. The optimal goal for the adaptive mesh 

is to reduce the number of passes and to improve the mesh details on complicated geometries. This 

process is illustrated in the following flowchart. 



71 
 

 
Figure 4.6. Convergence flow chart for Maxwell 3D software. 

  

4.3.2 ANSYS Mechanical 

The software utilized for the thermal solution is ANSYS Mechanical. Like Maxwell, Mechanical 

relies on finite element analysis to perform structural and thermal simulations. A complete set of 

material models and governing equations are available in this product for a wide range of 

engineering problems. Moreover, ANSYS Mechanical supports multiphysics coupling, such as 

thermal-magnetic and thermal-structural analysis. 
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A transient thermal analysis was used to solve our problem. The basic equation for such analysis 

is the heat equation, where it determines time-dependent nodal values of temperature and other 

related thermal quantities. ANSYS Mechanical has nearly the same principles of FEA described 

in the last section; the most significant difference is the element type, where high-order brick 

elements with 20 nodes (Figure 4.7) were employed for our problem.  Different Boundary 

conditions can be set with the software, for example, convection, radiation, heat generation, heat 

fluxes, and specific temperature. 

 
Figure 4.7. Brick element with 20 nodes. 

In our project, the AC losses were mapped from Maxwell as a distributed load to the transient 

thermal solver. The Joule heat source with the assigned conditions will be solved to obtain the 

temperature distribution within the plate. For accurate results, two quantities should be accurately 

defined; the model’s mesh must have an adequate spatial resolution, and the time step should be 

sized correctly to capture the transient behavior of the mesh. 

4.3.3 Systems Coupling  

Coupling analysis is a crucial step in our simulation. Different programs for different fields must 

be connected to solve a multiphysics problem. There are two types of coupling algorithms: the 

one-way coupling and the two-way coupling. In one-way coupling, the output data of one analysis 

will be used as input data for the other one. In our problem, this means the following: getting the 
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thermal heat source by solving the electromagnetic field equations and then obtaining temperatures 

by solving the thermal equations. 

In the process of induction heating, magnetic properties, such as the electric conductivity, are 

highly dependent on the temperature. Ignoring the effect of temperature will produce misleading 

results with considerable deviations from the actual one.  The Workpiece temperature may rise 

rapidly, which causes a change in the material properties that leads to changes in the 

electromagnetic field. These changes will affect the heating efficiency in addition to the control 

process for the induction heating temperature. To get a better simulation for the process, the two-

way coupling simulation must be carried out where the thermal and magnetic equations are solved 

back and forth until the end of the time interval.  

The chosen coupling method should take account for the difference in time scales between the 

solvers. For instance, the time scale for thermal analysis is measured in minutes or seconds, while 

the time scale for the magnetic solver is in fractions of a millisecond. In our project, the coupling 

was done with the aid of ANSYS workbench. The workbench is a platform that assists in 

performing integrated simulations by connecting different solvers. The connection between the 

solvers is illustrated in Figure 4.8.  

A specialized ANSYS wizard created for such problems will help in transferring the information 

automatically back and forth between Maxwell 3D and ANSYS Mechanical. The basic idea of the 

process is to divide the time domain into small chunks, each with a length of the coupling time 𝛥𝛥𝑑𝑑. 

After solving for thermal and electromagnetic fields in one period, material properties will be 

updated for the next interval based on the computed temperature data. The process will continue 

until reaching the end time of the study 𝑙𝑙. The algorithm for the solution is shown in Figure 4.9. 
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Figure 4.8. Coupling between ANSYS Maxwell 3D and ANSYS Mechanical using ANSYS 

Workbench interface. 

 
Figure 4.9. Coupled electromagnetic thermal analysis flowchart.  
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CHAPTER 5 RESULTS AND DISCUSSION 

This research aims to provide a prototype study of the induction thermoforming method to confirm 

its applicability. This step is necessary for understanding the system and will be followed in the 

future by a simulation of a real-sized radio telescope reflective panel. The numerical analysis of 

the model was performed by ANSYS software to evaluate the magnetic forces generated by the 

induction coil and the spatial and temporal evolution of temperature in the workpiece. The 

governing equations, boundary conditions, geometry, and material properties of the system were 

given in Chapter 4. In this chapter, results and other modeling issues are demonstrated in detail. 

