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WELCOME ADDRESS 
 

This International Colloquium on Modelling for Electromagnetic Processing in 
Hannover is the sevenths one in the tradition of these colloquiums organised by the University 
of Latvia and University of Hannover since 1999 held in Riga or in Hannover. 

This year the Institute of Electrotechnology of the Leibniz University of Hannover has 
the pleasure to be the host of the colloquium MEP 2014, which brings together scientists and 
researchers from universities, research institutions and industrial companies. 

Electromagnetic processing of materials is a future oriented increasing field of 
applications for the use of electromagnetic fields. Increasing interest is observed in melting 
processes for metals and non-metallic materials, in the combination of melting and casting, in 
solidification or segregation of metals and special alloys, in crystal growth of semiconductors, 
in induction heating and special treatment of materials. Experimental investigations or 
optimisation by trials are becoming more expensive, more personal and cost consuming with an 
increasing complexity of the processes or they are impossible to realise under industrial 
conditions. Therefore physical and mathematical modelling plays a more and more important 
role for the analysis, the understanding of phenomena and the optimisation of processes and 
technologies. 

The Institute of Electrotechnology of the Leibniz University of Hanover has a long 
tradition of education and research in this field: main activities of the institute are in induction 
melting of metals and metal alloys, in the last years specially in melting technology for high 
quality alloys, in induction heating with the use of longitudinal flux and increasingly in 
transverse flux heating, in use of electromagnetic fields for crystal growth in semiconductor or 
photovoltaic industries, in induction heat treatment, like surface hardening of complex 
geometries, and in electromagnetic processing of melts before solidification. Physical and 
mathematical modelling plays an important and necessary role for the analysis and optimisation 
of such processes. An increasing important field of research is the mathematical optimisation 
for the design of processes and devices. 

The colloquium is intended to be an exchange platform for scientists and engineers 
presenting results in their different activities and for discussions with international experts, 
researchers, equipment manufacturers and users of the technologies. Moreover, the colloquium 
offers a forum for a review and an actual update of innovations and researches in methods of 
modelling for electromagnetic processing. 

The present volume of proceedings includes 77 papers by authors coming from 16 
countries. They will be presented at oral and poster sessions. 

We hope that this colloquium will have the same success as the previous ones in Riga 
and in Hannover. We wish you interesting discussions and exchange of ideas with colleagues 
and friends working in the same field. 

Before opening the colloquium we would like to give our thanks to all of you for 
attending the colloquium, to the authors for their contributions, to the organisers and the 
scientific committee for their co-operation and to the sponsors for their economical support. 

Finally, we wish to all participants a pleasant stay in Hannover, enjoy beside the 
colloquium the cultural and natural attractions of the town. 
 
 
Prof. Bernard Nacke    Prof. Egbert Baake 
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International Scientific Colloquium 
Modelling for Electromagnetic Processing 

Hannover, September 16-19, 2014 
 
 
Practical use of Numerical Modeling in the Induction Heating 
Business 

 
L. Markegård, J. I. Asperheim 
 
Summary 
 
 Numerical modeling is very useful to create design inputs, to solve problems and to 
learn about processes. The time consumption increases with the complexity of the simulation 
tools. Sometimes we are not looking for very exact results, because in the end the final result 
needs to be confirmed by practical tests. In such cases combining two or more 1D simulations 
can in many such cases replace more time-consuming 2D or 3D simulation. Simulation results 
put together into nomographs opens for quick answers and visualization of process behavior. 
Automation routines help cutting time consumption in multi-step processes. Numerical 
simulation can be of inestimable help to solve problems. Among the examples shown are 
stress and strain simulation to explain the presence of tensile residual stress as one of the 
factors that have caused hardening cracks and of temperature simulations of induction coil to 
improve its fatigue life time. Temperature simulations followed by stress and strain 
simulations of a simplified geometry – a segment of an infinite long hollow cylinder – have 
been carried out to study the mechanism behind the up-come of residual stress during 
induction surface hardening in geometries of convex and concave shape.  2D simulations are 
used to study the temperature in the vee before forge welding of tubes and for design of 
complex shaped induction coils for hardening applications. 
 
EFD Induction as 
www.efd-induction.com 
 

Authors 
Leif Markegård      John Inge Asperheim  
lm@no.efdgroup.net      jia@no.efdgroup.net 
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International Scientific Colloquium 
Modelling for Electromagnetic Processing 

Hannover, September 16-19, 2014 
 
 
The importance of CFD to metallurgical processes from an indus-
trial point of view 
 
H.-J. Odenthal  
 
Introduction 
 
 In 2013, worldwide crude steel production was approx. 1,607 billion tons. This corre-
sponds to a cube having an edge length of approx. 596 m. After China, the European Union is 
the second leading steel producer. With 43 million tons, Germany is the seventh leading steel 
producer on the worldwide level. In the same year, the proportion of stainless steel produced 
throughout the world was 37 million tons. Around two thirds of the crude steel produced is 
melted in integrated steel plants (blast furnace, steelmaking plant, hot/cold rolling mill), 
whereas the remaining third is produced via the electric steel route based on scrap. 

Steel is environmentally more compatible than many other materials as it can be recy-
cled without loss of quality; steel is the most frequently recycled material in the world. How-
ever, the international steel industry is currently undergoing a difficult phase characterized by 
a very weak demand. The steel prices are low compared to the production costs (raw material, 
energy). To give an impression: The production of one ton of steel requires a quantity of en-
ergy of approx. 5,400 kWh/t. Expressed in terms of power consumption, this energy is in the 
range that a German average household consumes in one and a half years. A reduction of the 
energy consumption of as little as one percent means a considerable cost reduction. This is 
why resource efficiency and energy are the most important variables affecting the steel pro-
duction.  

On this basis, all technical developments are in demand which improve the sustaina-
bility and the efficiency of the steel production process in the long run. Such developments do 
not only refer to new production processes such as the Primary Energy Melter (PEM) or the 
Belt Casting Technology (BCT), improved process models for the control of metallurgical 
plants, but also to simulation software which is used to design plants and to improve pro-
cesses, respectively. In this field, Computational Fluid Dynamics (CFD) plays a dominating 
role. CFD helps to make the steelmaking process transparent, comprehensible and safe, and to 
indicate the potential for further improvements. 

The list of the CFD software is long, it ranges from commercial suppliers to Open 
Source Codes which are freely accessible on the Internet. During the last years, Open Source 
Codes have been successfully applied by many users, especially in universities. In the indus-
try, however, commercial software is still utilized - even if the acquisition and license costs 
are high - whenever solutions to very special problems must be found in a short time. In this 
case, commercial software offers submodels which are already implemented in the code and 
can be combined to each other on a standard basis. Compared to that application, the use of 
Open Source Codes makes sense if these submodels have already been developed and linked 
to the main model which is then used for parameter variations. 

The difficulties raised in the field of steelmaking concern hot, time-dependent, turbu-
lent and multiphase flows (molten metals, slags, gases, particles/bubbles) whose simulation is 
extremely complex and requires an intensive computational effort. Contrary to flow-related 
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applications in the design and construction of aircrafts, motor vehicles or jet engines, many 
metallurgical plants and equipment are not flow-optimized, since the focus here is on robust, 
affordable structures and not on minimal pressure losses or non-separated flows. This gives 
rise to flow phenomena which represent a big challenge to the CFD simulation. 

Even today, metallurgical CFD simulations are subject to limits in those cases where 
temperatures exceed 1500 °C due to simplified modeling and often inaccurate or unknown 
boundary conditions, e. g. the fluid properties. The conventional parallel computing using 
domain composition techniques, such as is applied in Formula 1 racing technology, does not 
always reduce the calculation time for metallurgical applications. This is because parallel 
computing of many linked physical-chemical submodels (e.g. multiphase model + turbulence 
model + particle model + radiation model + ...) is less efficient for small grids than for large 
grids with a small number of submodels.  

The question of reliability of the computational results is arising as well. The melt 
flow is influenced by turbulence which, however, owing to the required spatial and temporal 
resolution cannot be directly calculated but must be modeled empirically. In many applica-
tions, such as teeming ladles, continuous casting tundishes or molds the hot metal is in a tran-
sitional state, i. e. the flow is changing from laminar to turbulent state and vice versa; thus it 
is difficult to decide upon an adequate turbulence model.  

There are only vague criteria as to the validity of turbulence modeling. For liquid melt 
flows in a more or less “black box” the validation of the CFD results by measuring data 
would be of great importance. Here, the dilemma of the CFD modeling can be seen. It is diffi-
cult to obtain reliable values measured from the hot metal: Temperature measurements are 
possible but velocity, turbulence and mixing time measurements are virtually not possible. 
For this reason, water modeling with acrylic-glass vessels is still used nowadays as liquid 
steel and water have comparable flow characteristics due to similar kinematic viscosities. 

Despite all difficulties, CFD has become very successful in the field of metallurgical 
applications. Several examples for practice-oriented simulations including problem definition 
are discussed: the Basic Oxygen Furnace (BOF) converter, the Argon Oxygen Decarburiza-
tion (AOD) converter, the Electric Arc Furnace (EAF) and the mold including the Submerged 
Entry Nozzle (SEN). The main advantages and disadvantages of the modeling are discussed. 
The presentation also gives a rough outline of the steel production process that is customary 
today. 

 
Example - CFD simulation for a BOF converter 
 

The following CFD simulation for a combined blowing BOF converter has been car-
ried out using an overall CFD model which SMS Siemag has developed and continuously 
improved in recent years [1]. This model takes into account important aspects such as three-
dimensionality, time-dependency, turbulence, multiphaseness, and heat transfer. The model is 
based on ANSYS FLUENT 15.0 [2] and has been successfully applied to EAF, BOF, AOD, 
and RH applications. However, chemical reactions and compressibility effects of the super-
sonic oxygen jets have not been integrated into the model so far mainly due to computing 
time reasons. 

The model is based on the Unsteady Reynolds Averaged Navier-Stokes (URANS) 
equations with the Shear Stress Transport-Scale Adaptive Simulation (SST-SAS) model [3]. 
This hybrid turbulence model switches between Large Eddy Simulation (LES) and URANS 
mode and shows a finer resolution depiction of turbulence phenomena than other two-
equation models. For the multi-phase flow of melt, slag and CO gas, the Volume of Fluid 
(VoF) model with explicit volume fraction scheme is used. The bottom stirring process is 
realized using the Discrete Phase Model (DPM), which performs a Lagrangian trajectory cal-
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culation for the inert gas phase. Inertia, mass, buoyancy and drag forces acting on the bubble 
are considered. To include the influence of the turbulence on the melt movement, a stochastic 
bubble tracking method is used. Interactions between the continuous and the gaseous phase 
are taken into account by means of a two-way turbulence coupling. In general, small bubbles 
behave like rigid spheres, whereas large bubbles become cup-shaped with a constant drag 
coefficient. Here, a special approach is used, which describes the bubble’s drag coefficient as 
a function of the bubble’s Reynolds number. The expansion of each bubble while rising in the 
melt is also considered. The bubbles are injected in form of a Rosin-Rammler distribution 
slightly above each bottom plug, they then form a heterogeneous buoyant plume and are 
eliminated from the computing domain at the melt-CO or slag-CO interface. 

The CFD model has been applied to a 335-ton BOF with six-hole top lance ( oxV& = 
1100 m3(s.t.p.)/min, p0 = 13 bar), 10 single-hole bottom plugs ( arV& = 560 m3(s.t.p.)/h) distrib-
uted on a pitch circle diameter of Dplug = 3.20 m, a melt height of Hst = 1.65 m, a slag height 
of Hsl = 0.560 m and a distance between melt level and lance tip of Hlance = 1.40 m. For the 
simulation, only the lower converter region up to a height of four meters has been meshed 
because the gaseous flow in the upper region is of no interest. The block-structured grid con-
sists of 2.81 million hexahedrons.  

Fig. 1 shows that the oxygen jets displace the slag layer and penetrate the melt. Slag 
and melt droplets are lifted up and splash against the lance tip. The smaller the inclination 
angle of the nozzles, the more intensive the lance tip skulling effects. The process is highly 
transient, i.e. the blowing cavities permanently change their shape and depth. The mean pene-
tration depth of the oxygen predicted by CFD is about 0.4 m, which agrees well with the theo-
retical considerations by Koria and Lange [4]. Due to the varying penetration depth, the jets 
are not able to sufficiently mix the melt bath. Thus, it is common practice to successively in-
ject more inert gas towards the end of blowing via the plugs. The snapshot in Fig. 1 shows 
that the heterogeneous buoyant plumes induce an upstream melt flow with a velocity of ap-
prox. 1.0 m/s. The flow structure with outer annular vortex is characteristic of bottom stirred 
converters and causes both circulation and homogenization of the melt. The CFD results re-
veal two further aspects: If the plugs are located too close to each other on the pitch circle, the 
melt predominantly circulates in the outer annular vortex, i.e. the melt transport between outer 
vortex and centre region below the lance is disturbed because the rising gas behaves like a 
dense bubble curtain blocking the exchange of melt between inner and outer region. The dis-
tance between the plugs must be large enough to allow the melt to pass through the area  
between them. 

Bottom stirring affects the depth of the blowing cavities. Where an oxygen jet coming 
from above and the bubbles coming from below meet at the free surface, the depth of the 
blowing cavity is reduced and the oscillations of the melt cavities increase. It is still not quite 
clear whether this improves or impairs the entrapment of melt/slag droplets for the formation 
of the foaming slag, but it reduces the mixing efficiency of the melt. For this reason the blow-
ing jets and bottom plugs should be aligned to each other such that they do not oppose but 
rather support the movement of the melt vortex caused by them [5].  

SMS Siemag uses CFD to design the converter geometry, e.g. the melt bath ratio 
which is import for intensive mixing, the top lance nozzles and their height above the melt 
level as well as the number and location of the bottom plugs. The CFD model is used to as-
sess different process conditions with respect to mixing, turbulence, melt flow velocity and 
wall shear stress. Further examples are discussed during the presentation. 

 

9



 
Fig. 1: 3D, multiphase, URANS simulation (snapshot) of a 335-tons BOF with six-hole top 
lance ( oxV& = 1100 m3(s.t.p.)/min, p0 = 13 bar), 10 plugs ( arV& = 560 m3(s.t.p.)/h), melt level 
Hst = 1.65 m, slag height Hsl = 0.56 m;  melt level,        slag level (partly transperent); veloc-
ity distribution inside melt and slag domain, velocity in the gas region is faded out 
 
References 
 
[1] Odenthal, H.J.; Emling, W.H.; Kempken, J.; Schlüter, J.: Advantageous numerical simulation of the con-

verter blowing process, Iron & Steel Technology 4 (2007) 11, pp. 71-89. 
[2] ANSYS FLUENT, User´s Guide, 2008. 
[3] Menter, F.R.; Egorov, Y.: Turbulence modeling of aerodynamic flows, Intern. Aerospace CFD Conf., Paris 

(F), 18.-19.06.2007, pp. 1-17. 
[4] Koria, S.C.; Lange, K.W.: Penetrability of impinging gas jets in molten steel bath, steel research int., Vol. 

58, No. 9, 1987, pp. 421-426. 
[5] Singh, V; Kumar, J; Bhanu, C.; Ajmani, S.K.; Dash, S.K.: Optimisation of the bottom tuyeres configuration 

for the BOF vessel using physical and mathematical modelling, ISIJ Intern. 47 (2007) 11, pp. 1605-1612. 
 
 
Authors 
Prof. Dr.-Ing. Hans- Jürgen Odenthal 
SMS Siemag AG 
R&D Central Department – Fundamentals and Models Melting & Reduction 
Eduard-Schloemann-Straße 4 
40237 Düsseldorf, Germany 
hans-juergen.odenthal@sms-siemag.com 

10



 
Oral Session 1 

 
Induction Heat Treatment

11



 

12



International Scientific Colloquium 
Modelling for Electromagnetic Processing 

Hannover, September 16-19, 2014 
 
 
Analysis of coupled electromagnetic and temperature fields in 
contour induction hardening system for gear wheels   
 
J. Barglik,  A. Smagór, A. Smalcerz 
 
Abstract 
 

The  contour surface induction hardening of gear wheels is analysed. The calculation  
models consisting of two nonlinear partial differential equations describing the distributions 
of magnetic and temperature fields in the system are elaborated. All material properties and 
parameters are considered as temperature dependent and additionally the magnetic 
permeability of any magnetic parts of the system is taken as magnetic flux density dependent. 
The models are solved using the FLUX software supplemented with a number of own 
procedures. The methodology is illustrated with some examples.  

1. Introduction  
 

Surface hardening means  a kind of heat treatment done in order to increase the hardness 
of the outer surface while the internal part of the steel body remains still relatively soft. The 
conventional surface hardening method is the carburization in which treated body is placed at 
a high temperature for several hours in a carbonaceous atmosphere. The method is 
characterized by high quality, but also by high energy consumption. Similar features of the 
heat treatment quality, but lower specific energy consumption could be achieved by means of 
induction surface hardening [1].  More detailed discussion of physical background of the 
induction surface hardening process and some examples of the technical solutions are 
presented for instance in [ 2].  
 
2. General description of the problem  
 

The paper concentrates on the analysis of coupled electromagnetic and temperature fields 
in contour induction surface hardening of gear wheels. The problem is discussed and its 
advantages are presented for instance in [3]. Modeling of the process is still a challenge 
because of coupling of electromagnetic and temperature fields during induction heating and 
complicated phenomena during intensive cooling. Such material properties and heat transfer 
parameters like: electric conductivity γ, thermal conductivity λ,  magnetic permeability μ , 
density ρ, specific heat cp, convection and radiation heat coefficients cα , rα depend on 
temperature and there is in general a non-linear dependence. The magnetic permeability 
depends also on the magnetic flux density. A different problem is connected with a proper 
selection of the upper critical temperature Ac3. For a classical hardening this critical 
temperature depends on the chemical composition of steel only and could be easily determine 
from the classical Time-Temperature-Austenitization)  diagram. However for induction 
hardening characterized by a big heating rates (above 1500° C/s changes the situation. It 
causes a distinct increase of the upper critical temperature Ac3 [4]..  Other difficulties are 
connected with a correct modelling of intensive cooling stage. The process is mostly modeled 
by a generalized convection that respects all heat-transfer phenomena. Its coefficient is also a 
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non-linear temperature-dependent function. The hardness distribution is determined based 
upon the modified CCT (Continuous Cooling Transformation) diagram obtained from 
measurements. 
 
3. Mathematical Model 
 

Fig.1 The block scheme of the induction hardening 
process [2] 

The mathematical model of 
induction hardening is given by a 
set of two non-linear, non-
stationary partial differential 
equations describing time-
variable distribution of the 
electromagnetic and temperature 
fields. For the first stage: rapid 
induction heating (I) both fields 
must be analyzed as hard 
coupled. For two remaining 
stages: short natural cooling 
keeping the body in temperature 
above Ac3 (II), and  intensive 
cooling (III) only temperature 
field is analyzed. The block 
diagram of the process is shown 
in Figure 1. In case of 2D 
formulation the magnetic field is 
described by the magnetic vector 
potential A. But even for such a 
formulation solution  is not easy 
because of disproportion 
between the field current 
frequency f  and the time of 
heating th. A huge number of the 
time steps are required. The 
model is simplified by the 
assumption that magnetic field is 
harmonic and may be described 
by the Helmholtz equation for 
the phasor of the magnetic vector 
potential A .  
  

                                            (3.1)
  

where μ  denotes the magnetic permeability, γ  - electric conductivity, v - the speed of the 
inductor movement in relation with the body, zJ  - field current density. 

                                        
( ) zcurl curl j - curlωμγ μγ μ× =A + A  v  A J       (3.2) 

 
where: j - is the imaginary unit, and - ω - the angular frequency. 
 
Third left-hand term of equation (3.2) may be neglected also for a continual process because 
of low speed of movement and high field current frequency which actually is always satisfied 

( ) z
1curl  curl curl γ
μ

× =A +  v  A J
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for the case of surface induction hardening. Depending on the formulation the eddy current 
density J or its phasor J could be written as. 
 

  ,  = j
t

γ ω∂=
∂
AJ J  A ,                (3.3) 

 
For 3D formulation the magnetic field is described in a different way by pair of two 
potentials:  the electric vector potential  and the scalar potential of the magnetic field . In 
the area of ferromagnetic materials:  
 

curl , div 0, gradΦ= = −J = T T H T ,                                           (3.4) 
 

In the area of non-magnetic materials (air, copper) 
 

,                                                         (3.5) 
 

where  denotes the magnetic field strength produced by the inductor in the absence of any 
ferromagnetic materials. It is given by the Biot - Savarte formula (3.6): 
 

z
0 3

1 d
4 V

V
r
×=

π ∫ ∫
J rH ,                                                      (3.6) 

 
where   denotes the vector between the integration and reference  points. 
 
The heat generated inside the hardened body represented by volumetric density tp  is 
produced by Joule and hysteresis losses.  
 

Ht vp p p= +                                                             (3.7)  
 
The volumetric hysteresis losses Hp  determined by measurements could be neglected 
 

( )H Hp p= B       (3.8) 

 
The volumetric Joule losses vp  are given by the expression 

2 2

v
curl

p
γ γ

= =
J T

,                                                  (3.9) 

 
The magnetic flux density  in the ferromagnetic material  is equal to 

 
B = curl A, .                                                   (3.10) 

 
Temperature field is determined based on the Kirchhoff-Fourier equation supplemented by the 
right-hand term representing internal heat source taken from electromagnetic calculations: 
  

T Φ

0 gradΦ= −H H

0H

r

B

( )gradμ Φ−B = T
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( ) ( ) vdiv grad grad -p p
TT c v T c p
t

λ ρ ρ ∂ = −
∂

 -                     (3.11) 

 
For accuracy of temperature simulation  crucial is a formulation of appropriate boundary third 
type condition type, which should take into account the convective and radiative heat transfer.  
and in some cases also the phenomenon of multiple reflections [4, 5] 

 

( ) ( ) ( ) ( )4 4
c ac o ar c ar r ar r- T T T T T T T T T p

n
λ α σ ε α α∂ = − + ⋅ ⋅ − = ⋅ − + ⋅ − −

∂
 (3.12) 

 
The task to be solved is to suggest an appropriate way of spin induction hardening (using a 
ring inductor) of a gear wheel for automotive industry and to model the time evolution of the 
most important quantities characterizing the process.  

4. Illustrative example  
         The shape of the wheel (together with its  dimensions in mm) is depicted in Fig. 2. 
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Fig. 2 View and geometry of investigated gear wheel [4] 
 
The gear wheel is made of steel 50 CrMo4.. The upper critical temperature for rate of rapid 
induction heating is determined as 

o o
h 31000 C/s   Ac 1020 Cv = → =                                                    (4.1) 

zone A

zone B

zone C

zone D

 

wheel
inducto

11 mm

10 mm

 

front face

body of tooth

root

tip

axial plane 
of tooth
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Fig. 3 Four zones in 
tooth   

Fig. 4 Inductor – wheel 
arrangement 

Fig.5 One quarter of the tooth 
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We consider four zones of the tooth. The hardened zone A (thickness 0.26 mm) should have a 
hardness of 610–720 HV. The hardness of the transition zone B reaches 500–720 HV. For 
zone C representing the core of the tooth the hardness should be below 500 HV. The hardness 
of the zone D should to be below 266 HV. Dual frequency induction heating is  realized in 
periods differing by current amplitudes and frequency in order to reach the required 
temperature and hardness patterns. The first period is characterized by a high current of 
medium frequency MF and when the average temperature of the tooth reaches a prescribed 
value (mostly the temperature Ac3), the second shorter part of heating is secured by a current 
of lower value and higher frequency HF in order to obtain the patterns required. After 
reaching this final stage, the wheel is merged into a quenchant for intensive cooling.. The 
computations were realized by Flux software.  For electromagnetic computations the mesh 
covering the whole investigated area contained about 90.000 elements. For the temperature 
computations, the number of elements discretizing the above part of wheel was about 20.000.  
 
5. Selected results 
 
For illustration, some results are depicted below.  

 

Fig.6 Distribution of the magnetic flux 
density B over surface of the tooth for end of 
induction heating (t = 1.4 s) 

Fig. 7 Temperature distribution over surface 
of the tooth after the first period of induction 
heating (t -= 1 s) 

 

Fig. 8 Temperature distribution over surface 
of the tooth at t -= 1.2 s. 

Fig. 9 Temperature distribution over surface 
of the tooth for end of heating. (t -= 1.4 s) 
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Figures. 7 – 9 show temperature distribution along the front edge of the tooth for different 
time of induction heating. The total time of induction heating equal to 1.4 s. is divided into 
two stages: medium frequency heating t1 = 1s and high frequency heating t2 = 0.2 s or 0.4 s. 
Distribution of the magnetic flux density B over surface of the tooth for end of induction 
heating (t = 1.4 s) is presented in Fig.6. Magnetic flux density calculated for temperature 
exceeding the Curie point reaches reasonable value of about 0.14 T.  Fig.10 presents the 
temperature distribution along the line (see Fig.3)  

 
Fig. 10 Temperature distribution along line 1-21 (see Fig.3) for different time of heating 

  
6. Conclusion 

 
The paper presents the results of a numerical analysis of a nonlinear induction hardening 
process of a gear wheel made from steel 42CrMo4. The temperature dependencies of all 
material properties and heat transfer parameters are respected.. Obtained temperature profiles 
are agreed with the industrial experience in the area.  
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Abstract 
 
 Axle shafts are typically induction hardened to develop a hard martensitic outer 
surface, a ductile core and compressive residual stresses in the surface. These stresses 
enhance high cycle fatigue performance. The induction heating power, the scanning speed of 
the inductor and spray speed along the shaft, the spray quenching intensity and any time 
delay between the heating and the quench all interact to affect the case depth, the residual 
stress state and distortion amount. Computer simulations of an induction hardening process 
for a full-float truck axle shaft made of 1541 steel are presented. Multiple simulation 
programs are used to address the coupling of the multiple physical phenomena involved: 
electromagnetic, thermal, metallurgical, stress and dimensional movement. The importance 
of residual stress to the high cycle fatigue performance of the axle shaft under torsion load is 
further explained.  
 
Introduction 
 
 Predicting the final properties of a component after induction hardening is 
challenging. When hardening a steel component, the magnetic properties change throughout 
the process, affecting the thermal distribution and the microstructure. Coupling these 
phenomena to reach the end properties after treatment is a state of the art technology. With 
the development of finite element analysis (FEA) capability, both the electro-magnetic and 
thermal-stress modeling with phase transformation during induction hardening have been 
applied to understand and solve industrial problems [1-3]. The mechanical properties and 
residual stresses from the induction hardening process are predicted by finite element 
analysis, and these results are further imported to a loading model to analyse the mode and 
location of fatigue failures [4-5].  

Modeling studies have been successfully accomplished for the development of 
simulation techniques for the prediction of electromagnetic and thermal effects, coupled with 
structural changes to predict a hardness pattern [6-7]. DANTE is a commercial FEA based 
software developed for heat treatment modeling of steel components, including furnace 
heating with liquid or gas quenching, or induction hardening processes with spray quenching 
[3]. An investigation of stress and distortion modeling of a simple case of ID and OD 
hardening of a tubular product was previously studied and reported [7]. It was next desired to 
perform a study on a component common in industry with a more complex geometry and 
subjected to external stresses in service. The case chosen for this study is a full-float truck 
axle shaft with dimensions typical to those manufactured by Dana Corporation. The choice of 
an axle shaft, a common automotive component, allows for a comparison of simulation 
results to desired axle shaft properties.  
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DANTE was not developed to model the electro-magnetic physics of induction 
heating, so in this study, Flux was used to model the electro-magnetic phenomena of the 
process. The power distributions from Flux in terms of time and part geometry were imported 
into DANTE for phase transformation, stress and distortion analyses. The residual stress in 
heat treated parts affects the fatigue peformance, especially high cycle fatigue life. In this 
study, the predicted residual stresses after heat treatment were imported into a torsion load 
model, and the effect of the residual stresses are discussed.   
 
1. Descriptions of Axle Shaft Geometry, FEA Model and Heat Treatment Process 
 
1.1 Truck Axle Shaft Geometry and FEA Model 
 Axle shafts are commonly case hardened by scanning induction / spray quenching to 
improve durability and prevent failure in service. During induction hardening of shafts with 
lengths over one meter, main concerns are bowing and the axial growth. Bowing can be 
minimized by proper inductor design, high quality process controls and structural support 
mechanisms. These types of problems can be evaluated by simulation. Change in length is 
affected by both heating and cooling rates of the shaft. A full-float truck axle shaft from Dana 
Corporation was selected for this study. A simplified CAD model is shown in Fig. 1(a). The 
length of the shaft is 1008 mm; the fillet radius between the flange and the shaft is 9.52 mm; 
and diameter of the shaft is 34.93 mm; the thickness of the flange is 16.5 mm, and its 
diameter is 104.5 mm; the spline has 35 teeth in total. Figure 1(b) shows the finite element 
mesh of one tooth sector used for DANTE thermal, phase transformation, and stress analyses.  
 

 
   (a)       (b) 

Fig. 1. (a) CAD model, and (b) single spline tooth FEA model of the full-float truck axle shaft 
 
1.2 Steel Phase Transformation Kinetics 

The axle shaft steel is AISI 1541, and the nominal chemical composition is used in 
this modeling study. Phase transformations occur during both induction heating and spray 
quenching processes. During induction heating, the surface of the shaft transforms to 
austenite. During spray quenching, the austenite transforms mainly to martensite, with a 
small amount of diffusive phases, such as ferrite, pearlite and bainite, forming at the case - 
core interface. Accurate descriptions of phase transformations and mechanical properties of 
individual phases are required for thermal stress analysis [8]. Due to the fast cooling rate 
from the spray quench after induction heating, the martensitic transformation is the main 
phase transformation type in this case study. Simulation does include diffusive phase 
formation using parameters derived from published transformation graphics. 

 
1.3 Heat Treatment Process Description 

During the scanning induction hardening process, the axle shaft is positioned 
vertically with the flange on the bottom of the fixture. The distance between the inductor and 
the spray is 25.4 mm. The process starts with a nine second static heating period on the 
flange/fillet. Scanning then begins, with the inductor travel speed of 15 mm/s. After 1.5 
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seconds of scanning, the scan speed is decreased to 8 mm/s and it remains at this speed. The 
power is turned off after an additional 119.65 seconds; this occurs before the end of shaft is 
austenitized. Spraying continues after the power of the inductor is turned off to complete the 
martensitic transformation of the austenitized section of the shaft. 
 
2. Inductor Design and Modelling of Power Density 

 
The hardened case depth requirement must be met while avoiding excessive heating in 

the flange, core and end of the shaft. The minimum case depth requirement for this axle shaft 
is 5.4 mm, and the case depth is defined by 40 HRC. A machined two-turn coil with magnetic 
flux concentrator was chosen and configured using Flux2D [6,9]. The bottom turn is profiled 
to meet the goal of providing the correct amount of heat in the radius, while preventing a 
bulged heating pattern in the base of the shaft or on the flange. Flux concentrator Fluxtrol A 
(green material in Fig. 2(a)) was applied to the bottom turn to further help drive heat into the 
radius and partially shield magnetic flux from coupling with the shaft to prevent a bulged 
pattern. The top turn is needed to widen the heated zone on the shaft and allow for a faster 
scan speed.  A quench body is mounted to the coil, and it sprays a polymer/water quenchant. 
The quench is defined as a heat transfer coefficient. The quench hits the shaft at a location 
25.4 mm below bottom of the coil. The finite element mesh used to model the axle shaft by 
Flux2D is shown in Fig. 2(b), with a schematic temperature distribution focusing on the 

flange and the fillet 
regions. 
 
Fig. 2. (a) Full assembly of a 
two-turn shaft scan coil with 
quench body, (b) Fillet area 
of shaft modelled with 
Flux2D 
 
 
 

  (a)     (b) 
 
2.1 Power Density Mapping from Flux2D to DANTE  

The steel of the axle shaft is magnetic, and the power density distribution varies as the 
temperature exceeds the Curie point. The inductor frequency is 10 kHz, which is a common 
operating frequency for this class of parts. The difference in skin effect can be seen during 
the scan of the shaft. The portion of the shaft above the bottom turn has high skin effect since 
it is under the Curie point. The bottom turn provides more intensive heating which drives the 
case depth and results in a deeper penetration of power at its heat face. The time to cut off 
power at the end of the process can be calculated in Flux2D by determining the temperature 
profile as the coil approaches the edge of the spline.  

Different finite element meshes were used for Flux2D and DANTE models due to 
different physics and accuracy requirements. Power density vs. time predicted by Flux2D 
were imported and mapped into DANTE. The temperature distributions predicted by Flux2D 
and DANTE at various times of the process were compared quantitatively for accurate 
mapping. In practice, error minimization during mapping is required, and if necessary, 
meshes are redone to improve accuracy of this important mapping step. 
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3. Induction Hardening Process Modeling 
 

The first step of the induction hardening process is a 9 second dwell allowing the heat 
to build in the flange/fillet region. In this step, the inductor is stationary with no spray 
quenching. At the end of this 9 second dwell heating period, the inductor moves up with a 
speed of 15 mm/s for 1.5 seconds. Then the speed drops down to 8 mm/s and the spray 
quench starts; spraying continues for the duration of the process, using a heat transfer 
coefficient of 12KW/(m2·C). The power and temperature distributions are stable during 
scanning over most of the shaft length. Fig. 3 is a snapshot of temperature, austenite, 
martensite, axial stress, and hoop stress after 16.5 second of the induction hardening process. 
During spraying quenching, the austenite layer transforms to martensite with the spray. Fig. 
3(e) is a snapshot of the in-process hoop stress distribution, which shows the combined 
effects of the thermal gradient and phase transformation. The displacement in Fig. 3 is 
magnified 10 times, so shape change can be clearly viewed. The same power of inductor is 
applied to the spline region, and the power is turned off after 130.15 s of total process time 
before the end of the spline section is austenitized. 

 
 
 
 
 
Fig. 3. (a) Temperature,  
(b) austenite phase,  
(c) martensite,  
(d) axial stress, and  
(e) hoop stress distributions 
after 16.5 seconds into the IH 
process.  
(HTC = 12 KW/(m2·C)) 
 
 

 

      (a )                         (b)                 (c)                   (d)                      (e) 

Cooling rate has a significant effect on residual stresses obtained from quench 
hardening processes. Using a heat transfer coefficient of 12 KW/(m2·C), the residual stresses 

and axial distortion after induction hardening 
are shown in Fig. 4. The highest tensile stress 
in the axial direction is located at the centerline 
of the shaft above the flange. The predicted 
axial residual stress is 750 MPa in compression 
on the shaft surface, and the predicted hoop 
 
 
Figure 4: Predicted results after induction hardening 
with heat transfer coefficient of 12K W/(m2·C). (a) 
Axial stress (unit: MPa), (b) Hoop stress (Unit: MPa), 
and (c) Axial displacement (Unit: mm) 
 
 

residual stress is 540 MPa in compression. The magnitude of axial residual stress is higher 
than that in the circumferential direction. Their effect on in-service shear crack generation is 
discussed later in this paper. The predicted axial growth is ~1.7 mm, as shown in Fig. 4(c). 
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The axial growth of the shaft is not linearly distributed along the axis because the axial 
displacement from the center to the surface of the shaft varies.  
 
3.1 Low Temperature Tempering Process  

After induction hardening, the shaft is furnace tempered for one hour at a temperature 
of 175˚ C. The magnitude of stress reduction predicted by the tempering process was 
approximately 15%. During the tempering process the brittle as-quenched martensite 
transforms to a more ductile tempered martensite structure by sacrificing some hardness and 
strength. After tempering, the residual compression in the axial direction of the shaft was 
reduced from 750 MPa to 675 MPa. The circumferential residual compression was reduced 
from 550 MPa to 485 MPa. 
 
4. Torsion Loading Models 
 

The residual stress state after tempering was imported to a torsional loading model to 
analyze the stresses in the axle shaft during overload or torsion fatigue. To simulate the 
loading conditions and constraints from the torsion fixture, the OD of the flange was 
constrained and rigid surface was used to represent the tool applying a torque load to the 
splines of the axle shaft. In this model, the rigid surface covered half of the spline in the axial 
direction of the axle shaft. 

The reported torsional yield strength from overload tests by DANA was 6,090 N·m, 
and the reported high cycle fatigue limit (2 million cycles) was 2,768 N·m for a fully 
reversing load.  The loading model assumes that the axle shaft remains elastic for a maximum 
applied torsion load of 6,000 N·m. The Young’s modulus and Poisson's ratio used in the 
model were 207 GPa and 0.3, respectively. Two load cases were selected from the modeling 
results. The 6,000 N·m torque is close to the measured torsional yield strength, and the 3,000 
N·m represents a condition slightly above the measured fatigue limiting torque. The 
rotational displacements under these two torsional load conditions were about 9.27 mm for a 
6,000 N·m torque and 4.64 mm for a 3,000 N·m torque. While in the elastic range, the torsion 
displacement has a linear relation to the torque applied, which is independent of the residual 
stress state.  The predicted shear stresses under the two specific load cases were identical and 
independent of the residual stresses from the heat treatment. Induction hardening had 
negligible effect on residual shear stress in the shaft. 

Fig. 5 shows the predicted maximum stress contours for the low and high torques 
cases, with and without initial residual stresses from induction hardening. With no residual 
stress the maximum principal stress on the shaft surface is predicted to be 720 MPa for the 
torsion load of 6,000 N·m, see Fig. 5(c), while the stress magnitude reduces to 150 MPa on 
the surface with the presence of the beneficial residual compressive surface stress, see Fig. 
5(d).  The scenario is similar for the lower torque case, compare Fig. 5(a) and 5(b). 
 
Conclusions 
 

The electromagnetic modeling using Flux2D and thermal-stress modeling using 
DANTE were successfully coupled to simulate the induction hardening process of an axle 
shaft. The power mapping process from Flux2D to DANTE has been validated by directly 
comparing the temperature profiles predicted by the two packages. The residual stresses 
predicted from the induction hardening model were imported to a low temperature tempering 
model, and the magnitude of the residual stress decreased by approxi-mately 15%. The 
residual stresses from the tempering model were imported to a loading model to estimate the 
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stresses for high cycle torsion fatigue 
and over-load tests. The loading models 
have shown clearly how the residual 
stresses from the induction hardening 
benefit the fatigue performance.  
 
Fig. 5. Effect of residual stress from IH on the 
maximum principal stress (Unit: MPa) under 
this conditions:  
(a) Torsion load of 3,000 N·m without 
considering IH RS,  
(b) Torsion load of 3,000 N·m with considering 
IH RS,   
(c) Torsion load of 6,000 N·m without 
considering IH RS,  
(d) Torsion load of 6,000 N·m with considering 
IH RS. 
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Abstract and Introduction 
 
 Electromagnetic induction heating is used in a variety of heat treatment processes, 
such as annealing, normalizing, hardening, tempering and stress relieving. The most popular 
application of induction heat treatment is the hardening of steels, cast irons and powder 
metallurgy components.  
 Induction hardening is a complex combination of electromagnetics, heat transfer and 
various metallurgical phenomena [1]. Number attractive features are associated with induction 
hardening. There is no large furnace to heat up, there is no excess or waste of heat and idle 
periods are eliminated. Induction hardening puts the energy where it is needed, when it is 
needed. Equipment is relatively simple to operate and the footprint or floor space requirement 
is fairly compact. In contrast to batch processing, such as carburizing, individual part 
traceability is possible. Different types of shafts, gears and other powertrain components are 
routinely induction hardened. 
 
Induction Hardening of Crankshaft 
 Induction heat treatment is a common method for hardening and tempering of 
crankshafts. Crankshafts are a necessary component in most every internal combustion engine 
(ICE) used in cars, trucks, off-highway machinery, motorcycles, snowmobiles, and 
lawnmowers as well as pumps, compressors, and other devices. Automotive crankshafts 
typically weigh between 15 - 40kg, depending upon the engine.  
 Structurally, crankshafts are comprised of a series of crankpins (also called pin 
journals or pins) and main journals (mains) interconnected by crank counterweights (Figure 
1). The diameters for the journals of crankshafts used in automobiles, tractors and other 
vehicles are typically within 35- 60mm range.  

 Crankshafts experience both 
bending and torsional load during their 
service. The millions of revolutions 
accumulated during the life of 
crankshaft introduce special 
requirements related to the wear 
resistance of the journal surfaces.  
 The great majority of 
automotive crankshafts are cast or 
forged. Steel forgings, gray and 
nodular iron castings, micro-alloy 
forgings and austempered ductile iron 
castings are among the materials most 
frequently used for automotive 
crankshafts. The cast cranks are 
usually the least expensive, resist 
galling in cases of insufficient 
lubrication and have excellent 
damping capacity, while the forged-

Figure 1. V-6 crankshaft and hardness patterns 
produced by non-rotational SHarP-C Technology  
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steel cranks are typically stronger, have higher impact toughness, have a more homogeneous 
microstructure, and have better fatigue resistance. 
 Properly designed and heat treated crankshafts will last beyond the life of the vehicle. 
Induction hardening can play a critical role in augmenting requirements of crankshafts. Plain 
and low alloy medium carbon steels (e.g., SAE 1039M, 1042, 1538M) are commonly used in 
induction crankshaft hardening providing surface hardness of about 50-56HRC after 
hardening and tempering. For automotive crankshafts the hardened case depth typically 
ranges from 0.7mm to 1.5mm after grinding.  
 Depending upon design specifics of the crankshaft and process essentials, induction 
hardening is used either for “band” hardening of journals or for “band & fillet” hardening. 
With the “band” hardening, only the bearing surfaces are induction hardened. The hardness 
pattern typically ends at the distance of 0.5mm to 1.5mm from the journal fillet. For example, 
Figure 1 shows a V-6 automotive crankshaft and its etched journals revealing induction band 
hardening patterns. The fillet can have a radius or an undercut. In order to induce useful 
compressive residual stresses in the fillet area, a roll hardening is applied after induction 
“band” hardening. Induction “band” hardening is typically associated with lower magnitude 
of the distortion after heat treating.  
 Due to the irregular geometry of crankshafts it is not possible to induction harden the 
journals with a conventional encircling coil. Those factors dictate a necessity of developing 
specific inductor designs for hardening crankshaft journals. Over the years, several induction 
technologies have been developed to surface harden the crank’s pins, mains and oil seals. 
 