5.1 Meshing and General Aspects of the Analysis 

The automatic adaptive algorithm was used to generate the mash for the magnetic problem, as per 

the grids shown in Figure 5.1 and Figure 5.2. The workpiece mesh was refined in the top surface 

facing the coil, where a high magnetic field concentration is expected, to ensure accurate 

calculation. As mentioned in Chapter 3, the majority of the current and the heat generation will be 

induced within the penetration depth of the aluminum plate. Therefore, a finer mesh was 

established through the structure of the plate by creating three layers with a height equal to the 

skin depth (δ ≈0.5 mm). Doing so will ensure that the edge length of the elements does not exceed 

the skin depth, and hence, a reliable result for the problem. See Figure 5.3. 
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Figure 5.1. A quarter of the induction coil, showing the mesh used for solving the magnetic 

problem. 

  

(a) (b) 

Figure 5.2. The workpiece mesh used for solving the magnetic problem: (a) Top surface; (b) Bottom 
surface. 
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Figure 5.3. The workpiece side view, showing the mesh through the plat depth. 

The mesh consists of 137969 tetrahedral elements for the workpiece, 679101 for the induction 

coil, and 1162152 for the air region. These values were achieved after performing a mesh 

convergence study using the adaptive meshing algorithm. After five iterations, each with a 30% 

increase in the number of elements, we reached an error below 0.12%. This result is given in Figure 

5.4. 

 
Figure 5.4. Mesh convergence study for the adaptive meshing algorithm. 
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The mold and the cooling flow were ignored in the model since they do not have any effect on the 

magnetic problem. One the other hand, the air region was modeled as a rectangular volume that 

contains the inductor and the workpiece (shown in Figure 4.1). The rectangle’s dimensions should 

be large enough to avoid interrupting the magnetic field inside. It is recommended that each 

dimension should be at least twice the length of the longest interior part [46]. In our case, the 

dimensions of the air region are 400×400×200 mm, which is satisfying the described condition. 

To have accurate thermal results, the workpiece and the mold should have a fine mesh to ensure 

suitable mapping for the generated heat. The twenty-node hexahedra (brick element) is usually 

used in simulations to model three-dimensional objects. Other parts of the model were suppressed 

because of their small impact on the workpiece temperature. Also, the thermal solution should be 

time step independent. Thus, mesh and time step studies were performed. The investigation 

indicated that 144000 elements for the workpiece and 16000 elements for the mold with a time 

step between 0.2-0.6 seconds would be enough for the problem. Figure 5.5 displays the complete 

mesh grid for the thermal model. 

Finally, the two-way coupling time should be defined carefully. This time represents the times 

when the generated heat and temperatures are re-evaluated between the two software packages. It 

depends on how sensitive the generated heat due to temperature changes in the system and how 

much the temperature changes over time of interest. Generally, it is acceptable to wait for a 10-15 

degree temperature change before re-evaluating the losses. This will not affect the final steady-

state temperature but might have a slight effect on the transient ramp up time. 
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Figure 5.5. The mesh grid used to solve the thermal problem. 

5.2 Magnetic Fields Analyses 

In this section, the electromagnetic side of the problem will be investigated. The distribution of 

the current density (𝐽𝐽), magnetic flux density (𝐵𝐵�⃗ ), and power generation rate were obtained at the 

end of our analysis (around 240 seconds). This information will help in understanding the nature 

of the process and provide a tool to measure the reliability of the results. 

A plot for the 𝐵𝐵�⃗  field for the reflective plate is shown in Figure 5.6. Because of the electromagnetic 

end and edge effects, the greatest values are at the workpiece edges. We may have a sense of how 

immense these values are after we know that the strength of the earth's magnetic field is 31.869 

µT. The non-symmetrical magnetic flux values are a result of the non-symmetrical induction coil 

used in the process. 
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Figure 5.6. Magnetic flux density magnitude at the workpiece surface. 

The vector form of the current density distribution in the inductor is displayed in Figure 5.7. The 

vectors are always perpendicular to the coil cross-sectional area and points toward the current flow 

direction. Due to the proximity effect, the source current is more intense on the sidewall of the 

conductor close to the workpiece surface. Figure 5.8 presents the generated currents within the 

workpiece surface. Assuredly, the eddy current vectors' direction is opposite to that in the coil. 

This substantiates the fact that the induced eddy current in neighboring conductors always opposes 

the effect of the magnetic field generated from the source conductor. Furthermore, the current in 

both the workpiece and the coil are concentrated close to their exterior surface as evidence of the 

skin effect. 
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Figure 5.7. Source current density distribution in vector form. 
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Figure 5.8. The generated Eddy currents within the workpiece surface. 