Non-rotational technology. Sharp-C Process 
 
 Non-rotational SHarP-C Technology can be considered as severe alternative to 
classical rotational hardening processes. Since its first appearance, this process was further 
“fine-tuned” becoming a proven process that eliminates the need to rotate the crankshaft 
during heating and quenching cycles. At the same time it eliminates the drawbacks of high 
current contacts associated with the static heating utilizing clamshell (split) inductors.  
 Figure 2 shows the CrankPro® machine, which implements a non-rotational SHarP-C 
Technology. According to this process, an inductor consists of two sections: a top (passive) 
inductor and a bottom (active) inductor. The bottom inductor, being active, is connected to a 
power source, while the top (passive) 
inductor represents a short circuit (a closed 
loop). The bottom coil is a stationary coil, 
while the top inductor can be opened and 
closed. Each inductor has two semi-circular 
areas where the crankshaft’s journals 
required to be hardened can be located, while 
the top inductor is in its “open” position. 
 Following robot loading of the 
crankshaft into the heating position, the top 
coil pivots into a “closed” position and the 
power is applied from the power supply to 
the bottom (active) coil. The current starts to 
flow in the bottom coil and with a lamination 
pack that serves as a magnetic flux coupler; 
both coils (top and bottom) are tightly 
electromagnetically coupled similar to 
transformers. Therefore, a current flowing in 
the bottom coil will induce the eddy currents 
that start to flow in the top coil. 
 According to Faraday’s law of 

Figure 2. Three-station CrankPro machine 
implementing SHarP-C Technology. Neither 
inductors nor crankshafts have to be rotated 
during hardening and tempering. 
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electromagnetic induction, induced currents will be oriented in the opposite direction 
compared to a source current. The difference between the magnitudes of induced current (top 
coil) and source current (bottom coil) does not typically exceed 3% and can be further 
compensated by proper copper profiling.  
 Any heated feature of the crankshaft (mains, pins or oil seal) “sees” the SHarP-C 
inductor as a classical encircling and highly electrically efficient induction coil with two split 
regions.  
 As expected, coil copper can be easily profiled to achieve desirable heat source 
distribution within the journals compensating an electromagnetic Faraday ring effect and a 
thermal “cold sink” effect of adjacent 
counterweights, controlling temperature within the 
oil-hole region and providing desirable temperature 
profiles within “top-to-bottom” and “left-to-right” 
cross sections. This also includes the split regions 
(also called “fish-tail” or flux-fringing regions) 
where there is a distortion of the electromagnetic 
field [1-3]. A variety of patented advanced means to 
control magnetic flux were developed providing 
compensation for magnetic field fringing at inductor 
terminals. Specially designed quench slots are used 
to accomplish the process of quenching as well as 
coil copper cooling. Crankshaft’s journals are heat 
treated sequentially (Figure 3). No axial force is 
applied.  
 SHarP-C hardening and tempering 
technology provides several principle benefits such 
as dramatically reduced distortion, simple operation, 
superior reliability and equipment maintainability as 
well as significant life cycle cost reduction. Other 
benefits include [1-3]: 
o Heat patterns are “locked in place” and very 

repeatable since neither the crankshaft or the coils 
are moving during heating. The same pattern is 

achie
ved over many cycles.  
o Inductors are more robust, rigid and 

repeatable, being CNC machined from solid 
copper block. All brazed or banded 
components in manufacturing inductors were 
eliminated. This, in turn, dramatically reduces 
a possibility of inductor distortion during its 
fabrication. Figure 4 shows a side-by-side 
comparison of the complexity of non-
encircling U-shaped inductor (top) vs. rigidity 
of encircling non-rotational inductor (bottom). 
There are far fewer components involved in 
the non-rotational inductor design, meaning 
higher reliability because of the smaller 
number of parts that can go wrong.  
o Shape/size distortion and total 

indicated runout (TIR) are traditionally some 
of the most important parameters of the 
crankshaft hardening process. TIR directly 

Figure 3. Crankshaft’s journals are 
hardened and tempered sequentially 
with SHarP-C process. 

Figure 4. Side-by-side comparison of the 
complexity of non-encircling U-shaped 
inductor (top) vs. rigidity of SHarP-C 
non-rotational inductor (bottom)  
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affects the amount of metal required to grind. The greater the amount of heated metal is 
usually associated with larger metal’s expansion, which in turn causes greater distortion. 
Crankshafts have the lack of symmetry. One of the most desirable features of non-rotational 
technology is a short heat time being reduced on average three-four folds compared to 
rotational technology. Significant reduction of the heat time leads to only a small mass of 
metal being heated. The core of the journal remained relatively cold during the entire heating 
cycle acting as a shape stabilizer and practically eliminating the shape distortion. The heat-
affected zone (HAZ) is minimized, resulting in corresponding reduction of metal expansion 
and, obviously, in minimization of shape distortion by putting less energy into the crankshaft 
with no axial force as the crank is being rested during its heat treating on V-shaped blocks in 
contrast to alternative process where axial pressure is applied to rotate a crankshaft. With non-
rotational process the lateral growth is minimized and distortion and total indicator runout 
(TIR) typically does not exceed 25microns. 
o No wearing of the locators/guides involved. Non-rotational process utilizes inductors, 

which do not require contact guides or non-contact coil positioning tracking systems of any 
kind.  
o Coil copper profiling allows addressing the presence of irregular shape of journal’s 

adjacent areas (i.e., counterweights) by changing power density induced within the heated 
journal every 2-3 degrees along its circumference. Besides that, induced power can be 
controlled across the width of the journal (e.g., axial or left-to-right) as well. This capability 
cannot be easily achieved with “U"-shape inductors since during process cycle inductor power 
can only be modulated in time and not in space (not across the width of the journal). Variation 
of the masses of counterweights around pin journals can vary dramatically on different sides 
of the journal. Therefore, an ability to control power density across the width of the journal is 
extremely important for process controllability.  
o Accurate CNC coil shaping and utilization of a “quick change” pallet design 

guarantees that inductors are automatically aligned with respect to the crankshaft after 
replacement. In maintenance, by simply disconnecting two hoses and loosening a few clamps, 
the inoperative pallet can be easily removed from the machine. A functioning pallet is then 
put in its place in just minutes. No time-consuming process adjustments are required to 
“tweak” each coil after replacement. Unitized construction allows quick, “production ready” 
factory installation and start-up, substantially reducing downtime compared to alternative 
processes.  
o Since there is no rotation of a crankshaft required, it is not necessary to move heavy 

structures often weighing over 900kg through the orbital path during heating. There are no 
high current electrical contacts or flexible cables to wear out; there is only “open-close” 
action.   

 
 Non-rotational SHarP-C Technology is increasingly popular choice for band 
hardening of crankshaft's journal bearing surfaces when medium and high production rates are 
required. For fillet hardening applications and when it is required to harden split pins, the 
rotational process utilizing a non-encircling U-shaped inductor continues to be widely used 
process at this time. In some rare cases of extremely low production, clamshell (split) 
inductors might also be a justifiable choice. 
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Abstract 
 
 For many years case-hardening has been one of the most used method for improving 
mechanical characteristics of gears, increasing the surface resistance to wear and pitting. High 
superficial compressive stresses are also achieved by means of case-hardening processes. 
Induction hardening provides similar benefits, increasing also production rate, due to the short 
treating time and the possibility to include the induction hardening process in an automatic 
line of production. In this paper electromagnetic-thermal coupled FEM (Finite Element 
Method) simulations have been developed in order to predict the temperature distribution at 
the end of heating stage in a real gear geometry.  

The results obtained by numerical methods have been validated experimentally on an 
industrial induction hardening machine.  
 
Introduction 
 

Induction surface hardening of low-alloy carbon steel is increasingly applied mostly 
for the highly stressed components in the automotive and aeronautical industry sectors [1], 
nevertheless carburizing processes remain the choice of reference for heat treatment 
industries.  

The diffusion of the carbon from the carburazing atmosphere to the surface of the 
treated workpiece increases the superficial hardness and generates compressive residual 
stresses which could improve the fatigue behavior. After the carbon diffusion, the workpiece 
must be quenched and, due to the phase transitions that occour in the whole body, 
deformations are generated. 

The processes of CIH (Contour Induction Hardening), compared to the traditional 
carburizing processes, allows to: [2] 

• Reduce the deformations after heat treatment; 
• Obtain a very fast heating rates due to the high specific power densities of internal 

heat sources; 
• Reduce the amount of retained austenite at the end of the hardening process; 
• Obtain high production rates and small footprints of installation; 
• Achieve a contactless heat treatment with no surface damages; 
• Reduce surface oxidation  
• Repeatability of the process 

 
1. Test Case 

The gear considered as a test case in this work is a 56-teeth, 2.5 mm module spur gear.  
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Tab. 1. Geometrical parameters of the model 
Parameter Value

No. of Teeth 56
Module [mm] 2.5
Pitch Diameter [mm] 140
Face Width [mm] 14
Pressure Angle 22°30’
Coil Inner Diameter [mm] 150

 
The material is a quenched and tempered AISI 4340, a high tensile steel, often used in 

the aeronautical sector for structural components. This material is particularly suitable for 
induction hardening processes due to its high hardenability. 

Tab. 2. Chemical composition of AISI 4340 
Chemical Composition in % of Mass

C Si Mn Ni Cr Mo 
0.40 0.25 0.70 1.85 0.80 0.25 

 
In contour induction hardening a very high power density is induced in the workpiece 

in order to reach the austenitization temperature (i.e 850-900°C) in few tenths of seconds; 
from this point of view it seems necessary to pay special attention to the crack generation 
during the heating and quenching stage. This problem could be generally avoided through a 
preheating stage in which all the tooth are uniformly heated at a temperature around 300°C; in 
this way temperature gradient is reduced and the material starts to soften, drastically reducing 
the probability of cracks generation. 
 
2. Numerical Model 

 
The problem has been analyzed through the use of numerical methods. A FE (Finite 

Element) electromagnetic-thermal coupled model has been developed in order to evaluate the 
process parameters for obtaining the desired temperature distribution at the end of heating. 
Two disks of flux concentrator are placed on the planar faces of the gear; this shrewdness is 

necessary to reduce the overheated 
zone, caused by the strong edge effect 
on the root of the tooth, common 
during high-power high-frequency 
treatments. Magnetic non conductive 
materials modify the induced current 
distributions due to the slot effect. 
Also the clampings, made of stainless 
steel, have been modeled. The 
geometry of the gear, drawn with CAE 
packages, has been sliced in order to 
exploit the symmetries of the model 
and reduce drastically the number of 
degrees of freedom of the problem.  

 

 
 

 

Fig. 1. Geometry of the model 
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The study of the presented problem has been carried out by solving a fully coupled 3-
D magneto-thermal simulation, which updates the properties depending upon the actual 
temperature on each node. As a consequence, the steady-state magnetic solution updates the 
joule losses distribution at each time step of the thermal transient problem. 

The 3-D eddy current problem may be solved by means of vector potential 
formulation with the Coulomb’s gauge: 0∙ 0																										 	                                                                                 (2.1) 

where  is the magnetic permeability, A the magnetic vector potential, V the electric scalar 
potential,  the electric conductivity and 	the current density. The solution of electro-
magnetic problem gives the distribution of the induced power, , that represents the 
coupling term between electro-magnetic and thermal problem.  

In the work-piece the following relations describe the current and power density 
distributions: 

                                                                                      (2.2) 

                                                                                                         (2.3) 

The thermal transient problem is described by Fourier’s equation: 

                                                                                                 (2.4) 

where  is the density, Cp the specific heat, k the thermal conductivity and wp the induced 
power density.  
Thermal exchanges by convection and radiation are also considered on all the boundaries 
between thermal conductive materials and air. 
Current in the coil is generated by the voltage drop assigned between the radial-symmetrical 
faces of the coil.  
 

 

Fig. 2. Temperature distribution on the tooth 
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For a realistic and accurate result a very fine mesh on the superficial layers of the tooth 
is mandatory. For an accurate and easy-convergence solution the empiric rule of almost three 
first order elements in  the external penetration depth has been respected. A first order mesh 
with 42146 nodes and 183930 volume elements has been made. 
Non-linear behavior of thermal and magnetic properties of material has been considered. [3] 

Generally for gears which have modules with ≤ 3, the separate dual frequency 
method with subsequent MF (medium frequency) and HF (high frequency) energy application 
is, in part, better than the simultaneous dual frequency method. [4] 

For this specific type of gear, the process starts with a long lasting low-power 
preheating followed by 10 second dwell time in order to reach a uniform temperature on the 
gear tooth(c.a. 280°C). Then, a high-power high-frequency shot is applied (as shown in Tab. 
3.). 
 
3. Experimental Validation 

 
The tests have been carried out with an industrial induction hardening machine fed by 

two IGBT converters (10kHz-600kW and 150-250 kHz-350 kW). The frequency cannot be 
tuned because the capacitor bank is not modificable and, as consequence, resonce frequency 
depends only upon the inductor-load system. 

Tab. 3. Process parameters 

 Frequency [kHz] Power [kW] Time [s] 
Preheating 10 23 10 
Dwell-time / / 10 

Heating 185 350 0.23 
 
After the heating the gear is rapidly quenched in the shower with an aqueous polymer 
solution. 
 

 

Fig. 3. Comparison between experimental results on the top face of the 
tooth (etching Nital 3%) and the temperature distribution evaluated with 
the numerical method 
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Fig. 4. Fig. 3. Comparison between experimental results on the middle 
plane of the tooth (etching Nital 3%) and the temperature distribution 

evaluated with the numerical method 

 
Fig. 3. and Fig. 4. show the comparison between the macrografies and results obtained 

with the numerical method. There is a remarkable correspondence between the numerical and 
experimental results at the end of the induction heating process. 
The delay time between the end of heating and the start of shower (some tenths of seconds) 
has not been considered in this work, but it is supposed that it should have an influence on the 
phase transformation kinetics, especially in very high heating rate processes. 

As a confirmation of the previous sentence, the CHT diagram for AISI 4140 is 
presented in Fig. 5. 

 
Fig. 5. CHT Diagram for AISI 4140. [5] 

 
For these reasons the reference temperature for austenitic transformation has been considered 
800°C. Compared to AISI 4140, in AISI 4340 tranformation temperatures AC1 and AC3 are 
lower due to the effect of a higher quantity of Nickel as alloying element, which also extends 
the γ field. 
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Conclusions 
 

In this paper a solid method for the analysis of contour induction hardening of gears 
has been presented, starting from electromagnetic-thermal coupled simulation to the 
experimental validation. 

The obtained results asses the validity of numerical model but, till now, the 
determination of the critical temperatures of transformation during the austenitization process 
(which are function of the chemical composition, heating rate and initial microstructure) 
remains a critical task to solve, with direct consequences on the prediction of hardened depth. 
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Abstract 
 

In this paper, an application-oriented strategy to numerically model and investigate 
scan hardening processes for large bearings is introduced. It will be shown how the 3D model 
can be applied to different hardening setups by a user without deeper knowledge of the 
numerical software. The advantages of using the model for the development of complex 
inductor geometries compared to an experiment based approach will be pointed out. The 
model calculates the temperature profile within a work piece, which is shown exemplarily for 
an inner ring of a main bearing used in wind power systems. 
 
Introduction 
 

The rapid growth of renewable energy all 
over the world goes hand in hand with 
technological progress in this field. This also 
applies to wind power systems with their 
constantly increasing size and nominal output 
power of recently up to 8 MW (Vestas V164-8.0). 
The main bearings of such systems usually have a 
diameter of several meters. To prevent the 
bearings from wearing off, their running surfaces 
have to be hardened. A valid and often used 
process for this is inductive scan hardening. The 
process development requires a big financial effort 
as well as a lot of time because of the size of the 
bearings and the complexity of the inductors (Fig. 
1.). Therefore, destructive material testing as well 
as design adaptions of the inductor have to be 
minimized. This can be achieved with the help of 
numerical simulation. The main bearing of a wind 
power system is a good example of where 
numerical investigations can help process development to be more effective with regards to 
costs and time. A numerical 2D model for this application can be found in [1]. However, to 
fully understand and calculate the inductive heating process accurately, a full 3D model is 
required necessarily. 
It is crucial for the quality of the hardening process that no soft zones occur. This means an 
even and seamless hardening profile along the circumference of the bearing is required. To 
achieve this, the hardening process is divided into four steps which can be seen in Fig. 2. In 
step 1, two scanning inductors remain stationary and heat up the work piece until hardening 
temperature is reached. After this, for step 2, quenching is initiated and both inductors are 

Fig. 1. Scanning inductor 
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moving counter wise along the circumference to harden 
the work piece simultaneously. With some delay, 
depending on the size of the bearing and the feeding 
speed, a third inductor starts to preheat the zone where 
the scanning inductors meet again. In step 3, the third 
inductor is removed right before the scanning inductors 
reach this final zone. When the scanning process stops 
the inductors remain motionless and heat up the 
preheated zone to hardening temperature before they are 
removed as well. After quenching this area, step 4 and 
hence the full hardening process is completed [2]. In 
this paper, only the scanning phase in step 2 will be 
investigated. It can be regarded as a quasi-stationary 
process in terms of the temperature profile within the 
work piece. 
 

 
1. Development of the numerical model 

 
For all calculations the FEM software 

package ANSYS was used. The algorithm 
applied to calculate the heating process is 
shown in Fig. 3. Before the calculation starts, 
the geometry and the mesh are created. Also, 
a matrix containing the coordinates of all 
nodes of the work piece is stored. This is 
required to take into account the relative 
motion of the inductor. The idea is to move 
the temperature profile within the work piece 
along the direction of feeding as explained in 
[3]. The feeding speed can be chosen freely 
and vary over time. The elements along the 
direction of movement can be of different 
size. In order to achieve this, temperatures, 
usually calculated at each node of an element, 
are interpolated if necessary. 

The heating process is divided into 
sufficiently small time steps and performed as 
a coupled harmonic-electromagnetic and 
transient-thermal calculation. The material 
properties are adjusted after each time step 
according to the recent temperature within the 
elements. Also, the temperature profile is 
shifted. If a stationary temperature profile is 
reached, the calculation ends. The result is the 
quasi-stationary 3D temperature distribution 
within the work piece. The calculation 
always starts with the whole system at room temperature. The transient transition period till 
the stationary state is reached has no relevance and physical significance since the real 
starting process is not part of the calculation. 

Fig. 3. Calculation algorithm 

Fig. 2. Hardening process 
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The general idea for the 3D model of a complex large scale inductor and bearing is to 
create the system’s geometry based on layers. All layers consist of the same number of 
geometric points. Their spatial coordinates are stored in simple text files, one for each layer. 
This way, the user is able to change the geometry by simply editing the text files without 
having to use ANSYS. A layer does not have to be plane; the points defining it can differ in 
all three dimensions. The number of layers is unlimited in principal. The process of building 
the model from the bottom up at the start of a calculation is automated and does not require 
any action by the user. The points within each layer are used to define lines and areas. By 
finally connecting the layers, a 3D volume model is created. However, all geometries 
investigated have to have the same principal topology, which will be explained further below. 

To check if the automated generation of geometry and the calculation are working 
correctly, a simple setup was implemented and tested (Fig. 4.). Only the conductors, their 
field concentrating materials and the work piece are depicted, the surrounding air is 
suppressed. The setup consists of a flat steel work piece and two current carrying conductors. 
In this case, the geometry is not varying along the conductors and all points of a layer lie 
within the same plane. The 11 different layers were created by simply changing the x-
coordinate of their points. The amount of volumes between the layers sums up to 81. This 
topology can only be changed by editing the scripts for the automated creation of geometry. 
However, almost any setup with two conductors and field concentrators above a work piece 
can be modelled, which is the typical design approach for scanning inductors of large 
bearings. 

After creating the volumes and the elements of the model, material properties have to 
be assigned. To keep this procedure as simple as possible, a text file containing the required 
information is used. The file contains a matrix as shown on the right side of Fig. 4.: There is a 
line for each volume along the inductor and four rows. Two rows are used to specify the flux 
concentrating material of the left and right conductor, one defines if the work piece is present 
in this layer of volumes. The numbers within the matrix are pointing to the properties of the 
material in a database. This database can be edited at any time and new materials can be 
added. The material database and the assignment are completely independent of the geometry. 
This is a key aspect of the model: It is possible to test different field concentrator variants 
with the same inductor geometry by only editing the matrix of material parameters. 

Fig. 4. Simple test setup 
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The results of the basic model 
can be seen in Fig. 5. The picture 
shows the temperature profile within 
the work piece after the quasi-steady 
state is reached. Frequency, current 
and feeding speed have been selected 
arbitrarily, which means that the 
temperature values are of minor 
interest in this case. The calculation 
shows that the model including the 
motion of the inductor works. The 
randomly chosen field concentrators 
result in an unsymmetrical 
temperature profile along the x-axis. 

 
 

2. Experimental setup 
 

The hardening of an inner ring of a large bearing 
can be seen in Fig. 6. A numerical investigation is 
especially interesting for the inner ring since the 
design of the inductor is by far more complex 
compared to the inductor of the outer ring of the 
bearing. The process used a frequency of 3.8 kHz, 
the overall system power was about 160 kW. A 
feeding speed of 5 mm/s was chosen for the 
inductor. The quenching device is not part of the 
numerical model since only the temperature 
distribution within the work piece is analysed in 
this investigation. 
 

 
3. Verification 
 

The volumetric model of the inductor and the inner ring from the experiment are 
shown in Fig. 7. It consists of the inductor, including all field concentrators, the inner ring and 
the surrounding air, which again is supressed in this picture. Additional constructive elements 
of the inductor are not included in the model since they are irrelevant for the magnetic field 
distribution. The conductors are not straight, which means that some of the 44 layers that were 
defined for this model have points in more than one plane. Only a part of the power supply 
connection beneath the work piece’s edge is included in the model. Hence, the influence of 
the connection is slightly underestimated. As opposed to the real inductor, the cross 
connection on the other end of the conductors is also not part of the model. This 
simplification is valid since the cross connection is too far from the work piece to have a 
significant influence on the heating process. To limit the size of the model, only the volume of 
the inner ring which is under influence of the electromagnetic field is implemented. The 
curvature of the bearing is relatively small because of its large diameter and is hence 
neglected. This means that the inner ring in the model is straight with regard to the feeding 
direction of the inductor. All in all, the model consists of 202288 elements, which results in a 
calculation time of some 24 hours till the steady temperature state is reached if a standard PC 

Fig. 5. Quasi-steady temperature profile of test setup

Fig. 6. Experimental setup inner ring 
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Fig. 7. Volumetric model of the experimental setup 

shoulder 

running surface 

power 
supply 

cross section 

is used. Thus, a new flux concentrator configuration can be tested within one day. For an 
experiment, field concentrating material would have to be removed and replaced, which is by 
far more time consuming and expensive. 

The model is verified 
by comparing microsections 
of a hardened work piece 
with the quasi-steady 
temperature profile. The 
temperature for 
austenitization is about 850°C 
in this process and was 
derived from temperature 
measurements during 
experiments. It is assumed 
that all material reaching 
850°C or more is quenched 
sufficiently and therefore 
transformed into martensite 
completely. This also means 
that austenized and hardened 
material coincide. A surface 
hardening depth (SHD) of 
about 6 mm is required along 
the running surface of the 
inner ring. Usually, the 
accurate calculation of an 
SHD of several millimetres 
has to take into account a 
calculation of martensite [3]. 
However, the temperature 
profile is sufficient to 
evaluate the hardened zone 
qualitatively. 

Fig. 8. shows the quasi-steady temperature profile. The maximum of 1185°C occurs at 
the edge of the second conductor with regard to the scanning direction where the heated work 
piece leaves the inductor. 

A microsection and a cross-section of the temperature profile are compared in Fig. 9. 
The cross-section is taken from where the maximum temperature occurs as indicated by the 
white line in Fig. 8. The grey color of the temperature profile shows the area where 
austenitization was reached. The calculated SHD along the shoulder is smaller in comparison 
to the microsection. This can be explained by taking a closer look at the gap between inductor 
and work piece. In this area the gap was 4 mm in the experiment as opposed to 5 mm in the 
simulation. Furthermore the power connection part of the inductor is not fully implemented in 
the model. These deviations result in less power being induced in the shoulder area. However, 
the model is verified with the help of the running surface: Temperature profile and 
microsection show good agreement since the numerical model is accurate there. 

Fig. 8. 3D quasi-steady temperature profile 

I = 6750 A 
f = 3,8 kHz 
Tmax = 1185 °C 
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Fig. 9. Comparison of microsection and temperature profile 

Conclusions 
 

The model introduced in this paper offers an easy way to numerically investigate 
induction hardening processes of large bearings. The data required for the automated creation 
of the complex geometry as well as all information about the position and type of flux 
concentrators is stored in simple text files. This way, no deeper knowledge of the simulation 
software and calculation algorithm is required to apply the model, given that the topology of 
the geometry remains unchanged. Results for a new flux concentrator of an existing setup or a 
modified inductor shape are available within one day. The model was verified by comparing 
its results to microsections and will be used to effectively develop hardening processes. The 
costly repetitive process of redesigning the inductor and conducting experiments can be 
avoided that way. 
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Abstract  
 

The present paper deals with the thermo-electric effect applied on a solid electrically 
conducting particle immersed in a liquid metal. Superimposition of a static magnetic field 
leads to the existence of electromagnetic forces (TEM forces) both in the solid and in the 
liquid. Considering a simple spherical particle in a temperature gradient the electric currents 
and the corresponding forces may be calculated analytically. Two cases are considered 
according to the orientation of the magnetic field with respect to the temperature gradient. 
The corresponding flow fields around the particle are calculated in both cases. 

 
Introduction 

 
During solidification of liquid metal the liquid-solid interface is crossed by internal 

electric currents due to the Seebeck-Thomson effect when temperature differences or internal 
gradients exist in the material [1-3]. In general, all materials during solidification have 
thermal gradient at the liquid-solid interface and different material properties between the 
liquid and the solid, including thermal and electric conductivities, and absolute thermoelectric 
powers. The existence of temperature gradient having a non-zero component along the 
interface (e.g., the liquid-solid front) may cause the appearance of internal electrical current 
along the interface. When a static magnetic field is superimposed, electromagnetic forces 
appear both on the solid and the liquid phases. The electromagnetic forces acting on the liquid 
may generate fluid flows both in the mushy zone and in the liquid bulk. It is shown that the 
solid particles, e.g., the equiaxed grains or fragments, may be detached from dendrite trunks 
and may migrate in the liquid [3]. The present study is aimed at determining both analytically 
and numerically, the thermo-electric forces acting on solid particles and the corresponding 
flow field in the vicinity of the liquid-solid interface. The case of a spherical particle under a 
uniform static magnetic field is considered in the present paper. Theoretical results allow us 
to interpret in situ observations of Al-Cu solidification by means of X-ray imaging.  
 
1. Mathematical model 
 

In the present section we describe the main features of the mathematical model. The 
geometry shown in Fig. 1 consists of a solid conducting sphere of radius R in a liquid metal. 
It is aimed at determining both the temperature field T and the electric current density j

r
both 

in the solid and in the liquid phase in steady state conditions. The basic assumptions and 
boundary conditions are the following: 
- the particle velocity is zero and the fluid is at rest at infinity, 
- the applied static magnetic field is uniform, 
- the electric currents generated by the interaction between the magnetic field and the flow 
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field are not taken into account, 
- the electric current density as well as the flow velocities are zero at infinity, 
- the temperature gradient is prescribed at infinity 
 

ziGT
rr

=∇ ,          (1) 
 

G being a constant and zi
r

 is a unit vector along the z-axis, 
- the physical properties are constant in each medium. 
 
1.1. Equations and boundary conditions 
 The temperature field as well as the electric current density in both media are 
governed by the heat equation and the Ohm’s law. The Ohm’s law contains an additional term 
which accounts for the thermo-electric effect [1]. The system is: 
 

02 =∇ iT  with i = l or s respectively in the liquid or in the solid,   (2) 
 
 iiiiiiii WTSVj ∇−≡∇−∇−=

rrrr
σσσ ,       (3) 

 
where iσ , iV , iS respectively denote the electrical conductivity, the electric scalar potential 
and the absolute thermo-electric power of each phases, and iiii TSVW += is a generalised 
scalar potential. 
 
 The electric current must satisfy to the continuity: 
 

0. =∇ ij
rr

,           (4) 
 
 Thus the generalized potential is also harmonic in each phase: 
 

02 =∇ iW .           (5) 
 

 Boundary conditions at the liquid-solid interface. They are the following (see [1]): 
- continuity of the normal component of the electric current: 
 

nTS
n

VnTS
n
V

sss
s

slll
l

l
rrrr

.. ∇−
∂

∂
−=∇−

∂
∂

− σσσσ ,     (6) 

 
nr  being an outward unit vector normal to the sphere  

- continuity of the scalar potential: ls VV = .       (7) 
- continuity of the temperature : ls TT = ,       (8) 
- continuity of the heat flux: 
 

n
T

n
T s

s
l

l ∂
∂

=
∂
∂ λλ .          (9) 

 
Boundary conditions at infinity. They are: 
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- the current density is zero at infinity 
 

0. =
∂

∂
−≡

n
W

nj l
ll σrr

.         (10)

  
- the temperature gradient is constant and oriented along the z-axis: 
 

ziGT
rr

=∇ ,          (11) 
 
G being a constant and zi

r
 is a unit vector along the z-axis. 

    
 
 
 
 
 
 
                                                             
 
 
 

   (a)                                                                     (b) 
Fig. 1. Sketch of the geometry and description of the two considered cases. (a) transverse 
magnetic field. (b) axial magnetic field 
 
1.2. Solutions for the temperature and the electric current density 
 Because of the particular form of the boundary conditions, the solution of (2) and (5) 
may be sought in spherical polar coordinates ( r , θ , ϕ ) in the form: 
 

θcos)(~ rTT ii =   and θcos)(~ rWW ii = .      (12) 
 
 Replacing (12) in (2) and (5) leads to the general solutions, namely 
 

θε cos))(( 2r

b
rGaT iT

iiTi ++= ,  θcos)( 2r

b
raW iW

iWi += , with 1=lε and 0=sε . (13) 

 
 Using the boundary conditions the expression of the coefficients in (13) for both the 
temperature and the generalised potential are: 
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 Finally, the expressions of the thermo-electric currents in both phases are: 
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 It is noticeable that the electric current density distribution in the solid is uniform 
whereas in the liquid it is similar to a dipole magnetic field.  
 
2. Determination of the electromagnetic forces and the flow pattern in the two cases 
 
 We consider two cases according to the orientation of the magnetic field. Note that 
whatever the orientation of the magnetic field, the electric current density remains unchanged. 
 
2.1. Case of the axial magnetic field 
 Let us consider the case where B

r
 is parallel to the z-axis. The Bj

rr
× -electromagnetic 

force may be determined using (16) and (17). We observe that both the TEM force and torque 
in the solid are identically zero. However, in the liquid phase the TEM force is non-zero and 
oriented along the azimuthal direction. In the case of low Reynolds number, Stokes equations 
must be solved readily by assuming that the corresponding flow has a single azimuthal 
component ϕu . The analytical solution is: 
 

         θϕ 2sin1
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σσ
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μ
.     (18) 

 
μ  being the dynamic viscosity of the fluid. We note from (18) that U is a typical fluid 
velocity of the problem. The numerical value of U may be obtained by using data gathered in 
Table 1. The flow pattern consists of two contra-rotating azimuthal vortices in each 
hemisphere. Computation of the flow by means of the commercial code ANSYS/FLUENT 
using the analytical expression of the forces (18) confirms the configuration of the flow as 
shown in Fig. 2. Note that Fig. 2 also shows that the azimuthal pattern may be unstable when 
the Reynolds number is of order of unity or larger. For example, meridian vortices appear as 
in the Taylor-Couette instability as visible in Fig. 2b for a Reynolds number based on the 
maximum velocity equal to 17. 
 
2.2. Case of the transverse magnetic field 
 Let us now consider the case where B

r
is transverse and parallel to the x-axis. The 

Bj
rr

× -electromagnetic force may be determined using (16) and (17). In that case, the solid 
particle and the liquid are submitted to a TEM body force. Their expressions may be obtained 
from (16) and (17). The effect of the net TEM force on the solid was confirmed by in situ X-
ray observations of equiaxed grains during the solidification of Al-10wt.%Cu alloy [3, 4]. A 
fairly good agreement was found between the experimental and theoretical deviation of the 
grains during their free fall. The TEM force also generates a motion of the liquid metal. The 
flow pattern was computed by means of ANSYS/FLUENT, and the results are shown in Fig. 
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3. The corresponding flow is quite complex because of the symmetry breaking due to the 
magnetic field orientation. 
 
Tab. 1. Numerical values of the data used in the present text for a  
Aluminium-10wt.%Copper alloy  
 unit value 
Particle diameter  D mm 1 
Dynamical viscosity  μ Pa.s 1.3×10-3 
Difference of the thermo-electric constants  
ΔS = (Ss − Sl) 

V/K −1.6×10-6 

Liquid metal density ρ kg/m3 2600 
Magnetic field amplitude B Tesla 0.08 
Electrical conductivity of the liquid  σl S/m 4×106 

 
Electrical conductivity oft he solid  σs S/m 10×106 

 
Thermal conductivity of the solid  λs W/m/K 150 
Thermal conductivity of the liquid  λl W/m/K 95 
Applied temperature gradient at infinity  G K/m 3000 
 
 

   
(a)                                                                       (b) 

Fig.2. View of the flow pattern around the spherical particle in the case of the axial magnetic 
field. The parameter values are G = 3000 K/m, sphere radius R =0.5 mm, B = 0.08 T. The 
velocity scales is in m/s. (a) general view of the velocity pattern, Umax = 0.0084 m/s. (b) view 
of the secondary flow in a meridian plane 
 
Conclusions 
 
 We have demonstrated that thermo-electric-magnetic forces were able to act on 
electrically conducting particles immersed in a liquid metal. Thermo-electric magnetic 
convection may also be generated around the particle. That phenomenon was confirmed by in 
situ X-ray observation during solidification of liquid metals [3, 4]. It was shown in [3, 4] that 
the equiaxed grains were significantly deviated from the vertical direction. The deviation 
velocity was compatible with the balance between Stokes drag and the TEM force acting on 
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the particle. It is noticeable that the liquid metal velocities are non-negligible even for a 
moderate value of the magnetic field. 
 

      
(a)                                                                       (b) 

Fig.3. View of the flow pattern around the spherical particle in the case of the transverse 
magnetic field. The parameter values are G = 3000 K/m, sphere radius R =0.5 mm, B = 0.08 
T. The velocity scales is in m/s. (a) view in the x-z plane, Umax = 0.0095 m/s. (b) view in the 
y-z plane. 
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Abstract 
 
 A contactless method of generating sound waves is investigated theoretically and 
numerically using electromagnetic (EM) induction. The advantage of EM method is the 
strong induced stirring of the melt due to the time average component of forces to distribute 
the effect over large volumes of material. In a typical application the induction coil 
surrounding the crucible can be suitably tuned for the sound wave resonant enhancement. 
Under normal use the vibrations induced by the induction coil are not sufficiently strong to 
induce response in the liquid with any gas inclusions present. However, by tuning the 
induction coil frequency to the melt geometrical dimensions, sound resonance can be 
achieved leading to large amplitude sinusoidal pressure variation. 
 Numerical simulations testing this sound generation mechanism have been performed 
for various cases with and without resonance in the melt volume. A computational 
hydrodynamic acoustics approach is coupled with the full MHD equations for the volume 
with solid and/or free surfaces. The possibility for cavitation zones to emerge is identified 
using the Rayleigh-Plesset equation. 
 The method has a potential to treat liquid metal to disperse additive particles, de-
agglomerate their clusters, and to refine microstructure during solidification. The process has 
advantage over the classical immersed sonotrode probe for high temperature reactive alloy 
melts where contact with the probe will lead to contamination. 
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Abstract 
 
 Magnetohydrodynamic liquid metal flow regimes in cavities of rectangular and 
cylindrical geometries under the action of a system of rotating permanent magnets are 
examined. In comparison with the impact of a rotating magnetic field on the melt, the 
described systems make it possible to create various hydrodynamic structures and control 
their behavior in a more flexible way. Numerical three-dimensional modeling of 
magnetohydrodynamic flows is carried out in inductionless approximation. The results of the 
velocity field computation agree satisfactorily with experimental data obtained using 
ultrasound Doppler velocimetry. 
 
Introduction 
 
 It is well known that the flow regime in the process of metal melting and solidification 
considerably affects the solid-liquid interface dynamics. The possibility of flow control 
should ultimately provide the opportunity to control process parameters such as: temperature 
and concentration fields within the metal volume, phase transition front shape and process 
duration. 

Electromagnetic methods of the impact of rotating magnetic fields (RMF) on liquid 
metals have been used for many years [1]-[3]. However, it is problematically to purposefully 
influence the phase change front. In that case the impact of the fields of permanent magnets 
on liquid metal could be more efficient [4], [5]. Systems with permanent magnets can be also 
more efficient in stirring applications where the melt homogenization is required. Usage of 
movable systems with permanent magnets provides obvious advantages in comparison with 
RMF influence due to their design simplicity, relatively small overall size and low power 
consumption.  
 For main part of reported different designs of such systems only integral pressure-flow 
rate characteristics were studied [4], [5]. Some two-dimensional (2D) hydrodynamic 
characteristics were analyzed recently in [6]. However, non-uniform distribution of magnetic 
fields and electromagnetic forces require more higher-order analysis. Note, that such a study 
was carried out in 3D approach [7], where the numerical model was developed and applied 
using COMSOL software and validated by comparison with experimental data.  

The main task of presented work is the analysis of the impact of magnetic forcing 
parameters (magnetic field value, magnets arrangement and rotation velocity) on the 
generated hydrodynamic structures and flow modes and contemplation of required flow 
features by setting certain factors of the driving magnetic system. Some results of our research 
are given below. 
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1. Formulation of the Problem 
 

We examine the problem of the liquid metal flow in containers of orthogonal and 
circular cross-sections under the influence a system of rotating permanent magnets. We 
consider closed containers filled with liquid metal. Our 3D computer model allows to 
simulate various flow regimes and to recommend the optimal flow regimes in liquid metal 
stirring and in the processes of melting and solidification.    
 
 
1.1. Orthogonal Container 
 
  In this study we use a 3D approach to solve the problem of metal mixing in an 
orthogonal container in the presence of rotating magnetic field. The configuration under study 
is provided schematically in Fig. 1. 

 
Fig.1. Schematic presentation of problem statement: 2 ,  2 ,  2L H Z – container's dimensions; origin of 
coordinates is located in the center of container (cross-section in plane x-y; for simplification only half 
of container and one of the disks are shown). 
 
  The flow is examined in inductionless approximation (magnetic Reynolds number 

0 0Re 1m u Rμσ= << ), which makes it possible to decouple electrodynamic and hydrodynamic 
parts of the problem. The electrodynamics is described by a system of equations: 
 

 ,B jμ∇ × =
r r

 
                                 0,B∇ ⋅ =

r
 

(1) 
    ,BE
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∂∇ × = −
∂
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            ( ) ,j E u Bσ= + ×
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                                 0,j∇ ⋅ =
r

 
where ,  ,  B E j

r r r
 are the magnetic induction, electric field intensity and current density, ur  is 

the flow velocity, ,  ,  ,  ρ ν σ μ  – liquid metal density, kinematic viscosity, conductivity and 
magnetic permeability, respectively. Magnetic system consists of cylindrical permanent 
magnets with diameter d and height h arranged at a distance 0R  from the rotation axis in 
parallel to the two side walls of the container and rotate with the angular velocity 0ω .  The 
magnetic field on the end-face of each rotating permanent magnet is 0 .zB e± r

In our problem, 
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the magnetic field is specified on d-wide ring surfaces on the disks as 

( ) 0 0cos(  / ),  z z ZB B t p arctgy xδ ω=± + = − where p  – the number of pole pairs, which 

depends on magnets polarity alternation, δ – the distance between the plane of driving 
magnets end-faces and inner surfaces of corresponding container’s lateral walls. 
  The flow is described by the following equations 
 

   (2) 
1 1( ) ,em

u u u P u f
t

ν
ρ ρ

∂ + ⋅ ∇ = − ∇ + ⋅ Δ +
∂

r rr r r
 

 0,u∇ ⋅ =r  

where flow velocity at the initial time: 0 0,  tu = =r
and on the container inner face  

0Su =r
 (here P is a pressure).  

 In the approximation of a small magnetic interaction parameter 2 / Re 1St Ha= <  
(where 0 0 / ,Ha B R σ ρν= 0 0Re /u R ν=  are Hartmann and Reynolds numbers) we do not 
take into account the variable electromagnetic force component and examine its constant part 

only ( 0/2 ωπ=T –period of disk revolution):     
0

1 ( ) .
T

emf E u B B dt
T

σ= + × ×∫
r r rr

 

 
1.2. Cylindrical Container 
   
 Positional relationship of the cylindrical container and rotating disk with permanent 
magnets is shown schematically in Fig.2.  Four cylindrical permanent magnets with diameter 
d and height h are arranged on the disk at a distance 0R . The magnetic field on the end-face of 

each of them is 
00 .z r RB e =

r
 Central permanent magnet has diameter 2d and its magnetic field 

is 0 0 .z rB e =− r  Because of the rotational symmetry, the magnetic field ( , , )B r z ϕ
r

 is specified 
for one quadrant of the disk with magnets considering thereafter its rotation with the angular 
velocity 0ω .  
     

 
Fig. 2. Schematic presentation of cylindrical problem statement. 
   
  The problem is described by the same equations (1), (2) where we also take in account 
the only constant part of electromagnetic force.  
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2. Results and Analysis  
 
  Further we present some numerical results of the mentioned problems. Prior to that it 
should be noted that the characteristics calculated by 3D model of the magnetic field and one 
of the components of the velocity field were compared previously with respective 
experimental data and revealed their satisfactory agreement [7]. Computational methods and 
schemes were described more detailed ibid. 
  Typical examples of the electromagnetic force density distribution in rectangular 
container and flow field are shown in Fig. 3. Container dimensions are 60x60x90mm3, 
d=h=12mm, 0 25 ,R mm=  0 1.3 ,B T= liquid metal – gallium at 500C. As expected, 
electromagnetic forces create an intense flow near the side wall which weakens with increased 
distance and with a minimum in the vertical central section. Changing the transverse 
dimension of the container leads to a more uniform distribution of forces and a corresponding 
alignment of velocity field (see, e.g., [7]). 
 

 
Fig. 3. System of two synchronously rotating disks. Mean electromagnetic force distribution (left 
column) in vertical (x-y) cross-section at the distance of 10mm from the side wall (above) and at the 
center of container (below); steady-state flow (right column) at the distance of 10mm from the side 
wall (above) and at the center of container (below). Force scales in N/m3, velocity scales in mm/s, 

0 150 .rpmω =   
 
  Misalignment of disks sinchronization leads to an assymetry of the flow field. 
However, in the case of contrariwise flow driving, the pattern becomes symmetric again, but 
with a change of the order of symmetry (Fig. 4.). 
 

 
Fig. 4. System of two contrariwise rotating disks. Flow field in central vertical section in parallel with 
disks planes (left), central horizontal section (in the middle) and  central vertical section normal to the 
disks planes (right); velocity scale in mm/s, 0 150 .rpmω =  

  Even though we only present two particular situations, Fig. 3 and Fig.4 clearly 
illustrate the ability to generate very different flow structures by changing the parameters of 
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the driving system. This advances us to the possibility to tailor the appropriate flow structures 
in various processes where it is needed. 

 
   

 
Fig. 5: Magnetic field (left) and electromagnetic force density (right) distribution examples; first line 
correspond to horizontal cross-sections at z=10mm and second line corresponds to vertical midplane. 
Force scale in N/m3, magnetic field scale in mT, 0 150 .rpmω =  

 

 
Fig. 6: Temporal development of the liquid metal flow; from left to right: 15, 30, 60 and 120 sec. First 
and second lines correspond to horizontal cross-sections at z=10mm and z=30mm; third line 
corresponds to vertical midplane (r-z central plane). Velocity scale in mm/s, 0 150 .rpmω =  
 

  Our numerical simulation of MHD flow in a cylindrical vessel (see Fig. 2) was also 
carried out in a 3D approach. Below we present some of the obtained results for gallium at 
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500C in a cylindrical container with 120mm diameter and 60mm height; d=6mm, 
0 25 ,R mm=  0 1.3 .B T=  Fig.5 shows that in this configuration the electromagnetic force is 

concentrated near the bottom of the cylindrical container, where the rotating layer of liquid 
metal arises and develops (Fig. 6). This layer, in turn, subsequently causes the rotation of the 
whole cylindrical melt column, smearing the hydrodynamic structures generated in the initial 
moments.  
 As in previous configuration, we analyzed various sets of the magnetic driving system 
parameters and evaluated their impact on the structure of the generated liquid metal flow. The 
generalized results will be given in our presentation.  
 
Conclusions 
 

3D numerical model was developed using COMSOL software and used for the 
simulation of MHD liquid metal flow generated by a system of rotating permanent magnets in 
containers of orthogonal and cylindrical cross-sections. 

Within the frames of the applied approximations, the developed mathematical model 
agrees sufficiently well with experimental data obtained using UDV technique.  

We have obtained a convenient tool allowing a numerical visualization of the complex 
3D flow peculiarities, detailed examination of the features of the produced hydrodynamic 
structures and realization of different flow regimes. 
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Abstract 
 
 The main goal of this work is to investigate numerically the MHD flow flowing in a 
parallelepiped duct. Numerical method based on the finite volume is employed in simulations. 
The effect of different values of the magnetic field on the eutectic 83 Pb-17Li alloy flow, heat 
and momentum transfer is studied for small and moderate values of the magnetic field 
strength. The estimates of the MHD flow, pressure and temperature are analyzed for all duct 
surfaces and planes. The velocity profile and pressure distribution of lead lithium f1ow in duct 
are presented. We need to have more knowledge and interesting information in order to 
minimize and determine the MHD pressure drop encountered in the lead lithium 
breeding loop of the blanket. The distribution of pressure is very important in the flow and all 
duct walls and planes. It changes radically when magnetic field is applied. In the direction 
parallel to the magnetic field, the pressure gradient decreases near the walls. Perpendicularly 
to the magnetic field, the pressure gradient increases. The effect of magnetic field on f1ow 
velocity is analyzed and the velocity distributions are presented.  
 
Introduction 
 
 The controlled thermonuclear fusion is one of the main technological challenges to 
produce of the energy that will be very requested and needed for the near future. Liquid metal 
alloy such as lead lithium 83Pb-17Li is used as breeder material and coolant in advanced 
nuclear systems. It is being used to operate the blankets in fusion reactors at high temperature 
due to their higher thermal efficiency. Therefore, the lead lithium eutectic is considered to be 
very promising for the design of fusion blankets. Magnetohydrodynamic (MHD) metal liquid 
flows have been already studied by J. Hartmann [1]. Magnetic fields have several applications 
in liquid metal flows and can relaminarize the turbulent regimes in these flows. Different 
problems in liquid metal systems lie in the corrosion of their stainless steels EUROFER, 
instabilities flow, MHD pressure drop, Tritium permeation, MHD insulators, buoyancy effects 
and Heat transfer. Extensively, the properties of duct flows in the magnetic field present one 
of the basic problem in Magnetohydrodynamics because the study of MHD flows under real 
blanket conditions is still limited due to the complexity of the blanket geometry and the 
structural materials that consist mainly of martensitic and austenitic steel. Different 
investigations proved that Magnetic field applied to a flowing liquid metal produces a force 
which alters the velocity field [2-5]. Numerical analyses have been conducted in previous 
papers [6,7] for a fully developed flow and unsteady vertical flows in a rectangular duct of 
cross section with a transverse magnetic field. Analytical researches of MHD flow in the 
magnetic field have been carried out [2,8]. Phenomena of MHD thermo fluid of liquid-metal 
that are present in different concept blankets have been showed by N. Morley [9] and 
S.Smolentsev [10, 11]. The MHD pressure gradient for the fully developed flow in a 
rectangular duct is given by [12, 13]. Direct numerical simulations of transverse and spanwise 
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magnetic field effects on turbulent flow were analyzed [14-15].  In this paper we present 
preliminary results on magnetohydrodynamic effect in a rectangular duct under vertical 
magnetic field at low Prandtl number. Numerical simulations in rectangular duct have been 
carried out.  The main goal of this work is to determine the magnetic field effect on the 
eutectic alloy 83Pb-17Li flow in laminar transition regime.  
 
1. Formulation of flow problem 
 
 The present work analyzes the influence of the magnetic field on the hydrodynamic 
liquid metal flow in a rectangular duct. We consider the steady flow of an incompressible 
liquid metal in a rectangular duct with insulating walls and with an externally applied 
magnetic field perpendicular to flow direction. The schematic of the physical and 
computational domain is shown in figure 1. The dimensions of the duct are L= 31.5mm 
(length), E=12mm (width) and D=3mm (height). 
 

The working fluid is 17Li-83Pb alloy with 
constant density ρ, kinetimatic viscosity ν and 
electric conductivity σ. Flow moves in the                        
x-direction with mean velocity V0= 5 cm/s at the 
inlet. Fixed temperatures are imposed on the walls of 
the melt duct and the inlet interface; viscous 
dissipation and Joule heating are negligibly small. 
The magnetic Reynolds number is so small that the 
flow field does not affect the magnetic field.17Li-
83Pb eutectic was chosen as a good liquid because of 
its lowest melting temperature and its adequate 
stability. The physical properties of lead lithium used 
in our simulations are calculated at melting 
temperature. The magnetic permeability η is the 
same everywhere and equal to the vacuum magnetic 
permeability (η=η0).  

In general, the equation set of MHD for liquid-
metal flows consists of Navier–Stokes and Maxwell 
equations, which are coupled with the equations for 
heat and mass transport. For an incompressible 
MHD flow in a duct they consist of equations for 
conservation of mass, conservation of momentum in 
three directions and the equation governing the 
electric potential. The magnetic field induces an 
electric current, which is calculated from the electric 

potential field. This MHD system can be expressed as follow:  

( ) 2.V V V P V J B f
t

ρ ρν∂⎡ ⎤+ ∇ = −∇ + ∇ + × +⎢ ⎥∂⎣ ⎦
  (1) 

. 0 . 0V J∇ = ∇ =                                   (2) 

.J V Bϕ
σ
= −∇ + ×                                          (3) 

( ) ( ). . V Bϕ∇ ∇ =∇ ×                                       (4)
                                     2.

p

T KV T T
t cρ

∂
+ ∇ = ∇

∂
 .                                 (5)  

(a) 

 
(b) 

 
 

Fig.1. Physical domain of 
computational duct: (a) Three-
dimension mesh model used for 
numerical simulations and (b) Sketch 
of the cross-sectional area of the 
channel. 
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 Where V, P, J, B,  and t are velocity, pressure, current density, applied magnetic 
field, electrical potential and time, respectively. The term f on the right-hand side of the 
momentum equation denotes the gravitational force. In order to characterize inertial effects in 
MHD flows, such as the onset of MHD instabilities, transition regime, and the MHD effects, 
there are three important dimensionless parameters in MHD flows. Hartmann number 

 represents the ratio of electromagnetic to viscous forces, the hydrodynamic 
Reynolds number  gives a measure of the ratio of inertial forces to viscous forces 
and the interaction parameter number is given by . The duct aspect ratio . 
Prandtl number  characterizes the importance of thermal diffusivity compared to 
molecular diffusivity where  is the thermal diffusivity.  
 In this work, the cases of MHD flow in insulating rectangular duct at Re=1363, 
0≤Ha≤90 corresponding to the range of interaction parameter number 0≤N≤5 are studied. The 
boundary conditions for the present computation are given as follows: 
(1) Velocity inlet, which corresponds to the inlet surface of LiPb eutectic, V0=5cm/s. 
(2) Outflow, which is corresponding to the outlet surface of LiPb fluid. 
(3) Wall condition with fixed temperature, lower and upper plate (Tc=623K, Th =823K). 
(4) All wall conditions are insulting σw=0, where the thickness of wall is neglected. 
 The problem is solved using the finite volume package Fluent with three-dimensional 
double precision, the first order upwind discretization for convection, the SIMPLE algorithm 
for pressure-velocity coupling and the STANDARD scheme for pressure interpolation. For 
the magnetic field equations the first order upwind is used. The convergence is handled by 
monitoring residuals of continuity, momentum and energy equations. Reynolds numbers is 
fixed to Re = 1363 (based upon total duct height D). The three-dimension mesh model of the 
rectangular duct is done by Gambit software. The computational domain is discretized with 
1990656 cells, 6046272 Faces and 2065525 Nodes. 
 
2. Results and discussion 
 

The most substantial parameters to predict MHD flows are pressure, velocity and 
temperature under the  magnetic field effect .To simplify the analysis of eutectic flow 
behavior, the computations were performed for  laminar flow in the duct. The magnetic field 
is applied in the vertical direction (oy), it is changed in the range of  B =0, 0.5Tesla and 
1Tesla ,which correspends to Hartmann number values of Ha=0, 40 and 90, Reynolds number 
characterized by a velocity V0=5cm/s is Re=1363. The magnetic interaction parameter N 
which mesures the ratio of electromagnetic forces to inertial forces, is deduced from the 
Hartmann and Reynolds numbers, it is equal to N=0, 1.2 and 5. 

In order to study the effect of magnetic field in different areas of the considered 
geometry, we present our results in all externe duct surfaces, namely, upper and lower plate, 
inlet and outlet surfaces and faces a and b. In addition, we show the obtained results in three 
middle planes parallel to each side, (x,y) plane, (x,z) plane and (y,z) plane. Figure 2 displays 
the temperature distribution in different sections in the cases with and without magnetic field. 
In the studied system the upper plate is hot at Th=823K whereas the lower one is relatively 
cold Tc=623K then heat is transferred from the upper to the lower plate and the whole fluid 
primarly by conduction. This heat transfer is obviousely shown in isotherms distribution. It 
can be seen that the temperature has a parabolic profile   near the inlet surface in (x,y) plane, 
then it becomes asymmetric when one moves away from the inlet. High thermal gradients are 
present near the outlet surface and between the upper and the lower plate from the duct mid-
length until the output.  

ϕ

Ha BD σ ρν=

0Re V D ν=
2N Ha Re= E D 4Γ = =

Pr ν α=
α
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Although there are no important modifications when magnetic field intensity increases, 
thermal gradient decreases near the outlet surface and the parabolic profile disappears before 
as for the case without magnetic field. In (y,z) plane, isothermes are concentrated near the 
upper plate, however in the outlet surface the temperature gradient is better distributed from 
the upper to the lower plate. The temperature profile is not significantly affected by the 
imposed vertical magnetic fields for B=1T. Figure. 3 depicts the evolution of isotherms in 
(x,z) plane for the vertical magnetic fields strength B=0T and B=1T. The distribution of 
temperature is important in this plane, it increases gradually along (x, z) plane from the inlet 
to the outlet surface. This temperature profile is due to the inhomogeneous heat transfer in the 
melt.  
 

 
Now let us analyze the pressure field 

in this MHD problem (fig 4). Without 
magnetic field, the pressure is almost 
constant in the core of the flow and isobars 
are concentrated near the upper and lower 
walls, a strong pressure gradient therefore 
exists. The overall analysis shows that the 
pressure field is high at the inlet and 
decreases gradually as we approach the 
outlet when magnetic field is applied. When 
magnetic field of intensity B = 0.5T is 
imposed, isobars become flattened in a 
parallel direction to the magnetic field in 
(x,y) plane.  

 
 

 

 
 
Fig.3. Temperature distribution in (x,z) 
plane without and with a vertical magnetic 
field B=0 and B=1Tesla 

 

 

 
Fig.2. Temperature distribution in different 
planes without and with magnetic field 
B=1Tesla 
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 Vertical pressure gradients (dp/dy) decreases strongly in the fluid and near the upper 
and the lower plates. In the case without the magnetic field, the pressure gradient along the X 
axis is too weak , under magnetic field effect this gradient becomes considerably important 
for B = 1Tesla, this gradient increasing is evidently shown in figure 5. 
 

The magnetic field has reduced the pressure 
in the entire channel except at the entrance. In the 
direction parallel to the magnetic field, the 
pressure gradient decreases near the walls and 
perpendicularly to the magnetic field, the 
pressure gradient increases. As the magnetic field 
increases, the isobars become flat and straight 
across the channel in almost 40% of the duct for 
B = 0.5 T and in 100% of the channel for B = 1T. 
In (x, z) plane we note the same modifications as 
for the (x, y) plane, namely, pressure drop, 
decreasing vertical pressure gradient and 
increasing pressure along the X axis. In faces a 
and b, the pressure gradient is increased along the 
X axis. The effect of magnetic field on pressure 
profiles are reported in fig 6 which the local 
pressure values decreases with increase the 
magnetic field intensity. 

Figure 7 indicates velocity distribution in 
different sections with and without magnetic 
field. Parabolic velocity distribution is observed 
in (x,y) plane. In the case without magnetic field, 
the flow in the channel is induced by forced 
convection caused by the inlet velocity. The 
mean flow is maximum in the core of flow and 
minimal near the walls. A hydrodynamic 
boundary layer is clearly visual on the upper and 
lower plates and it is more concentrated in the 
upper plate. When a vertical magnetic field is 
imposed, the velocity profile in the channel 

crucially changes, or the velocity profiles become increasingly flat it favours the development 
“M-shaped” profile, see figure 7 for B=1T, as well as significantly changes the nature of 
metal flow.  

This M-shaped profile velocity observed even with insulating walls at plans which are 
parallel to B has been observed before by R.Moreau et al [2] and I. Bucenieks [3]. The 
velocity profiles under the effect of vertical magnetic field values as B = 0 Tesla, B = 0.5 
Tesla and B = 1 Tesla were plotted (fig 8) and determined at 0.01575 m in the (y, z) plan of 
the duct heigh. The obtained results show that the velocity profiles decrease relatively in 
comparison with the case reference B=0 when the magnetic field is increased. 

Figure.9 displays the influence of perpendicularly applied magnetic field on the flow on 
the local variation of skin friction coefficient versus x-position (rectangular length) at 
y=1.5mm in (x,z) plan without and with  magnetic field (B=1Tesla). We note that when 
magnetic field value (B=1T) increases, the skin friction coefficient was increased about 96% 
in comparison without magnetic field case. 

 

 

 

 
Fig.4. Presure distribution in the cases 
without and with  magnetic field 
(B=0.5Tesla and B=1Tesla) 
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Fig.7.Velocity magnitude distribution in (x,y) plane without  and  with a magnetic field 
(B=0.5Tesla and B=1Tesla) 

 
Fig.5. Evolution of pressure versus x-position at   
y= 1.5mm in (x,y) plane without and with  
magnetic field (B=1Tesla) 

 
Fig.6. Pressure profiles without and with 
magnetic field 
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Conclusions 
 

In the present work, numerical simulations of the flow in rectangular duct have been 
carried out under vertical magnetic field in order to provide a theoretical basis for practical 
applications, such as liquid-metal blankets of a fusion reactor. The magnetic interaction 
parameter is varied in the range of 0 to 5. Interesting effects of vertical magnetic field on 
mean flow and pressure have been observed. Pressure drop is induced with horizontal 
pressure gradients increasing. The presence of the vertical magnetic field changes decisively 
the velocity profile in the channel while it favors the formation of the so-called M-shaped 
velocity profile. Due to lower Prendth number value of LiPb, it seems that temperature profile 
for different planes is not affected by the influence of magnetic field strengths B=0.5T and 
B=1T. The increase of magnetic field has significantly increased skin friction coefficient. 

 
  

 

 
 

B=0 Tesla 

 

B=1 Tesla 

 
 

 
Fig.8. Velocity profiles for various values of 
magnetic field and with a magnetic field 
(B=0.5Tesla and B=1Tesla) 

Fig. 9. Skin friction coefficient profiles for B=0 
Tesla and B=1Tesla 
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Abstract 
 
 The present paper contains a description and first results of a recent neutron 
radiography experiment that visualized admixing of solid particles in liquid gallium in a 
rectangular vessel, which was stirred by a system of four counter-rotating magnets. 
 
Introduction 
 
 The paper deals with electromagnetically (EM) induced recirculated flows of liquid 
metal that are typical for metallurgical applications, e.g., induction furnaces and stirrers. Such 
flows were studied numerically and experimentally even since 70s and achieved significant 
progress in the XXI century with the rapid increase of computational resources, which now 
allow to run Large Eddy Simulation (LES) models for industrial applications, and the 
development of more precise measurement technique (see, e.g., [1,2]). Now, dynamics of 
solid inclusions in the described flows, that is the two-phase case, become a new challenge for 
the current century. General industrial interest for this problem is connected with the 
optimization of admixing and homogenization of alloying inclusions and refractory erosion in 
the metallurgical industry. 

Homogenization of solid inclusions in an induction crucible furnace (ICF) was 
simulated using LES method by Ščepanskis et al. [3] and a model for industrial usage is 
proposed [4]. 

Despite the relative success in the Lagrange modeling of such particle laden flow, an 
experimental investigation of particles in turbulent flow of liquid metal poses an extremely 
complicated challenge and only last year the first attempt to measure a particle concentration 
field in a small ICF has been done [5]. Nevertheless, the mentioned experiment was able to 
measure the concentration field only at the dynamically equilibrium stage. The present paper 
reports about a new experimental technology in this context – neutron radiography – that is 
able to fill a gap of the experimental investigation of particles in liquid metal. 

 Most industrial applications are associated with cylindrical geometries of a vessel of 
liquid metal that is stirred by a solenoidal inductor. A widespread example of such technology 
is the already mentioned ICF [6]. Alternative current in the inductor around the crucible 
induces current in a melt and a magnetic field that results in Lorenz force that moves the 
liquid metal and forms counter-rotating vortices. However, such a device is not convenient for 
neutron radiography investigation for a couple of reasons: 1) the water-cooled inductor will be 
in the way of the neutron beam; 2) in order to stir up a small volume of liquid metal, which is 
limited by the absorption of neutrons by the matter, a high frequency generator, which is big 
and massive, should be transported to the neutron spallation source. 
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Permanent magnet systems are suitable for experiments and can produce the same 
flow pattern as it was described above, but they are very rare in industrial metallurgical 
applications due to the temperature limitation imposed by the magnets; however, recent and 
still unpublished A. Bojarevičs’ and Beinerts’ inventions found also an industrial use of such 
a technology for stirring of aluminum. In this case, a rectangular geometry of the vessel, 
which is more convenient for neutron radiography, is possible. In addition, an application of 
rotating cylindrical magnets for pumping of aluminum has been reported [7,8] and liquid 
metal pumps with magnets integrated in a single rotating cylinder or a double disk are also 
well-known (see, e.g., [9]). 
 
1. Experiment 
 

As the classical induction system was not convenient for the neutron radiography 
experiment (two-dimensional), a design, which contains counter-rotating cylindrical magnets, 
was chosen. Such design allows sparing a high frequency generator and an inductor; however, 
an additional mechanical system, including gears, belts and bearings, has to be created to 
ensure rotation of the magnets. The experimental set up was designed to excite two different 
schemes of rotation (see Figure 1). 
 

Fig. 1. Images of the stirrer (left and above) and a scheme of 2 possible rotation directions of 
the permanent magnets (right, below). 
 

A vessel for liquid metal was built from window glass, which is transparent for 
neutrons; its inside dimensions are 100 x 100 x 30 mm. Apparently, the width of the vessel is 
limited by width of the neutron beam and the size along the direction of the beam is optimized 
in respect of the absorption by the liquid metal. The magnets are 30 mm in diameter and 
50 mm long; the distance between centers of the closest magnets is 50 mm; the distance from 
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the edge of the magnets and the liquid metal is 9 mm. The vessel is centered with respect to 
the magnets in a direction of the neutron beam. 

In order to chose a proper metal for the experiment two properties should be 
considered: 1) low melting temperature to avoid heating close to a screen and a camera that 
should be situated as close to the vessel as possible; 2) the neutron absorption rate that is 
shown on Figure 2. More details about neutron interaction with matter can be found in Paul 
Scherrer Institute’s brochure [11]. It becomes clear that low temperature eutectics, which 
contain cadmium (Cd) and Indium (In), such as Wood’s metal and Galinstan, cannot be used 
due to their high neutron absorption. Bismuth (Bi) is also unwanted because it can be 
activated in the neutron beam and tiny amounts of polonium (Po) are produced. For these 
reasons we chose gallium (Ga), which is acceptable for neutron radiography and has a 
suitable, 30 °C, melting temperature. 
 

Fig. 2. Attenuation coefficient for thermal neutrons (cm-1) for different elements in the 
periodic table [10]. 
 

High attention should be paid also to the choice of inclusions for the neutron 
radiography experiment. The attenuation coefficient of the particles cannot be less or of the 
same range as that of the liquid metal otherwise they will be invisible. Therefore, the typical 
SiO2, ZrO2 and Al2O3 oxides are useless here. Boron carbide (B4C), which has a very high 
attenuation coefficient (see Figure 2), was found to be good for the experiment. However, due 
to its density (2.52 g/cm3) and very low size of available particles, there was a significant 
problem to mix such powder from the surface into the metal. Therefore, 111 special particles, 
which consisted of a heavy lead (Pb) kernel and light boron carbide powder glued around the 
kernel, were created. The diameter of the particles was 3.8±0.5 mm, and average density was 
a little bit less than that of gallium (6.1 g/cm3) so that they were remaining on the top surface 
without stirring. 

Finally, the experiment was carried out on July, 2014 at Paul Scherre Institute on the 
Swiss Spallation Neutron Source (SINQ) using the Neutron Transmission Radiography 
(NEUTRA) facility [12]. 
 
2. Results 
 

Due to the recency of the experiment only raw images are available at the moment of 
the preparation of this paper. Preliminary results are shown in Figures 3 – 6. First of all, we 
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are happy to report really the first images of dynamics of the particles inside the stirring liquid 
metal, which become available using the neutron radiography method. 

Figure 3 shows traces of particles at a high rotation speed of the magnets, 35 cps, in 
the configuration of the EM system, which produces a flow similar to that in the ICF. The 
rotation directions are shown in the scheme on Figure 1 – case I.  These images could be 
further postprocessed in order to make firm conclusion about the flow pattern; nevertheless, a 
three-vortex structure may be recognized in some of the frames. Such structure was predicted 
numerically [13]. However, the flow is highly turbulent and other flow structures like four 
counter-rotating vortices also appear. 

Figure 4 demonstrates that it is also possible to resolve the used particles as single 
points, but not the traces along the trajectories like in the previous figure. However, the level 
of noise increases with decrease of exposure duration. 
 

 
Fig. 3. Raw neutron images of particle motion in the liquid metal. Rotation scheme: I (see 
Figure 1); rotation speed 35 cps; exposition 0.1 s. 
 

 
Fig. 4. Raw neutron images of the particle motion in the liquid metal. Rotation scheme: I (see 
Figure 1); rotation speed 35 cps; exposure 0.01 s.
 

Figure 5 shows images that correspond to a different rotation constellation of the 
magnets. The EM system here corresponds to the case II (see Figure 1). A very high „hill“ of 
the free surface of the melt next to the magnet, which moves the liquid up, is typical for this 
rotation scheme. The eddy, which forms this “hill”, is small in size, but the speed of liquid is 
high there; therefore such a protuberance in stable. 

A high level of the free surface in this case even at comparatively low rotation speed 
(12.6 cps) forbids a possibility to increase the stirring rate by intensification of the rotation. 
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Nevertheless, it seems to be clear that such a stirring scheme is not effective in comparison 
with previous one – only few particles escape the surface and appear inside the melt. 

Finally, the level of the liquid metal in the rectangular vessel was decreased so that the 
surface is next to an upper edge of the lower magnets (case Ia on Figure 1). Figure 6 
demonstrates for this case the very intensive protuberances of the metal next to the magnets. 
Few particles are entrained in very fast spinning in these vortices, but the rest of the particles 
remains on the stable surface between the „hills“. 
 

 
Fig. 5. Raw neutron images of the particle motion in the liquid metal for rotation scheme II 
(see Figure 1); rotation speed 12.6 cps; exposure 0.1 s.
 

 
Fig. 6. Raw neutron images of the particle motion in the liquid metal for rotation scheme Ia 
(see Figure 1); rotation speed 28.2 cps; exposure 0.1 s.
 

It should be mentioned that, generally, postprocessing of these raw images is a non-
trivial task because of a couple of technical difficulties: 1) a high level of noise; 2) non-
homogeneity of the beam intensity (without normalization a central region is lighter than the 
periphery). Additionally speed-limits of the available detector system is a significant obstacle 
to get quantitative result; however, we believe that this technical problems could be solved 
when possibly performing a second experiment. 
 
Conclusions 
 

The first results attempting the visualization of solid inclusions in flows of liquid 
metal are reported in this paper. We were able to prove that radiography is a suitable method 
for achieving the goal; however, some technical improvements of the whole experimental set-
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up should be tried in order to obtain more quantitative results that can better verify numerical 
models for the metallurgical industry. 

The authors are going to perform more postprocessing of the experimental results as 
well as to continue with numerical simulations of the actually used systems in order to 
compare the results in some detail. 
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Abstract 
 
 In recent years, an innovative technology that makes use of Induction Heating has 
been proposed in DSS casters (Directional Solidification System) for the production of multi 
crystal silicon, mcSi, used in Photo Voltaic (PV) industry. Some industrial scale i-DSS 
furnaces (induction DSS) have been realized and tested in industrial environment. The 
opportunity to collaborate with one of the biggest Chinese players in the PV industry allowed 
us to carry out many experimental tests on an i-DSS furnace inside a real production line of 
silicon solar cells. Some cells were made with silicon wafer produced by using recycled 
silicon feedstock in the induction furnace. Performances of the cells are reported in the paper 
and compared with the ones of standard cell produced by the Chinese company. In particular, 
these analysis have been carried out: visual analysis of growth profile, infrared scanning on 
bricks, photoluminescence of the bricks and cells and evaluation of the main electric 
parameters of cell. 
 
Introduction 
 
 The increase of global demand of energy requires the development of renewable 
energy at low cost to create a real sustainable alternative to fossil fuels. The i-DSS is meant to 
produce high quality mcSi, with higher production yield. The main advantages of this 
machine are high energy efficient process and an optimal control of the solidification front 
during the cooling.  

 A complete description of the i-DSS can be 
found in [1-2]. 
 The facilities available in the test line of the 
Chinese company allowed to cast several ingots. 
The process recipe has been optimized thanks to the 
fast feedback on the performances of the product. 
Moreover, the availabilities of data about the cells 
produced with traditional technology proved the 
benefits of the new device. 
 
1. The i-DSS features 
 
 The structure of the furnace is very similar 
to a standard directional solidification system for 
silicon. The i-DSS has the same isostatic graphite 
box and quartz crucible in which the silicon 
feedstock is molten and solidified. The thermal Fig. 1: Inductors system and graphite 

box 
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insulation is made of graphite felts that surround the susceptors in the i-DSS design while in 
traditional DSS they are located outside the resistors. As a consequence, the thermal design of 
the hot zone is completely different in the two applications. The i-DSS development roadmap 
started with a modified G2 prototype, chargeable with 120 kg of feedstock, followed by a full 
scale G5 furnace able to treat 450 kg. Presented results have been obtained in the G5 furnace. 
 The innovative heating and cooling systems are the most important features of the 
device. The heating system consists of three different inductors, shown in Fig. 1, made by 
water-cooled copper coils.  Induction heating permits to transfer energy directly to the 
susceptors of the hot zone and the control of temperature distribution is easier and more 
flexible than in a standard furnace with resistance heating. Moreover the side inductor has a 
tuneable configuration of coils that allows to control the power profile on the side graphite 
walls and to improve the control of the solidification front during the entire process. The 
effect of tuneable inductor is presented in Fig.2: on the left, all the turns are fed and the 
almost the entire graphite wall is heated. On the right of Fig.2, the three bottom turns are 
switched off so the bottom part of the graphite walls is not heated. 

 
 An important part of the system is the bottom inductor that has a dual operational 
mode. It works like a heater to increase the temperature during the melting process, but during 
the solidification, the water-cooled copper inductor acts as thermal sink. The cooling of the 
bottom part of the hot zone and therefore the thermal gradient control is also done by moving 
two perforated insulating plates. The two overlapping plates can be shifted in order to open 
the slits and control the view factor between the hot crucible and the bottom cooling system. 
 
2. Experimental results 
 

The cost to support several tests on G5 size is very onerous in terms of time, raw 
material and energy consumption. To reduce the cost, feedstock made of recycled silicon has 
been used.  For this reason, the results cannot be considered for assessing the absolute quality; 
however they can be compared with the data provided by the Chinese company with products 
obtained from the silicon of the same quality.  
  
2.1. Visual analysis 
  The easier test for an early evaluation is the visual test of ingot. The aspect and some 
defects are immediately clear to experienced operators. Main visible defects are: volcano 
defects, surface curvature, cracks and sticking to the quartz crucible. The ingot is sewed to cut 

Fig. 2: Power distibution into two different configuration 
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(a)                                              (b) 
Fig.3: (a) Solid-liquid interface shape, (b) numerical result of 
convection patterns 

(a)             (b)                 (c) 
Fig. 4: (a) corner, (b) side, (c) center 

out the perimetral layer in 
contact with the quartz 
crucible. This cut allows to 
see the direction of crystal 
growth and the shape of the 
interface solid-liquid during 
the growth. 
 In Fig. 3 the solid 
liquid interface of G5 ingot is 
shown. It is similar to the 
profile predicted by numerical 
simulation carried out with 
CGSim software [3]. The 
ability of the i-DSS to control 
the solid-liquid interface in a 

convex shape, even in large systems, forced the impurities to be segregated close to the walls. 
After the visual analysis, the ingot is cut into bricks. 
 
2.2. Infrared analysis of Brick 
  IR transmission technique is used to detect the presence and location of possible SiC 
and Si3N4 inclusions, highlighted by grey spots at the surface of the bricks. The test provides 
the necessary information in order to understand which parts of the ingot need to be cut off 
before wafer sawing. 
 The distribution of inclusions mainly depends on the management of the argon gas 
inlet flow, the growth conditions [4], i.e. the 
evolution of convective flow patterns during 
the process, growth rate and undercooling. 
The curved shape of the solid-liquid interface 
is the main explanation for the different carbon 
distribution along the radial direction of the 
ingot. Fig. 4 reports three infrared images from 
different bricks taken from positions of the 
same ingot; the absence of black shadows 
underlines the impurity-free distribution thanks 
to the specific growth conditions in the i-DSS 
furnace. Considering the great importance of 
an optimal distribution of impurities in order to 
maximize the yield of the ingot, it is clear that 
the induction DSS concept is a very good 
candidate for best-in-class conditions in silicon 
ingot processing. 
  
2.3. Life time analysis of Brick 

Laser-based photoluminescence, PL, imaging is a technique for rapid characterization 
of silicon samples, in order to determine material and cell properties. 
 This type of analysis has been applied to the silicon bricks in order to measure the 
minority carrier lifetime. This test provides some advices to optimize the directional 
solidification process and to understand which portions of the brick need to be cut off without 
compromising the total yield. 
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 The PL maps report the distribution of the minority carrier life time at the surface of 
the bricks. This analysis allows to reveal the areas with low life time values and to 
qualitatively estimate the portion of the brick suitable for solar cells production. 
 The data presented in Fig. 6 are from a 100% recycled material ingot casted at an 
average growth speed of 14 mm/h. The poor quality of the images is due to the CCD camera 
resolution of the industrial equipment. 
 At the top of the ingot, the low lifetime areas come from the segregation and post-
solidification diffusion of transition metals, e.g.: iron and Si3N4. On the other hand, the red 
areas at the bottom and side parts are produced by solid-state diffusion - activated by time and 
temperature - of transition metals from the crucible and its coating. 
 The results show a net average life time value up to 6.3 μs. These time life values are 
comparable and sometimes overcome the performances of mass-production ingots casted by 
the Chinese company with high-purity feedstock and high performance growth processes. 
 
 
 
 
 
 
 
 
 
 

 
2.4. PL of cells 
 The PL image of the cells is used to analyse the RAN, Recombination Active 
Network, defects. The presence of metal impurities, cracks or defects, highlighted as a darker 
region in PL, leads to a more intensive recombination of minority carriers. 
 This test is a systematically applied for inspection of silicon cell because it is fast, 
automatic and able to predict the cell performance [5]. 

  

 

 

Fig. 5: PL maps of bricks with recycled material 

 
Average: 
5.47 μs 
 
Brick from 
center 

 
Average: 
5.26 μs 
 
Brick from side 
 

(a)                                                                  (b) 
Fig. 6: (a) Typical normal DSS multi wafer, (b) i-DSS wafer without seed 
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 In this paragraph the results compared with a standard cell are shown. The wafer 
shows a structure very close to the ones typical of HP-mcSi, High Performance mcSi, 
although it has been produced without the use of the seeds that initialize the crystallization 
process. This crystalline structure has been obtained thanks to a particular feature of the 
cooling system that allows the fine control of the growth parameter to the reach a good 
balance between nucleation and competitive growth of crystals. 
 In Fig. 7 the homogenous distribution of RANs and the smaller size in comparison 
with the standard cell are shown.  
 

 
 
2.5. Electric parameters of cell 
  The main electric parameters of cell from i-DSS are shown normalized with the value 
of typical HP-mcSi produced by Chinese company and reported in Tab. 1. The single diode 
circuit model, Fig. 8, is adopted for the analysis. 

 

 

Tab. 1. Electric parameters of cell 
 Voc Isc Rs Rsh FF EFF Yield

HPmc-SI Ref. 
with Seed 1 1 1 1 1 1 1 

i-DSS without 
Seed 1.0016 0.9981 1.1666 1.0551 0.9921 0.9919 ~1.068 

%shift from Ref. + 0.16% - 0.18% +16.66
% +5.51% -0.89% - 0.81% +6.8% 

 

Fig. 8: Equivalent circuit 

(a)                                                         (b)  
Fig. 7: PL images: (a) typical mc-Si cell, (b) cell obtain by i-DSS wafer 
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 The yield value corresponds to the fraction of useful silicon from a single ingot. In the 
table1, the yield of the ingots made by the i-DSS is presented as a percentage of the yield of 
the HP ingots usually produced. 
 
Conclusions 
 

Induction heating technology has been applied to a DS process in a G5-sized furnace. 
The test proved the potential of the new device and confirm the predictions of calculations. 
 The tests conducted in the frame of a collaborative research with a Chinese company 
assess the quality of the i-DSS system and show that the system is ready for the massive 
production. 
 Induction heating and the multi-inductors system allow to further improve the overall 
system performances by applying electromagnetic stirring. 
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Abstract 
 
 Control of s/l interface morphology, dopant spatial and thermal azimuthal uniformity 
at the melt boundaries is a key for a success of the vertical gradient freeze (VGF) crystal 
growth of semiconductors. To assure fast achievement of favorable flow, temperature and 
concentration patterns during whole process, we proposed electro-magnetic stirring by pulsed 
travelling magnetic fields (TMF) induced by either side or top KRISTMAG® heater-magnet-
moduls (HMMs). The pulsed Lorentz forces were obtained by a sinusoidal AC magnitude 
modulation. 

Pros and cons of the proposed stirring and interface shaping approach were appraised 
by 3D CFD and magnetic numerical studies of directional solidification (DS) of multi-
crystalline (mc) silicon and VGF-GaAs single crystal growth at the industrial scale. 
 
Introduction 
 
 Contactless magnetic stirring by unsteady magnetic fields is commonly used in 
industry for a flow control of electrically conducting melts with a goal to enhance melt 
mixing and improve interface morphology. Recently, an advanced concept of stirring of 
metals and metallic alloys by pulsed longitudinal TMF and rotating magnetic fields (RMF) 
was deployed to prevent harmful flow-induced macro segregation. The results obtained for 
isothermal metallic liquids, e.g. GaInSn at a room temperature pointed out that a success of 
this stirring technique depends on the careful adjustment of the pulse frequency fp [1].  

In this study we were interested to expand the application of TMF pulsing technique to 
the non-isothermal VGF crystal growth of various semiconductors at the large scale. 
Particularly we focused on the growth of mc-silicon (G5 size) and single crystalline 4 inch 
GaAs. Beyond efficient melt mixing, pulsed downwards TMF generated by internal side 
KRISTMAG® heater-magnet module (HMM) [2, 3] was used to enhance the temperature and 
Lorentz force density homogeneity during whole solidification phase. The later is a 
challenging task due to the loss of a steepness of Lorentz force density vectors with the 
progress of crystallization front and therewith the loss of their efficiency for the interface 
shaping. In the same time, due to the low heat conductivity of Si and GaAs and the large 
amount of the generated latent heat, concave bending of the s/l interface increases with a time, 
leading to the thermal stresses in the growing crystal and to the formation of structural 
defects. To overcome these drawbacks, in addition to the side HMM surrounding cylindrical 
or rectangular crucibles, we appraised for a first time also the potential of the top 
KRISTMAG® HMM for the generation of heat and down-outwards Lorentz forces.  

In both HMMs, Lorentz forces were induced by the variation of AC/DC ratio, 
frequency and phase shift among the coils. By modulating AC magnitude in a sinusoidal way, 
pulsed Lorentz forces were generated. 
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3D CFD and magnetic numerical studies were performed using commercial code 
ANSYS 14.0 assess the potential of pulsing modus operandi for the process enhancement. 
Flow driven by buoyancy was used as a benchmark.  
 

1. Model and Methodology 
 

Global 3D models described three VGF furnaces adjusted for a growth of mc-Si and 
GaAs single crystals. The furnaces for Si growth were provided either with: i) a side 
KRISTMAG® ΗΜΜ with four rectangular heating coils positioned upon each other or  with 
ii) three concentric rectangular  HMM coils positioned above the melt. The furnace for GaAs 
growth was equipped with a side HMM with three heating coils. Additional heat in all 
furnaces was supplied by common resistance heaters as shown in Fig. 1. A VGF furnace was 
loaded with 7 kg GaAs , while the DS furnace of G5 generation was loaded with 450 kg Si. 

 
The transport phenomena 

taking place in the furnaces were 
governed by the equations of 
continuity, Navier Stokes, energy 
and induction together with the 
Ohms law (1-8). Due to the 
complexity of 3D models, we 
solved them stepwise, 
performing global simulations 
for the whole furnace neglecting 
melt flow and local simulations 
for Si and GaAs flows driven by 
buoyancy and TMF.  

The global 3D thermal 
analysis provided time dependent 
thermal boundary conditions 
(BCs) for the local 3D 

simulation. 
Furthermore, the global 3D electro-magnetic analysis provided the Lorentz force 

density fields for the local simulations. Pure buoyancy driven melt flow was used for 
initiation of the magnetic driven flows and as a benchmark. Radiation in the furnace was 
described by discrete transfer radiation method. 

 
Searching for a suitable pulsed TMF for interface shaping and melt stirring, first we 

defined the magnetic parameters of unmodulated TMF. For this purpose we studied the 
influence of frequency f, phase shift Δφ and AC magnitude Ieff on the Lorentz force density 
with respect to its intensity, direction and spatial distribution i.e. skin depth. For Si growth, 
the following parameters were selected:  f = 10 Hz, Δφ = -90 ° and Ieff= 154 A/side-coil and 
Ieff= 385 A/top-coil. The low frequency assured relatively high skin depth of δ = 0.145 m (9). 
In case of GaAs growth, frequency was set to f = 20 Hz, phase shift to Δφ = -90 ° and Ieff= 95 
A/side-coil. The selected frequency provided skin depth of δ = 0.13 m.  The lower value of 
frequency such as f = 10 Hz would be more beneficial for the slope of Lorentz forces, but it 
would require Ieff values above the thermal requirements of the process. 

Fig. 1. Furnace geometry equipped with: a) side HMM 
for DS-Si growth, b) top HMM for DS-Si 
growth, c) side HMM for VGF-GaAs growth. 
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The magnitude of initial TMF was modulated in a sinusoidal manner according to 

(10), forming unidirectional pulses of Lorentz force density. Pulsing frequency was set to fP = 
0.3 Hz that was the optimal value derived for isothermal metallic melts exposed to the pulsed 
rotating and longitudinal travelling magnetic fields [1,4]. Selected fp was high enough to 
prevent generation of free surface instabilities observed for Stuart number N ≥ 1 (11) and 
shielding parameter Rω ≤ 1 (12), as shown in [5]. In our case studies, the unfavorable resonant 
free surface oscillations would not appear until fp ≤ 1.6·10-3 Hz in case of GaAs and fp ≤ 
7.7·10-4 Hz in case of Si. 
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The 3D CFD and magnetic simulations were performed using the commercial 

software ANSYS CFX 14.0 and Ansys Emag. For local simulations, we used hexagonal mesh 
elements with refinements at the melt periphery. 

Boundary conditions for the melt flow were no slip at crucible walls and free slip at 
the free melt surface. Turbulence was accounted by using kω SST model. The time step in 
transient simulations of magnetic unmodulated flow was adjusted to Courant number Co < 1. 
In case of the pulsed TMF flow, time step was reduced to 0.1 s. 

The progress of melt homogenization was monitored by the time evolution of tracer 
dispersion in the melt as in a dye injection experiment i.e. by the temporal reduction of 
maximal tracer mass fraction difference until the threshold value of Δw = 0.01 is reached. The 
tracer injection points were set at the crucible side wall and at the melt top rim. 
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2. Results and Discussion 
  
2.1. Lorentz force density 
  

A snapshot of simulated magnetic flux density B and time average unmodulated 
Lorentz force density FL in Si and GaAs melts for downward TMFs are shown in Fig. 2. As 
expected, the locus of maximum of B corresponded to the position of HMM relative to the 
crucible, e.g. top HMM generated maximal B value at the melt top periphery (Fig. 2a). The 
same is valid for the FL distribution (Fig. 2d-f). The distribution of FL streamlines underlined 
the main difference between the side and top HMM. First, top HMM provided down-outward 
directed FL that enables s/l interface shaping without risk of generation of “w”-interface (Fig. 
2d). The unfavorable “w” scenario may appear by strong FL originated from side HMMs (Fig. 
2e,f) that are required to flatten pronounced concave s/l interfaces. The efficiency of side 
TMF decreases with the progress of crystallization front due to the loss of slope of FL, 
particularly by up-scaled Si melts of G5 generation and by long GaAs ingots. Direction and 
spatial distribution of FL may be improved by the decrease of frequency of unmodulated TMF 
below f = 10 Hz, but such a solution is not feasible since it would require AC magnitude that 
generates joule heat above the process thermal requirements. On contrary, in case of top 
HMM, FL shaping potential increases with the time and is less sensitive to the ingot sizing 
due to L/H > 1 

 

 
Fig. 2. Snapshot of magnetic flux density contours and time average Lorentz force density 

streamlines in Si and GaAs melts for the furnaces equipped with: a) top HMM and 
b),c) side HMM. Corresponding magnetic parameters: a),b) f = 10 Hz, Δφ = -90°; c) f 
= 20 Hz, Δφ = -90°. 

 
2.2. Flow, temperature and concentration fields 
  

Initial buoyancy driven flow and corresponding velocity, temperature and 
concentration fields significantly changed if melts were exposed to the pulsed side/ top TMFs. 
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In pulsed TMF-driven DS of silicon, flow structure was strongly influenced by the 
position of HMM relative to the melt (Fig. 3).  The initial buoyancy flow pattern with 
pronounced central axial vortex changed to a multi-toroidal pattern with loci of velocity 
maxima (Fig. 3 middle) coincidental with the loci of FL maxima (Fig. 3 down). Induced melt 
circulation was marked by an increase of volume average velocity from ubuo

av= 1.4e-3 m/s in 
buoyancy flow to utopTMF

av= 2.6e-3 m/s, usideTMF
av= 1.9e-3 m/s in pulsed TMF driven flows. 