The Joule heat distribution of the workpiece was obtained through simulation at the study end time 

t=240 seconds (See Figure 5.9). When the workpiece was considered, the generated heat rate was 

571.1 W, compared to 366.3 W at the beginning of the study. Unfortunately, the total heat 

generation cannot be recorded during the experiment. The heat generation increase over time is 

due to the decrease in the electrical conductivity with temperature, which in turn is inversely 

proportional to Joule heat as per equation 3.40. The maximum and minimum generation zones also 

agree with the magnetic and eddy current fields. 
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Figure 5.9. Joule heat distribution of the workpiece at 240 seconds. 

5.3 Thermal Analyses 

The generated heat distributions obtained from the electromagnetic analysis were employed in the 

thermal simulation. The heat generation rate was mapped to each element in the thermal model. 

Then, the temperature distribution of the model was calculated with the heat equation (equation 

3.39). The temperature field of the workpiece after 240 seconds of heating is shown in Figure 5.10. 

By this time, the model assumptions are still valid, and the air gap between the mold and the plate 

did not change dramatically. Yet, a long time investigation of the induction heating process needs 

knowledge of the slumped panel shape with time. The maximum temperature was 455.66 °C, 

which occurred at the workpiece edge, as expected. 
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Initially, one can see nonuniformities in the temperature distribution through the plate, which is 

attributed to the nonhomogeneous current density. The edge to center temperature difference in 

the surface of the workpiece is a result of the electromagnetic edge effect and the heat losses by 

convection and radiation. On the other hand, the difference in temperature with depth formed by a 

combination of skin and proximity effects. As time proceeds, the variation becomes invisible due 

to conduction in the plate material. 

 
Figure 5.10. Temperature distribution of the plate at 240 seconds (°C). 

To validate the numerical model, the time evolution of the workpiece temperature (upper surface 

average) has been compared with data obtained from the experiment, as presented in Figure 5.11. 

It can be noted that both profiles show agreement, with a systematic lower experimental value. 

The relative error between them is within 12%, which is an acceptable level of accuracy. Several 

factors may cause this discrepancy, for instance, measurement errors triggered by the imperfect 

contact between the thermocouple and the plate surface and model parameters uncertainty 
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summarized in Section 4.2.1. More investigations will be done to diminish this difference in the 

future. 

 
Figure 5.11. Comparison of average temperature history curve of the workpiece. 

Figure 5.12 illustrates the heat flux distribution in the workpiece at the end of the study. The time 

evolution of the losses for each heat transfer mode is presented in Figure 5.13. We can deduce that 

convection is the most dominant mode in the time interval of interest. This justifies our assumption 

of ignoring the plate-coil radiation exchange. Despite the meager contribution of conduction in the 

process at the beginning, we expect that conduction will play a preeminent role when the slumped 

panel is pressed fully into the mold. 
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Figure 5.12. Heat flux distribution of the plate at 240 seconds (W/𝑚𝑚2). 

 
Figure 5.13. Rate of heat flow at the surface of the plate with time. 
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5.4 Magnetic Forces 

Let us now look at the second principal topic in our research, which is the magnetic forces that 

were applied on the plate. As reported earlier, the magnetic force is consisting of two parts, 

constant and alternating. This concept can be seen in Figure 5.14. The graph highlights both force 

components with the phase in degrees. The steady part is presented as a horizontal line with an 

amount of 3.24 N, whereas the sinusoidal line represents the alternating component of the force 

with two peak values of 3.23 N within the cycle. Hence, the maximum Lorentz force is 6.47 N. 

We observe that the total load is ranging between zero and the maximum value. This loading 

behavior is similar to hammer-type loading. Despite this slight force value, it was experimentally 

confirmed its sufficiency to perform the desired shaping. This finding might not be generalized 

without a clear description of the material behavior under elevated temperatures. Figure 5.15 

shows the volumetric maximum force density over the workpiece. As anticipated, the highest force 

density occurs at the edges because the magnetic field will be extreme there. Basically, this force 

is a 3D presentation of the force influence function when the workpiece is stationary. To simulate 

the substrate rotation effect, a convolution approach can be performed. 
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Figure 5.14. Magnetic force with phase in degrees. 

 
Figure 5.15. Maximum volumetric force density over the workpiece. 
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5.5 Parametric Analysis 

A parametric study was performed to examine the essential parameters that affect the induction 

thermoforming process. These vital parameters include the source current amplitude, the 

frequency, and the distance between the plate and the conductor. Multiple values for the quantity 

of interest were used while keeping other parameters fixed to detect each parameter effect 

independently. 