The corresponding maximal Reynolds number Re = umax·L·ρ/μ  increased from Rebuo = 3.7e4 
to RetopTMF = 4.1e4 and ResideTMF

  = 3.9e4. In all cases of mc-Si growth, the process took place 
in a transitional regime. In the same time, axial temperature gradient decreased from 
ΔT/Δzbuo= 1.08 K/cm to ΔT/ΔztopTMF = 1.03 K/cm and ΔT/ΔzsideTMF = 0.95 K/cm, respectively. 
The initial bending of the temperature distribution was improved towards convexity in both 
magnetic driven flows, but in a different way (Fig. 3 top). Pulsed top TMF contributed to the 
pronounced positive deflection in the upper melt part with Δz = 21 mm that diminished 
axially downwards. Such down-outward directed FL distribution facilitates fluid transport in 
meridional directions without destabilization of the crucible coating and hard constrains for a 
FL magnitude to prevent “w” interface form. On the other side, pulsed side TMF in a full melt 
shaped temperature distribution more uniform axially with positive deflection of ca. Δz = 7.6 
mm. With progress of crystallization front i.e. in case of short melts, Lorentz force density 
vectors lose the slope and their efficiency for the interface shaping. The findings pointed out 
the feasibility for application of the pulsed TMF technique for interface shaping: side TMF at 
the beginning followed by the top TMF up to the end of the growth process. 

Stirring feasibility of various pulsed TMFs was appraised by an analysis of the tracer 
distribution until the uniform concentration in the melt was reached. The spreading of the 
tracer mirrors the velocity pathway in the melt. The spreading of the elevated concentration 
for two different injection points and both for pulsed TMF and buoyancy driven flows is 
shown in Fig.4. Above results confirmed that the very efficient stirring of silicon melts at the 
large scale can be achieved with both pulsed downwards and down-outward TMFs without 
generation of large stagnant regions. Pulsed mode required less than half time for achieving 
the total homogenization in comparison to the buoyancy regime e.g. t = 1050 s in case of top 
TMF and t = 2750 s for the buoyancy regime. 

In Fig. 5 was presented the second case study, i.e. characteristic temperature 
distribution in the melt as a result of CFD and magnetic simulations of GaAs growth driven 
by unmodulated and pulsed TMF. Asymmetry in a design of HMM at the points of current 
supply may cause an inhomogeneity in side TMF (Fig. 1c) and temperature distribution, 
followed by an unintentional local disbalance of buoyancy and Lorentz forces, dopand 
macrosegregation and if coincide with interface also a morphological instability leading to the 
nucleation of polycrystallinity. Pulsed TMF technique was able to lessen the inhomogeneity 
in temperature field observed by unmodulated TMF driven flows to the benefit of the process 
stability and finally the crystal quality.  

 
Conclusions 
 

A novel electro-magnetic stirring and interface shaping technique using pulsed 
downward TMF generated by side and top KRISTMAG® HMM is proposed for vertical 
gradient freeze (VGF) crystal growth of semiconductors using GaAs and mc-Si as the model 
materials. 

3D numerical study was performed to assess the potential of pulsing modus operandi 
for enhancement of melt stirring, interface shaping and Lorentz force density homogeneity. 
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Fig. 3. Snapshots of temperature contours (vertical cut), velocity 

streamlines and Lorentz force density contours (horizontal 
cut) in Si melt driven by pulsed TMF with fp = 0.3 Hz 
generated by : a) side HMM and b) top HMM. 

 

 
 
Fig. 4. Temporal change of the tracer mass fraction distribution for stirring by: a,b) 

buoyancy and side TMF with tracer released at the crucible side wall; c,d) 
buoyancy and top TMF with tracer released at the Si melt top rim. 
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Results showed superiority of pulsed to 
conventional TMF if sinusoidal AC magnitude 
modulation technique with fp = 0.3 Hz was 
applied. In our case studies of mc-Si growth, the 
time required to homogenize the distribution of 
a pointwise released tracer in the melt was more 
than 2 times shorter in pulsed TMF then in pure 
buoyancy mode. Concerning interface shaping, 
side TMF was more beneficial at the initial 
phase of solidification while top TMF showed 
advantages for large melts towards the end of 
the process. With respect to the melt 
homogenization, the origin i.e. initial 

distribution of impurities or dopants determines which position of HMM is more favorable for 
the process. Top TMF generated the high flow velocities in the melt bulk away from the 
crucible walls that assures the mechanical stability of the crucible coating.  

The proposed pulsed technique enabled quick and inexpensive process improvement 
in already provided set-ups. For a commercial application to the growth of various 
semiconductors, the optimization of the process parameters is necessary. 
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Fig. 5. Snapshot of temperature contours 

in GaAS melt driven by: a) 
unpulsed TMF and b) pulsed TMF 
with fp = 0.3 Hz. 
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Abstract 
 

A non-stationary axisymmetric model of Czochralski silicon single crystal growth is 
presented. The model describes transient behavior of the crystal-melt, melt-gas and crystal-
gas interfaces in connection with PID-based control of the crystal diameter by changing 
crystal pulling velocity and heater power. To calculate significant crystal shape changes, a 
partially structured finite element mesh is used in the crystal and melt together with automatic 
element size control. Heater temperature changes are modelled with a simplified integral 
model. A numerical simulation example of full crystal growth is given for a case with a 
simplified system geometry. Optimal heater power settings are found by repeated calculations 
and the use of a PID controller. 
 
Introduction 
 

Nowadays, most of monocrystalline ingots of semiconducting silicon are grown using 
the Czochralski (CZ) technique. For a crystal of high quality, its diameter has to be in a 
certain range, which is achieved by process control. The conventional scheme consists of two 
PID controllers, which adjust crystal pulling velocity and heater power [1]. 

The entire crystal growth process is highly non-stationary. Therefore, effective 
mathematical and numerical methods are needed for the modelling of the CZ process. This 
work demonstrates a simulation software that does just that. 

In the present paper we propose a mathematical model which is (a) axisymmetric and 
with a simplified heater description, therefore computationally inexpensive yet realistic; (b) 
fully transient (non-stationary); (c) with focus on the triple point region and crystal shape 
formation, for which a semi-structured mesh is used. Our model is based on a previously 
developed transient model for the floating zone crystal growth process [2, 3] and is 
implemented in the program CZ-Trans. 

An example of crystal shape calculations for full CZ silicon single crystal growth is 
given. Acquisition of optimal main heater power settings are achieved by using PID control 
and an iterative approach to perform calculations. 
 
1. Mathematical model and calculation algorithm 
 

A simplified CZ system is schematically shown in Fig. 1. It consists of crystal and 
melt domains in which the non-stationary axisymmetric temperature field is calculated. The 
melt temperature is kept above the melting point using a graphite heater. Due to graphite’s 
relatively good heat conductivity, a simplified description with a uniform but time-dependent 
effective temperature is used for the heater. The influence of the heat shield is also taken into 
account. 

The proposed mathematical model [4] describes heat transfer in the crystal and the 
melt by heat conduction. Optionally, the heat conduction in the crucible wall can be taken into 
account. The influence of convective heat transfer by melt flow is not modelled directly in the 
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present model, but it is taken into account as enhanced heat conductivity of the melt. The 
thermal radiation is described by view factors. It is assumed that the horizontal part of the 
melt free surface does not change its vertical position due to ideally controlled crucible 
movement. The meniscus shape at the triple point (TP) is modelled in hydrostatic 
approximation. The shape of the crystallization interface and the changes of crystal length and 
crystal radius are also modelled. Crucible position is modified according to mass conservation 
for the silicon within the system. 

 
Fig. 1: Schematics of the modelled CZ system. 

The general calculation algorithm as implemented in the program CZ-Trans (and 
described in great detail in [4]) is the following: 
1. In the beginning of a new time step, crystal pulling velocity and heater power are 

adjusted according to the desired crystal side surface shape and to the desired pulling 
velocity. For this the conventional PID-based control is used. A simplified heater model 
relating the changes of heater power and temperature is also used. 

2. The previously calculated crystal growth velocities along the crystallization interface, the 
previous crystallization interface and previous meniscus shape at the TP are used to 
calculate the new shape of the crystallization interface and the new position of the TP 
(see Fig. 2). Then the whole crystal (i.e., previous FEM mesh) is moved upwards 
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according to the current crystal pulling velocity and time step. Crucible position is 
changed according to the mass of silicon that underwent solidification. 

3. Using the new TP position above the melt level, the free surface shape (meniscus) is 
calculated and a new mesh which is appropriate to the new geometry is generated in the 
crystal and melt; the temperature field is interpolated from the old mesh to the new one. 

4. The coupled temperature-radiation problem is solved iteratively for the next time instant. 
From the obtained temperature fields, the heat flux density distributions along the 
crystallization interface and corresponding crystal growth velocities are calculated. 

 
Fig. 2: Schematics of the free surface and crystal shape calculation. Cylindrical growth of the 
crystal is ensured at the meniscus angle φTP of 11°. 

 
2. Calculation example 
 

The described mathematical model was used to perform calculations for all CZ growth 
stages, i.e. seeding stage, start cone, cylindrical part and end cone. This is important because 
optimal heater settings (power curve) can be obtained only when the whole CZ process is 
modelled. Due to thermal inertia, each process step cannot be considered separately. 

    
Fig. 3: Temperature field and system geometry at the initial state, at 6.0 h and 10.5 h. 

As demonstrated in Fig. 3, the final result contains from seeding stage to end cone. Total 
process duration was about 11 hours for a 550 mm long crystal (2×150 mm from this length 
being the start and the end cone). To achieve such growth performance it was necessary to 
obtain an optimal heater power curve. This process is covered in detail in the following 
subsection. 
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2.1. Start cone growth 
After the seed crystal with a radius of 10 mm is being dipped into the melt, a small 

dash neck with a radius of 3 mm and length of 100 mm is grown (see Fig. 4 for the used 
radius setpoint). Such a method is used in real CZ systems to eliminate dislocation 
propagation within the large crystal grown afterwards. However, such large radius differences 
require significantly different CZ system parameters for growth to occur. Such parameters 
were found by iteratively performing calculations and using PID control for the optimization 
of the heater power curve. 

For the whole growth process a pull rate of 1 mm/min was desired. However, pull rate 
PID control applied deviations from this value to maintain the necessary radius value. To 
obtain the small dash neck, the control applied a high total pull rate effectively reducing the 
radius of the grown crystal. When the target radius function dictated that the radius must be 
increased for the cone part, the control reduced the pull rate. As the melt temperature was 
relatively large and crystallization of the cone was not possible, the pull rate was reduced to 
zero. 

 
Fig. 4: Crystal radius during several calculation runs of start cone growth, each using a 
previously obtained power curve as a reference value. 

 In parallel, the second PID controller is acting to reduce the pull rate control output by 
changing the heater power accordingly. Over time (due to thermal inertia of the melt domain), 
the melt is cooled down enough for the pull rate control to reduce its output and resume a 
positive pull rate. 

When performing calculations for the first time (“Run 1” in Fig. 5 and 6), the process 
described above occurred for an unacceptably long period of time. It required several hours to 
cool down the melt for the cone part to be grown. In order to optimize this situation, 
calculations were repeated, but with a reference power value obtained from the previous 
calculation. To accommodate the thermal inertia of the melt, this power setpoint was shifted 
towards smaller time values by 40 min. 

 
Fig. 5: Crystal radius during several calculation runs of start cone growth, each using a 
previously obtained power curve as a reference value. 

This was done three times (“Run 2” to “Run 4” in Fig. 5 and 6) thus optimizing the 
power curve in the way that the start cone can be grown about 2.5 h faster than initially 
(Fig. 5). From plots in Fig. 6 it can be seen that each consecutive calculation run ensured that 
the pull rate is closer to 1 mm/min. It can also be seen that calculation parameters show a 
tendency to converge, i.e. the difference between parameter changes decreases for each next 
run. 
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Fig. 6: Crystal pull rate (left) and applied heater power (right) during several calculation runs 
of start cone growth, each using a previously obtained power curve as a reference value. 

 
2.2. End cone growth 

After successfully optimizing the growth for the start cone and obtaining a 250 mm 
cylindrical ingot, the end cone was grown. Growth parameters for the end cone compared to 
cylindrical growth is shown in Fig. 7. Similarly as in the case of the dash neck growth, the 
PID controller increased the pull rate to achieve a decreasing radius (Fig. 7, left). Because of 
the pull rate controller output, the heater control increased power to reduce necessary 
deviation from the desired pull rate of 1 mm/min (Fig. 7, right).  

Upon changing the target radius function according to the end cone shape, some 
oscillations in the growth parameters are seen. This occurs because of the intrinsic properties 
of the PID controller. To reduce such phenomena, different controller parameters can be used 
or, alternatively, a smoother target radius function can be used to avoid sudden large 
controller outputs. 

  
Fig. 7: Crystal pull rate (left) and applied heater power (right) during end-cone growth 
compared to cylindrical growth. 

 
Conclusions 
 

Full CZ growth modelling has been performed using the developed mathematical 
model and the program CZ-Trans. An optimal power curve for the start cone growth was 
obtained by performing repeated simulation runs. Increasingly better correspondence to 
desired pull rate of 1 mm/min was achieved. With the optimal power curve, cone part was 
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grown 2.5 h faster than without it. However, further investigation is necessary to determine 
the optimal controller parameters for the different process stages. 
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Abstract 
 
 Direct current magnetic field is used to reduce nondesired turbulent flows and 
fluctuations associated with melt convection during solidification to help eliminating 
solidification defects and striations. This work aims to report the effect of buoyancy, 
thermocapillary, centrifugal and electromagnetic forces on pressure in silicon Czochralski 
crystal growth with rotating crystal and crucible. The reported results indicate significantly 
different flow patterns and pressure field in the melt, at the free surface and the crystal-melt 
interface when transverse magnetic field is applied. Transverse magnetic field decreases melt 
convection but it leads to symmetry breaking in velocity and pressure fields. Pressure contains 
many interesting information, it is very meaningful and more sensitive than temperature to 
natural, Marangoni and forced convection. 
 
Introduction 
 
 In order to produce semiconductor components used in computers, mobile phones, 
laser devices or solar cells, semiconductor crystals of high quality are needed. In crystal 
growth from the liquid phase, convective flows occurring in the melt or solution play a 
significant role in many aspects of the growth processes. Thus, convection in the liquid phase 
must be controlled. The main option to achieve this goal in crystal growth is the use of 
external magnetic field. Application of a magnetic field to the Czochralski system is an 
effective tool for controlling the quality of bulk crystal during Czochralski growth process. By 
using the magnetic fields we can control the behavior of the melts during solidification, 
resulting in improved process performance and better quality products [1-6]. Mathematical 
techniques of modeling, analysis, and simulation, are used to support the development of 
growth processes. 

In this study, results of three dimensional time-dependent numerical simulations using the 
finite volume package Fluent are presented. Pressure field is analysed under the effect 
transverse magnetic field, natural, centrifugal and thermocapillary forces.  
 
1. Mathematical model 
 
 The dimensionless governing equations of continuity, momentum, heat transfer and 
magnetic field for the molten silicon of velocity V, temperature T and pressure P can be 
written as, 
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0=⋅∇ J  
BVEJ ×+=  

Φ∇=E  
Where B, J, E and Ф are magnetic flux density, electric current density, electric field and 
electric potential respectively.  
 
 The following boundary conditions were imposed in this study. The no-slip conditions 
were applied at the crystal-melt interface and at the crucible surface. The temperatures on the 
side wall and the bottom of the crucible and at the growth interface were set to a high 
temperature and to the melting point, respectively. The effect of thermocapillary force at the 
free surface was taken into account. Electric current at boundary was set to zero.                                              
 
2. Results and discussions 
 
 Different forces can influence the silicon melt in Czochralski crystal growth such as 
buoyancy force, thermocapillary force due to the temperature dependence of the surface 
tension on the melt surface, Coriollis and centrifugal forces due to crucible and crystal 
rotations. Several instabilities induced by the interaction of these forces may take place 
affecting thus the transport processes in the melt and the crystal quality. In this study, we are 
mainly concerned with the effect of these growth forces on a very interesting variable in 
Czochralski crystal growth.  
 
Buoyancy force 
 In the CZ process, the flow in the crucible is thermal convection due to the buoyant 
force induced by the temperature inhomogeneity. The melt is cooler near the growth interface 
than along the crucible walls, causing the fluid to drop along the rotation axis and rise on the 
outside. 
In our previous work [8] we have found that for low Grashof numbers one vortex occupies the 
whole melt, his centre is located in the vicinity of the crucible centre. The isotherms have a 
hemispherical shape.  It is the effect of the viscosity which dominates; and therefore the effect 
of natural convection does not appear sensitive. 
In this viscous mode, isobars are parallel to the crucible bottom. A wavy isobars shape is 
originated in the lower part of the crucible.  The minimum pressure is at the vortex centre in 
all cases, i.e., where the stream function is maximum. It increases linearly with the axial 
position passing through the vortex centre. The axial pressure gradients are more important 
than the radial gradients and the free surface is characterized by the maximum pressures in the 
viscous mode. 
 At the free surface of the melt in the viscous mode the pressure is uniform near the 
crucible wall but it varies strongly near the triple point (the intersection between the free 
surface and the crystal). For large Grashof number values, the pressure increases and isobars 
become altered and peaks appear in the lower part of the cylindrical crucible. Radial pressure 
gradients are more important than those for the viscous mode especially in the lower half of 
the melt. 
 Beyond Gr=1.5 107 the flow becomes periodic. This value of Grashof can be 
considered as a critical threshold corresponding to the onset of the transition from the 
stationary mode towards the periodic mode [8].  
 
Thermocapillary force 
The surface tension driven flow, sometimes referred to as thermal capillary flow or 
Marangoni flow, is the flow driven by the variation of the free surface tension coefficient 
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caused by its temperature gradient along the free surface. For the melt with free surface such 
as CZ crystal growth, such phenomena are unavoidable. Marangoni flow instability is one of 
the factors, which leads to the striation in the formed crystal and degrades the quality of the 
crystal. 
 Thermocapillary convection affects strongly the pressure field. The pressure becomes 
uniform in more than 70 % of the melt volume. It varies strongly near the triple point and the 
crucible bottom centre. Negative isobars appear in the melt and the zero pressure contour 
moves towards the free surface. The isobars transform from a parallel straight shape to 
parabolic concave toward the crystal. Small isobars inclusion corresponding to the higher 
pressure values is formed at the triple point.  

 
Centrifugal force 
 The crystal surface acts like a fan and propels the fluid towards the crucible wall, 
creating thus an anticlockwise vortex in the silicon melt flow. Crystal rotation causes the well-
controlled forced convection which improves the thermal symmetry about the crystal and 
homogenizes the impurity distribution by mixing the fluid. 
 Since the flow is driven by buoyant and centrifugal forces neither the pure thermal 
convection nor the pure forced convection appears in the crucible. The relative ratio of the 
buoyancy force and the centrifugal force generated by crystal rotation is given by Richardson 
number Ri=Gr/Re2.The crystal rotation generates a centrifugal force proportional to Re2, 
whereas the buoyancy generates a force proportional to Gr.  
 For small values of Ri, the forced convection dominates the flow, an anticlockwise 
vortex occupies the melt, for higher values of Ri the natural convection dominate, a clockwise 
vortex occupies the melt, and for intermediate values the two vortices coexist and are 
separated by a stagnant surface. 
 For a crystal rotation corresponding to a Reynolds number Re=1000, the pressure 
contours are parallel to the top surface, by increasing the rotation rate they become distant and 
tilted. The radial pressure gradient becomes more intense on the free surface dominating thus 
over the buoyancy effect. 
 Under the influence of the centrifugal force, the pressure increases at the free surface 
and the crystal except at the triple point. By decreasing or increasing the crystal rotation rate 
we can control the pressure at this point, thus we can control the crystal size and quality. 
 Isobars become straight parallel to the crucible bottom in the lower part and become 
distorted in the upper part. The pressure is almost constant at the free surface but isobars are 
better distributed in the crystal and the ring located at the connection point between the free 
surface and the crystal disappears. 
 
Electromagnetic force 
In order to understand the impact and the importance of the pressure and its relation with 
different growth parameters, velocity components, isotherms, isovorticities, streamlines, and 
isobars are presented without and under a transverse magnetic field. 
 
 
 
 

 

95



 
(a)                                                      (b)                                                      (c) 

 
 (d)                                                      (e)                                                      (f) 

Fig. 1  Tangential (a), radial (b) and axial (c) velocity components, isotherms (d), 
isovorticities (e) and isobars (f) without magnetic field  
 

 

 
 (a)                                           (b)                                       (c) 

  
(d)                                                      (e)                                                      (f) 

Fig. 2  Tangential (a), radial (b) and axial (c) velocity components, isotherms (d), 
isovorticities (e) and isobars (f) with transverse magnetic field 
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 Application of a lateral horizontal magnetic field to the Czochralski crystal growing 
system has been first proposed by Witt et al. [7], they found that the amplitude of temperature 
oscillation decreased in the InSb melt but with additional higher order of magnitude. 
 In this part, flow, temperature and pressure fields are calculated with and without 
transverse magnetic field, which is applied in x-direction.  
 Velocity, temperature and pressure fields are axi-symmetric when the magnetic field 
intensity is zero. Now by applying a weak transverse magnetic field, we observe important 
modifications in all profiles. 
 Radial, axial and tangential velocity components become asymmetric, the flow patterns in 
the two orthogonal planes are distinctly different. This change is produced by Lorentz force 
(F=JxB) which results from a coupling between electric current and transverse magnetic field, 
this force is dominant in the axial direction, thus, the motion in the axial direction becomes 
dominant in the bulk flow due to the electromagnetic force. 
 By analysing the evolution of temperature and pressure fields under the same 
transverse magnetic field, we can observe that isobars change considerably in shape and 
intensity with respect to isotherms. We note small changes in temperature contours and the 
disappearance of pressure distortions and fluctuations in the bulk flow, isobars become almost 
straight parallel to the crucible bottom, negative pressures disappear in the melt except in the 
lower part of the crucible in y-z plane. Thus, we can conclude that pressure is more sensitive 
than temperature to the transverse magnetic field. 
 Now, if we compare the evolution of pressure and vorticity under transverse magnetic 
field, we note that when the large cell disappears in the vorticity contours, the pressure is 
homogenized in x-z plane, whereas a weak cell remains in y-z plane with a small distortion of 
isobars in the lower part of the melt. So there is a strong relation between voticity and 
pressure field in Czocharlski crystal growth under transverse magnetic field. 

4. Conclusion 

Although the pressure has not been measured in the melt during the growth until now, it can 
be proposed as a useful way to control the crystal quality. It is found to be an interesting 
parameter, it is very sensitive compared to the temperature and contains many interesting 
information in the bulk flow, the free surface, the growth interface and especially at the triple 
point. It is determinant for the growing crystal homogeneity. 
In fact, the pressure is acting on the free surface, as result it is adapted to describe the 
thermocapillary effect near the silicon melt free surface. The pressure is found to be a very 
important dynamical feature as it is more sensitive compared to the variation of the 
temperature T along the crystal growth process. 
The pressure at the triple point is proposed as a convenient parameter to control the 
homogeneity of pressure and temperature fields. With a gradual increase of the magnetic field 
intensity the convection effect can be reduced without thermal fluctuations in the silicon melt. 
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Abstract 
 
 The floating zone (FZ) silicon single crystal growth process is modelled, considering 
non-stationary melt velocity, temperature, pressure and dopant concentration fields. Due to 
the high purity of the obtained crystal, modelling of dopant transport is carried out more 
carefully: new boundary conditions for dopant concentration in the melt are obtained from gas 
flow simulations. Radial resistivity profiles of the crystal, calculated from the modelled 
concentration field, are compared with experimental data from the Institute of Crystal 
Growth, Berlin. 
 
1. Introduction 
 
 Nowadays, silicon single crystals are very important in semiconductor electronics. By 
doping Si crystals with boron or phosphorus, different values of conductivity can be obtained 
due to electrons or electron holes. Crystal resistivity strongly depends on the concentration of 
charge carriers, which is almost equal to the concentration of dopants. 
 For power electronics, FZ grown crystals are used due to high purity, because the melt 
has no contact with any other system part. In this process, a polycrystalline silicon feed rod is 
melted using a high-frequency (HF) electromagnetic (EM) field generated by an induction 
coil, then the melt flows downwards and cools down due to heat radiation. Then it is touched 
by the seed crystal, which is then pulled down, adjusting the pulling velocity to ensure 
cylindrical growth of the single crystal. When the radius of the feed rod is much greater than 
the radius of the hole in the inductor, it is called “needle-eye” technique. 

Although the FZ needle-eye technique is known for many years, innovations are 
needed to improve performance and reduce the cost/quality ratio of the process. Crystal 
growth companies want to get as good crystals as possible – with homogeneous distribution 
of crystal resistivity and without dislocations. Real experiments are time-consuming and 
expensive, so numerical simulations are widely applied to support the development of FZ 
systems. 
 Developed software allows modelling the FZ process in detail, including the 3D 
hydrodynamics in liquid silicon and gas flow in the FZ puller. Therefore, it is very important 
to investigate, which boundary conditions (BC) should be used for dopant concentration to 
obtain the most correct description of a real system and the best correspondence with 
experiment. In this work, new BC for dopant transport calculations in the melt are derived 
from gas flow calculations. Most frequently dopants are brought into the melt by spraying 
them into the atmosphere of the puller near the free surface of the molten zone. This input 
method was simulated in gas flow calculations to obtain dopant concentration flow through 
the free surface and then use the results as a BC for dopant transport in the melt. From the 
non-stationary concentration field, the radial resistivity variation (RRV) profiles in the grown 
single crystal are obtained, then azimuthally averaged and averaged in time. To analyze the 
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influence of the new BC, resistivity distribution in the crystal is compared with experimental 
data from the Institute of Crystal Growth (ICG), Berlin, obtained by H.-J. Rost et. al. [1]. 
 
2. Mathematical models 
 
2.1. Phase boundaries 
 The stationary state of phase boundaries was obtained in the previously developed 
program FZone using an axially symmetrical approximation [2]. It was found iteratively by 
moving elements of interfaces with velocities that correspond to heat fluxes. The open 
melting front is calculated using a thin film model that takes into account gravity, viscosity 
and mass inflow from the feed rod melting due to EM heat sources. The inductor is strongly 
non-symmetrical, therefore the HF EM field is calculated in 3D and then azimuthally 
averaged to get heat sources for boundary conditions for the temperature calculations [3]. 
Melt motion was not taken into account.  
 
2.2. Gas flow 
 Quasi-stationary buoyancy-driven gas flow in the system with fixed boundaries 
(pulling and rotation of silicon is not taken into account due to the relatively small velocity) is 
calculated using a SST k-ω low-Re turbulence model. Due to strong temperature dependence, 
gas density was calculated using the ideal gas law, viscosity – using Sutherland’s law. An 
axially symmetrical approximation is used because of the big mesh size (1.3 x 0.3 meters, ca. 
73000 cells). Equations solved by the solver buoyantSimpleFoam from the open source 
library OpenFOAM are shown below: 
 
 ∇ = 0,          (2.1) ∇ = −∇ − + ∇ − ∇ + ∇[ (∇ + ∇ )],  (2.2) 

 ∇ℎ − ∇( ∇ℎ) = ∇ ,  = 	 +  ,    (2.3) 
 ∇ = ∇( ∇ ),  = +  ,    (2.4) 
 
where  is melt velocity,  – density, p – pressure,  – radius vector, = 	 +  –
effective viscosity of argon (the sum of molecular and turbulent),  – gravity vector, h = cpT 
– enthalpy,  – diffusion coefficient of enthalpy, C – dopant concentration, Sc – Schmidt 
number and D – diffusion coefficient for the concentration. In Tab. 1 all BC are shown. 

2.3. 3D melt flow 
 3D unsteady calculations of melt hydrodynamics are carried out with the previously 
developed laminar solver FZSiFOAM, based on the open source library OpenFOAM. Non-
symmetrical heat sources and EM forces are taken into account solving equations for melt 

Tab. 1. Boundary conditions for gas flow calculations 
Boundary T C 

Inlet = = ,  
V is dopant inlet velocity = 0 = 1 

Surface of solid silicon no slip T distribution from FZone = 0
Surface of liquid silicon no slip  T distribution from FZone = 0
Walls of puller, 
inductor, outlet no slip, outlet T = 1687 K = 0
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velocity, temperature, pressure and dopant 
concentration. Only the main modification is 
mentioned in this section, for details see [4,5].  

Different BC for the dopant 
concentration C are used (see Fig. 1): either 
constant concentration  or the distribution 
of the concentration gradient =  on the 
melt free surface obtained from the results of 
gas flow calculations were used. The 
concentration value on the ring-shaped profile 
[5] was adjusted depending on the C inflow 
through theopen melting front jof: 
 

(2.5) 
 
where Sof is the total area of the melting front. 
The feed rod is assumed to be pure (C = 0) 
and on the crystallization interface a 
segregation BC is used. 
 
3. Description of the considered system 
 

The 4" FZ system from the Leibnitz 
Institute for Crystal Growth, Berlin is 
modelled. It was selected in order to compare 
RRV with experimental data [1]. Main 
parameters are shown in Tab. 2 and the 3D 
inductor shape with a boundary element mesh 
for HF EM calculations – in Fig. 2. 
 
4. Calculation results 
 
4.1. Gas flow 
 Results of gas flow calculations are 
shown in Fig. 3. As a result of the gas flow calculations, C distribution, which is necessary for 
BC for dopant transport in the melt, is summarized in Tab. 3 and Fig. 4. It can be seen that for 
every value of dopant inlet velocity V, only about 85% of dopants get into the melt through 
the free surface and thin film on the open melting front. Nevertheless, when V becomes 
higher, more dopants get into the melt through the free surface (relative to total C inflow). 

Fig. 1. Boundary conditions for 3D 
dopant transport calculations. 

Tab. 2. Parameters of used FZ system. 
Parameter Value 

Zone height 34.87 mm 
Crystal pulling rate 3.4 mm/min
Crystal rotation rate 6.0 rpm 
Feed rod rotation rate 0.8 rpm 
Current frequency 3 MHz 

Fig. 5. 3D inductor shape with BEM mesh. 

Tab. 3. Summary of the results of dopant transport calculations in FZ puller atmosphere, for 
different dopant inlet velocities V.  is the value used for boundary conditions on the ring-
shaped profile [5], but  is an average value of C on the free surface, calculated from the 
results of melt flow calculations with FZSiFOAM. 
V, m/s C inflow, a. u. Through free surface, jfs Through open front, jof jfs/jof  
0.0 4.0 57.9% 26.8% 2.16 17.2 22.6
0.1 6.5 58.4% 26.5% 2.20 27.3 35.3
0.3 12.9 59.6% 24.8% 2.40 45.0 62.5
0.5 19.9 60.7% 22.7% 2.68 65.8 91.5

	d	 = ( − ) , 
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4.2. 3D melt flow 

To calculate 3D melt flow and dopant transport in the melt, first phase boundaries 
were calculated by FZone using an axially symmetrical approximation. The obtained 2D mesh 
and temperature field is shown in Fig. 5. Then the shape of the molten zone was rotated 
around the axis and a 3D finite element mesh with approximately 72 000 elements was 
created. Melt temperature, velocity and dopant concentration were calculated by FZSiFOAM 
(see Fig. 7, in which typical radial maximum of C can be seen on the crystallization interface, 
it leads to the minimum in the RRV profile). Fig. 6. shows dopant concentration in the melt 
for different V, a boundary layer of C is formed at the crystallization interface due to dopant 
segregation. A closer look at C radial distribution on the melt free surface is given in Fig. 8, 

Fig. 4. Radial distribution of the dopant concentration flow through the 
open melting front (solid) and melt free surface (dashed), in arbitrary units. 

Fig. 3. Left – temperature and gas velocity in the whole FZ system, V = 0. Right top – 
gas velocity vectors and gas temperature in the vicinity of inductor. Right bottom – 

gas velocity vectors and dopant concentration field in the vicinity of inductor. 
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Fig. 7. Time-averaged meridional velocity in the yz plane ( 	to current suppliers), 
temperature in melt and dopant concentration on crystallization interface (V = 0.5 m/s).  

Fig. 5. 2D mesh and temperature 
field obtained by FZone. 

Fig. 6. Dopant concentration distribution 
(a. u.) in melt for different dopant inlet velocities. 

Fig. 8. Radial distribution of time-averaged dopant concentration on melt free surface (in 
direction 	to current suppliers). Left – absolute values, right – normalised to .  
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plots show both absolute values and values normalized to . It can be concluded that the 
normalized values are rather similar due to intensive mixing of the melt. Finally, RRV 
profiles are obtained, azimuthally averaged and time-averaged, and normalized for more 
convenient comparison (see Fig. 9). Variations between cases with different V are small, but 
these calculations are distinguishable. 
 
Conclusions 
 

New boundary conditions for dopant concentration (C inflow through liquid Si 
surfaces) were successfully implemented and compared with previously used ones. The 
influence of dopant inlet velocity V was studied. It was found out that differences in 
normalized RRV profiles between cases with various dopant inflow rates are small, although 
absolute values of C in the melt are very different (for V = 0.5 m/s almost five times higher 
than for V = 0). RRV is mainly affected by the redistribution of integral dopant inflow 
between the melt free surface and the open melting front, not the C gradient distribution on 
the free surface. Results for different V are located between previously used Dirichlet BC with 
fixed C values (1 and 2) on the free surface. Agreement between model and experiment can 
be improved by back-coupling C from the melt to gas flow simulations or by using 3D non-
symmetrical BC for C in the melt. 
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Fig. 9. Left – instantaneous RRV profiles and averaged one (a. u.). Right – averaged RRV 
profiles for different concentration BC. Experiment from ICG is shown with triangles. 
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Abstract 
 
 In modern hot rolling mills the final strip thickness becomes lower. Especially in 
integrated casting and rolling lines for continuous thin strip production the exit speed 
becomes quite high.  
 Usually such plants like the CSP-lines of SMS –Siemag producing strip by strip. To 
avoid beginning and finishing procedure of the so called batch mode an endless production of 
strips with direct connection of the hot strip mill [HSM] to the continuous casting machine 
[CCM], without any cutting operation, has different advantages compared  to batch operation. 
One special issue is the thermal balance of the rolling process, especially in endless operation. 
The casting speed of the CCM is limited because of several reasons und changes in rolling 
speed, like in batch operation, are not possible any more. As a result HSM running in endless 
mode need a powerful and flexible intermediate strip reheating device to stabilize and boost 
the temperature to a certain level. 
 For reasons of the path schedule and the temperature window for the rolling operation 
these heaters have to be positioned in between the rolling mill, typically after the 3rd rolling 
stand. 
 Although the startup procedure occurs infrequent, the process has special requirements 
to the heater, to avoid damage and allows safe operation of the HSM. 
 Different flexible induction heating solutions are currently available on the market to 
solve this individual challenge. Two principles of inductor design are suitable, inductive 
longitudinal flux inductors and inductive transversal  flux  inductors. 
 In this paper typical characteristics of the electromagnetic and thermal performance 
are compared both, by numerical simulation using 3-dimensional-FEM simulation with an 
electromagnetic/thermal coupled model and by experiments carried out with a flexible 
prototype inductor that allows both operation  modes, the longitudinal and the transversal . 
All relevant operating figure, like achieved temperature profiles, energy consumption, 
flexibility, available power are worked out and compared over a wide product range and for 
different intermediate strip thicknesses.  
 
1. Introduction 
 
 Endless strip production for ultrathin gauges is one of the newest trends in steel 
production for flat products. Usually final strip thicknesses between 0,6 mm and 1,2 mm are 
produced in this mode. Because of the high final exit speed the endless production has certain 
advantages. Intermediate strip heating is required and two different principles with various 
inductor designs are possible to use. Instead of a very long tunnel furnace in front of the 
rolling line powerful induction heater between the stands are used for controlling the thermal 
balance of the strip. For strip thicknesses higher than 20mm longitudinal flux inductors with 
closed, conventional coil designs are very often used. They are operated between 1 and 10kHz 
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depending on the strip thicknesses. For thicknesses lower than 5mm the transversal flux 
design offers a good solution.  Frequencies for this application are between 500Hz and 2kHz. 
The reason for this division is that the availability for powerful converters is high in the 
mentioned frequency ranges. Typically for endless operation the required heating is for strips 
from 6mm-12mm during operation and up to 20mm during start-up. So both principles are not 
running in the optimal range. This paper compares temperature progression, flexibility of the 
systems and other important parameters for the two systems and variations of them. The paper 
compares conventional closed inductors and inductors with separable design, that combines 
the advantages of a longitudinal flux inductor and the flexibility of a separable inductor 
design. The simulated sytems are: 

 Transversal Flux (separable inductor, 750Hz)  
 Longitudinal flux (closed inductor, 6kHz) 
 Longitudinal flux (closed inductor, 10kHz) 
 Longitudinal flux (separable inductor, 10kHz) 
 Longitudinal flux (separable inductor, 30kHz) 

 

 
Fig. 1 Layout of a conventional 2-strand CSP-Line 

 The transversal flux induction heating is using two independent inductors. One is 
located above and another below the strip [1]. The height could be adjustable or not. Due to 
the independent coils moving the inductors in and out of the line is possible, even if a strip is 
passing the heater. The frequency of the system has to be chosen according to the strip 
thickness so that the electromagnetic penetration depth is 3-5 times higher than the thickest 
strip. Therefore frequencies are lower than for longitudinal flux heaters, even for very thin 
thicknesses. The temperature distribution for transversal flux heaters is non uniform as shown 
in Fig. 2. The edges are heated more intensive than the body of the strip. This effect increases 
with higher strip thickness, so that special care of the edge heating has to be taken for 
powerful transversal flux heaters. The ratio between the heating of the body and the heating of 
the edges is also shown in Fig. 2. As already reported in [3], by special design of the coils and 
a precise positioning of the inductors to the edges of the strip this effect could be reduced but 
not deleted completely. A 9.6MW transversal flux heater is in operation since beginning of 
2000 for reheating of 2mm stainless steel strips. The required temperature rise for this 
application is 200K from 900°C to 1100°C. 

108



 Longitudinal flux heating is very suitable for thicker thicknesses. For reheating after 
the tunnel furnace in a CSP-line usually the slabs are 60-100mm thick. For these products 
heaters running from 800Hz to 3kHz are in operation. The power per module reaches 
4500kW-9000kW. For thinner strips the frequency has to be increased and the coupling 
between slab and inductor refractory needs to be smaller because of the lower power factor of 
the inductor-slab system. For reasonable systems the opening height of the inductor running at 
6-10kHz is 70mm or smaller. To start and shutdown such a system special care for protection 
of the coils has to be considered. Leveler and hold down rollers, as well as drivers and 
emergency shears are used for this eason. But there is always a compromise between safety of 
the system and good electrical efficiency. 
 This compromise could be overcome by separable coils. The transversal heaters use it 
because of the physics of the system, but modern longitudinal flux heaters are often also 
equipped with separable inductors. During start and shutdown the gap between upper and 
lower inductor could be increased for safe operation and in continuous operation the gap 
could be reduced to reach a good electrical efficiency and high power-factor of the inductor-
slab system. 
 Especially for very high frequencies of 30kHz and higher this is important to limit the 
voltage for the resonant circuit. 

 

 

 As possible to see in Fig. 3 for a temperature rise of approx. 300K 8 inductors running 
at 4500kW each are required. Due to the separable design two steps of heating per inductor 
are done. The example shows a 12mm strip produced at 0,69m/s speed and a width of 
1550mm. Typical for longitudinal flux heating is the lower heating rate at the edges of the 
strip. Even with the shown 30kHz the edges are 50K colder than the body. A small maximum 
at the end cannot compensate this effect. Therefore for edge heating a longitudinal flux 
inductor independent of frequency needs to be combined with a powerful edge heater to reach 
uniform temperature profile at the exit. 
 

Fig. 2 Temperature progression and overheating of edges for transversal flux heater 
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 To verify the numerical results a test setup with an adjustable separable inductor has 
been developed. The inductor is able to run in transversal flux mode at 750Hz and in 
longitudinal flux mode up to 20kHz. The change of the modes is done by different resonant 
circuits and changing of busbar connection. It has a heating width of 500mm and a power up 
to 800kW. Two of these inductors could be operated both in longitudinal, transversal or a 
combined mode, to reach maximum flexibility. The transport of the slabs is done by a 
rollertable that is suited for slabs up to 2000mm length.  
 

 

Fig. 4 Test setup and measured result of a transversal flux heater operated at a 15mm stainless 
steel strip 

 As an example the temperature progression for a 15mm stainless steel strip is shown. 
On the x-axis is the time and on the y-axis is the temperature in °C. The curves are measured 
with different thermocouples. The positions are direct at the edges (orange and blue), 20mm 
from the left edge (red), 50mm from the left edge (green), 100mm from the centre (dark blue) 
and at the centre (light blue). The body of the strip is heated from room temperature to 
150°C.The edges are reaching 550°C. The factor is according to Fig. 2 and by this the 
complete range of strip thicknesses for different frequencies could be verified. 
 
2. Result 
 
 Of main interest for powerful induction reheating systems are the efficiencies of the 
system as electrical consumption comes into focus in nearly all countries. To be comparable, 
induction systems of each kind are developed and analysed to reach the best possible 
efficiency for each system, independent of investment for such a system. 
 In reality the busbar connections and the cable length could be higher as well as the 
inductors have to cover a wider range of material dimensions. 

Fig. 3 Temperature progression for longitudinal flux heater with separable design 
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 In the end a general overview has been created to identify the most economical 
solution for each strip thickness. Technical issues coming from possible overheating of edges 
and the loss in efficiency arising from developments to avoid it are neglected in this 
comparison. 
 It is obvious to see, that for very small thicknesses the transversal flux heating is the 
best solution. Below 8mm thickness all of the longitudinal flux heaters have lower 
efficiencies. But focused on the complete range for reheating applications in hot strip mills 
this is only the lowest region. On the other side, at 14mm and above there is also an obvious 
recommendation in terms of efficiency. This is a 10kHz solution of the longitudinal flux 
inductors. At this strip thickness the frequency is high enough and it is possible to use coils 
with 2 or even more turns. In some cases a conventional closed inductor design is possible to 
use, which lowers the investment for the system and reduces the electrical efficiency only a 
little bit. A separable design reaches the highest possible efficiency. The reason is the optimal 
coupling of the inductors to the strip in endless production. A distance between the surface of 
the strip and the refractory of the inductor of 15mm and below is possible to reach. A 6kHz 
solution comes close to this values at strip thicknesses higher than 14mm and in this area is 
more efficient than a transversal flux heater. But thinner strips are nearly not possible to 
produce with 6kHz, as the efficiency is decreasing very fast because of the high 
electromagnetic penetration depth. Between 8mm and 14mm and also for higher strip 
thicknesses there is a solution operating always at a very high efficiency. The longitudinal 
flux heating with 30kHz frequency offers a stabile low energy consumption nearly over the 
full range of strip thicknesses possible for endless operation. It is the most flexible heating 
solution and has a uniform temperature profile, like shown in Fig. 3.  The new generation of 
power generators can deliver 4500kW from one unit, what is comparable to other 
technologies running at lower frequency level. 
 

 
 
  
 
Fig. 5 Results of the comparison of the electrical efficiency for different reheating approaches
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3. Conclusions 
 

Induction reheating of intermediate strips is important for endless strip production. 
Powerful installations are available for different strip thicknesses. The longitudinal flux and 
the transversal flux principle are both possible. Each principle has advantages and 
disadvantages in the technical possible range for the intermediate strip thicknesses. Flexibility 
advantage of the transversal flux design, what has separable inductors could be compensated 
by a separable longitudinal flux inductor design. Technical frequencies of modern power 
converters are available up to 250kHz at high power rates and are not the limiting factor for 
the longitudinal flux inductor. 

For a maximum flexibility and the possibility to influence the temperature profile 
across the width of the strip, a combination of high frequency longitudinal flux heaters 
preferably with separable design and transversal flux heaters are recommended. This 
combination allows flexible tuning of temperatures over a wide range of strip thicknesses. 

As an example for such a combination a 36MW installation is possible to be installed 
with a length of 9,2m. the demand for safety equipment can be reduced to a minimum if a 
separable design for all inductors is choosen. 
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Abstract 

 

This presentation is devoted to simulation of slab heating in the longitudinal magnetic 

field. There were many studies of this technology in the past, but they were mainly related to 

heating materials with linear properties. One of the problems in slab heating simulation is a 

3D character of the electromagnetic (EM) and thermal (T) processes. New program ELTA 6.0 

has an option of 2D FDM simulation of EM and T processes in combination with semi-

analytical account for the finite length of the system. Presentation contains a short survey of 

history and state-of-art of slab heating. New simulation procedure and a study of the edge 

effect variation during high temperature heating of the magnetic slab are presented. Example 

of simulation for multi-stage heating of big steel slab illustrates the theoretical considerations. 

 

Introduction 

 

Heating of slabs was a subject of multiple studies since the beginning of 1960s [1]. We 

can mention here a work of V. Peysakhovich [2], who derived equations in the form of series 

for the field and power density distributions as well as for an impedance of a body with 

rectangular cross-section placed in the longitudinal magnetic field. The following studies of 

slab heating in 1970s were devoted to calculation of electromagnetic and thermal fields using 

analytical and later numerical Finite Difference (FDM) methods. An interesting study of the 

electrodynamic forces and methods of design of vibroresistant inductors for slab heating was 

published by L. Zimin in 1973 [3]. Multiple results of study of slab heating using analytical 

and numerical methods were conducted in LETI in 1970-1980s and published in a monograph 

[4]. Main attention was paid to power distribution and graphs for impedances which  were 

presented for the non-magnetic and magnetic slabs in a wide range of skin effects and aspect 

ratios.  It was shown that maximum efficiency in heating wide slabs corresponds to a ratio of 

slab thickness d and penetration depth δ equal to π. It is interesting that approximately the 

same ratio of d/δ provides the most uniform (in sense of uniformity "in large") distribution of 

power in the width of the wide non-magnetic slab, fig.1. It means that the this  level of skin 

effect provides the most effective, fast and uniform heating of wide slab under adiabatic 

conditions. Changing frequency and therefore d/δ, one can provide required temperature 

distribution, e.g. for compensation of additional thermal losses from the slab sides. For 

selected frequency it is possible to design the coil providing required temperature distribution 

in the slab length by means of control of the End effects of the slab and coil, fig.1, [4].  

Our experience shows that the terms "End effects" and "Edge effects" are not being 

used by different authors in the same way and it is worth to give clear definitions.  

Edge Effects describe distortion of the electromagnetic field, current and power 

distributions caused by abrupt change in geometry or material properties in the eddy current 

flow path, e.g. near the edges of a slab or strip. Edge effects are especially important in the 

transverse heating of plates and strips.  
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Fig. 1. Left: Distribution of power p' in width and length of a slab with dimensions d x b x a. 

Power is normalized to its value at the central point 0. Right: Distribution of normalized 

power density near the edge of wide slab for different ratios of d/δ 

 

End Effects describe distortion of the electromagnetic field, current and power 

distribution caused by abrupt change in geometry or material properties in the magnetic flux 

flow path. Edge and end effects are typically two-dimensional and may be relatively easy 

studied and described using 2D simulation. The problem of simulation of slab heating is 

actually 3D and at the corner in the slab end plains we have the areas where Edge and End 

effects interfere. An example of current distribution in 3D area is presented in Chapter I of the 

Induction Training Course on a site http://fluxtrol.com/technical-library/induction-heating-

training.   

Surface power density p' is very convenient for description of end and edge effects, 

fig.1. Value of p' is an integral of volumetric power density pv along the slab thickness d. End 

effects are not considered in present paper due to limited space.  Existing theoretical studies 

of slab heating are mainly related to materials with linear properties. For real cases of heating 

steel slabs, the skin effect can vary dramatically in the process of heating influencing both end 

and edge effects. In addition to that, the results of previous studies of edge effects are 

applicable accurately only to the slabs with aspect ratio b/d exceeding 4 otherwise the edge 

effects can interfere and influence both the coil parameters and power distribution.  

 

1. Simulation of slab heating using ELTA 6.0 

 

Program ELTA 6.0 is a new version of the industrial user-oriented program. It 

contains multiple improvements compared to the previous versions of Elta with a completely 

new option for the induction heating of bodies with rectangular cross-sections (rods, billets, 

slabs, etc.). This option is based on a special 2D FDM algorithm for calculation of the 

coupled electromagnetic and thermal fields. It allows the user to investigate both power 

density and temperature distribution in the cross-section of the body during the whole process 

of heating. An analytical “Total Flux Method” is used for an account of a finite length of the 

coil and workpiece in the same way as in the previous versions. Total Flux method is based 

on composing the magnetic substitution circuit for a system “inductor – workpiece” [4]. 

Multiple tests show that it gives good practical results in simulation of 2D systems of simple 

geometry. In some cases even 3D systems such as heating of slabs in oval or rectangular 

inductors can be simulated with good accuracy [5]. 

ELTA 6.0 can simulate slab heating with 1D and 2D approaches. In both cases the 

system has two planes of symmetry OX and OY and simulation is being performed for a 

quarter of the cross-section. In 1D option the program calculates field strength, current and 
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temperature versus the slab thickness in its central zone. This approach gives good results in 

temperature distribution only for a central zone and correct coil parameters for rather wide 

slab (b/d>8). One-dimensional calculation is also used at the beginning of each 2D simulation 

for two reasons: 

a) to provide good initial calculation setup for 2D calculation 

b) to give the user fast reasonable answer regarding selected processing parameters 

(frequency, power, time, etc.) before accounting for edge effects.  

When using 2D option, the user can calculate and visualize the following additional items:  

• Color maps of temperature, heat sources (power density) and magnetic field strength 

in the whole slab cross-section for any instant of heating – T,w,H = f(x,y @ any t) 

• Color maps of temperature variation – T = f(x,t @ any y) and T = f(y,t @ any x)  

• It is possible to change scale range of  presented values for all color maps using Scale 

button); it make possible to display maps of absolute temperatures and of temperature 

gradients 

• Curves of temperature, heat sources and field strength along horizontal or vertical 

centerlines for any time  instant T,w,H = f(x @y = 0 or y @ x = 0) 

• Curves of temperature along the perimeter of one quarter of the slab, fig. 2, for any t. 

There is an additional option for calculation of density p' versus the slab width. In the 

program p' is referred to as Total Specific Power. ELTA 6.0 is mainly self-explanatory and 

does not require computer skills for running. Basic induction heating knowledge is very 

desirable for effective use of the program. It may be effectively used for research, practical 

design of the induction systems and for education (learning and teaching) [6]. 

 

2. Simulation of steel slab heating  

2.1. Study of transient edge effect in steel slab heating 

Slab dimensions: thickness 16 cm, width 80 cm, length 200 cm, material - carbon steel 1040. 

Inductor dimensions: the inductor "window" is 34 x 98 cm, length 200 cm, turn number 35. 

There is no special thermal insulation. 

Processing parameters: frequency 50 Hz, constant coil power 1200 kW, heating time 1500 

sec with subsequent soaking time of 100 sec. Heating is adiabatic., e.g. there are no thermal 

losses from the slab surface. 

This case was specifically designed to study transient edge effects during heating of 

steel slab. Skin-effect below Curie point is very high and edge effect is positive, i.e. edge zone 

will be overheated. Above Curie temperature a ratio d/δ = 2.25 and there should be under-

heating of edges, fig.1. At the same time electrical efficiency of the inductor should be 

reasonably high because the power absorption coefficient is G = 0.75 [4].  

 

Simulation showed that the transition from magnetic to completely non-magnetic state 

of slab happens during a rather long period of time from 400 sec to 1050 sec. At t = 400 sec 

temperature in the corner area reaches 740 C with the surface temperature in the central zone 

being only 480 C, fig.3, left. Distribution of p' corresponds to magnetic state with its value on 

the edge seven times higher than in the central zone. During the following 500 sec the corner 

temperature grows up to 780 C, while Tc reaches 817 C. i.e. increases eight times faster than 

Fig.2. Cross-section of slab with 

explanation of perimeter path 
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in the corner. After 100 sec of heating all the temperatures grow approximately "in concert" 

as it should be for a quasi-stationary process. This behavior may be explained by dynamics of 

variation of p'. Transition of p' from magnetic state (curve t = 400 sec) to non-magnetic (curve 

1100 sec) happens unevenly with strong intermittent variation both in time and distance from 

the edge. Minimum power in the edge zone corresponds to t = 980 sec when p' becomes 

almost three times lower that p'c. At t>980 curve of p' evenly approaches the threshold curve 

for hot steel. 

  

Fig.3. Left: Temperature along the perimeter P of one quarter of the slab cross-section.     

Right: Distribution of normalized total specific power density in the slab width for different 

instances of heating 

 

 
  

 

Fig.4. Power density distributions at t = 980 (top) and 1100 sec (bottom) 

Volumetric power density distribution during the transient period is very odd, 

especially for a period 800-1000 sec, fig. 4, top. It is important to know a width of the edge-

effect zone. In magnetic state it is about 2 cm, in hot state - around 10 cm, i.e. it equals to 

0.625d or approximately 1.5δ. However at t= 980 sec this zone is around 16 cm. Good 

understanding of edge effects is important for design of the slab heating process simplifying 

complete simulation of the heating process and the inductor design with account for thermal 

losses.   
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2.2. Example of optimal design of multi-stage process of large slab heating 

Slab: Dimensions 20 x 120 x 200 cm, material - low carbon steel 1020. Required final 

temperature 1200 +/- 50 C. Production rate is 33 t/hr. 

Processing: A four-stage "isothermal" process was selected after multiple iterations. Stage 

one - accelerated heating at frequency 50 Hz; stage two - heating at 50 Hz to bring the surface 

temperature close to maximum level; stage three - final heating at 150 Hz for temperature 

distribution improvement in thickness and width of slab; stage four - holding slab in thermal 

chamber for final temperature conditioning. Heating time in each inductor 400 sec, holding 

time 200 sec, transportation time 10 sec. Inductor designs were different for good efficiency 

and matching to the source (line or inverter). Powers at different stages and overall 

temperature dynamics for the central zone of slab are presented on fig. 5.   

    

Fig. 5. Left: Total inductor power, power in the load and losses in the coil.  

Right: Temperatures dynamics for the surface (x = 10, y = 0 cm), slab centre, temperature 

differential "surface-centre" and mean temperature in volume 

 

Fig. 6. Left: Total specific power distribution. Right: Temperature distribution along to 

perimeter P of 1/4 of the slab for different times 

 Figure 6 shows distribution of absolute values of the total specific power in the width 

of slab and temperature distribution along the perimeter. Initial overheating of edge was 

compensated by lower p' at the end of the stage 1. Ratio d/δ for hot conditions is 2.8, i.e. 

slightly lower than optimal value for uniform adiabatic heating. For this reason and for 

compensation of additional thermal losses from the slab side, frequency 150 Hz was selected 

for the final heating stage. Resulting temperature at the end of stage 3 corresponded to 

specifications. Stage 4 is an additional measure for very uniform temperature field (t = 1430 

sec) and for compensation of short irregularities in the rolling mill demand for hot slabs. 
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 Figure 7 gives additional information about power density and temperature 

distributions at the end of stage 1. Complete results of simulation include all the parameters of 

induction coils (currents, voltages, powers, capacitor batteries, etc.) and even requirements to 

the coil windings cooling systems. Calculated energy is rather small, less than 290 kWh/t. 

 

Fig. 7. Top: Power density distribution at the end of the first stage (t = 400 sec); 

Bottom: Temperature at the end of the first stage. Edge zone is slightly underheated. 
 

Conclusions 

 This study confirmed existing and provided new information about edge effects in heating 

slabs in longitudinal magnetic field 

 It was shown that when heating magnetic slabs, the transient edge effect can lead to 

underheating of wider edge zone than for  non-magnetic stage (above Curie point)                                                           

 Power variation due to edge effects can be in the zone wider than the slab thickness 

 Obtained information may be used for optimal design of induction slab heaters 

 Program Elta 6.0 is a convenient tool for design of induction processes and coils for slab   

heating and may be used for teaching/learning of induction heating technology. 
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Abstract 
 

EDF and CETIM have developed a software called Forg’Induc for optimising the 
design of induction heating devices for forging industries. The main objective is to minimise 
the energy consumption of the furnace. It is based on alternative resolution of the 
electromagnetic and thermal problem. The electrical optimisation finds the electrical 
parameters that minimise the energy consumption of an existing inductor. The geometrical 
optimisation gives the design of a new coil for heating new sizes of workpieces. 

 
Introduction 

 
In forging industries, induction heating devices are often used for heating slugs or 

billets before forging them with a good efficiency. Time going on, production is changing, 
new sizes of parts have to be heated but the heating device does not change. Heating smaller 
parts is always possible but the efficiency may decrease dramatically. Heating bigger parts 
requires a new bigger inductor which is often home-made to reduce the investment costs. 
Unfortunately, it is rarely well designed for a best efficiency. Thus, the global energy 
efficiency may strongly decrease and sometimes, the heating configuration becomes out of 
the power supply range. 

 
The French Technical Centre for Mechanical Industries (CETIM) and EDF have built 

a joined project called Forg’Induc with a partial financial support of the public French 
Agency for Environment and Energy Efficiency ADEME. Its aim is to develop a numerical 
tool to optimize the use of the induction heating device. This tool is based on the alternative 
resolution of the electromagnetic and thermal equations in a 1D configuration. Three 
functions are available in this software: 

• Simulation of an existing coil configuration. This function aims to simulate an existing 
coil configuration in order to give the reference value to the optimisation process. 

• Electrical optimisation of the existing coil. This function aims to give, for an existing 
coil, the best electrical parameters to choose for a new slug size: capacitors, MF 
current and voltage, taking into account the intrinsic limitations of the power supply. 

• Geometrical optimisation. This function aims to design a new coil for a specific 
production and to give the electrical parameters of the power supply. In a first step, the 
optimisation process is made on the geometric parameters of the coil and, in a second 
step, on the electrical parameters as described above. 
 
This paper presents in the following chapters these three functions, what they cover 

and how they are implemented in the software. 
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1. Simulation of an existing configuration 
 

1.1. Geometry and physical properties 
Induction heating furnaces in the forging industry are 

mainly made of one or several solenoid coils surrounding the 
workpiece to be heated. A refractory layer inside the coil 
prevents from mechanical or thermal diseases due to hot 
workpieces placed inside the furnace. Several billet or slug 
cross-sections are used: cylinder, tube, square, rectangle, etc... 
In the first version of the software, only the axisymetrical 
configuration (cylinder or tube) is considered. In this case  
(Fig. 1), the induction coil and the refractory layer have the 
same symmetry. Only few dimensional data are requested to 
completely define the geometry of the furnace. 

 
The software simulates the static heating of a 

workpiece that could be shorter than the furnace but the edge 
effects are not taken into consideration. A continuous heating 
is approximated by the static heating of a billet of the same 
length as the induction coil, the heating time corresponding to 

the transit time inside the coil. Coil end effects are not taken into consideration. 
Physical data concerning the heated metal and the refractory are key-elements for a 

relevant simulation. Unfortunately, data are often missing, especially the temperature 
evolution of electromagnetic properties, such as the resistivity or the magnetisation curves. 
During the project, ten materials were characterised and implemented in the database included 
in the software. Thermal characterisations were made by the Critt Metal T2 in Nancy (France) 
and electromagnetic ones were made by EDF using the equipment described in [1]. New 
physical data can be easily introduced in the database. 

 
1.2. Electromagnetic resolution 

During an induction heating, skin depth can vary in a large scale, typically from 1 to 
10 when heating carbon steel from room to forging temperatures. Furthermore, during Curie 
transition, the small skin depth region corresponding to the magnetic phase migrates from the 
outer to the inner tube radius. To reduce the computation time, the electromagnetic process 
start with the calculation of a meshing adapted to the phenomenon to simulate; small meshes 
in small skin depth regions, larger meshes elsewhere. 

Electromagnetic resolution uses a transient 1D finite elements method (FEM). The 
temperature distribution inside the workpiece is assumed to be invariant regarding the time 
telec of the electromagnetic solving process but it is not necessary uniform along the workpiece 
radius; the physical properties are evaluated at each node at the beginning of the solving 
process. The electromagnetic source is the sinusoidal magnetic field H0 defined by: 

( ) ( )ϕ+π⋅
⋅⋅

α= elec
coil

coil
elec tf

L
INtH 2cos2

0  (1) 

with: 
• N: number of turns of the coil 
• Icoil: current flowing through the coil (rms value) 
• Lcoil: coil length 

 

Fig. 1: schematic view of 
the simulated geometry 
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• α: attenuation coefficient of the magnetic field 
• f: frequency of the power supply 
• ϕ: phase shift of the magnetic source 

The attenuation coefficient α represents the correction of the magnetic field of an infinite 
solenoid for short inductors. The phase shift ϕ was chosen after several numerical 
experiments in order to reach as fast as possible the periodic regime. It is obtained generally 
after 3 periods of the source. 

During the last half-period, instantaneous Joule losses and reactive power are 
evaluated and summarized at each node of the mesh in order to calculate its mean value at 
each node. As the meshing of the electromagnetic resolution changes each time it is called, 
the power sources distribution is interpolated to the thermal meshing with respect to the 
energy balance. 

 
1.3. Impact of the power supply behaviour 

 
One issue of the electromagnetic resolution is the behaviour of the frequency 

converter. Recent induction heaters in industry use static resonant inverters. These 
equipments do not work at a fixed frequency. While running, the inversion frequency adapts 
itself to the resonant frequency of the oscillating circuit made of the induction coil itself and 
capacitors connected to it. But the coil impedance varies with the temperature of the heated 
load, so does the frequency. Static resonant inverters also have some limitations such as a 
maximum voltage and current or a maximum power. When one of these limits is reached, the 
current flowing through the induction coil is affected and this reduced value has to be taken 
into account. 

The methodology, detailed in [2], is based on the evaluation of the resulting coil 
impedance (Rind and Lind) and its interaction with the other passive components of the 
oscillating circuit: capacitor bank, upstream and downstream transformers. Oscillating circuit 
configuration (Fig. 2) depends on the kind of inverter used in the induction device. In the first 
version of the software, only the full bridge current or voltage inverters are implemented. The 
converter frequency is assumed to be the resonant frequency of the oscillating circuit. Input 
data for the software are the electrical parameters displayed in the power supply control 
screen, typically the output voltage or current, the frequency, the power. It is then easy to 
determine the value of the coil current (Icoil in (1), I4 in Fig. 2) taking into account the upper 
limit of inverter voltage and current. 

Parallel oscillating circuit for a current 
inverter 

Serial oscillating circuit for voltage inverter 

Fig. 2: Oscillating circuit configuration 

 
1.4. Thermal resolution 

Thermal resolution consists in determining the temperature distribution inside the 
heated billet and the refractory layer covering the coil. The power source located in the heated 
billet is the Joule power distribution calculated by the electromagnetic resolution. The 
temperature θind at the interface between the inductor coil and the refractory layer is assumed 
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to be constant during all the heating process and equal to the cooling water temperature. The 
revolution axis of the heated cylinder or the inner surface of the heated tube is assumed to be 
adiabatic. Convection losses are neglected and radiation losses Prad emitted by the workpiece 
are collected by the inner surface of the refractory according to the equation: 

( )

loadref

load

refeq

loadloadrefloadeqrad

D
D

LDP

ε
+⋅⎟

⎟
⎠

⎞
⎜
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−

ε
=

ε

πθ−θεσ=

1111and

44

 (2) 

with: 
• σ: Stephan-Boltzmann constant 

(= 5.67 10-8 W.m-2.K-4) 
• εload, εref: resp. load, refractory 

emissivity 
• θload, θref: resp. load outer surface 

and refractory inner surface 
temperature 

• Dload, Dref, Lload: see Fig. 3 
 
Thermal resolution uses the 1D 

implicit finite difference method in the 
time domain. Only the heated piece and 
the refractory layer are meshed and the 
mesh does not change all along the 
thermal solving process. 

 
1.5. Linking electromagnetic and thermal resolution 

Electromagnetic and thermal resolutions are coupled by the temperature and power 
losses distribution. The electromagnetic resolution gives the power losses distribution 
corresponding to a specific temperature distribution, using the temperature dependence of the 
electromagnetic properties of the heated metal. The thermal resolution gives the temperature 
distribution resulting from a specific power losses distribution. A weak coupling strategy is 
chosen, solving alternatively the electrical than the thermal problem at each thermal time step. 
This strategy is relevant because the time variations of the electrical and thermal phenomena 
are distant of several orders of magnitude. That means that the temperature is constant for 
each electromagnetic resolution and that the mean power losses can be used as power sources 
of the thermal resolution. 

As the electromagnetic resolution is much more time consuming than the thermal one, 
we try to reduce its number of calls. At each time step, the software evaluates the variations of 
the electromagnetic properties all along the workpiece. If they are low enough, the 
electromagnetic resolution is avoided and a new thermal time step is calculated with the same 
power losses distribution. Otherwise, a new electromagnetic resolution is performed. 

 

θload
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θind
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Prad
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Fig. 3: Heat exchange between heated piece 
and coil 
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2. Electrical optimisation of an existing coil 
 

2.1. Objectives of the electrical optimisation 
An inductor designed by the induction manufacturer is generally optimised for the one 

size of workpiece to be heated. The efficiency remains good in the small range around the 
optimal size. Heating much smaller billets in the same inductor leads to a strong reduction of 
energy efficiency. The electrical efficiency of the induction coil ηelec defined as the ratio 
between the electrical power Pload transferred to the load on the total power Pload + Pind 
injected in the coil, taking into consideration the coil Joule losses can be evaluated as: 

( ) load

ind

load
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with: 
• ρind, ρload: resp. coil, load resistivity 
• μr: load relative permeability 
• F: power transfer factor, function of the ratio 

between the load diameter (Dload) and the skin 
depth (δ). Fig. 4 shows the evolution of the 
power factor for a plate and for a cylinder 

• Dind, Dload, Lind, Lload: see Fig. 3 
• k: coil fill factor 

 
Equation (3) shows the origin of the efficiency 

decrease: increase of the ratio Dind/Dload and decrease 
of the power transfer factor due to the mismatch of the 
heating frequency to the load size. The objective of 
the electrical optimisation is to find an appropriate 

frequency for the heating: typical optimal frequency leads to a power transfer factor above 
0.8. 

 
2.2. Looking for the optimal frequency 

So, the working frequency is a key-parameter for the research of the best efficiency. 
Recent induction heating devices use resonant inverters to energize the coil which can work 
in a wide frequency range. But the only way to adjust the inversion frequency is to adapt the 
oscillating circuit by connecting or disconnecting capacitors or changing the transformer 
slots. In the software, the user indicates the number of capacitors and their capacitance and, if 
they exist, the slots of the upstream and downstream transformers (primary and secondary 
windings). Choosing the optimal available frequency consists then in testing every 
combination of capacitors and transformer’s slots until reaching the requested final 
temperature with the lowest energy consumption while working in the inverter’s frequency 
range. If the working frequency becomes out of the inverter frequency range, this 
combination is dismissed. 

The first step consists in looking for the first combination reaching the final 
temperature before the maximum heating time. The corresponding energy consumption 
becomes then the reference value. If ever none of the combinations respects the 
specifications, a warning is displayed and the proposed solution is the solution with the 
highest final temperature. The worst case could be that the working frequency becomes out of 

 

Fig. 4: Power transfer factor of a 
plate or a cylinder 
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range for all the combinations: heating is unfeasible with the existing device! But this event 
should not occur if the design coil already works. 

The second step consists in testing the remaining combinations to find lower energy 
consumption while reaching the requested final temperature. Several kinds of events can stop 
the coupled resolution process: 

• The working frequency becomes out of the inverter frequency range: this combination 
is dismissed. 

• The energy consumption reaches the reference value but the mean temperature 
remains below the requested one: this combination is dismissed. 

• The maximum heating time is reached but the mean temperature at that time remains 
below the requested one: this combination is dismissed. 

• The final mean temperature is reached with energy consumption below the reference 
value: this combination becomes the new reference. 

At the end of this step, the optimal solution is presented. It fulfils the specifications if the final 
temperature reaches the expected value. Otherwise a warning is displayed mentioning than 
the specifications are not reached: the optimal solution corresponds then to the closest 
achievable solution with the existing equipment. The simulation can be extended in time until 
the requested final temperature is reached: this extension gives the shortest heating time 
possible with the existing equipement. 

 
3. Geometrical optimisation of a new coil 

 
3.1. Objective of the geometrical optimisation 

Of course, heating a billet too big for the inductor requires building a new one but that 
is not the only use of the geometrical optimisation. As already mentioned in 2.1, the relative 
dimensions of the load and the coil have also a strong impact on the electrical efficiency (3): 
it could be more profitable to heat small parts in a smaller furnace and induction 
manufacturers often propose several inductor sizes when the production range is too large. 

The forging industry often prefers building home-made inductors to reduce their 
investment costs, but the efficiency is not here because the coil is not well designed. The 
objective of the geometrical optimisation is to help the industrial in the design of a well 
optimised coil. 

 
3.2. Main consideration regarding the optimisation process 

Two types of parameters have to be considered in the optimisation process: electrical 
and geometrical parameters. Some of them are adjustable and can be optimised, some other 
are constraints and finally other are the consequence of the choice of the adjustable 
parameters. Thus, concerning the geometrical parameters, the inductor length is a constraint, 
the inner diameter of the coil and the refractory thickness are adjustable and the number of 
turns of the coil results from the electrical performance of the furnace. In the same way, 
concerning the electrical parameters, the frequency and the total current N.Iload are adjustable, 
the power supply characteristics (nominal power, voltage and current) and the oscillating 
circuit (capacitors, transformers) are constraints and the voltage per turn, the active and 
reactive power result from the electrical performance. 

The main issue is that these parameters are strongly interlinked. For example, the 
power supply limitation will not react the same way with two different numbers of turns: with 
a great number of turns the voltage limitation is quickly reached, with a small number of turns 
the current limitation is reached. It results finally a drastically different behaviour. To solve 
this issue a two steps procedure is performed. 
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3.3. Geometrical optimisation step 
The first step consists in a geometrical optimisation that does not take into account the 

potential limitations of the electrical equipments. The parameters to optimize are the inner 
diameter of the coil, the refractory thickness, the frequency and the total current: they have 
the greatest influence on the final performances of the equipment. The frequency is chosen in 
the power supply frequency range to obtain a good value of the power transfer factor. The 
total current corresponds to the nominal power of the inverter that can be reached during the 
heating. This total current is assumed to be constant during all the heating. 

At the end of the previous step, the coil is geometrically designed taking into account 
the electric parameters calculated during the simulation. The inner coil diameter and the 
refractory thickness correspond to the optimal configuration. The number of turns is 
determined using the value of the voltage per turns obtained and considering the different 
combinations of transformer slots. To keep flexibility for the second step of the optimisation 
process, inverter output voltage is taken to about 80 % of its nominal voltage. The optimal 
number of turns is one which maximise the coil fill factor. 

 
3.4. Electrical optimisation step 

The second step consists in an electrical optimisation based in the inductor 
geometrically design in the previous step. This step is the same as the electrical optimisation 
of an existing coil described in 2. This step takes into account all the limitations of the power 
supply and tests the combinations of capacitor connections and transformer slots. 

 
Conclusion: Forg’Induc software 

 
Forg’Induc software is developed for optimising the energy consumption of induction 

heating furnaces for the forge industry. Its GUI (Graphical User Interface) makes it easy to 
use for non-specialists: only few data are requested for completely define the problem and to 
solve it. First tests have begun on a beta version distributed to members of CETIM involved 
in this project. Distribution is planned in year 2015. 
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Abstract 
 
 The main goal of the researches is the development of innovative techniques for multi-
objective optimization of design of industrial induction heaters. Non-dominated sorting 
genetic algorithm and alternance method of optimal control theory are applied as effective 
tools for the practice-oriented problems solutions based on numerical non-linear coupled 
electromagnetic and temperature field analysis. Optimization procedures are tested and 
investigated for induction heating of a graphite disk and an aluminum cylindrical billet. 
 
Introduction 
 
 Optimization plays a key role in the designing industrial electromagnetic devices. The 
main issue is to find the space of optimized design parameters which satisfies the performance 
specifications. 
 Current research trends indicate a preference in multi-objective optimization problems 
because performance specifications often include several design criteria which cannot all be 
met at the same time. This leads to the concept of multi-objective optimization, i.e. a search 
which attempts to satisfy several goals simultaneously. 
 The most popular algorithms for multi-objective optimization belong to the genetic 
algorithms. However, in engineering practice, modified classical and new developed single-
optimization methods could emerge for effective solving multi-objective optimization 
applications also. Choosing an optimization approach, it is necessary to remember that there 
is no any unique optimization method or algorithm that is the best one in all engineering 
applications. At best, it can suit the class of optimization problems, i.e. it outperforms other 
algorithms with respect to solution accuracy and convergence speed [1]. 
 The paper describes main ideas and results arising from the research activities carried 
out by the authors in the field of multi-objective optimization of induction heaters design 
based on numerical coupled electromagnetic and temperature field analysis. 
 The multi-objective optimization problem of designing industrial induction heating 
installations is mathematically formulated in terms of the most important optimization 
criteria: temperature uniformity and energy efficiency. 
 Non-dominated sorting genetic algorithm (NSGA-II) and alternance method of 
optimal control theory are applied as effective tools for the practice-oriented problems 
solutions based on non-linear numerical coupled field analysis. Optimization of induction 
heating for a graphite disk is an example of effective cooperation between Padua and Pavia 
Universities (Italy). Optimization of induction system for heating of an aluminum cylindrical 
billet is a result of one of many joint scientific projects realized in close collaboration 
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between Leibniz University of Hannover (Germany) and Samara State Technical University 
(Russia). 
 
1. Field-based problem of multi-objective optimization in induction heater design 
 
 In general, multi-objective optimization problems arising in induction system design 
can be formulated as non-linear constrained optimization problems characterized by a vector 

of objective functions ( ) ( ) ( ){ } f
f

n
nf,...,f ℜ⊂= pppF 1 , where vector p represents the 

geometric variables of the heater or other design parameters to be optimized. Since objective 
jf  is usually a field-based quantity the optimization (minimization) problem correctly reads 

 
find ( )( ) f

n
j

p
n,j,,S,f v  1  inf =ℜ⊆Ω∈ppp ,   (1) 

 
where S(p) is the solution of the field analysis problem corresponding to the design vector p. 
 In induction heating processes a required temperature distribution within the 
workpiece is the most important process target. In this case, the optimization approach usually 
estimates heating accuracy by computing the absolute maximum deviation of the actual 
temperature distribution )t,,(T heatpx  at the end of heating process heatt  from desired one 

)(T * x , i.e. a cost function 1f  can be defined in the form of Chebyshev’s norm: 
 

vn
min)(T)t,,(Tmax)(f *

heat
Xx ℜ⊆Ω∈∈

→−=
p

xpxp1 ,   (2) 

 
where X∈x  is a vector of spatial coordinates defined in the domain X . 
 On the other hand, in many practical cases, the main influencing factor to the process 
feasibility is the cost of energy used for heating represented in the following integral form: 
 

( )
vn

heat
mindt)t,(Ff

t

ℜ⊆Ω∈
→= ∫

p
pp

0
2      (3) 

 
where )t,(F p  - a power of internally generated heat sources. 
 The solution to (1) subject to (2)-(3) is quite troublesome: in fact, functions (2)-(3) 
may be neither differentiable nor convex and non-smooth functions, and any function call 
requires at least a solution to non-linear field equations. 
 From the numerical viewpoint, the solution of optimal design problems requires, as a 
rule, a module for calculating the physical process, associated with a module performing the 
minimization of objective function. In traditional computer-aided design, these two modules 
are linked in a way which realizes a manual trial-and-error procedure that is cumbersome and 
time consuming. 
 The goal of automated optimal design, conversely, is to obtain a tight integration of 
the module devoted to the process analysis with the module containing the minimization 
algorithm, so that the design process is fully automated. 
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 Nowadays, most of commercially available codes devoted to electromagnetic and 
thermal fields' analysis are based on the finite-element method (FEM): they have proven, in 
fact, as powerful and flexible tools for physical processes simulation. 
 As far as optimization algorithms are concerned, different numerical deterministic 
methods including methods of non-differential optimization can be used to drive the search 
from a guess solution towards the optimum. 
 As an alternative, the evolutionary methods have been developed for solving problems 
in which the computational cost of the objective functions is moderate. Among the most 
popular algorithms used in the area of computational electromagnetism there is non-
dominated sorting genetic algorithm NSGA-II [2-4].  
 Last decades the alternance method based on optimal control theory emerged for 
solving engineering optimization problems and can be applied to multi-objective solution. 
This method offers new tools for design and control of practical, cost-effective induction 
heating processes due to some advantages over well-known methods [5-6]. 
 Applications of NSGA-II and alternance method of optimal control theory are 
presented below in terms of multi-objective design with reference to particular induction 
heating systems [4, 7]. 
 
2. Induction heating of a graphite disk: solution based on Pareto optimality theory [7-8] 
 
 Disks represent typical cases where is difficult to obtain uniform heating by induction 
since the induced current and power density distributions are intrinsically uneven due to the 
axial-symmetric geometry, inductor and load edge effects and different coupling of the 
inductor turns with the workpiece. 
 Induction heating system consists of a solid graphite disk plate faced by a pancake 
inductor coil with concentric turns. The aim of the inductor design is to obtain a given power 
density distribution in the work-piece able to produce a uniform temperature profile at the end 
of heating as well as to obtain the maximum possible process efficiency. 
 The device is an inductor exhibiting 3 groups of 4 circular and plane turns (so-called 
pancake inductor); all turns are series connected and carry a current of 1 kA  at 1 kHz. Fig. 1 
shows 1/12 of the three-dimensional model of the device with the graphite disk to heat; the 
design variables are also represented: they are the mean radius kR  of each group of turns, the 
radial distance kd  between turns in each group, the axial distance kH  of each group from 

the disk ( 3,1=k : in total, nine variables). Even if the model is axial-symmetric, a 3D 
geometry is simulated for the sake of generality, eventually including a more complex model 
with non-symmetric effects, like e.g. those due to concentrators placed under the winding to 
concentrate flux lines. The electromagnetic (EM) problem is solved in time-harmonics 
conditions in a domain including inductor winding, disk, and surrounding air. The numerical 
solution of the coupled electromagnetic and problem is based on a FEA tool for three-
dimensional field analysis; approximately, a typical solution mesh is composed of 130,000 
linear tetrahedral elements. 
 As far as the optimization problem is concerned, two design criteria have been 
defined. The uniformity of the temperature profile in the graphite disk at thermal steady state 
is to be maximized. Moreover, the electrical efficiency, η, defined as the ratio of active power 
transferred to the disk to the one supplied to the inductor ends, is to be maximized. 
Accordingly, the following objective functions have been implemented: 
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p
ppp min)()()( minmax1 →−= TTf ,     (4) 

 
( ) ( )

p
pp min12 →η−=f ,     (5) 

where maxT  and minT  are maximum and minimum temperature values along a radial line γ 
located at 1 mm under the upper surface of the graphite disk, and )( kkk d,H,R=p , 31,k =  is 
the design vector. In practice, both functions (4) and (5) have to be minimized with respect to 
design variables shown in Fig. 1. Fig. 2 shows the Pareto front of optimization problem 
subject to objective functions (4)–(5) after 10 and 16 iterations, respectively, using the 
NSGA-II algorithm; an example of temperature profiles along the disk surface is also shown. 
The relevant values of design parameters and objective functions are reported in Table 1. 
 

Fig. 1. Geometry of pancake inductor with design variables 
  
Tab. 1 Problem solution: design variables and objective function values  

 
1d  

[mm] 
2d  

[mm] 
3d  

[mm] 
1H  

[mm] 
2H  

[mm] 
3H  

[mm] 
1R  

[mm] 
2R  

[mm] 
3R  

[mm] 
1f  
 

2f  
[°C] 

initial 13.47 12.73 5.43 25.89 3.00 26.88 72.57 179.54 273.70 0.139 155.79 

final 4.35 15.14 16.58 17.02 7.96 21.03 92.94 162.9
8 

253.0
5 

0.13
7 85.15 

 

 
Fig. 2. Pareto front and example of initial and final temperature profiles 

  
 Apparently, there is an improvement of temperature uniformity on the disk surface 
without worsening the efficiency of the inductor-disk system. Indeed, the decision maker is 
free to select other Pareto-optimal solutions in Fig. 2 according to his or her preferences. 
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3. Induction heating of aluminum billets: solution by means of the alternance method 
 
 Optimal control methods and techniques are based on physical properties of controlled 
non-stationary heat conductivity processes during induction heating. Optimization strategy of 
alternance method is applied to the induction heating of aluminum billets before hot forming - 
where it is important to achieve as uniform as possible temperature distribution at the end of 
heating (Fig. 3) with the minimum consumption of energy. 

A space-time temperature distribution within inductively heated cylindrical billet is 
described by highly complicated system of interrelated Maxwell and Fourier equations for 
electromagnetic and temperature fields. 
 2D numerical model of batch induction heating for cylindrical billets has been  
developed at Samara State Technical University. The numerical solution of the coupled 
electro-thermal problem is based on a finite element method FLUX software used for coupled 
electromagnetic and thermal physics simulations [8-9]. 
 

 
Fig. 3. Geometry of induction heating system  

The power )(tP  of heat sources 
and heating time heatt  are the most 
significant process parameters that 
influence temperature distribution 

),,( tlrT . Optimization of heating 
process can involve an appropriate 
choice of power supply voltage )(tU  
connected with the power )(tP  by non-
linear function. The optimized 
parameters )(tU  and heatt  remain 
within certain prescribed limits on the 
constraint intervals: 

 maxmin UUU ≤≤ ; maxmin ttt heat ≤≤ .   (6) 
 

The ultimate goal of the induction heating process is to obtain the desired temperature 
uniformity within the billet before the subsequent technological operation. The most typical 
optimization approach makes the estimation of the heating accuracy by the absolute 
maximum deviation of ),,( heattlrT  from *T . Then, the first objective function 1f  can be 
defined in the form of Chebyshev’s norm: 

p
p min),,(max)( *

heat
];0[];,0[

1 →−=
∈∈

TtlrTf
LlRr

   (7) 

 
to be minimized. Similar to (3), it is reasonable to define the second objective function 2f  as: 
 

p
p min)()(

heat

0
2 →= ∫

t
dttPf .     (8) 

 Then, it is required to identify such values of optimized parameters optUU =  and 
opt
heatheat tt =  bounded by constraints (6) that provide billet heating from the initial 

temperature up to the desired temperature *T  with the lowest possible values of objectives 
(7)-(8). Solution of the formulated problem has been performed with respect to input data 
presented in Tab. 2 for the system geometry shown in Fig. 3. 
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Tab. 2 Input data for the problem solution  
Radius of the billet, m 0.25 
Number of turns 69 
Length of the billet, m 1.0 
Inductor current frequency, Hz 50 
Inductor voltage, V 370 
Initial temperature, ºC 20 
Required temperature, ºC 450 
Ambient temperature, ºC 20 
Material of the billet Aluminum

 

The relevant Pareto front in the objectives’ 
space obtained as a result of the problem 
solution is shown in Fig. 4a. Fig. 4b 
illustrates the problem solutions in the space 
of optimized parameters. Based on 
technological requirements for forging 
process, it is reasonable to select the solution 
represented by the leftmost point of Pareto 
front, exhibiting the following values of 
objective functions and optimized 
parameters: 
 

C041 °=f ; J10250 6
2 ×=f ; V 347opt =U ; s 103.126 3opt

heat ×=t . (9) 
 

Tab. 3. Results of the problem solution 
V ,optU  s ,opt

heatt  Cf °,1  Jf ,2
456 1663 80 610230.448 ×
434 1868 70 610233.283 ×
405 2183 60 610237.809 ×
379 2543 50 610242.83×
347 3126 40 610249.91×

 

The similar computations have been 
performed for the variation of billets radius 
and materials properties. The results for all 
the case studies demonstrate the analogous 
qualitative characteristics of optimal 
heating processes. 
 

 

a b 
Fig. 4. Results of the problem solution in the objectives’ space (a) and in space of the 

optimized parameters (b)  

 
Conclusions 
 
 Developed multi-criteria optimization techniques have been applied together with 
FEM analysis to provide advanced engineering design. The combination of multi-objective 
optimization procedures with problem-oriented mathematical models allows developing 
effective optimization strategies. 
 Various mathematical methods and algorithms for multi-objective optimization have 
been coupled with field analysis modules and integrated in a user-friendly automated optimal 
design package. Optimization procedures based on non-dominated sorting genetic algorithm 
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NSGA-II and alternance method have been tested and investigated in practical optimization 
problems of induction heaters design. 
 The obtained results are very promising and motivate continuation of the researches 
and extension of them to optimization of various industrial electromagnetic devices. The 
developed optimization procedures are planned to be applied to the wide range of real-life 
problems of the optimal design and control for different induction heating installations. 

 
Acknowledgements 

This work was financially supported partly by Ministry of Education and Science of Russian Federation 
(basic part of government contract, project No. 1436). 

 
References 
[1] Chereches, R., Topa., V., Purcar, M., Grindei, L., Avram, A. (2011) ‘State of the art in the optimal design of 

electromagnetic devices’, Acta Electrotehnica, Vol. 52, №4, pp. 215-221. 
[2] Di Barba, et al. (2013) ‘Multi-objective optimization of induction heating processes. Methods of the problem 

solution and examples based on the benchmark model’, International Journal of Microstructure and 
Materials Properties, Vol. 8. Nos 4/5, pp. 357-372. 

[3] Di Barba, P. (2010) ‘Multi-objective Shape Design in Electricity and Magnetism’, Springer. 
[4] Di Barba, P. (2009) ‘Evolutionary Multi-objective Optimization Methods for the Shape Design of Industrial 

Electromagnetic Devices’, IEEE Transactions on magnetics, Vol. 45, №3, pp. 1436-1441. 
[5] Rapoport, E. and Pleshivtseva, Yu. (2012a) ‘Optimal Control of Nonlinear Objects of Engineering 

Thermophysics’, Optoelectronics, Instrumentation and Data Processing, Vol. 48, No. 5, pp. 429-437. 
[6] Rapoport, E. and Pleshivtseva, Yu. (2009) ‘The Successive Parametrization Method of Control Actions in 

Boundary Value Optimal Control Problems for Distributed Parameter Systems’, Journal of Computer and 
Systems Sciences International, Vol. 48, No. 3, pp. 351-362. 

[7] Aliferov, A. et al. Optimization and control systems in electrotechnologies. Intensive Course Specific III. St. 
Petersburg: Publishing house of ETU, 2013. 244 p. 