Initially, the current amplitude effect on the method was investigated. The power supply frequency 

and the distance between the workpiece and the conductor were assigned values of 35 kHz and 3 

mm, respectively. The current was selected at three different values (200 A, 300 A, 450 A). Figure 

5.16 demonstrates the temporal evolution of the temperature for these current excitations, while 

Figure 5.17 and Figure 5.18 represent how the average temperature and the magnetic force were 

affected by the variation of the current values. Both have a robust direct proportional relationship 

with the current. Increasing the source current by 50% will lead to an increase in the maximum 

magnetic force (~123%) and temperature (~120%). However, this boost is not always pontifical 

to the process. To explain, the plate will start melting after 100 seconds of heating in the case of 

450 A, without giving enough time for the magnetic force to form the workpiece into the desired 

shape. 
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Figure 5.16. Temperature profile for three different current amplitudes. 
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Figure 5.17. Applied current amplitude effects on temperature. 

 
Figure 5.18. Applied current amplitude effects on magnetic force. 
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The same procedure was utilized to inspect the effect of the power frequency in our process. For 

a fixed coil to plate distance (3 mm) and current (300 A), the frequency was selected at three values 

(20 kHz, 35 kHz, 50 kHz). The temperature profile with time for the three values can be shown in 

Figure 5.19. Figure 5.20 indicates that the average temperature of the workpiece will be increased 

by increasing the frequency. The coil current frequency also has a direct impact on the heat 

generation rate distribution within the workpiece. According to equation 3.15, if the coil frequency 

decreased, the skin depth will increase, leading to more uniform heat generation distribution within 

the plate body. Figure 5.21 highlights the influence of frequency values on the maximum magnetic 

force. It can be seen that its effect is minor for this range of frequencies. 

 
Figure 5.19. Temperature profile for three different frequencies. 
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Figure 5.20. Heating frequency effects on temperature. 

 
Figure 5.21. Heating frequency effects on magnetic force. 
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Our normal excitation (300 A current and 35 kHz frequency) has been chosen to study the impact 

of the coil to plate distance in the problem. Three distance values were used for the analysis (2 

mm, 3 mm, 4 mm). Figure 5.22 to Figure 5.24 demonstrate the inverse relationship between the 

distance and both the temperature and the magnetic force. 

 
Figure 5.22. Temperature profile for three different distances between the coil and the plate. 
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Figure 5.23. Coil to plate distance effects on temperature. 

 
Figure 5.24. Coil to plate distance effects on magnetic force.  
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CHAPTER 6 CONCLUSION 

In the present work, our essential goal was to build the mathematical model for the induction 

thermoforming method, which includes the effect of two central phenomena: the induction heating 

and the electromagnetic forming. We had systematically investigated the impact of magnetic and 

thermal properties variation with temperature, especially in our situation, where we have a 

considerable temperature increase (approximately 600 degrees). Hence, numerical simulations 

were performed via a two-way coupling algorithm, with the aid of the commercially available 

ANSYS software, to solve our problem. 

We had obtained satisfactory results demonstrating the magnetic and thermal fields. Furthermore, 

the magnetic and thermal aspects of the problem were studied intensively. Comparing 

temperatures obtained from the simulation with the experimental ones proves how effective our 

model is, where the percentage error was relatively less than 12%. It is plausible that some 

limitations might influence the results obtained. To begin with, human errors in measurement 

could have altered the reliability of the results. Another possible source of error is the assumptions 

and simplifications that we adapted to solve the model. 

We have managed to do a parametric study to investigate the influence of different parameters on 

the solution of the problem. Three factors were considered: the current amplitude, the power 

supply frequency, and the distance between the coil and the workpiece. The findings of this study 

indicate a proportional relationship between the current with the temperature and force values. A 

similar trend is expected for the frequency but to a lesser extent. The plate to coil distance, 

however, showed a negative correlation with the temperature and the force. Caution should be 

exercised when choosing these variables to avoid system failure or an increase in processing time. 
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Reaching the desired force values can be done by increasing the source current for a brief time 

during the process without causing a rapid rise in temperature. Quantitatively, the temperature was 

affected by the parameters as per the following order: Current > frequency > distance, while the 

magnetic force: Current > distance > frequency. 

This study is the first step towards enhancing our understanding of the method. Design sensitivity 

analysis will be performed to deeply investigate the effect of each parameter in the output fields. 

Additionally, valuable information can be obtained from the non-dimensionalization of the 

problem. More experiments should be conducted to perform simulations for real-life panels with 

the 1m × 1m dimensions. Also, our investigations are still ongoing to include the workpiece 

deflection with time into our simulation. Lastly, the results so far have been very encouraging to 

extend the study to cover different coil's geometry. 
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