[8] Di Barba, P., Dughiero, F., Forzan, M., & Sieni, E. (2014). A Paretian Approach To Optimal Design With 
Uncertainties: Application In Induction Heating. Magnetics, IEEE Transactions on, 50(2), 917-920. 

[9] Cedrat Flux URL: www.cedrat.com/en/software/flux.html, last visited on July 2014 
 
Authors 
Prof. Pleshivtseva, Yulia Prof. Rapoport, Edgar 
Faculty of Heat-and-Power Engineering Faculty of Automatic and IT 
Samara State Technical University Samara State Technical University 
Molodogvardeyskaya St. 244, Molodogvardeyskaya St. 244, 
443100 Samara, Russia 443100 Samara, Russia 
E-mail: yulia_pl@mail.ru E-mail: edgar.rapoport@mail.ru  
 
Prof. Di Barba, Paolo Prof.-Dr.-Ing. Nacke, Bernard 
Department of Electrical, Computer and Biomedical Institute for Electrotechnology 
Engineering, University of Pavia Leibniz University of Hannover 
via Ferrata 5, Wilhelm-Busch-Str. 4 
27100 Pavia, Italy D-30167 Hannover, Germany 
E-mail: paolo.dibarba@unipv.it  E-mail: nacke@etp.uni-hannover.de 
 
Dr.-Ing. Nikanorov, Alexander Ass. Prof. Forzan, Michele 
Institute for Electrotechnology Department of Industrial Engineering, 
Leibniz University of Hannover University of Padua 
Wilhelm-Busch-Str. 4 via Gradenigo, 6/A 
D-30167 Hannover, Germany 35131 – Padova, Italy 
E-mail: nikanorov@etp.uni-hannover.de E-mail: michele.forzan@dii.unipd.it 
 
Prof. Lupi, Sergio PhD Sieni, Elisabette 
Department of Industrial Engineering Department of Industrial Engineering 
University of Padua University of Padua 
via Gradenigo, 6/A via Gradenigo, 6/A 
35131 – Padova, Italy 35131 – Padova, Italy 
E-mail: sergio.lupi@dii.unipd.it E-mail: elisabetta.sieni@dii.unipd.it 

133



 

134



 
Oral Session 5 

 
Microwave Heating

135



 

136



International Scientific Colloquium 
Modelling for Electromagnetic Processing 

Hannover, September 16-19, 2014 
 
 
Numerical simulation of microwave assisted combustion synthesis 
of intermetallics 
 
P. Veronesi, E. Colombini, R. Rosa, C. Leonelli 
 
Abstract 
 
 The paper addresses the modeling of combustion synthesis of pressed powders 
mixtures in presence of microwaves. For this purpose, the commercial software COMSOL 
Multiphysics has been used, coupling the heat transfer, the radio frequency and the diffusion 
application mode, to take into account both the thermal aspect of the studied synthesis and  its 
kinetic parameters. This allowed to simulate the effect of varying the synthesis conditions, 
and was experimentally validated, using combustion synthesis to produce both free standing 
samples or to join dissimilar materials. 
 
Introduction 
 
 Powder metallurgy can benefit from the rapid and selective heating offered by 
microwaves, allowing to obtain materials presenting unique microstructures and outstanding 
mechanical properties [1]. In particular, microwave rapid heating was successfully applied in 
the past to control the densification of micro- or milli- metric metallic spheres [2]. Moreover, 
the capability of microwaves to convey energy, and not heat, to a reacting system, can be used 
to control the dimensions and microstructure of compounds and coatings prepared by 
Combustion Synthesis (CS) of metallic powder mixtures [3]. In particular, CS reactions can 
be used to prepare intermetallics, exploiting the highly exothermal nature of reactions 
involving two or more precursor metallic powders. Reaction usually requires an external 
ignition, which can be provided by microwave heating. Reactions often occur in extremely 
rapid time, and can be in the self propagating regime or in the thermal explosion one.  
 In this regard, the advantage of using microwave heating is that heat generation occurs 
in the load, and is not due to the heat transfer from an external source. Hence, peculiar 
temperature profiles can be achieved in the load, compared to pure conventional heating. 
Moreover, energy transfer can occur also against an adverse temperature gradient, a peculiar 
aspect differencing microwave assisted combustion synthesis from the conventional one. This 
feature allows to control the microstructure of the resulting intermetallics [4], as well as to 
promote poorly exothermal reactions. 
 CS reactions involving highly reactive mixtures occur rapidly, with extremely high 
temperature raise and change of the materials properties (permittivity, but also density, 
thermal conductivity, and even shape and/or dimensions). This poses a problem when 
modelling systems which use microwaves to ignite and sustain CS. For this purpose, a 
simplified model of microwave assisted CS has been developed, able to predict both the 
reaction products and the temperature distribution in the load exposed to microwaves. The 
latter results become particularly useful when it is required to assess the amount of material 
which underwent thermal damage during coating operations by CS, or to evaluate the amount 
of heat available for further reactions or transformations.  
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1. Model definition 
 
 A simple multi-physics model has been implemented in Comsol 3.5, coupling the RF, 
thermal and reaction engineering modules. The first two are used to study the microwave 
heating of compacts of two reactants (A and B, in a 1:1 molar ratio), while the third one is 
used to calculate the heat released by the reaction leading to AB, and to evaluate the 
concentration as the reaction proceeds. The three application modes are coupled because the 
temperature change affects both the material properties (permittivity, for instance) and the 
reaction kinetics; at the same time, heat is generated by the exothermal reaction, which at its 
turn affects the temperature of the load, and how it is heated by microwaves. Solving this 
problem requires necessary simplifications, due to the physical impossibility to measure some 
of the relevant properties of the material as a function of temperature. In particular, the 
following assumptions are made: 
- no shape variation or size variation occurs during the reaction between A and B, leading to 
AB. This is not generally true, but it applies to some moderately exothermal reactions 
- the A+B mixture equivalent permittivity and permeability are not temperature dependent 
above a certain temperature. This in general is not true, as the reactants are converted into 
products and temperature changes. However, such variations occur so rapidly to make 
impossible to measure permittivity of the load with conventionally available techniques.   
 Due to such strong assumptions, the model has been defined as “simplified” since 
there is no real two way coupling between the RF and thermal module, nor the possibility to 
predict shape variation is implemented. Nevertheless, this rather simple model is expected to 
provide a deeper insight into the  microwave assisted CS, further adding to previous models 
addressing only the microwave heating [5]or focussing more on the chemical aspects of the 
CS [6]. 
 In order to further simplify the model and to subsequently easily validate the model 
results, a single mode microwave applicator was selected, based on the WR340 waveguide 
geometry and operated at 2.45 GHz ISM frequency. Fig. 1 shows the model geometry, 
consisting of the rectangular applicator, closed at one end by a movable short circuit and 
hosting the load at its centre (region of predominant electric field). The load, disc shaped, can 
consist of a homogenous A+B powder mixture, or such mixture lying on a metallic disc-
shaped substrate, or such assembly lying on a SiC disc, used as auxiliary heating element. 
 

                       
 
Fig. 1. Microwave system (a) with closer view of the load and (b) simplified model of the 
loaded applicator  
 
As reference reacting system, and due to the availability of previous experimental results, the 
Ni+Al system was selected. The main reaction leading to the NiAl formation is given by: 
 

Ni + Al →NiAl +118kJ⋅ mol−1  (1.1) 

b) a) 
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but the reaction occurs in more than one single step. Hence, each sub-reaction has been 
modelled, as shown in Tab 1, together with the parameters used for the reaction kinetic and 
the heat transfer application mode 
 
Tab. 1. Simulated reactions and kinetic (Arrhenius-like) and thermal parameters for the model 

 
 

 
 
 The model assumes excitation at one port in the fundamental TE10 mode, sinusoidal at 
2.45 GHz. Heat transfer is active only on the load subdomain, while the presence of the 
external environment is taken into account trough temperature-dependent boundary conditions 
(heat flux) or, in preliminary studies, thermal insulation is assumed 
 
2. Modelling results 

 
 Solving the model and 
assuming a 1 kW forward power leads 
to CS ignition in less than 0.5 seconds, 
as shown in Fig. 2. It is evident the 
rapid completion of the reactions 
leading to the formation  of pure NiAl. 
However, this model becomes more 
interesting if the microwave power is 
kept on even during CS, thus 
demonstrating one of the peculiarities 
of microwave assisted CS, i.e. the 
possibility to continue to supply energy 
to the load, despite the adverse 

temperature gradient with the environment (which would impede heat transfer by 
conventional heating like convection or conduction). Fig. 3a shows the effects of different  

 
Fig. 2. Species concentration during CS (zoomed) 
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holding times after CS ignition on the load average temperature, while Fig. 3b shows the 
same effects achieved by varying the microwave forward power. 
 

a) b) 
Fig. 3. Temperature raise of the load varying: a) microwave exposure time at 1200W after CS 
ignition and b) microwave forward power (exposure time stops at t=23 s) 
 
 It is evident, in both cases, how cooling rate can be affected by the exposure to 
microwaves. A comparison with the cooling rate of conventional CS has been presented in a 
previous work [7]. This effect has been used experimentally to create reactive coatings on 
titanium [8], by igniting the CS of mixtures of Ni and Al powders on a Ti substrate and 
maintaining the newly formed intermetallic NiAl at a temperature above 905°C, to favour its 
reaction with the underlying Ti. This temperature has been selected because, in case of A=Al 
and B=Ni, in contact with a titanium disc, is higher than a ternary eutectic temperature 
existing in the Ti-Ni-Al phase diagram [8]. In other words, the permanence above 905°C, for 
this system, means having some liquid phase which can further react with the Ti substrate, 
leading to the formation of a complex interface between the newly formed NiAl and the Ti, 
presenting an unique microstructure with interlocking phases [9]. Thanks to this approach, it 
is possible to vary during the synthesis process the  thickness of the interface between the 
NiAl and the Ti substrate, and thus to increase the extents of the high-performance ternary 
compound. 
 Moreover, a further peculiarity of microwave assisted CS emerges by the simulation, 
i.e. the selective heating. Fig. 4 shows how using microwaves (MW) the Ti substrate is less 
heated (1200 K compared to 1700 K of the reacting species) compared to conventional 
(Conv) heating (1500K), and how the time of exposure to high temperature results much 
lower when using microwaves. Hence, such model allows also to estimate the extents of the 
regions which have been heat- affected by the CS [10]. In this case, a reliable model not only 
allows to study and control the process or the products microstructure, but also to act as a 
powerful diagnostic tool. 
 Selective heating and the reduction of heat affected zones opens the possibility to use 
microwave assisted CS also to join materials, with minimum damage to the joining substrates.  
Fig. 5 shows an example of the joint between two Ti discs, using the microwave assisted CS 
of Ni+Al powder mixtures. The plot shows in colour only the zones which surpassed 873K, 
indicating that less than 22% of the volume of the Ti discs reached such temperature. 
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3. Validation 
 
 Elemental Ni (~3 µm, 99.7% purity) and Al (-200 mesh, 99% purity) were provided 
by Sigma Aldrich (Milan, Italy). Green reactive powders compacts to be subjected to 
microwave heating were prepared as follows: Ni + Al (50:50 at%) powders mixtures were 
vigorously mixed in an Al2O3 ceramic jar for about 30 minutes under vacuum. 1 g of the as 
prepared mixtures was uniaxially pressed at 150 MPa in a steel die in order to obtain 
cylindrical reactive pellets of 12 mm diameter and 2-3 mm height. 
 The as obtained reactive pellets were then placed in the centre of a MW single mode 
applicator, on a Ti disc. The position in the applicator has been chosen in order to have the 
load exposed to the region of predominant maximum of the electric field. The TE10n single 
mode applicator (Transverse Electric mode where the indexes describe a field configuration 
with 1 semi-period variation of the electric field along the applicator width, 0 variations along 
the applicator height, and n variations along the applicator length, with n = 3, 4) operates at 
the ISM (Industrial Scientific and Medical applications) frequency of 2.45 GHz. It consists of 
a magnetron generator with an output power level ranging from 300 to 3000 W, connected to 
a three-ports circulator and to a three-stubs tuner both based on the WR-340 rectangular 
waveguide geometry (86 x 43 mm section). A shorting plunger allows controllably altering 
the electromagnetic field distribution and having the maximum of electric field in 
correspondence of the sample to be treated, depending on its arrangement inside the 

applicator.  
 Temperature of the load in the 600-
2000°C range was monitored by a 
MIKRON sapphire optical fibre, positioned 
in contact with the load upper surface. 
Results of the temperature measurements, 
compared to the modelled data regarding  
the CS of Ni+Al on Ti substrate, are shown 
in figure 6, showing good agreement in 
predicting both the maximum temperature 
and the heating rate during CS. 

 

 
Fig. 4. Simulated heating curves of the Ti substrate 
and reacting Ni+Al during conventional or 
microwave assisted CS 

Fig. 5. Simulated temperature 
profile during Ti joining by CS
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Conclusions 
 
 Microwave processing of powder metallurgy products is gaining an increasing interest 
among the scientific and industrial community. In this framework, numerical simulation, 
tough necessarily simplified due to the need of reliable data of materials as a function of 
temperature or other processing variables like density, can play an important role either as a 
design and optimization instrument or as a diagnostic tool. Microwaves can be successfully 
applied to combustion synthesis, benefiting of their capability of generating heat in the 
materials even when subjected to an unfavourable temperature gradient, i.e. continuing to heat 
materials which are already at the highest temperature in the system. This, when applied to 
intermetallic coatings on light alloys like titanium, allows to produce ternary compounds 
which improve adhesion and present high toughness and wear resistance, or, viceversa, to 
minimize the extension of heat affected zones, since the metallic substrate is not directly 
heated by microwaves, on the contrary of the powders. Such approach resulted useful also in 
joining materials for high temperature applications.  
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Abstract 
 
 Field-assisted solid-state ion exchange is an alternative method to chemically 
strengthen glass. To achieve an optimum distribution of the appropriate electromagnetic field 
for high-quality processing, a special microwave applicator was used. On the one hand, the 
microwave field should be distributed for uniform heating of the glass in a cavity. On the 
other hand, E-field gradients influence the process of ion exchange between the molten salt 
and the silicate glass immersed in it. Therefore, it is necessary to analyse not only the 
distribution of the electrical field in the applicator but also the field gradient on the glass parts 
immersed in the salt melt. Our work has investigated this process by simulation. The 
microwave applicator allows for homogenizing a spatially different electromagnetic field 
distribution by mechanical movement of the samples, all whilst maintaining sufficient 
microwave field strength at the interface between the glass and the salt melt. 
 
1. Introduction 
 
 The strength of glasses can be significantly increased by application of compressive 
stresses to the surface near area. Different methods are currently applied: thermal as well as 
chemical hardening. In chemical hardening the compressive stress is build up by replacement 
of ions, e.g., Na+ from the glass network by larger ions, e.g., K+ from a salt melt in which the 
glass is immersed. The driving force for this exchange of ions is a concentration gradient 
between the molten salt and the glass immersed in it.  

To enhance the diffusion, DC-voltage forced ion exchange has been practiced for 
preparation of glass membranes by van Reenen et.al. [1]. Besides the preparative task to 
obtain membranes for physical chemistry research on ion mobility and chemical potentials in 
different electrolytes, ion-exchange constants were measured and the dependence of mobility 
ratios of cation pairs on the ionic composition of glasses was studied [1]. 

Another technique termed Field-Assisted Solid-State Ion-Exchange has also been 
successfully applied for doping silicate glasses with transition metal and rare-earth ions [2], to 
obtain functional photonic devices or other optical communication devices. This process is 
based on RF-magnetron sputtering of ~100 nm thin metal films on the glass surface, followed 
by annealing the sample placed between electrodes in an oven at temperatures of 300-500°C 
with DC-electric field of 400-500 V/mm. 

Atong et.al. report enhanced depth of ion exchange by microwave as compared to 
conventional heating [3]. There are only few reports in literature on microwave assisted ion 
exchange in glass [4]. 

A major aspect of microwave heating will be addressed by simulation: opposite to DC 
forced ion exchange, where the electrical field strength distribution is defined by the electrode 
geometry, dielectric properties of the electrolyte and applied voltage, microwave 
electromagnetic field stimulation requires simulation to define the electrical field strength in 
the salt melt, the glass and in the interface. In our work we were interested to analyse not only 
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the electric field gradient but also the heating behaviour of the glass and salt by microwave, 
because the ion exchange process is affected by the temperature as well. 
 
2. Experimental 
 

A microwave cavity is designed that allows continuous treatment of flat substrates that 
are moved on a microwave-transparent conveyor belt through the microwave field at 2.45 
GHz. A series of experiments for ion exchange was carried out in this furnace and compared 
with conventional heating process. For the investigation of the heating behaviour of the glass 
samples, both temperature measurement and simulation were performed. Here, the electric 
field distribution around the sample, its gradient and the temperature distribution are analysed. 
 
2.1. Design of the continuous microwave cavity 

The objective is to achieve a homogeneous microwave treatment during linear 
movement of the sample along the cavity. The electric field should show a constant field 

distribution perpendicular to the 
direction of motion.  

Rectangular waveguides 
allow transmission of polarized 
microwaves only and possess 
constant field strength in the E-
plane, while it is following a 
sinusoidal distribution in the H-
plane. The length of the E-plane 
side of a standard WR340 

waveguide is about 43 mm. In the present case, substrates of maximum 150 mm width shall 
be treated. Therefore the E-plane side is extended to 160 mm, while the H-plane side is 
slightly reduced from 86 mm to 80 
mm. The treatment zone inside the 
applicator measures about 480 mm in 
length. This applicator is not strictly a 
mono-mode resonator. Beside the 
initial TE10 waveguide mode, the 
additional modes TE11 and TE02 can 
theoretically exist inside the 
applicator (Table 1). In order to 
prevent free radiation from the open 
ends into environment the applicator 
is tapered towards its ends. From the 
resonant modes only the TE02 mode 
is propagable through the tapered 
ends and must be damped 
appropriately to prevent microwave 
leakage. 

The microwave is introduced overhead from a standard WR340 waveguide through a 
central pyramidal E-plane horn, which is flared one-sided in the direction of the E-plane and 
feeds the electromagnetic wave into the applicator (Fig. 1). 

The design of the applicator and its feeding system was optimized by electromagnetic 
simulations with Quickwave3D (version 6.5) [6]. The focus was mainly on maintaining the 
TE10 mode from the vertical feeding waveguide to the horizontal applicator while damping 

Table 1: Theoretical existing modes inside the 
applicator in the frequency range 2.42-2.48 GHz [5]. 
Applicator 
dimensions 

Existing 
waveguide 

modes 

Mode 
frequency 

Cut-off 
height 

160 mm x 
80 mm x 
480 mm 

TE105 2.439 GHz ≤77 mm 
TE114 2.439 GHz ≤77 mm 
TE025 2.439 GHz none 

Fig. 1: Set-up of the microwave cavity with 
horizontal applicator and vertical feeding horn. 
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TE11 and TE02 modes. This was 
achieved by adjusting the tapered length 
and horn dimensions, latter ones 
presented in Table 2. The gain of the 
horn is determined by the dimension of 
its aperture [7] and is found to be 7.7 
dB. 

Fig. 2 illustrates the simulated 
distribution of the electric field from the 
waveguide to the applicator in the cross-

section as well as from top view. The verification of the simulation was carried out and 
visualized by microwave heating of 
thermo-sensitive paper on top of a thin 
microwave absorbing layer of sandpaper 
inside the applicator.  

The height of the tapered ends of 
the applicator is determined with respect 
to minimum radiation leakage and 
applicability, and is finally set to 50 mm. 
The wavelength inside the resonant 
structure is increasing stepwise from 174 
mm inside the WR340 to 196 mm inside 
the applicator as determined graphically 
from Fig. 2a, which is in good agreement 
with the calculated results (Table 3). The 
microwave leakage is about 2 mW/cm² at 
open ends if sliding doors are almost 
closed (2 mm slit, incident power 3000 
W). 
 
 
 
Table 3: Change of the wavelength inside the resonant structure from waveguide to horn to 
applicator. 

 Symbol Dimensions 
(mm x mm) 

Wavelength (mm) 
determined graphically 
from simulated fields 

Wavelength 
(mm) 

calculated 
Waveguide (WR340)  λw 86 x 43 174 mm 174.4 mm 
Horn aperture λh 86 x 140 183 mm  
Applicator  λa 80 x 160 196 mm 190 mm 

 
2.2. Electrochemical ion exchange by microwave 

Four pieces of (30x30x1 mm) alumo-silicate glass and KNO3 are put in an alumina 
bowl and conventionally heated up to 350 °C. After KNO3 is melted the bowl with samples 
and KNO3 were implemented in the microwave furnace to continue the ion exchange by 
microwave heating. In case of the conventional treatment, the samples were treated 
continuously in a conventional furnace. Samples were treated at 430°C for 30 minutes. All 
experiments were performed in air at ambient pressure. Temperature measurements were 
done by a pyrometer in both set-up variants: conventional heating and microwave heating. 
The microwave source has max. 2 kW power at 2.45 GHz. 

Table 2: Dimensions and characteristics of the 
pyramidal E-plane horn. 
 Horn mouth Aperture 

dimensions 
H-plane 86 mm 86 mm 
E-plane 43 mm 140 mm 
Vertical length 141 mm 
Gain 7.7 dB 

Fig. 2: Simulation of the cavity: a) simulated E-
field in cross-sectional view b) E-field in top 
view, and c) the colorized pattern on a thermo-
sensitive paper revealing areas of high E-field 
intensity in top view. 
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To simulate the microwave heating COMSOL Multiphysics® was used. Because the 
sample moves by the conveyor belt in the furnace, six different position (position 1: centre of 
furnace, offset ∆x=0 mm; position 2: ∆x=55 mm; position 3: ∆x=110 mm; position 4: 
∆x=165; position 5: ∆x=220 and position 6: ∆x=275 mm) of the glass samples were simulated 
to adopt the movement of the samples. 
 
3. Results and Discussion 
 

Fig. 3 shows the depth of ion exchange, whereupon the concentration of K+ is 
increased while the concentration of Na+ is decreased. It reveals also a significant difference 

between chemical hardening performed 
upon conventional heating as compared to 
chemical hardening assisted by microwave 
heating. The ion exchange using microwave 
provides deeper penetration than the 
conventional treatment. To give a reason for 
the high diffusion rate in case of microwave 
treatment, some theory was mentioned in 
former works e.g. the increased vibrational 
frequency of an ion due to the electric field, 
locally increased temperature of ions [8] and 
the ponderomotive force in a spatially 
inhomogeneous high-frequency electro-
magnetic field [9]. The electrons and ions 
are driven by the ponderomotive force to 
regions of low field strength. 

Fig. 4 and Fig. 5 show results of the 
simulation in which the gradient of the 
electromagnetic and the temperature field at 
those six positions are presented. On the 
level of the glass sample, the contour of four 
rectangular glass plates and the salt melt 
inside the alumina dish (circular form) can 
be distinguished. Every position represents 
its individual different field distribution. 
Comparing the E-field distribution with the 
distribution of temperature, the 
corresponding development of heat by the 
electric field can be observed. When the 
average of all these fields is considered, one 
can imagine the effect of sample movement 
which enables the equilibration of electrical 
field gradients and the homogeneous heating 
of sample as well. For practical purposes the 
equilibration of the electrical field gradient 
is required, to arrive at reproducible results 
of mechanical properties improvement 
resulting from ion exchange. Therefore a 
conveyor belt is used to move the dish 
containing a glass sample immersed in a 

Fig. 3: Measured concentration gradient in 
ion exchanged glass upon conventional and 
microwave heating. 
 

Fig. 4: Electric field distribution on glass 
plates (rectangular) immersed in a molten salt 
(circular) at six various positions in the 
cavity. 
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molten salt bath by reversal movement through the cavity (v = 0.028 m/s). 
 

 
 
 
 
 

Fig. 5: Left: The distribution of 
temperature on glass plates 
(rectangular) immersed in a molten 
salt (circular) at six various 
position in the cavity, Right: 
measured temperature approx. on 
position 3 (measuring point of 
pyrometer) in comparison with 
simulated value between X1 und 
X2 

 
On the right side of Fig. 5, a representative temperature profile of the treatment is 

extracted. It was measured by pyrometer through a hole, that is positioned at ∆x=125 mm on 
the horizontal part of the cavity. The simulated counterpart is represented by a central 
horizontal temperature profile extracted for position number 3 on the left side of Fig.5. There 

is a good agreement between simulated 
temperature distribution and the measured 
value. 

For analysis of potentially existing 
electrical field gradients relevant for 
electro-migration of ions, the electrical 
field distribution is shown in Fig. 4. 
Because of the difference in dielectric 
properties between the molten salt (ε = 
12.5-j*1.1) and the solid glass (ε = 7.35-
j*0.09) – the difference in ionic 
conductivity reaches two orders of 
magnitude – pronounced E-field gradients 
develop at the interphase between molten 
salt and solid glass, as shown in Fig. 6. The 
upper part of the figure illustrates the cross 
section of the alumina dish with glass and 
salt melt. In the diagram below the electric 
field gradients along the trace of line A-B 

Fig. 6: E-field gradients upon microwave 
assisted ion exchange 
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(through the centre of one glass plate) are shown. As illustrated, they are varying with relative 
position inside the cavity. 

From Fig. 6 it is obvious, that electric field conditions rely on sample position inside 
the cavity. Not only sufficient microwave field strength (Emax = 500 V/m) is achieved, but 
also that there is a significant jump in electric field strength (∆E = 10-130 V/m) at the 
boundary between glass and salt melt that could act as the driving force for ion exchange. 
With the exception of chemical reactions relevant gradient forces of the fundamental transport 
equation are acting upon microwave assisted ion exchange. 
 
4. Conclusion 
 

A microwave cavity with conveyor belt is designed by simulation for a homogeneous 
and continuous treatment of flat substrates and used for a microwave assisted ion exchange 
process. This applicator enables the movement of a weakly absorbing alumina dish containing 
the salt melt and the solid glass samples. The experimental results verify the simulated results 
for both the electric and thermal field distribution. 

The presence of electrical field gradients is proved by simulation upon microwave 
assisted ion exchange in glass immersed in a molten salt. Simulation has shown that the field 
conditions are not only changing with high frequency of microwave radiation but also on low 
frequency scale with sample movement inside cavity. The experimental results demonstrated 
a significant difference of ion exchange depth by microwave assisted ion exchange compared 
to conventional processing conditions. 
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Abstract 
 

This research investigated the heating characteristics of the liquid samples such as pure 
solvents, aqueous electrolyte solution and mixture solution by 2.45 GHz microwave radiation. 
Microwave equipment was used with a single-mode applicator and a semiconductor 
generator. The electro- and magnetic-field distributions in waveguide and sample were 
computed by a RF modeule with COMSOL Multiphysics 4.3a software. Generally, the 
efficiency for the microwave heating of liquid is governed by dielectric factors. Though 
calculation can describe the tendency of heating for pure or mixed organic solvents system, 
the value of temperature profiles became much lower than actual results. In case of aqueous 
electrolyte solution, simulation could not describe the actual microwave heating phenomenon 
almost at all. The difference of microwave liquid heating and a dielectric factors was 
examined. 
 
1.0 Introduction 
 

Microwave is a major source of heating as used by the microwave oven, microwave 
chemical system etc. The electromagnetic field alternating in more than 109 Hz (GHz) order 
can heat not only dielectric like as water or most alcohol but also conductive materials by 
Joule heating. Availability of the microwave heating method for the reaction in the solution 
system has been reported in many articles especially from the beginning of the 21st century, 
which was based on improvement of the microwave irradiation apparatus such as the 
microwave generator, thermometer and the control system of the microwave irradiation. In 
the microwave chemistry field, there have been papers about organic syntheses [1], 
nanoparticle synthesis [2] and preparation of the inorganic materials mainly [3-4]. Recently, it 
has been shown that the microwave radiation is powerful way for the extraction of useful 
components [5-6], oil refinement [7] and other fields. Although the application for the 
solution system has been expanded, it still has been difficult to understand a mechanism of 
microwave heating and expect the heating efficiency of the liquid sample even now. 
Considering the above, it is necessary for far development of the microwave industry to 
elucidate the interaction between electromagnetic wave and the reaction solution.  

The computing simulation is one of the useful approaches for understanding microwave 
heating phenomena. However, poor quantity of experimental data about the dielectric 
property of liquid sample prevents us from obtaining correct computing results [8]. In order to 
promote the microwave heating method, both experimental and theoretical studies are needed 
to develop successfully. In this article, the feature of the microwave heating using a single-
mode resonator and calculation based on actual dielectric measurement data. 
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2.0 Experimental section 
 
2.1 Microwave heating experiments 

Microwave irradiation was performed using a semiconductor microwave generator and 
a single-mode (TE103) microwave resonator [9]. The geometry of the waveguide was shown in 
Fig. 1. Length, height and width of irradiation part were basically 221.58 mm, 109.22 mm and 
54.61 mm, respectively. This apparatus also included an isolator, a three stub tuner, an iris 
and a short plunger. Handling a short plunger and moving an end wall make us a change of 
the electromagnetic field. With an appropriate position of an end wall, current value measured 
at current monitor becomes the largest and the electromagnetic wave form a standing wave. 
Some liquid samples was heated in a quartz tube having diameter of 4 mm and vacuum jacket 
The reactor was set at the E-field position, where it is considered that the amplitude of electric 
wave show the most. Frequency of microwave was 2.45 GHz and power was set on 50 W. In 
all experimental runs, temperature was monitored using an optical fiber thermometer, which 
has no microwave absorption. The dielectric properties of heated samples were measured at 
from 0.1 to 6.5 GHz in frequency using the coaxial probe and a vector network analyzer 
(E5071C, Agilent technology, Inc.).  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
2.2 Computer simulations 

The RF model in COMSOL multiphysics 
software version 4.3a, which is based on a 
finite element method, was used for calculation 
and 3D simulation of the spatial 
electromagnetic distribution, power dissipates 
and temperature under microwave irradiation. 
The geometry model of waveguide was 
illustrated according to our experimental setup. 
The power density, or power dissipated per unit 
volume was calculated from the electric field 
strength using the following equation, 
 

                      (1) 
 
where f is the frequency, ε0 the permittivity of free space (8.85×10-12 F m-1), ε” the dielectric 
loss factor and E the electric field strength (V m-1). For calculation, we also used Maxwell’s 
equation and Fourier’s energy balance equation as follows, 

221.58 mm 54.61 mm

109.22 m
m

 

Current monitor 

Irradiation part 

Fig. 1 (a) The photograph of the single-mode microwave resonator and 
(b) an illustration of geometry of irradiation part of a cavity. 
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Fig. 2 Calculated electric field 
distribution of the standing wave in a 
wave guide. 
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(2) 

 
where, ρ is density (kg/m3), Cp is specific heat (J/kg K), k is thermal conductivity (W/mK), T 
is temperature (K),  is velosity vector (m/s) and P is the volumetric heat (W/m3). 

 
3.0 Results and discussion 
 
3.1 Modelling the microwave setup 

The electric field distribution in a single-mode cavity was the confirm validity of the 
calculation. In our experimental runs, a rectangular wave guide was used and irradiation mode 
was set to TE103. Fig. 2 shows a calculated 3D distribution of electric field, illustrating that 
there are three nodes of electric in an irradiation part. This result assures that the modelling 
for our instruments was achieved accurately.  
 
3.2 Heating of pure solvents 

As pure solvent sample (ethanol 
and methanol) for investigation of the 
microwave heating phenomena. These 
three popular solvents are known the 
substances that can be dielectric 
heated under the alternating 
electromagnetic field. Using the 
single-mode microwave resonator, 
temperature profile of 0.5 ml of each 
solvent under microwave irradiation 
(50 W) was measured and compared 
with calculated value. 

Experimental and 
computational result for ethanol is 
illustrated in Fig. 3 (a). In 
experimental runs, temperature rose to 
77.2 ºC in about 30 sec. In contrast, 
slower heating rate was obtained in 
simulation; temperature increase to 
78.8 ºC was achieved in 165 sec. This 
implies that computational approach 
outlooks some factor for the 
microwave heating phenomenon. The 
dependence of dielectric parameters 
on temperature on this calculation and 
so other properties such as heat 
convection in sample and heat dissipate to the air must be taken care of on theoretical 
calculation. In case of heating of methanol, shown in Fig. 3 (b), a gap between experimental 
and theoretical results of temperature change was larger than that of ethanol. Rate of 
temperature change of methanol during microwave irradiation was 10 times as many as 
calculated value. According to the above data, difficulty to predict the microwave dielectric 
heating rate for liquid sample is obvious. And the notable fact is the inversion of heating rate 
of two solvents between calculation and experimental test, viz. ethanol is more heatable 
solvent than methanol in computational results in contrast to practical data, which showed 
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that methanol can be heated by the microwave irradiation. In early study [8], relatively similar 
correlation between experimental and computational result was reported for the condition; 3 
ml of sample in a 16 mm reactor. This indicated that size of tube is also an important factor 
for the microwave heating in both of real and virtual study. 
 
3.3 Heating of mixed solution 

The feature of the microwave heating of mixed solution containing two solvents was 
examined. The heating rate of ethanol/n-dodecane solution in experiment and calculation was 
shown in Fig. 4 and practical results revealed that there were a critical point at 70-80 mol% 
ethanol. Theoretical heating rate can illustrates somewhat similar change with concentration 
of ethanol but the value is very lower. The dielectric loss of sample containing ethanol and n-
dodecane and it is obvious that its increase is not proportion to concentration of alcohol (see 
Fig. 5). This implies that the alcohol and the chain-like hydrocarbon molecules have 
interaction each other and the solution make different structure from that of original. The 
dependence of the maximum value of the dielectric loss on ethanol concentration curves 
convex downward and the inflection point appears at 80 mol% of ethanol point, which is 
similar to the heating efficiency.  
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Fig. 4 Comparison of rate of temperature for ethanol/n-dodecane 
system change between experimental and theoretical results. 

Fig. 5 Measured dielectric properties and their dependence 
on ethanol concentration. 
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3.4 Heating of aqueous electrolyte solution  
 The microwave heating has two ways to raise temperature of a substance, namely, 
dielectric heating and Joule heating. The former is caused by interaction between dipole and 
alternating electric field and the latter is based on electrical loss in a resistance by electric 
current, therefore Joule heating occurs in a conductive material. Our group reported that 
microwave can heat aqueous electrolyte solution and suggested a model for the microwave 
heating of saline solution. Here, we want to verify validity of a computational calculation for 
description of the microwave heating of aqueous solution containing inorganic salts. 
 Dependence of the dielectric parameters on temperature and concentration is shown in 
Fig. 6. Addition of electrolyte, NaCl for example here, decreases the dielectric constant ε’ and 
increase εr” dramatically. It is considered that these changes of electric properties are caused 
by increase of electric conductivity. The  rate of temperature change (ºC s-1) during 
microwave irradiation and shows comparison of practical results with calculation (Fig. 7). As 
shown in the figure, there was discrepancy between theoretical and experimental results and 
computational calculation could not simulate correct temperature profiles, which is 
corresponding to the result for pure water. In many chemical systems, mixed solution 
including ionic substances is often used and so not only collection of experimental data of the 
microwave heating tendency of electrolyte solution but also accurate theoretical approach 
must be developed.   
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Fig. 6 Dependence of the dielectric constant ε‘ and the dielectric 
loss ε“ on concentration of NaCl for aqueous solution. 

Fig. 7 Experimenatl data and calucated results of the heating 
rate of aqueous NaCl solution. 
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4.0 Conclusion 
 

In the present article, it have shown the discrepancy between theoretical and practical 
data of the microwave heating for liquid system such as pure solvent and the solution 
containing polar and non-polar solvents. Experimental runs performed using a single-mode 
microwave resonator and a heat insulated reactor achieved reproducible heating test. 
Computer simulation based on measured dielectric properties makes us obtain the similar 
tendency with the practical data for temperature increase under microwave irradiation but the 
value of temperature or heating rate is much lower than that of experimental results. 
Moreover, it is difficult to expect the heatable order between another solvents using 
computational approach. Various experimental data is systematized and the simulation of 
higher accuracy becomes possible by arranging a basic parameter. 
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Abstract 
 

Control of the temperature distribution of heated samples is the key for the successful 
application of microwaves to industrial processes. In this paper, a novel temperature control 
approach has been developed for HEPHAISTOS, the High Electromagnetic Power Heating 
Automated Injected Structures Oven System. Based on spatially distributed microwave 
sources of HEPHAISTOS, we formulate both linear and nonlinear multiple-input multiple-
output (MIMO) models of the microwave heating process, making it possible to control the 
temperature distribution in real time. The model predictive control (MPC) method is applied 
to control the power of individual microwave sources. Experimental results demonstrate that 
our approach can selectively control temperatures of different locations to converge to the 
target temperature. Hence, a much more homogeneous temperature distribution is achieved. 
 
Introduction 
 

The technique of microwave heating has been widely used in both domestic and 
industrial areas during the last few decades. Compared with traditional heating techniques, 
microwave heating gains advantages due to its reduced energy consumption, shorter process 
duration, and higher heating efficiency. However, for industrial applications with large-scale 
products, the non-uniform electromagnetic (EM) field distribution and resulting non-uniform 
temperature distribution are significant challenges [1]. The so-called “hot” and “cold” spots 
may lead to degradations in the product's quality. In worst cases that even causes the 
destruction of the product. 

The issue of temperature control in microwave heating processes has been studied 
since the 1970s. On one hand, research focused on single-input single-output (SISO) 
controller design [2, 3], in which the power of one heating source is calculated based on the 
temperature of one point on the heated load, without considering the whole temperature 
profile. On the other hand, auxiliary approaches as turntable [4] or mode stirrer [5] have been 
used to improve the temperature homogeneity to a certain extent. However, those designs are 
mainly based on experiences or pure simulations, and the practically measured performance is 
not satisfactory for many applications. Reasons might be simply the inhomogeneity of the 
heated sample or the complexity of the setup. Despite different methods being developed and 
used to simulate the electromagnetic field, hence temperature profile of microwave heated 
samples (e.g. the finite element method (FEM) [6], finite difference time domain (FDTD) 
method [7], method of moments), until now there is still no sophisticated method established 
to control the temperature distribution and enhance its homogeneity systematically. 

In this paper, we use the model predictive control (MPC) method [8] in combination 
with a distributed microwave feeding system to control the temperature distribution of heated 
samples (loads). The model predictive control method is applied to calculate power of 
individual microwave sources based on either, a nonlinear heating transfer model, or a linear 
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approximation of this nonlinear model. Experimental results demonstrate that temperatures of 
different locations on the heated load can be effectively controlled towards the target 
temperature. 

 
1. Distributed Microwave Feeding System – HEPHAISTOS 
 

The basic concept of distributed microwave feeding systems has been well presented 
in [9]. Based on this, the so-called HEPHAISTOS system was designed at KIT and developed 
in the cooperation with company Voetsch Industrietechnik. Unlike conventional microwave 
applicators, the cavity module of HEPHAISTOS has a unique hexagonal shape and multiple 
magnetrons as heating sources. By allocating different power to different magnetrons, it is 
feasible to influence and adjust the temperature profile during the heating process. Each 
HEPHAISTOS cavity module is equipped with 12 magnetrons. Every magnetron can provide 
power of 800 W at 2.45 GHz. The 12 magnetrons are directly mounted on 12 optimized 
slotted WR340 waveguide antennas, locating around the 6 edges of the hexagonal applicator, 
such as shown in Fig. 1. With this unique design, it has been proven that HEPHAISTOS is 
able to provide a rather homogeneous electromagnetic (EM) field distribution [9]. 

Each cavity module can be either used as a stand-alone processing system or 
connected with other modules to build an integrated system. In this paper, all experiments 
were carried out in a HEPHAISTOS microwave oven, which consists of 3 cavity modules and 
36 magnetrons. Although a HEPHAISTOS microwave oven can provide a rather 
homogeneous EM field distribution considering an empty cavity module, in case of the loaded 
cavity module the resulting temperature distribution is not homogeneous, due to the dielectric 
and thermal properties of the heated load as well as other heat loss mechanisms. Therefore 
only an intelligent power control system can ensure a proper temperature distribution of the 
heated sample. 
 
2. Control System Design 

 
Due to the relatively large number of 36 magnetrons and the largely overmoded oven 

chamber, to date it is highly difficult to simulate and, hence, estimate properly the 
temperature distribution via electromagnetic field simulations. Standard modelling based on 
first principles is also not appropriate because of its high mathematical complexity. In this 
case, approximated nonlinear and linear multiple inputs multiple outputs (MIMO) heating 
transfer models have been developed. 

An important application for microwave heating is the curing of composite materials. 
Typically, the height of the sample is much smaller than the other two dimensions. Therefore, 
 

                        
       (a)                                                                                             (b) 

 

Waveguides 
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Fig. 1. Structure (a) and picture (b) of HEPHAISTOS cavity module.  
 

in our model, it is assumed that a thin dielectric plate (i.e. silicon rubber blended with carbon) 
is heated within the applicator cavity. Its overall temperature profile is well represented by the 
surface temperature distribution. In general, the microwave heating process within the 
applicator is governed by the forced heat transfer equation (1), such as 

 

,QT
t
Tc p +Δ=

∂
∂ κρ                                                                                              (1) 

 
where ρ is the mass density, cp is the specific heat per unit mass, κ is the thermal conductivity, 
T is the measured temperature of the heated load, and Q is the absorbed microwave power.  

The left hand side of (1) represents the temperature changing rate, which is determined 
by two parts on the right hand side. The first part is the heat loss due to thermal conduction, 
convection and radiation, and the second part is the microwave heating from all active 
magentrons.  At a relatively low temperature range (below 200°C), the effect of thermal 
radiation is insignificant. Besides, when a low thermal conductive tool is used, local thermal 
gradients on the surface of heated samples are also small, resulting in negligible conduction 
effects. Therefore, the heat loss is mainly determined by the effect of heat convection between 
the heated plate and surrounding air.  Then according to the Robin boundary condtion we can 
rewrite (1) as  
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where k is the convective heat transfer coefficient and Tair is the temperature of air 
surrounding the load. Different control models can be built based on different representations 
of Q. 
 
2.1. Nonlinear Form 

The true heating of the material by microwave is expressed as  
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where σeff  is the effective electric conductivity and E
r

is the superposed electric field. The 
superposed electric field is further represented by  
 

( ) ,
1

,,,
1

∑∑
==

++==
m

i
izziyyixxi

m

i
ii ueEeEeEuEE

rrrrr
                                        (4) 

 
where m is the number of magnetrons, ui ={0,1}is the assigned percentage of power to 
magnetron i (0 responds to no power, 1 to maximum power) and Ei.j is the decomposed 
electric field from magnetron i in the j(x,y,z)-direction. We can substitute (4) into (3) and 
rewrite it in a matrix form, then there is 

( ) ,
2
1 ΦUUUEEEEEEU T

z
T
zy

T
yx

T
x

T =⋅++⋅= effQ σ                                           (5) 

157



where U = [u1  u2   ...  un]T and Ej = [E1,j  E2,j ... Em,j]T. The matrix Φ can be considered as the 
effective heating matrix. If we extend (5) into a multiple inputs multiple outputs scenario, 
then the heating power can be expressed as 
 

,UΦUIQ T
mimo⊗=                        

(6) 
 
with Φmimo = [Φ1  Φ2   ...  Φn]T  and ⊗ is the Kronecker product such as 
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2.2 Linear Form 

In the linear model, the original heating power Q is approximated by a linear 
superposition as 
 

,UH ⋅≈Q                                                                                                                (8) 

where H = [h1 h2  ...  hm] and the coefficient hi can be interpreted as the heating rate from 
magnetron i to this measured location. This approximation is based on experimental data and 
a similar scheme was also used in [2]. Similar with the nonlinear model, the linear model can 
also be extended into a MIMO scenario, such as 
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where the coefficient hi,j is heating rate achieved by magnetron i at the measured location j. 
 Based on these two forms, the relationship between the temperature of any location 
and power of different magnetrons is established. After discretization, the model predictive 
control method can be applied for both models. In the linear model, an analytical control 
solution U is able to be derived. However, for the nonlinear model, an analytically formed 
control solution is not feasible. Therefore, in the practical experiments, the genetic algorithm 
(GA) was used to calculate its control solution. In addition, extended Kalman filter and 
recursive Kalman filter were utilized to estimated unknown matrices in the nonlinear and 
linear models, respectively. 
 
3. Experimental Results 
 

The above control method and models have already been verified in experiments. In 
these experiments, one silicone rubber plate with the size of approximate 1.2 m×1 m×2 mm is 
used as the heated load, such as shown in Fig. 2. The control period dt is 2 s. Different 
temperatures of 7 different locations on the surface (T1 – T7 in Fig. 2) have been measured by 
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the thermal camera and used for the controlling, basically covering the hottest and coolest 
locations of the plate. The performance of the MPC method is also compared with a normal 
PID controller which is the single input single output (SISO) feedback control scheme used in 
[2,3]. In this SISO PID controller, one temperature is chosen from all measured temperatures 
for the controlling, and the same control power is allocated to all magnetrons.  
 Results shown in Fig. 3 demonstrate that the heating within the HEPHAISTOS system 
obtained relatively homogeneous temperature distributions for both PID and MPC. Compared 
with the PID controller, the implementation of MPC can largely reduce the final temperature 
deviation by 50% or even more. More important, the temperature curves in both linear and 
nonlinear MPC have obvious converging behaviours towards the target temperature, which 
means temperatures of different locations can be controlled individually and the overall 
temperature distribution is essentially improved. In comparison with the nonlinear model, the 
linear MPC method has a slightly better control performance, due to more accurate system 
identification results and analytically formed control solutions. 
 

                     
                                      (a)                                                                                         (b) 

Fig. 2. Setup (a) and its thermal picture (b). 
 

      
                                             (a)                                                                                      (b)               
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                                             (c)                                                                                       (d) 
 

Fig. 3. Performances of PID (a), linear MPC (b), nonlinear MPC (c), and comparison of 
standard deviations (d). 

 
Conclusions 
 
 A novel temperature control approach based on the distributed microwave feeding 
system has been developed. Both linear and nonlinear microwave heating models have been 
formulated for that system, and the advanced model predictive control method has been 
applied. Experimental results show that this novel approach can effectively control 
temperatures of different locations and improve the whole temperature distribution of the 
heated product. Future developments will focus on two aspects. On one hand, the control 
model will be extended to more general scenarios. On the other hand, different control 
methods, such as fuzzy control and neural network based control, will be applied to the 
microwave heating control problem. 
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Abstract 
 
 The use of high power microwaves to perform explosive spalling of concrete surfaces 
is a promising technique with applications in the area of concrete facilities decommissioning. 
The mechanism that creates explosive spalling is due to a combination of the thermal stress 
from high temperature gradients and the pore pressure generated from the water vaporization 
and water transport through a porous medium. In this paper a one dimensional model solving 
the heat and diffusion equations for liquid and vapor phase with the COMSOL Multiphysics 
finite element software is presented. The modelling of the drying process is based on the 
spatial reaction engineering approach (SREA). This paper discusses the influence of the 
relative activation energy parameter and effective diffusion coefficients on the temperature, 
water content and pore pressure in the case of fast microwave heating of concrete. This model 
is then used for a 3d geometry with a sealed insulated block of concrete and an conical 
waveguide antenna to compute the thermal stress, pore pressure and total stress. 
 
Keywords: Concrete microwave ablation, drying, thermal stress, pore pressure 
 
Introduction  
 
 In the case of rapidly heated concrete with high power microwaves, evaporation, 
moisture transport and condensation mechanism occur inside the porous material. The thermal 
stress [1] and pore pressure are calculated by using a coupled heat and mass transport 
equation together with the use of the Lambert’s law for the power density distribution [2, 3]. 
 The spatial reaction engineering approach developed by Chen [4] is used to model the 
drying process of the material. The SREA method is successful in predicting the liquid 
content and temperature profile for different heating scenarios and many porous materials 
such as vegetables and fruits in the case of conventional convection drying [5, 6]. 
 To simplify our model, the local liquid and vapour concentration are calculated with 
the assumption of a closed pore volume and an ideal gas law for the behavior of the vapour 
and air. In the 3d coupled electro thermo mechanical model, the complex permittivity and the 
thermal properties of the concrete are a function of the solid, liquid and gas phase content. 
The computation of the temperature, liquid and vapor content allow the calculation of the total 
pressure. The pore pressure is combined with a thermo elastic model to compute the total 
stress. The novelty of this work is the use of the SREA approach to compute the liquid and 
vapour water content distribution in the concrete under microwave heating. 
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Mathematical modelling 
 
 With a 1d model, the power density from the microwave field is modelled with an 
exponential attenuation through the thickness (Lambert’s law). The attenuation constant is 
obtained with a 3d electromagnetic model of a conical antenna. For a feasible permittivity for 
concrete of εr = 6 – 0.68j at 2.45 GHz, the skin depth for the electric field is about 4 cm and 
the attenuation constant is α = 23.9 [1/m]. The power distribution used in the 1d model is: 

( )xqxq α2exp)( 0 −= with q0 = 70 MW/m3. This leads to maximal temperatures around 300° 

C in 10 s in agreement with the experimental temperature measurements made with an 
infrared camera. 
 The following assumptions are made to model the heat and mass transfer in a porous 
sample of concrete: 

- The effect of solid shrinkage or expansion on heat and mass transfer processes is not 
taken into account. For concrete the volume variation is negligible. 

- Cracks formation and sudden increase of permeability are not modelled. 
- The porous medium is homogenous and isotropic.  
- The diffusion coefficients are assumed to be constant, in reality they depend on 

temperature and water content, and probably thermal stress. 
- The evaporation/condensation rate is related to the difference between the internal 

saturated vapour concentration Cint,sat and the actual vapor concentration Cv inside the 
solid. 

- The saturated vapour density is obtained with the Clapeyron equation. 
- Because of fast microwave heating and for simplification of the analysis, the volume is 

sealed and thermally insulated, no heat flux or mass flux cross its boundaries. 
- The initial temperature and moisture content are uniformly distributed. 
- The water vapor and the air phase follow the ideal gas law. 

 
 The spatial distribution of the liquid Cl and vapour content Cv are calculated with the 
coupled heat transfer and diffusion equations as shown in Table 1. Dl and Dv are the effective 
diffusion coefficients of the liquid and vapour phase through the material and depend on its 
microstructure, temperature, water content and pressure gradients. In our model, Dl and Dv are 
assumed to be constant to facilitate the interpretation of the solution of the coupled heat and 
mass transfer equations. In addition, because of fast heating with 10 s duration, it is assumed 
that Dl = 0. The basic idea to model the drying process with the SREA approach is to consider 
the evaporation as an activation process, which can be described by an Arrhenius equation. 
 The SREA approach to model the drying of a porous medium considers that additional 
energy is required to evaporate the liquid inside the solid porous medium (comparable to the 
evaporation of liquid in free space, but less energy is needed). The evaporation/condensation 
term is modified and proportional to the difference between the internal saturated vapour 
concentration Cint,sat and the actual concentration Cv. 
 The internal saturated vapour concentration is scaled with an exponential function 
from the known saturated vapour concentration in free space (obtained with Clapeyron 
equation or thermodynamic table). 

satv
v

sat C
RT
EC ,int, )exp(

Δ
−=         (1) 

ΔEv is the apparent activation energy and can be expressed with a relative energy function f: 
)ln(;),,( 0 ffffflv RHRTEEXXXfE −=ΔΔ=Δ      (2) 

ΔEf represents the equilibrium activation energy of the dry state with RHf and Tf the relative 
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Table 1: Physical models and corresponding equations used in the coupled multiphysics model. 
(E = 30 GPa, ν = 0.12, α = 10^(-5) [1/K]) 
 
humidity and the temperature of the finale dry state. X0 and Xf are the initial and final water 
content respectively. When the current vapour concentration Cv is lower (higher) than the 
internal saturated  vapor concentration Cint,sat, vapour is produced (consumed) with IΔH being 
the power per unit volume absorbed (released) by the system during the evaporation 
(condensation) process. For drying modelling based on the SREA; the relative activation 
energy function should be extracted from water loss measurement versus time during a drying 
experiment [6]. 
The function can be of the form: 

1)(;0)(; 0
0

0 ==⎟
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⎝

⎛

−
−

= f

n

f

l XfXf
XX
XX

f        (3) 

At the initial wet state, maximum evaporation occurs, and with f = 0 and using eq (1) and (2),  
Cint,sat = Cv,sat. For f = 1, Cint,sat ~ 0 and limited or no evaporation will occur. 
 It was not possible to obtained such a function during this short duration of microwave 
heating and we consider here only the 2 extreme values of the relative activation energy 
function f = 0 (maximum evaporation) and f =1 with nearly no evaporation. In the case of 
maximum evaporation, the coupling therm (d) from table 1) becomes )( , vsatvinin CCAhI −= . 
For the case of no evaporation, 0≈I . hin [m/s] is the internal mass transfer coefficient, Ain 
[m2/m3] is the internal surface area. These two parameters depend on the microstructure of the 
material. 
 

Results and discussion 1d model 
 
The power density, temperature, pore pressure and Von Mises stress are plotted for 3 different 
vapour diffusion coefficient Dv = (0.01, 10-4,10-9) m2/s. 
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Fig.1: Power density with no evaporation (f=1, left) and with evaporation (f=0) right  
 
The Figure 1 shows the effect of evaporation near the surface of the concrete. As the diffusion 
increase, the maximum of the power density shifts inside the material. 

   
Fig2: Temperature at t = 10s through the thickness.  Left f =1 , right f = 0 . 
 
The Figure 2 shows the temperature within the concrete as a function of the distance to the 
surface without and with evaporation for 3 diffusion coefficients. For the largest vapour 
diffusion coefficient, the difference of temperature with and without evaporation is about 40 
°C. 
 

   

Fig. 3: Total pressure  without evaporation (left) and with evaporation (right). 
 The Figure 3 shows the calculated pore pressure based on the vapour and air 
concentration. With no evaporation, the maximum pressure is located at the surface and is 
about 0.2 MPa. The pressure is mainly due to air and vapour expansion from high 
temperature. With evaporation, pressures are much higher and about {14, 9, 2} MPa for Dv = 
{10-9, 10-4, 0.01} m2/s respectively. The maximum is no longer at the surface, but located 
approximately {5,10} mm inside for Dv = {10-9, 10-4, 0.01} m2/s. 
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3d model 
 
 The 3 d model allows the computation of the total stress based on the thermal stress 
and the pore pressure. 

   
Fig 4: Von Mises stress [Pa] for Dv = 0.01 m2/s (left) and Dv = 0 m2/s (right) with pore pressure 
included (green) and no pressure (blue). 
 
 The Figure 4 shows the Von Mises stress within the concrete as a function of the 
distance to the surface for 2 different diffusion coefficients Dv = {0, 0.01} m2/s. The stress is 
lower when the diffusion of vapour increases. (With Dv = 0.01, maximum stress about 28 
MPa  8-10 mm inside the concrete). With Dv = 0, the stress is about 38 MPa with the pore 
pressure and 34 MPa without. The thermal stress is clearly dominant in comparison to the 
pore pressure. 
 

   
Fig. 5: Von Mises stress [MPa] after 10 s of microwave heating at 10 kW and no vapour diffusion 
possible Dv = 0 m2/s. Left picture with no pore pressure from evaporation, right picture with pore 
pressure from evaporation included. The domains with stress higher than an arbitrary limit of 25 MPa 
are removed. 
 
 The figure 5 shows the Von Mises Stress inside the concrete. The left picture shows 
the calculated stress without the pressure from vapour evaporation and the right picture shows 
the stress including the pressure effect. It can be seen than a small region located at the 
surface is present (the stress is lower than 25 MPa) whereas with the pressure effect, this 
domains has stress above this limit and is not represented on the picture. Typical properties of 
normal strength Portland cement concrete are 2 to 5 MPa for the tensile strength and 20 to 40 
MPa for the compressive strength. 
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Conclusion  
 
 A coupled multiphysics model based on heat and mass diffusion equations was 
developed in order to compute the total stress and compare the thermal stress with the pore 
pressure. From these first results it seems that the thermal stress is the dominant effect in the 
case of explosive spalling of concrete with microwave heating. The pore pressure could have 
a trigger mechanism role as suggested by Bazant [2]. 
 The use of the SREA approach provides a quick way to model the liquid and vapour 
content in order to calculate the pore pressure. In this study the relative activation energy 
function was not available from experiment and therefore only 2 extremes cases were studied, 
maximum evaporation and no evaporation. 
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Abstract 
 
 The design, construction and tuning of microwave heating systems requires extensive 
physical experimentation, thus being an extremely time-consuming process. This work shows 
how the guidance of properly designed computer simulations is nowadays essential in this 
industry from the very early stages of concept design to the latest steps of in-situ adjustments 
at the customer's facilities. A case study is presented, for which a cylindrical resonant cavity 
is proposed. The discussion begins with a purely mathematical analysis of the problem 
followed by simulation results which lead to a fully defined design, which is virtually 
engineered in aspects like impedance matching, operating point of the magnetron in the Rieke 
diagram and determination of the optimal location of the load in the cavity. The results are 
presented showing a clear distinction between what can be determined by means of virtual 
experimentation and what must be physically measured. 
 
Introduction 
 
 We intend to heat up a load of dimensions 90x120x30 mm3 and complex dielectric 
constant εr = 3.5 – j0.2 using 1 kW of microwave power at 2.45 GHz. A cylindrical resonator 
is designed for this purpose in sections 1, 2 and 3. In section 4, it is shown by virtual 
experimentation that the matching between the applicator and the load is actually not the 
critical factor for the efficiency of the microwave heating system, and therefore must not be 
the steering force to make decisions on its design. 
 
1. Mode analysis of an empty cylindrical cavity 
 
 The analytical solutions for TE and TM modes in an empty cylindrical cavity are well 
known [1]. The resonant frequencies of the TE modes are given by: 
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 Where x'mn is the nth zero of the first derivative of the Bessel function of the first kind 
of order m, J'm. This can be rearranged to show that all modes with resonant frequency lower 
than or equal to f are inside an ellipse of semiaxes α and β in the p-x'mn plane: 
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Exactly the same equations apply to TM modes replacing x'mn for xmn (zeros of the 

Bessel function, Jm, instead of its derivative), and noting that p=0 is also allowed in this case. 
Consequently, given the dimensions of the cavity and the frequency of excitation, we can 
represent an ellipse containing all the modes present in the cavity. To know which modes may 
fall under the ellipse, we need an upper bound for xmn, which is provided in [2]: 
 

22
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 Since n ≥ 1 and the modes under the ellipse verify xmn ≤ α, m is restricted to: 
 

5.52 −< αm            (4) 
 
 Therefore, for each value of m verifying (4), it is necessary to compute zeros of Jm 
until xmn > α (alternatively, we could get an upper bound for n from (3) also) and then restrict 
the values of p to those verifying (2). 
 We start by proposing a cavity with a = 100 mm and h = 300 mm. The ellipse (2) is 
plotted in Fig. 1 along with the modes under it plus some additional modes over it. 

It is clear from Fig. 1 that the 
easiest mode to excite is TM210, which 
lies right on the ellipse. If the coupling 
that the cavity is fed with is 
compatible with it, practically only 
this mode will be excited. 

If we vary the radius of the 
cavity, a, the horizontal semiaxis of 
the ellipse, α, will vary proportionally. 
Correspondingly, changing the height, 
h, changes the vertical semiaxis, β, 
proportionally. Modifications in the 
frequency, f, modify both α and β 
proportionally. 
 
2. Simulation of an empty cavity 
 
 We will feed the cavity with a WR-340 waveguide centred along the curved surface of 
the cylinder. Since we are aiming at exciting a TM mode, we align its short side with the axis 
of the cavity. The wave equation (5) has been solved in the frequency domain by the Finite 
Element Method using the commercial software COMSOL Multiphysics, regarding both the 
cavity and the waveguide as perfect electric conductors (boundary condition 0=× En

r) ). 
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Fig. 2 shows the resulting electric field distribution within a typical frequency 

spectrum of industrial magnetrons, 2.455 ± 0.015 GHz [3]. As anticipated from Fig. 1, we are 
exciting the TM210 mode at the central frequency. At the highest frequency, both semiaxes of 

Fig. 1. Graphical representation of (1) and (2) 
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the ellipse are enlarged and the TE214 mode is excited, as can be seen in both Fig. 1 and 2. 
 

 

 
3. Simulation with load 
 
 We intend to place the load horizontally centred respect to the feed, and near the 
bottom of the cavity, where field maxima is in Fig. 2, but the exact vertical position will be 
determined by simulation, minimizing the reflected power. The exact same problem (5) is 
solved again, only with εr = εr' - jεr'' in the load, for several positions of the load and also for 
different values of h. The best combination is found to be h = 310 mm with the load located 
34 mm away from the axis of the cavity. The results are shown if Fig. 3 and 4. 
 

   

 
4. Virtual experimentation: the magnetron 
 

The vast majority of contributions in modelling of microwave heating processes use 
the approach described in section 3, ignoring the coupling of the magnetron into the 
waveguide, even when the target is to match the microwave power to the load [4] or when the 
frequency variation of the magnetron is actually taken into account [5]. That is due to the fact 
that the magnetron is a complex device with intricate output characteristics, mainly displayed 
on the Rieke diagram [6], and modelling those is generally deemed unfeasible. In this paper, a 
very simple model of the magnetron is used to qualitatively explore its coupling into the 
waveguide. Using this approach, we gain very useful insight on the relevant physical 
phenomena. 

Fig. 2. Electric field patterns for 2.44 (left), 2.455 (centre) and 2.47 (right) Ghz 

Fig. 4. Power absorbed (W/cm3) 
at 2.455 GHz 

Fig. 3. Reflected power 
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4.1. The magnetron as a simple coaxial coupling 
 The magnetron is modelled here as a simple coaxial coupling into the waveguide 
launcher, as can be seen at the top of Fig. 5. The outer conductor of the coaxial line has an 
inner diameter of 30 mm, while the inner conductor has a diameter of 14 mm and reaches 18 

mm into the launcher. Its centre is located 27.2 mm away from 
the waveguide short and 586.4 mm from the cavity axis. The 
launcher is followed by a 3-stub tuner, the stubs having a 
diameter of 20 mm and a separation of 43.6 mm. The axis of the 
first stub is located 255 mm away from the waveguide short. In 
the picture, it is pushed 30 mm into the waveguide, which we 
will write as Stub1 = 30 mm, Stub2 = 0 and Stub1 = 10 mm. 

 
4.2. Effect on power matching 

After adding the coaxial coupling, the perfect matching 
shown in Fig. 3 disappears. Moreover, as shown in Tab. 1, it is 
not even possible to regain it with the 3-stub tuner, whereas it is 
for h = 290 mm, which led to poor power matching without the 
coaxial coupling and also with it before adjusting the 3-stub 
tuner. This is the kind of behaviour the microwave engineer 
often encounters in the laboratory and which we aim to 
reproduce here. 

The trajectory described on the Rieke diagram of the 
magnetron when increasing the height of the cavity from 290 to 
310 mm, for the case Stub1=Stub2=Stub3=0, has been calculated 
from the standing wave pattern in the waveguide, and is shown in 

Fig. 6 (the trajectory cannot be realistic with such an oversimplified model of the magnetron, 
but our aim is to explore the 
phenomena qualitatively). The 
last arrow is located 
practically at the centre of the 
diagram, showing a reflection 
coefficient of 0.4 %, much 
lower than the 7.8 % written 
in Tab. 1 and in agreement 
with Fig. 3. The reason is that the reflection occurs at the interface between the coaxial line 
and the waveguide (thus the 7.8 %), whereas the waveguide is practically perfectly matched 
to the loaded cavity (thus the 0.4 %), as shown in Fig. 3. 

 

    

Tab. 1. Impedance matching at 2.455 GHz 
h (mm) 310 290 

Stub1 (mm) 0 3 0 6 
Stub2 (mm) 0 5 0 0 
Stub3 (mm) 0 10 0 21 

Reflection (%) 7.8 2.2 49.8 2e-3 
 

Fig. 5. Complete model 

Fig. 6. Varying h Fig. 7. h = 310 mm Fig. 8. h = 290 mm 
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The trajectories described while adjusting the 3-stub tuner (Stub3 is adjusted first, and 
Stub1 last) are displayed in Fig. 7 and 8, and neither ends at the centre. In Fig. 7, the 
trajectory changes its direction when adjusting a new stub: points 1 to 4 correspond to 
movement of the third stub, points 4 to 5 to movement of the second stub and points 5 to 6 to 
movement of the first stub. Fig. 8, which incidentally corresponds to the best matching, shows 
even more clearly how the path diverges from the centre. Relating these figures to the data 
from Tab. 1, we see that we are in the opposite situation now: despite operating the 
magnetron farther away from the centre of the Rieke diagram, and thus increasing the VSWR 
in the waveguide, the efficiency of the system is actually higher. Each step taken in the 
trajectories shown in Fig. 7 and 8 helps to increase the efficiency of the system (the reflection 
at the interface between the coaxial line and the waveguide is reduced), despite many of them 
actually increasing the VSWR in the waveguide (the reflection at the interface between the 
waveguide and the loaded cavity increases). 

We can rewrite Tab. 1 in terms of efficiency, keeping the word reflection for the 
interface between the waveguide and the loaded cavity (which is what is shown in Fig. 6 to 
8): 

 

 
This way, we clearly see that our model of the magnetron provides different output 

power over the different regions of the Rieke diagram, just like the real device, albeit for 
completely different reasons: in our model, part of the microwave power does not reach the 
waveguide because it is reflected back to the coaxial port, whereas in the real world part of 
the power from the DC signal is not converted to microwaves by the magnetron. We have not 
tried to model that behaviour, and therefore the numerical figures given on efficiency and 
reflection cannot possibly be realistic, but we have obtained a qualitatively very similar 
behaviour, even reproducing the fact that, even though a slightly higher reflection does not 
necessarily imply a lower efficiency, a very high reflection does cause a poor efficiency. 
      
4.3. New field distribution 

Incidentally, the new value found for the 
height of the cavity, h = 290 mm, results in a 
considerably more homogeneous field distribution in 
the load, as reflected by the numerical figures below: 

 
Average electric field inside the load: 
 

- Fig. 4: <E> = 13548.2 V/m 
- Fig. 9: <E> = 14246.8 V/m 

 
Standard deviation of the field in the load: 
 

- Fig. 4: s(E) = 47.7 % of <E> 
- Fig. 9: s(E) = 33.6 % of <E> 

    Tab. 2. Efficiency, reflection and normalized impedance at 2.455 GHz 
 h =310 mm h = 290 mm 
 Not matched Matched Not matched Matched 

Efficiency (%) 92.2 97.8 50.2 100 
Reflection (%) 0.4 2.8 46.1 4.9 

Z 0.879 – j0.003 1.323 + j0.218 0.309 – j0.762 1.554 - j0.127 
 

Fig. 9. Power absorbed (W/cm3) 
at 2.455 GHz 
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Conclusions 
 

It has been demonstrated that, even without taking the complex output characteristics 
of the magnetron into consideration, a good matching between the waveguide feed and the 
loaded cavity is not the critical factor for the efficiency of the microwave heating system. 

The approach used in section 3, by far the most common in academic publications on 
modelling of microwave heating processes, has been proven of little real utility to make any 
decisions about the design of a microwave heating system or assess its performance. In our 
case, it would have led to setting a value for the height of the cavity which, as shown in 
section 4, might not necessarily provide the best matching. 

Without modelling the output characteristics of the magnetron, we cannot predict its 
matching to the system, but we can actually characterize the latter: the normalized 
impedances shown in Tab. 2 can easily be calculated for the whole frequency spectrum of 
interest, and, by varying the relation between the inner and outer diameter of the coaxial line, 
for a desired range of output impedances of the feed. 

The fact that we can characterize the system, but not actually predict how it will 
behave, because we ignore what it will be fed with, inevitably leads to a design with open 
parameters. In our case study, we are down to two: the height and the diameter of the 
resonator. Should we fix one parameter before performing any laboratory work, it will 
obviously be the diameter, because mechanically it is much more difficult to vary than the 
height. It is then that virtual experimentation comes to play: we must assess if the system is 
still flexible enough. In this case, it has been shown that we still have plenty of room for 
optimization by slightly varying the height. In larger, more complex industrial microwave 
heating systems, the number of initial parameters is higher, and so is the cost of physical 
experimentation. Virtual experimentation is then used to determine how many and which of 
those parameters can be fixed beforehand, and within what ranges. In the process, the 
microwave engineer acquires very valuable insight on the behaviour of the system, which 
leads to a more efficient planning of the laboratory work. 
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Abstract 
 
 Glass production is a time and temperature dependent process where the residence 
time distribution and flow conditions of the glass melt within the melting tank play an im-
portant role in defining glass quality and production efficiency. We investigate the possibili-
ties of exposing the glass bath to an external Lorentz force-generating magnetic field as an 
additional flow component to control the flow conditions and improve the residence time dis-
tribution in an electrically boosted model glass melting tank. For such investigations, numeri-
cal simulation is highly important to predict the regime behavior and to prepare the way for 
practical applications. During the parameter studies using the commercial software FLUENT, 
we systematically vary the electric current of the external coils to evaluate its influence and 
get optimal setups to improve the residence time distribution. 
 
Introduction 
 
 Continuous melting tanks with electric boosters are used to produce container glass. 
The electric booster consists of bottom electrodes, whereby electric current passes through the 
glass melt between the electrodes, increasing the convection current in the melting tank to 
separate the melting zone from the fining zone. The aim of our work is to enhance the electric 

boosting by externally gen-
erated Lorentz forces (elec-
tromagnetic boosting) to 
improve the residence time 
distribution of the glass 
melt in the melting tank, 
which has a positive effect 
on the quality [6] and the 
efficiency of the glass pro-
duction. The idea of the 
electromagnetic boosting is 
to generate an additional 
Lorentz force in the glass 
melt, creating a controlla-
ble electromagnetic wall 
between the electrodes. 
This additional Lorentz 
force is generated by the 
interaction of the electric 

 
Fig. 1. Sketch of a glass melting tank with a simplified in-
let, boosting bottom electrodes and five coils placed in the 
insulation underneath the melting tank 
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current density in the glass melt and a magnetic field generated by external coils [3]. The 
physical principle of the externally generated Lorentz force is schematically described in 
Fig. 3. 
 Fig. 1 shows a schematic depiction of a conventional glass melting tank fired with  
fossil-fuel with a typical arrangement of boosting electrodes and a simplified inlet. The inves-
tigations were done only on the simplified model to minimize the complexity of the simula-
tion. 
 The flow patterns for many different cases were simulated and analyzed using the tank 
model with six bottom electrodes and a preset flow-rate starting from the simplified tank inlet. 
First the flow pattern of the glass melt is predicted only with electrical current imposed in the 
electrodes. The joule heating caused by the current passage through the glass melt leads to 
buoyancy forces on the glass melt. The electric current in the melt together with the magnetic 
field induced by the electrode current result in a so-called natural Lorentz force according to 
 

 BJf L

rrr
×= . (1) 

 
 This natural Lorentz force acts towards the electrode top [4] in the tiny area surround-
ing the electrode (see Fig. 2), influencing the flow pattern of the glass melt in the vicinity of 
the electrode [2]. 
 The other cases are calculated with a systematic variety of the externally generated 
Lorentz forces applied on the glass melt to prevent the flow of the colder glass on the bottom 
of the tank between the electrodes. To vary the intensity of the externally generated Lorenz 
force for each case we systematically vary the electric current of the coils. 
 

   
 

Fig. 2. Natural Lorentz force Fig. 3. Physical principle of the  
 external generated Lorentz force 
 
 The numerical simulations for the present problem require a coupling of the electro-
magnetic field and the flow field calculations including the energy equation, because the elec-
trical conductivity and the viscosity of molten glass are strongly dependent on temperature 
[1]. 
 A coupled calculation of a three-dimensional problem using two different simulation 
tools would cause a gigantic effort. FLUENT is very well suited to calculate the flow and 
temperature distribution. The idea is to include the magnetic field calculation completely into 
FLUENT using the so-called User Defined Scalars (UDS) and User Defined Functions 
(UDF). Finally, only one simulation tool is running to quickly solve this nonlinear coupled 
three-dimensional problem. The temperature dependencies of electrical conductivity , dy-
namic viscosity  and density  of the glass melt are considered in our simulations. All other 
material properties are assumed to be constant. 
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1. Magnetic Field Calculation 
 
 FLUENT is a program for solving the Navier-Stokes equations (flow, pressure) in-
cluding the energy equation (temperature) using the finite volume method. FLUENT is able 
to solve up to 50 diffusion equations, storing the result in a scalar field kϕ  (User-Defined 
Scalar: UDS): 

 k
i

k
kki

i

k S
x

F
xt φ

φφφ =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂Γ−

∂
∂+

∂
∂ ,   scalarsNk ,...,1=  (2) 

 transient,  convection,  diffusivity,  sources,   (meaning of terms) 
 
Basic equations for the electromagnetic field calculation are: 
 

 
dt
BdEcurl
r

r
−= ,   (Faraday’s law) (3) 

 

 
dt
DdJHcurl
r

rr
+= ,   (Maxwell-Ampere law) (4) 

 
 0

rr
=Jdiv ,   (continuity of current) (5) 

 
 ( )BvEJ

rrrr
×+= σ ,   (constitutive relation) (6) 

 
Generally we assume for the magnetic vector potential A

r
: 

 
 AcurlB

rr
=  (7) 

 
 0

rr
=Adiv  (8) 

 
In a final step we need the mathematical law for continuously differentiable vector functions: 
 
 AgraddivArotrotdivgrad

rrr
=-A  (9) 

 
 Usually the current is an alternating current with a frequency of 50 Hz. For this low 
frequency the derivative of D

r
 in the Maxwell-Ampere law Eq.(4) can be neglected. Further, 

the electrical conductivity of the glass is very low, which is why we can neglect the induced 
currents. That means the derivative of B

r
 in Faraday’s law, Eq.(3), can be neglected as well. 

Furthermore, the glass melt has a very low velocity which is in the range of up to 0.01 m per 
second, therefore we can neglect the Bv

rr ×  term in Eq.(6). To achieve a homogenous distri-
bution of heat sources in the glass melt between the electrodes, we apply a three-phase current 
using an adapted phase for each electrode, making it necessary to use complex values to de-
scribe the electromagnetic field. First we calculate the electrical current through the elec-
trodes and through the glass melt using the complex scalar potential ϕ : 
 
 0=ϕσ graddiv    with   ϕσ gradJ −=

r
 (10) 
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 Assuming a constant permeability, we can calculate the magnetic field B

r
 using the 

well-known magnetic vector potential A
r

 as follows: 
 

 JAgraddiv
rr

μ−=  (11) 
 
 First, we calculate the electrical current through the electrodes and through the glass 
melt using the complex scalar potential ϕ . Then we are able to calculate the complex mag-
netic vector potential using the three components xA , yA , and zA  (see Eq.(11)). These four 
complex field quantities fragmented into eight components are solved using eight diffusion 
equations (UDS). The so-called User-Defined Functions (UDF) are used to apply the sources 
und material properties depending on temperature. By solving Eq.(10) and Eq.(11) we are 
able to calculate the magnetic field caused by the electrode current. This magnetic field (Ei-
gen field) together with the electrode current density through the glass melt leads to the so-
called natural Lorentz forces (see Fig. 2). The external Lorentz forces are generated by the 
magnetic field of the additional coil under the glass tank in interaction with the electrode cur-
rent density J

r
 through the glass melt (see Fig. 3). The magnetic field of the coil CB

r
 (external 

field) is calculated by the Biot-Savart law caused by an imposed complex current I
r

: 
 

 ( ) ( ) ( ) '
'
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rr
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rr

π
μ  (16) 

 
Finally, we can calculate the time averaged-part of the Lorentz force density Lf

r
 in the glass 

melt needed for the flow calculation as follows: 
 
 ( )*)(Re CL BAcurlJf

rrrr
+×=  (17) 

 
 

2. Results 
 
 The primary 
result of the electro-
magnetic calculation 
is the current density 
distribution in the 
glass melt, which is 
generated by the elec-
trode current using 
the electrical conduc-
tivity depending on 
the temperature and 
influencing the glass 
flow. In the glass 
melt, the current den-
sity generates the 
heat sources. Fur-

 
Fig. 4. Five path lines with externally generated Lorentz forces  
(Ic = 400 A) 
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thermore, the current 
density is the source 
of the magnetic vec-
tor potential A

r
, 

which is needed to 
calculate the mag-
netic Eigen field of 
the boosting elec-
trodes. The addition-
ally generated mag-
netic field (external 
field) induced by the 
external coils is cal-
culated by the Biot-
Savart law. Both 
magnetic fields are 
added in order to cal-
culate the Lorentz 

force density needed for the flow calculation. 
 In Fig. 4 the path lines with the additionally generated magnetic field are depicted in 
order to show the influence of the externally generated Lorentz forces in glass tanks with bar-
rier boosting electrodes. For an accurate prediction of the residence time, 20 000 massless 
particles were traced [5]. Many different cases were studied, increasing the coil current from 
0 Ampere, which is the case without the externally generated Lorentz forces, up to 1000 Am-
peres. Fig. 5 presents the minimum residence time as a function of the coil current. The 
minimum residence time is used to evaluate the influence of the electromagnetic wall. The 
maximum is achieved with a value of 400 Amperes for the coil current. However, a higher 
value of the coil current leads to a shorter minimum residence time. It thus becomes obvious 
that the optimal performance of the electromagnetic boosting requires a predetermined glass 
type and a predetermined electrode current to attain a specific moderate value for the coil cur-
rent. 
 Fig. 6 shows the cumulative residence time distribution for the case without the exter-

nally generated Lor-
entz forces and the 
case with the exter-
nally generated Lor-
entz forces with a 
value of 400 Amperes 
for the coil current. In 
the case without the 
externally generated 
Lorentz forces, 10.6 
percent of the traced 
particles have a resi-
dence time less than 
the minimum resi-
dence time of the 
case with the exter-
nally generated Lor-

 
Fig. 5. The minimum residence time as a function of the coil current Ic 

 
Fig. 6. Cumulative residence time distribution for two cases 
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entz forces (Ic = 400A). These particles follow shorter paths to the outlet, causing a shortcut 
flow which impairs the glass quality. In Fig. 6 we observe two positive effects of the electro-
magnetic boosting. On the one hand, the minimum residence time is increased. On the other 
hand, the maximal residence time of many particles is decreased. This means that the energy 
consumption of the glass melting process can be additionally decreased. 
 
Conclusions 
 
 It is nearly impossible to directly measure the flow of molten glass. Therefore nu-
merical simulation is an important instrument for predicting the flow patterns and the resi-
dence time distribution of the glass melt in a glass tank as well as optimizing the position, 
design and coil current of an additional external magnet system. 
 Basically, it is possible to create the electromagnetic wall as described. The prediction 
of the residence time distribution reveals that the externally generated Lorentz forces can sig-
nificantly improve the residence time distribution, where the minimum residence time is in-
creased and the number of particles remaining in the melting tank for a very long time is de-
creased. This has a positive effect on the quality and the efficiency of the glass production. 
Additionally, the energy consumption for the glass melting process can be decreased by low-
ering the maximal residence time of the glass melt particles. 
 The numerical investigation shows that even fairly small external magnetic fields gen-
erated additionally with a simple magnet system at the bottom of the glass melting tank can 
significantly influence the slowly flowing glass melt. 
 Furthermore, we are able to investigate the influence of the design of the additional 
coils, modifying the position to optimize the residence time distribution of the glass melt. 
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Abstract 
 
 To visualize the electroslag remelting(ESR) process, a transparent experimental model 
was built. Thanks for the transparent model, the video captured by the high-speed camera 
shows the evolution of the droplets with or without magnetic field clearly. When we 
superimposed a transverse static magnetic field of 0.7 Tesla, the remelting rate became a little 
faster, and the neck of the droplet became longer than that without magnetic field and then an 
inflated secondary droplet appeared in the middle of the neck, but shortly afterwards, the 
secondary droplet burst into many smaller ones, then the small droplets sink slowly in the 
molten slag. The visualized results showed that the superimposing of a transverse magnetic 
field will influence the ESR process remarkably. Numerical simulation work had been done to 
illustrate the mechanism how the magnetic field affect the evolution of the droplets.  

 
1. Introduction 
 
 Nonmetallic inclusions remained in the alloy steel ingots or high-temperature alloy 
ingots will destroy the matrix’s continuity, then will increase the risk of inducing micro 
cracks under stress, which will reduce the mechanical properties and service life of the 
products made by these ingots. ESR process is an efficient way to remove impurities and 
inclusions in the above ingots, even sometimes ESR is an absolutely necessary refining 
process for producing such alloys[1]. 
 In terms of reaction kinetics, inclusion and impurities removal efficiency for ESR is 
linked closely with the metal/slag contact area and reaction time, which is remarkably 
depended on the size of the droplets formed at the tip of the consumable electrode, so how to 
control the droplet size is really a key point for ESR process. Considering the appropriate 
electric system and good crystallization condition, in order to improve the ESR purification 
ability, we adopted the process named of Magnetic Control ESR(MC-ESR)[2,3] as shown in 
Fig. 1. To validate the feasibility of the MC-ESR process, visual physical simulative ESR 
experiments were carried out by superimposing a transverse static magnetic field. 
 It is well known that the industry ESR process cannot be observed and measured 
directly due to its special condition of high temperature (1700 to 1900 Celsius degree in 
molten slag), high AC current and thick copper and steel crucible, a lot of numerical 
simulative work[4-6] has been done to study the behavior of the ESR process. However, how 
to test the results by numerical simulation is kept as a difficult problem. In this paper, we 
proposed a new physical simulative system which is similar to that designed by J. Campbell[7] 
to study the behavior of the droplets at the end of consumable electrode.  
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2. Experiment 
 
 The study was carried out on the transparent model apparatus as shown in Fig. 2. To 
visualize the ESR process, we chose transparent quarts glass tube with internal diameter of 

31mm as the mould, and molten zinc chloride(melting point is 331℃) was used as the molten  
slag due to its physical characteristics of fine transparency and electrical conductivity. Zinc 
bar(melting point is 419℃) with diameter of 15mm was used as the consumable electrode. 
The consumable electrode and slag used in the experiments were all in AR grade. The 
experiments were done with and without a transverse static magnetic field of 0.7 Tesla. High-
speed camera with frequency of 200fps was utilized to record the droplet evolution process at 
the end of consumable electrode. 

 Appropriate quantity of slag and 
water cooling system are kept constant, and 
the operational parameters are listed in Tab. 
1. After ZnCl2 was fully melted by a 
resistance furnace surrounding the mould, 
immediately inserting the consumable 
electrode into the molten ZnCl2, and turning 
on the AC power supply so that the electric 

current passed through the consumable electrode and the slag pool. Gradually increasing the 
current until the steady melting began. Here, the consumable electrode feeding rate was 
manual controlled to realize the current almost constant. With the help of high-speed camera, 
it was easy to capture the ESR process, especially the formation and departure of the droplets. 
Some statistical work of the video captured by the high-speed camera was done to explore the 
effect of the magnetic field to the ESR process and a novel phenomenon was found under the 
condition of a transverse static magnetic field of 0.7 Tesla. 
 
3. Results and discussion 
 
3.1 The Droplet Evolution  
 Fig. 3 shows the decomposed video on the descending process of the droplet with and 
without magnetic field. When without magnetic field, the droplet connected with the end of 
the consumable electrode by a slender neck, and then the neck became more and more thin 
until it was snapped, finally the detached droplet sink quickly in molten slag with the shape of 
a plate as shown in Fig. 3(a-h). Here we call the big droplet as ‘main droplet’ in that 
sometimes one or two small droplet would form and sink after the ‘main droplet’ and we call 
the small droplet as ‘satellite droplet’ for distinction. When we superimposed a transverse 
static magnetic field of 0.7 Tesla, the neck of the main droplet became longer than that 
without magnetic field and then an inflated secondary droplet appeared in the middle of the 

 

Fig. 1. Schematic of magnetic controlled 
MC-ESR . 

 Fig. 2. Experimental apparatus of the 
transparent model.

Tab. 1. Operating conditions 
Items Parameters 
Operating potential  45 V 
Operating current  6 A 
Current frequency  50 Hz 
Magnetic flux density  0 / 0.7 T 
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neck, but afterwards, the secondary droplet burst into many smaller satellite droplets, then the 
small satellite droplets sink slowly in the molten slag as shown in Fig. 3(i-p).  
 

Fig. 3. The droplet evolution trend at the end of the consumable electrode.  
(a)-(h) without magnetic field; 

(i)-(p) with 0.7T transverse static magnetic field;  
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3.2. Effect of Magnetic Field 
 Statistical work of the video captured by the high-speed camera was done frame by 
frame. We counted the numbers of all the main droplets and the satellite droplets over a 
period of time and recorded the time when the separation appeared in the neck to get the 
interval time of the main droplets. Also the size of each main droplet and the maximum length 
of the neck of each main droplet were measured through the frames. The results of the 
statistical work are shown in Tab. 2. 

 Through the results of the statistical work we can obviously find the difference of the 
average number of the satellite droplets with each main droplet and the average maximum 
length of the neck. When under the condition without superimposing a transverse static 
magnetic field of 0.7 Tesla, there was not each time a satellite droplet forming with each main 
droplet, but there were 11 satellite droplets in average with superimposing a transverse static 
magnetic field of 0.7 Tesla for the secondary droplets bursting into many smaller droplets. 
And the average maximum length of the neck was 4.6mm longer when superimposing the 
magnetic field. The results of the statistical work also show that the magnetic field accelerated 
the remelting speed a little in that the number of the main droplets per minute with magnetic 
field was larger. The average interval time of the main droplets and the mean radius of the 
main droplets are very close under the condition with and without magnetic field. 
 Apparently, the phenomenon of the secondary droplets bursting into many smaller 
droplets and the longer neck indicated that the interface between the metal and the slag is 
increased largely. So the inclusions and impurities removal efficiency would be expected to 
be improved. The visualized results showed that superimposing a transverse magnetic field 
will influence the ESR process remarkably.  
3.3 Discussions 
 Numerical simulation work had been done to reveal the mechanism how the magnetic 
field affect the evolution of the droplets. The characteristic moments during the droplet 
evolution process such as the moments shown in Fig. 3 were chosen as the prototypes to build 
the numerical models to simplify the simulation. Fig. 4 shows one of the numerical models 
whose prototype is Fig.3(l) and the detailed mesh of the end of the consumable electrode is 

Fig. 4. The numerical model of Fig.3(l)  
(a)whole arrangement (b)detailed mesh of the end of the consumable electrode 

Tab. 2. The results of the statistical work 
Conditions 0T 0.7T 
Number of the main droplets per minute 4.0 4.1 
Average number of the satellite droplets with each main droplet 0.8 11 
Average interval time of the main droplets 14.987 s 14.776 s 
Average maximum length of the neck 20.5 mm 25.1 mm 
Mean radius of the main droplets 5.1 mm 5.2 mm 
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also shown. We obtained the distribution of the electromagnetic field and the Lorentz force by 
the method of time harmonic electromagnetic field by the finite element analysis software.  
 With the help of the simulation we found that the strong Lorentz force generated by 
superimposing a transverse static magnetic field impacted the evolution of the droplets. Under 
the condition without the magnetic field, the separation of the main droplets from the end of 
the consumable electrode happened mainly due to the interfacial tension less than detaching 
force (gravity and electromagnetic force). When superimposing a transverse static magnetic 
field of 0.7 Tesla, the electromagnetic oscillating Lorentz force caused by the interaction 
between externally-applied magnetic field and AC melting current has a tremendous effect on 
electrode melting features. Because the externally-applied magnetic field is close to the 
uniform, so the intensity of Lorentz force is in proporion to the intensity of current density. To 
minimize the electric resistance, the AC current chooses in priority to travelling through the 
liquid metal connect with the end of the consumable electrode. The oscillating Lorentz force 
accelerates the movement of the liquid film at the end of the electrode, so the remelting speed 
is accelerated a little and which makes the neck longer. Through the electromagnetic field 
simulation using the prototype of Fig.3(j), we found the maximum value(5.43×105 A/m2) of 
current density distribution appearing in the middle of the neck and which meant the Lorentz 
force in the middle of the neck reached the highest(3.8×105 N/m3). The oscillating Lorentz 
force in the middle of the neck gave the liquid neck a horizontal and periodic reverse 
movement, and we believed this is the main reason why the secondary droplet in the middle 
of the liquid neck was formed.  
 When the secondary droplet just generated in the middle of the liquid neck, the shape 
of the secondary droplet looked like a vertical column as shown in Fig.3(k). For the 
generation of the secondary droplet, two liquid necks appeared. The secondary droplet had the 
supplement of the liquid metal through the liquid neck above, so the upper liquid neck 
became coarser. And the liquid neck below the secondary droplet became thinner due to 
gravity of the main droplet and electromagnetic force. At the same time, the radius of the 
secondary droplet immediately became larger and the shape of the secondary droplet turned to 
saucer as shown in Fig.3(l) due to the supplement of the liquid metal and the horizontal 
movement. As the secondary droplet appeared and its shape became flat, the AC current 
through the secondary droplet did not in vertical direction and it would bend along the outside 
surface of the the secondary droplet, so the Lorentz force was no longer just in horizontal 
direction and it also generated vertical component which causing the secondary droplet split 
as shown in Fig. 5. Suppose that the direction of the transverse static magnetic field along the 

positive direction of X axis, and 
the direction of the AC current 
along the direction of Z axis, so 
the direction of the Lorentz force 
is in the Y direction which is also 
the observation direction. As a 
consequence, the vertical 
component of the Lorentz force 
generated in the Z direction and in 
side of the observation direction. 
Fig. 5 shows the direction of 
Lorentz force in the secondary 
droplet with the prototype of 
Fig.3(l), and the different 
direction of Lorentz force in the 

Fig. 5. The direction of Lorentz force in the secondary 
droplet  
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upper and lower part of the secondary droplet can be observed conspicuous in side of the 
observation direction. And that’s why we can observe the split is similar in the shape of an 
inverted triangle as shown in Fig.3(m). In the same way to minimize the electric resistance, 
the AC current goes along the margin of the inverted triangle. The current density would be 
immense and in other words the oscillating Lorentz force would be large, so the margin of the 
inverted triangle crushed into many smaller satellite droplets as shown in Fig.3(n). Then the 
small satellite droplets sink down slowly with the main droplet as shown in Fig.3(p) and the 
slow descending speed of the numerous satellite droplets could extend the descending time 
which would elevate the purifying efficiency. 
 
4. Conclusions 
 
 In this paper, with the aid of the transparent model apparatus to physically simulate 
the ESR process under the condition with and without a transverse static magnetic field of 0.7 
Tesla, we have shown a novel phenomenon appeared during the evolution of the droplets 
when superimposing the magnetic field. Meanwhile, some electromagnetic simulation work 
had been done in order to explain the mechanism of the phenomenon. Main results obtained 
in this study are following: 

(1) Applying a transverse static magnetic field of 0.7 Tesla during ESR process, 
the remelting speed is accelerated a little for the oscillating Lorentz force improving the 
movement of the liquid film at the end of the electrode. 

(2) Under the condition with magnetic field, the liquid neck is much longer than 
that without magnetic field, and a secondary droplet generates in the middle of the neck, but 
shortly afterwards, the secondary droplet bursts into many smaller satellite droplets. 

(3) The technique of magnetically-controlled ESR can increase the contact area of 
metal/slag enormously which indicates that the removal efficiency of nonmetallic inclusions 
can be improved significantly. 
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Abstract 
 

 A direct induction process using the cold crucible technology has been developed by 
the French Atomic Commission and AREVA-NC for 25 years. The 3D numerical simulation 
of elaboration of glass by induction in cold crucible needs a coupled approach of the different 
phenomena: induction, thermal and hydrodynamic. Indeed, those three phenomena are 
strongly coupled because of the temperature dependence of the glass properties. In this study, 
the pouring of glass is simulated with the Volume Of Fluid model (VOF) in the same time of 
induction heating. 
 

Introduction 
 

 The process of vitrification in a cold crucible melter heated by direct induction is used 
in the fusion of oxides. The cooling of the melter wall produces a solidified glass layer that 
protects the melter inner wall from corrosion. The cold crucible melter has two mechanisms 
of forced convection: the mechanical stirrer and air bubbling. These two mechanisms are 
optimized to ensure thermal and chemical homogeneity. This modelling is important for a 
better understanding and prediction of the phenomena which take place in the glass bath. In 
this study, we considered the hydrodynamic, thermodynamic and electromagnetic 
phenomena. The complexity of the modelling is associated to the strongly dependence 
between the glass properties and the temperature and to the asymmetry created by the stirring 
system. 
 This work is a continuation of previous studies about the cold crucible heated by 
induction [1, 2]. The aim of the present paper is to analyze the hydrodynamic aspects of the 
process during the draining of the crucible. The coupling between the thermodynamic and 
electromagnetic phenomena and their effects in the flow were also studied. Although the 
importance of the two mechanisms of forced convection, we decided to simplify the problem 
by removing the gas bubbling. The order of magnitude of the glass properties is presented in 
Tab. 1. 
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Figure. 1. Cold Crucible Inductive Melter (inner diameter of around 700 mm). 
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Table 1. Physical properties of glass. 
Physical properties Unity 500 K 1500 K 
Electrical conductivity W-1.m-1 10-4 20 
Dynamic viscosity Pa.s 1014 1 
Specific heat J.kg-1.K-1 900 1500 
Thermal conductivity W.m-1.K-1 1 6 
Density kg.m-3 2850 2750 

 
This study is achieved for a fixed Joule power injected of 80 kW. We carry out a 3D 
simulation of the simplified model, solving the hydrodynamic and thermodynamic 
simulations are performed by the means of the commercial finite volume code FLUENT®, 
and the electromagnetic by the finite element code Flux®. The coupling between the 
thermodynamic and the electromagnetic fields is implemented by a home-made code [1]. The 
Volume-Of-Fluid (VOF) model [3] is used to model the two phase flow. The influence of 
surface tension in the flow is calculated using the CSF model [4]. 
 
1. Equations 
 
1.1. Electromagnetic Model 
The commercial code Flux® is used to solve induction equations. The crucible as well the 
inductor are not modelled, they are approximated by a current sheet around the glass. In this 
coil, an alternative current (Ieff = 1500 A and 280 kHz) is imposed. Owing to the high value of 
the frequency, the quasi-steady approximation is made. Different formulations for induction 
equations are available. The A-V formulation (magnetic field vector A (A.m-1) and electric 
potential V (V)), equations (1) and (2) gives best results in a material with high gradient of 
electrical conductivity (σ). 
 

    (1) 
 

     (2) 
 

The coil is not meshed so a reduced scalar potential formulation is used in the air. The 
resolution is achieved with iterative methods such as a conjugate gradient one. 
 
1.2. Thermal-hydrodynamic Model 
In this work, the glass is considered as a Newtonian fluid. This hypothesis is based in 
experimental studies that showed a Newtonian behaviour for the glass in high temperatures, 
below the glass transition region, its rheological behaviour is complex. However, this 
assumption is not very restrictive, because velocities are very small in the cold regions. We 
also considered the flow as unsteady laminar due to high viscosity of the glass. 
The governing equations of continuity, equation (3), Navier-Stokes, equation (4), and 
thermal, equation (5), are solved sequentially with a finite-volume discretization process. In 
this segregated solution method each discrete equation is linearized implicitly with respect to 
the equation’s dependent variable. For the convective terms in the momentum and energy a 
second-order upwind discretization is used. The diffusive terms are central-differenced and 
second-order accurate. The interpolation of the pressure terms is performed by the PREssure 
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Staggering Option (PRESTO) scheme. The Pressure-Implicit with Splitting of Operators 
(PISO) algorithm is used in the coupling between the pressure and the continuity equation. 
The term , equation (6), represents the stress tensor. The source term , equation (7), is 
the Joule power density dissipated in the glass. This term is calculated by Flux® as a function 
of induced current , equation (8). 

 
      (3) 

 

  (4) 
 

   (5) 
 

    (6) 
 

      (7) 
 

     (8) 
 
1.3. Two Phase Flow Model 
This VOF method tracks the interface between the phases by solving a continuity equation for 
the volume fraction of the phase, equation (9). The equations (10) and (11) present the 
correlation between the flow properties and the volume fraction. The parameter  is the 
dynamic viscosity,  is the density and  is the volume fraction. The indices 1 and 2 
represent, in this order, the primary (air) and the secondary phase (glass) of the system. 
An explicit scheme for time discretization was used to solve the volume fraction equation. For 
the face fluxes interpolation near the interface, we used the Compressive scheme. These 
schemes were chosen because they present a better performance for two phase flows with a 
high viscosity and density ratio. 
 

   (9) 
 

    (10) 
 

    (11) 
 
1.4. Thermal Boundary Conditions 
As thermal boundary conditions, we imposed a specific temperature at walls (Twall = 400 K), 
Dirichlet condition, and the temperature of the air at the entrance is admitted as Tair = 550 K. 
The confinement glass of this study is opaque so there is no need of internal radiation model. 
In fact, the internal radiation is naturally included in the variation of thermal conductivity 
with temperature. 
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2. Simulation parameters 
 
2.1. Domain of calculation 
The domain of calculation is a cylindrical volume of glass including an inclined stirrer and a 
pouring hole as shown on figure 2. 

          
   (a)               (b) 

Figure. 2. (a) Domain of calculation with the mechanical stirrer and (b) associated mesh for 
the hydrodynamic computation. 

 
2.2. Mesh to Mesh Interpolation 
The important issue is to couple the finite element and the volume finite based software. 
Mesh refinement requirements are different for the induction and thermal-hydrodynamic 
phenomena. Consequently, using a unique mesh is not possible and interpolations between 
the two meshes are done to minimize losses of precision. These methods have to be robust 
and fast in order to not penalize computation time. Flux® software natively includes these 
methods, but specific functions have been created to allow FLUENT® to do these 
interpolations using the calculated temperature gradient and the volume fraction in each cell. 
 
2.3. Coupling Strategy 
The Joule power distribution is calculated every 0.05 s second of flow computation. The time 
step for Fluent® is 10-3 s. In order to take in account the variation of the glass volume inside 
de tank in the electromagnetic calculations, we transfer from FLUENT® to Flux® the 
temperature field and the volume fraction after each thermo hydrodynamic calculation. The 
calculation time for each coupling step is presented in Table 2. 
 

Table 2. Calculation time for the coupling steps. 
3D thermohydrodynamic calculation 0.05 s 15 min 
3D electromagnetic calculation  5 min 
1 cycle of coupling 20 min 

 
2.4. Initial Conditions 
Initialization was performed with the results obtained from a steady calculation of the tank 
draining, where the tank is continuously alimented with glass. The temperature, velocity and 
pressure fields from this calculation were interpolated into the unsteady model. The initial 
values of Joule power density were obtained from an initial electromagnetic simulation in 
Flux®, where the temperature was defined as 1000 K and the tank was completely filled with 
glass. Figure 3 shows the initials conditions for the temperature field and the Joule power 
density injected in the molten. The mechanical stirrer promotes a good thermal homogeneity 
of the glass. The skull melter layer is visible on all the cooled walls of the crucible (side, 
bottom) but also on the stirrer itself as expected [1]. 
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    (a)      (b) 
Figure. 3. Initial (a) temperature field (K) and (b) associated inductive Joule power (W/m3) in 

the molten glass before pouring (total Joule power of 80 kW). 
 
2.5. Convergence and Simulation Time 
The residual convergence was set to 10-4 for the momentum and continuity equations and 10-6 
for the energy equation and it was achieved in less than 15 iterations per time step. The results 
presented in this work took 4 weeks on six 2.5 Ghz processors.  
 
3. Results 
 
The figure 4 shows the volume fraction of glass/air in the domain during the pouring. The 
skull melter remains attached to the walls of the furnace as observed during experiments. The 
free surface is deformed by the stirring. 
The temperature field shown on figure 5 did not permit to see the free surface because the 
glass heat the air. On the other hand, the Joule power density is well adapted to the fraction of 
glass which shows the good coupling between VOF and induction equations, only the glass is 
heated by induced currents. 
 

 
  (a) t = 1,2 s     (b) t = 15 s 

 
  (c) t = 29 s     (d) t = 48 s 
Figure. 4. Volume fraction of glass (red) and air (blue) in the computation domain during the 

pour. 
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   (a)       (b) 
Figure. 4. Distribution of (a) temperature (K) and (b) Joule power density (W/m3) at t = 15 s. 

 
Conclusions 
 

For the first time, the numerical simulation of the pouring of a stirred tank of molten 
glass in a CCIM has been successfully achieved by coupling diphasic hydrodynamic 
simulation with induction heating. The result give interesting information on the pouring flow 
rate as well on the skull melter layer attached on the cooled walls of the furnace. The major 
drawback of these simulations still remains the computation time. 
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Abstract 
 
 By means of external coupling between electromagnetic (EM) and hydrodynamic (HD) 
problems a numerical model for the liquid metal flow with free surface dynamics in an 
alternate EM field is developed. The 3D model with precise Large Eddy Simulation (LES) 
turbulence description is applied for the case of levitation in Cold Crucible (CC) furnace, 
conventional axisymmetric EM field and horizontal single- and two-frequency EM fields. 
Simulation results with simplified k-ω SST and précised LES turbulence models are compared 
to experimental measurements and calculation results obtained with other models. 
 
Introduction 
 

Numerical simulation in the field of magnetohydrodynamics at the present moment is 
the main widely available tool for investigation of EM induced flow. Advanced multiphysical 
processes like energy and mass transfer, crystallization and homogenization of alloying 
particles in induction furnaces are calculated nowadays in 3D with fixed hydrostatic steady 
free surface shape and précised LES turbulence description [1]. 

Free surface dynamics of EM levitated melt, flow and energy transfer in 2D 
axisymmetric consideration, as well as crystallization processes with free surface behavior in 
induction furnaces were successfully simulated using simplified two-parameter turbulence 
models [2]. The results of 3D numerical calculation of a liquid droplet dynamics in a high DC 
magnetic field were published recently [3]. 

However, at the present moment there is no approach developed for 3D calculation of 
multiphysical processes in EM induction equipment with consideration of free surface 
dynamics and application of LES description for turbulent flow. The previous investigations 
revealed that in case of Induction Crucible Furnace (ICF) with two characteristic mean flow 
vortexes only the LES model gives comparable results to experimental measurements [1]. 

By means of external coupling between ANSYS Classic, FLUENT, CFX-Post and a 
self-written surface filtering procedure a numerical model for the liquid metal flow with free 
surface dynamics in EM field has been developed and adjusted for the case of EM levitation. 
The comparison of our calculation results to experiment and solution of other models for the 
molten metal free surface shape in ICF, induction furnace with CC and EM levitation melting 
device, as well as comparison of free surface oscillation period to analytical estimation, 
revealed a good correlation and approved accuracy of our approach. The detailed description 
of implementation and verification of numerical model has been published recently [4]. 

In this work our 3D model is applied for the case of levitation in CC furnace, 
conventional axisymmetric EM field and horizontal single- and two-frequency EM field. 
Simulation results with simplified k-ω SST and précised LES turbulence models are compared 
to experimental measurements and calculation results obtained with other models. 
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2. Conventional EM levitation melting 
 

Melting and EM levitation of aluminum sample (m = 21.5 g) in a laboratory-scale 
levitation furnace has been investigated experimentally already in the early fifties [5]. The 
setup consisted of two coaxial inductors - upper pancake and a lower cone-shaped coil - that 
were fed with counter oriented alternate currents of Ief = 600 A at a frequency of f = 9.6 kHz. 

However, the original article [5] did not contain any quantitative information about the 
dynamics and average shape of the levitated melt so it was decided to repeat the experiment 
ourselves. The copper water-cooled inductor we have manufactured and used is shown in fig. 
1, a. As the sample was molten completely the series of experiment photos were post-
processed and a time-averaged shape of the liquid aluminum charge was obtained (fig. 1, a). 

In order to supplement the previous verification of our model [4] the particular 
experiment was simulated in 2D and full 3D consideration using k-ω SST and LES models. 
Example of our 3D model mesh at particular instant free surface shape is shown in fig. 1, b. 

 

  
(a) (b) 

Fig. 1. Time-averaged shape of molten aluminum sample in our implementation of E. C. 
Okress experiment (a) and numerical model for our 3D LES two-phase flow calculation (b) 

 

 
 

 

(a
) 

   
 

(b
) 

   

Fig. 2. Comparison of experi-
mentally measured time avera-
ged free surface shape () and 
2D calculation results of V. 

Bojarevics ( ) to our 3D LES 
time-averaged solution () 

Fig. 3. Comparison of experimentally observed (a) and 3D 
LES simulated (b) instant free surface shape diversity 

 
A transient numerical simulation of heat transfer, levitated molten metal flow and free 

surface shape has also been performed by V. Bojarevics in 2D axisymmetric consideration 
using modified k-ω turbulence model and a self written software [2]. The results appeared to 
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be in a good agreement with experimentally observed “spinning top” shape and indicated on a 
fully turbulent two vortex flow structure and nearly homogeneous temperature distribution. 

According to our transient 2D and 3D k-ω SST calculations, as well as transient 2D k-
ω calculation of V. Bojarevics (fig. 2), the EM field, free surface shape and the flow adjust 
themselves to a completely steady state regime with characteristic two vortex structure. Free 
surface shapes obtained by these models are nearly the same, however, our 2D and 3D k-ω 
SST models predict 15 % and 50 % less maximal velocity in comparison to 30 cm/s obtained 
by 2D model of V. Bojarevics. Meanwhile, these URANS models still differ from our 
measurements of the time-averaged droplet shape, as well as do not predict the fluctuating 
behavior of velocity and free surface observed in experiment at a fully developed flow regime.  

Time-averaged free surface shape obtained with 3D LES calculation (fig. 2) appears to 
be in a better agreement with time-averaged measurements and maximal velocity of the time-
averaged simulated flow proves to be 67 % greater than in calculation of V. Bojarevics.  

In comparison to the Reynolds-averaged flow and a smooth free surface shape 
obtained by transient 2D and 3D k-ω SST calculations the finer flow structures resolved with 
LES reach up to 1 m/s and on account of dynamic pressure contribute to free surface 
continuous fluctuations. Instability of molten metal free surface shape observed in experiment 
at a fully developed flow regime (fig. 3, a) appears to be in a good qualitative agreement with 
the transient 3D LES calculation results (fig. 3, b). 
 
3. Levitation melting in a Cold Crucible (CC) furnace 
 

The conventional induction furnace with CC is a very useful technology for EM 
processing of a high purity materials. The application areas range from manufacturing of 
titanium parts for aerospace, automotive or medical industry, photovoltaic silicon purification 
and crystallization, up to the treating of nuclear fusion products [6]. The sliced water-cooled 
crucible acts like a secondary inductor. The melt is squeezed by EM field and is mainly 
abutted upon the skull - in such way interaction between the melt and crucible material is 
reduced. However, thermal losses through the water-cooled crucible and melt contact regions 
appear to be a limiting factor for reaching a higher level of overheating and efficiency. 

From this point of view, a CC for levitation melting is an attractive option. In this case 
there is no contact between the melt and crucible and heat losses are limited only to radiation 
and evaporation. In the same time, industrial needs must be satisfied for the scale-up potential 
of the levitation melting and for this purpose numerical simulation is an advantageous tool.  

A review of design considerations in the field of CC construction has been performed. 
In the following works [7], [8] it is shown that levitation in CC with a small number of 
segments can lead to a flower like charge shape and undesirable contact between the molten 
metal and the centre of a palisade. Furthermore, a cone-shaped crucible is considered to be the 
best for a stable CC levitation melting [7] - [9]. Taking into account these considerations, 
authors were able to levitate and melt 2.3 kg of titanium in two to three minutes [7]. 

A numerical investigation [10] led to a conclusion that levitation of a large fluid mass 
requires a high AC frequency because lower penetration depth concentrates EM forces near 
free surface and stabilizes it. Levitation of titanium melt (2 kg) has been achieved in a 2D k-ω 
numerical simulation using EM frequency of 20 kHz. Despite the singularity of EM forces and 
the lack of surface tension to ensure confinement on the axis the leakage of the melt was not 
observed because of tangential flow along the surface away from the bottom stagnation point. 

The work [8] describes experimental realization of a CC levitation melting system for 
light alloys. By appropriate shape of a lower part of CC it was possible to compress magnetic 
field through the nozzle at the bottom of CC and to increase the field gradient around critical 
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null point. Moreover, stability of the levitated melt was enhanced by the null-field region 
introduced by a number of reverse turns. In result, few hundred grams of light metal alloy 
were successfully melted and solidified in levitation conditions using 10 kHz frequency [8]. 

Taking into account some of these considerations, authors were able to melt 0.85 kg of 
titanium and 0.15 kg of tantalum in levitation conditions and to produce 1 kg of uniform 
composite using 3 kHz and 50 kHz for levitation and heating coils accordingly [9]. 

The modification of a cold crucible melting apparatus described in [9] is used for 
numerical simulation of liquid titanium EM levitation. Our CC is composed of 20 palisades 
separated by the gaps of 1.5 mm. The bottom tapping nozzle has inner diameter of 2 cm. 11 
turns of inductor mainly concentrated in the nozzle region and additional reverse turn above 
the crucible are fed with effective current Ief of 3.44 kA at a frequency f of 100 kHz.  

Two models have been developed for our simulation of 1 kg of liquid titanium 
levitation: a simplified model considering a single CC section (fig. 4, a) and a full 3D model 
of CC furnace and titanium charge (fig. 4, b). Common k-ω SST and precise LES turbulence 
descriptions have been used for simulation of a single section and a full furnace accordingly.  

Free surface shape of liquid titanium at a fully developed flow regime obtained by 
simplified k-ω SST calculation of a single section and revolved for better visualization (fig. 4, 
a), as well as full 3D LES simulation of CC levitation furnace (fig. 4, b) are shown. According 
to k-ω SST calculation the EM force, free surface shape and the flow with maximal velocity 
of 40 cm/s adjust themselves to a completely steady state regime with characteristic two 
vortex structure (fig. 4, a). Meanwhile, the finer flow structures resolved with LES reach up to 
1 m/s (fig. 4, b) and contribute to free surface instability, especially notable in the lower part. 

Switching to a lower frequency of 10 kHz causes higher flow intensity and 
unsteadiness of free surface, moreover, leads to a greater EM skin-depth for which the lower 
part of the melt with small curvature radius of ≈ 1 mm becomes transparent and results in a 
melt leakage predicted by our 3D LES model. It must be mentioned, that k-ω SST calculation 
of a single CC section predicts high turbulent viscosity of 1.5 Pa·s in the lower vortex region. 
Because of that levitation is retained even at lower EM field frequencies by k-ω SST model. 

 

 

 

 

 

 

  
(a)  (b) 

Fig. 4. Free surface shape of liquid titanium (1 kg) obtained by simplified k-ω SST calcu-
lation of a single section revolved for better visualization (a) and a full 3D LES simulation of 

CC levitation furnace (b), as well as EM force and instant flow predicted by both models 
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4. Levitation melting in a single- and two-frequency horizontal EM field 
 

In conventional axisymmetric or CC levitation melting furnaces presented above, the 
EM forces vanish on the symmetry axis. The melt outflow and leakage can be hindered in this 
lowest point on the axis of a levitated sample only by the melt surface tension. Scale-up of the 
charge weight requires a higher power that leads to a more intensive turbulent flow and 
hydrodynamic perturbations of free surface and makes it hard to avoid leakage. 

The new method applies horizontal field in order to exert EM lift forces also on the 
axis of the levitated sample. The laboratory single-frequency EM levitation melting furnace 
consists of a ferrite yoke and a pair of water-cooled inductors (fig. 5, a). In order to stabilize 
aluminum sample (m = 4 g) in xy plane four magnetic teeth are introduced along yoke ends. 

The comparison between our 3D calculation results, experimental measurements of 
droplet bottom position and greater radius in xy plane and 2D steady calculation of O. 
Pesteanu [11] is presented in fig. 5, b. It can be noticed that droplet shapes obtained with both 
models are in good agreement with experiment. EM force distribution and fully developed 
flow pattern obtained with k-ω SST turbulence model illustrate the quasi steady state regime 
predicted by our model (fig. 5, b). The qualitative comparison between experiment [11] and 
our 3D numerical simulation also reveals a good agreement for the droplet shape (fig. 6). 

The nature of the droplet shape is analyzed. Alternate current in inductor generates 
alternate magnetic field that due to the great magnetic permeability of ferrite is mainly 
concentrated in the yoke. In the air gap region magnetic field lines spread and due to 
pronounced skin effect (δEM = 1.55 mm) flow around electrically conductive aluminum droplet 
from one yoke end to another. In the regions where magnetic field lines are separating at the 
surface of the drop the minimum of EM force is expected due to the small magnetic field 
component parallel to the free surface. Meanwhile, maximum of Lorentz force is expected at 
the bottom of the drop due to the greater field intensity and dominating field component along 
free surface. The following EM force distribution contributes to the stretching of the drop 
along magnetic field lines. In some time curvature radius of droplet free surface where 
magnetic field line separation takes place (singularity regions) becomes small enough and 
growing contribution of surface tension effects will stop the droplet stretching. 
 

 

  

  
(a) (b) (c) 

Fig. 5. (a) – full 3D numerical model of a single-frequency EM levitation melting setup, (b) – 
calculation results for EM force (·104 N/m3), (c) - fully developed flow (cm/s) and free surface 

shape ( ) in comparison to 2D calculation () [11] and experimental measurements () 
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For the greater masses of EM levitated droplets the particular single-frequency 
horizontal EM field configuration will contribute to the droplet shapes that are significantly 
stretched along EM field lines. In the meantime, the length of the droplet is limited due to the 
distance between inductor coils or yoke ends. In order to increase the EM levitated droplet 
weight, it is considered to install additional orthogonal horizontal EM field. 
 

  
(a) (b) 

Fig. 6. Qualitative comparison between (a) - experimentally observed [11] and (b) - 3D 
numerically simulated EM levitation in a single-frequency horizontal EM field 

 
The modified setup consists of a ferrite yoke and two pairs of water-cooled coaxial 

inductor coils with orthogonal axis orientation that generate horizontal and perpendicular EM 
fields of different frequencies f1 = 21.6 kHz and f2 = 29.0 kHz at Ief = 235 A (fig. 7). Magnetic 
material teeth are arranged along yoke ends in order to redistribute the EM field and stabilize 
molten aluminum sample (m = 33 g) in xy plane. The quartz tube is placed between yoke ends 
in order to prevent unexpected contact between the metal and furnace parts. 
 

  

  
(a) (b) 

Fig. 7. Qualitative comparison between (a) - experimentally observed and (b) - numerically 
simulated EM levitation of aluminum sample (m = 33 g) in a two-frequency orthogonal and 

horizontal EM field 
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The qualitative comparison between experiment photo (fig. 7, a) and picture of 
numerical model (fig. 7, b) reveals a good agreement for the levitating droplet shape. 

From the distribution of the EM force (fig. 8, a) it can be clearly noticed that in 
particular orthogonal non-interacting two-frequency EM field the undesirable singularity of 
force in the regions of EM field line separation is reduced, hence smaller droplet size is 
obtained in xy plane. The stability of the quasi steady state shape over time, the flat bottom of 
droplet and a “square” profile in xy plane is in good correlation with experiment. Meanwhile, 
the distribution of the EM force, complete force domination at the bottom and local 
maximums on the top surface right above singularity regions, contributes to a formation of 
one large torroidal vortex and a tiny flow recirculation (fig. 8, b). Moreover, despite that EM 
force has no sensible azimuthal component the flow in xy plane arranges itself in one counter-
clockwise vortex around z axis. Presumably, this effect is caused by asymmetry introduced by 
consideration of inductor coils of a spiral shape, however, requires further investigation. 
 

 (a) 
 

 
 

 
 

  
 (b) 
 

 
 

 
 

  
Fig. 8. 3D calculation results for the free surface shape, (a) - EM force (MN/m3) and (b) - fully 
developed flow (cm/s) of molten aluminum (m = 33 g) in a two-frequency EM levitation setup 
 
Conclusions 
 

3D numerical model for coupled free surface and liquid metal flow calculation in EM 
field is developed. The model is adjusted for the case of EM levitation and can be used with 
précised LES turbulence description. 3D EM induced flow calculation with free surface 
dynamics and LES turbulence model is in principle a new approach that permits more precise 
and detailed investigation of free surface instabilities in induction furnaces of different kinds. 

In comparison to k-ω SST Reynolds-averaged calculation the 3D LES model is able to 
predict the fluctuating behavior of velocity and free surface shape at a fully developed flow 
regime, much greater instant flow velocity and better agreement with time-averaged and 
instant free surface shapes obtained in experiment. 

Important design considerations of the CC levitation furnace have been obtained in the 
course of literature studies. Following this experience a pilot design of CC has been proposed. 
By means of developed numerical approach the pilot design of CC furnace has been optimized 
in order to meet conditions for stable levitation of 1 kg of liquid titanium. 

In comparison to a simplified calculation of a single CC section the 3D model is able 
to predict asymmetric allocation of charge due to the specific EM field distribution. In 
comparison to k-ω SST calculation, 3D LES model predicts fluctuating behavior of velocity 
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and free surface shape, much greater instant flow intensity, as well as metal leakage in case of 
switch to a lower EM field frequency.  

The proposed method for drip- and leakage-free EM levitation melting of metallic 
samples with greater weights and axisymmetrically stabilized positions in horizontal fields has 
been successfully validated both numerically and experimentally.  

Using the developed model it is planned to tailor the design of the novel two-frequency 
levitation melting setup and configuration of EM field in order to meet the conditions for 
stable EM levitation of industrial-scale molten metal charge and reproduce it in experiment. 
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Abstract 
 
 To study the effect of the magnetic pressure on a liquid metal pool, the system is 
analytically modelled by two methods: a) Surface Contour method and b) Minimum Energy 
Method. For the two methods a meltpool is considered formed by a low melting temperature 
metal named “Wood’s metal”. In the first method,. The magnetic fringing field of a gapped 
coil is calculated analytically by an extrapolation method. The meltpool deformation is 
modelled using the static pressure equilibrium. The second method evaluates the minimum 
level of the total energy of the system versus different values of the magnetic pressure. To 
validate the analytical calculations, an experimental setup has been implemented. Comparison 
between the results shows a good agreement between experimental and analytical approaches. 
 
Introduction 
 
 Magnetic fields provide a versatile, non-intrusive, means of controlling the motion of 
liquid metals. They can repel liquid-metal surfaces, dampen unwanted motion and excite 
motion in otherwise still liquid. In the 1970s, metallurgists began to recognize the versatility 
of the Lorentz force. Magnetic fields are now routinely used to heat, pump, stir, stabilize, 
repel and levitate liquid metals [1]. The control of metal surfaces by electromagnetic forces is 
a good example of the industrial application of metallurgical Magnetohydrodynamics (MHD). 
This technology is used in many metallurgical key technologies like induction furnaces, 
electromagnetic casting, levitation melting, electromagnetic valve, cold crucible melting 
applications and slit sealing [2]. In all these processes a high-frequency magnetic field is used 
to exert an electromagnetic pressure on the liquid metal surface. When a sufficiently strong 
magnetic field is applied, the surface sometimes becomes asymmetric and even strongly 
irregular. This phenomenon is of primary importance for the industrial processing of liquid 
metals, because it may have an adverse effect on the processing efficiency and eventually a 
drastic increase in power dissipation [3, 4, 5]. 

All of the aforementioned applications are types of electromagnetic induction which 
are controlled by the so-called Faraday-Lenz effect, the ability of a conducting medium, solid 
or liquid, to counteract an imposed magnetic flux variation. A high-frequency magnetic flux 
induces currents in the surface of a conductor whose distribution is such as to shield the 
interior of the conductor from the imposed flux variation. These currents are restricted to a 
thin surface layer of thickness = 2/( ), called the Penetration Depth, with = 2  
as the angular frequency of the magnetic flux, 	electrical conductivity and  the permeability 
of the fluid. In this depth, the fluid is affected by the magnetic pressure = /4 , where 

 is magnetic flux density at the surface of the conductor. Then the time averaged Lorentz 
force that is applied by the magnetic field on the fluid could be calculated as [1]:  

 

205



× = 	1 −∇( /2) + ( . ∇)  
(1)

 
with  the induced current density. The two parts of the Lorentz force expression are 
irrotational and rotational, respectively. The effect of the high frequency magnetic field on a 
fluid metal surface is as below: 

• Repelling the fluid surface with the magnetic pressure, due to the irrotational part of 
the Lorentz force; 

• Heat generation due to ohmic loss of the induced current; 
• Tangential motion of the fluid surface due to the rotational part of the Lorentz force. 

 
1. Magnetic fringing field calculation 
 

 To study the effect of the 
liquid metal pool on the magnetic 
fringing field, we use a 
combination of magnetic dipole 
method and mirror image method. 
To apply the image method, the 
following two constraints [6] have 
to be fulfilled: skin depth 
constraint: / → 0 ; and magnet 
pole position constraint: ℎ /ℎ ≪ 1, where  is the skin 
depth,  is the length scale (here 
the horizontal length of the liquid 
pool), ℎ  is the maximum depth of 
the pool and ℎ  is the lower 
height of the magnet pole (see Fig. 

2). The magnetic dipole method demonstrated in figure 1(a) represents the windings of the 
coil with 4 concentrated finite rectangular conductor sections. The diagonal cross section 
denotes the coil winding position perpendicular to the plane of the figure. Considering the 
geometry and coordinates demonstrated in Figure 1(a), one can obtain [7] the following 
complex function for the individual conductor A over the complex variable λ = x + iz 
confined by the corners of the conductor: 
 ( ) = . − −− + ( − ) −−  

(2)

 
where = . , 	is the magnetic field at the centre of the gap at z = 0, A = I, II, III, IV 
should be taken for different cables, and , = + , k, l = 1, 2. A linear superposition of 
terms defined by (2) coming from four concentrated conductors in Fig. 3 is used to apply the 
mirror image method conditions to the problem: 
 = + − − (3)
 								  in (3) is a complex function including real and imaginary parts, so that =

 and = . In Fig. 1(b), a calculation of magnetic flux density 
represented by formulas (2) and (3) in the x direction ( ) for the coil (400 A, 500Hz) that is 

 
Fig. 1. Magnetic domain represented by four concentrated 
finite rectangular conductors (a) and the absolute 
magnetic flux density in the x direction calculated for (2) 
and (3) for a typical coil (b). 
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used in the experiments of this investigation is plotted according to the coordinate system in 
Fig. 1(a). One can see the decaying behaviour of the magnetic field by getting far off the 
concentrated coils after a maximum value at the centre of the pole. The calculated magnetic 
field will be used as the excitation field in the next sections. 
 
2. Analytical methods to solve the problem 
 
2.1. First Analytical approach: Surface tension method 

 The schematic of the 
system is demonstrated in Fig.  
2(a).  An AC gapped coil with 2  
as the gap size, N the number of 
turns and 	 ( ) the current 
with 	 = 	2   and 	 the 
frequency, is used as the magnetic 
field source. The fringing field at 
the airgap of the coil is applied on 
the surface of the liquid metal 
pool. The magnetic permeability 
of the melt  is the same as that 
of free space, with  as the 
electrical conductivity,  as the 
density, and  as the surface 
tension. The meltpool surface 
contour (ℎ( )) is a function of 

the distance, expressed bythe horizontal coordinate ( ). The combination of the effects 
regarding the downward gravitational force and surface tension will lead to a deformation of 
the liquid pool surface contour, like the scheme in the Fig. 2(c). The surface tension effect on 
the capillary pressure difference between two immiscible fluids is given by the Young-
Laplace equation [8]: 
 ∆ = − ∇. +  (4)
 
where ∆  is the pressure difference defined by ∆ = 	 − ℎ −	 , 	is the surface 
tension coefficient,  is the normal vector of the surface of the metal pool.  ∇.  is the 
curvature of the melt surface and can be presented as the second derivative of the surface 
contour (ℎ( )). Applying the same initial values and boundary conditions in [8] one may 
solve (4) using Green’s function as: 
 ℎ( ) = ( , ) + ( ) + ( , ) + ( )  

(5)

 
where  and  in (5) are the left and right green’s functions that act with respect to the 
singularity point ,	  the length of the meltpool (Fig. 2), k is the hydrostatic pressure 
constant,  is the MHD pressure constant and is the horizontal distribution of the 
magnetic field on the surface of the liquid metal pool at (h(x) = 0). To study the meltpool 
deformation in 3D via analytical approach, knowledge of the behavior of the magnetic flux 
density of the coil in the y direction is needed which is achieved via a finite element model 
(FEM). 

 
Fig. 2. Schematic of the system including gapped AC coil 
beside the molten metal pool (a), indicating the different 
parameters (b) and the expected effect of surface tension 
and gravitational force on the melt contour (c) 
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2.2. Second Analytical approach: Minimum energy method 
The idea of this section is to consider the 

magnetic pressure as causing the disturbing 
additional energy to the meltpool system that is in 
the rest situation. The deformation of the liquid pool 
will be such that the total energy of the system is 
minimized by reaching a new rest position. The 
deformation in the melt is approximated by a square 
hole with the width of  on the nearest edge to the 
coil gap (see Fig. 3). Three kinds of energy are 

considered in the model: surface tension energy , 
gravitational potential energy  and the total 

magnetic energy . Expression for the magnetic energy consists of two parts [9]: 
 ( , ) = 12 +  

(6)

 
where  in is the RMS induced current,  is the equal inductance of the deformed induced 
current path and  is the area of the deformed meltpool. The gravitational energy as a 
function of the deformation index  is: 
 ( ) = 12 ( ) ( )  

(7)

 
 ( ) is the height of the liquid pool which is a function of deformation, with the primary 
value of ℎ ,  is the gravitational acceleration and  is the density of the liquid metal. The 
expression of the surface tension energy is derived from (8) [10]: 
 ( ) = ( + + ) ( ) + ( ) ( ) (8)
 
where ,  and  are the metal-air, ceramic-metal and ceramic-air surface tensions 
respectively. Ceramic is the material of the liquid metal pot. Then the total energy of the 
system is the summation of the aforesaid energies in (6), (7) and (8): 
 = + +  (9)
 
3. Results and discussion 
 

For the model the meltpool is constituted by  a metal with low melting temperature:  
Wood’s metal with a melting point at 60 . The density of the liquid Wood’s metal is 9700 /  and its surface tension is 400 / . The melt with the length  is put at the edge of 
a gapped coil and is submitted to a magnetic pressure produced by the fringing field of the 
coil. At the first step, the melt pool at the relaxed situation on the horizontal surface is 
considered without applying a magnetic field ( = 0).   is assumed to be one, as the 
dimensionless length scale of the model. The resulted surface contour is demonstrated in Fig. 
6 (a). The free surface of the melt in the middle at the relaxed situation is equal to the 
capillary length ℎ . 

 
Fig. 3. Minimum energy method 
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To achieve the 3D analytical model, a finite 
element (FEM) simulation is developed using the 
commercially available software COMSOL, to 
define the magnetic field density behavior in the  
direction in the −  plan of the system. The 
gapped coil dimensions are the same as the 
implemented coil in the experimental part of this 
investigation. The 3D analytical results are 
demonstrated in Figs.4 and 5. Fig. 4 depicts the 
surface contour in the absence of the magnetic 
pressure with the Bond number ( =/ ) of 300. By applying the magnetic 
pressure at level of = 20 in Fig. 5, the melt 
deformation is observed which is proportional to 

the magnetic pressure. The deformation is maximum 
at y = 0, where is aligned with the centre of the coil 
pole.  

The result of energy evaluation in the 
Minimum Energy method is demonstrated in Fig. 6.  
The surface energy, gravitational energy, magnetic 
energy and the total energy are calculated in 
function of the different values of the deformation 
index . In the calculation different magnetic 
pressures are used, corresponding to the applied 
currents of 250A to 450A coil.  The magnetic 
energy experiences a decrease by increasing the 
deformation index. This is due to the effect of 
distance from the magnetic fringing field source and 
to the fact that the fringing field in equations (2) and 

(3) is inversely proportional to the horizontal distance from the coil gap. On the other hand, 
increasing the deformation results in the melt squeezing which increases the height of the 

meltpool.  This in turn will increase the gravitational 
energy level.  All in all, the summation of the 
different energies will shape the curve of the total 
energy which has a minimum value corresponding to 
the stable true deformation index. These minimum 
values are defined for the different levels of the 
applied current in the coil (see Fig. 6). 

To validate the analytical approach described 
in the previous section, a setup has been 
implemented to study the magnetic pressure 
deformation of the liquid metal pool. The 
implemented system uses a parallel resonance circuit 
to generate 400A, 500Hz current in a gapped AC 
coil. The specifications of the implemented system 
are explained in details in the other publication of the 
authors [11]. The fringing field of the coil is applied 
to a liquid metal pool which is placed at the edge of 
the coil gap to study the liquid behavior in the 

presence of the magnetic pressure. The final deformed shape is very similar to the analytical 

 

 

Fig. 4. 3D surface contour of the meltpool 
h(x) in the absence of the magnetic pressure 
( = 300). Colours define the same 
contour amplitudes. 

Fig. 5. 3D surface contour of the meltpool 
h(x) in the presence of the magnetic 
pressure ( = 300) and = 20. 
Colours define the same contour 
amplitudes. 

 

Fig. 6. The total energy calculated for 
the Minimum Energy method in 
different levels of the applied current 
versus . 
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3D calculation in Fig. 5. The deformation depth  is 
considered as the parameter to make an approximative 
comparison between the three methods. This 
comparison is plotted in Fig. 7.   

 
Conclusion 
 

In this paper the behavior of liquid metal pool 
under the influence of the magnetic pressure is 
analytically and experimentally studied. The results 
show 2 regions of good agreement for the different 
methods in Fig. 7. At the lower power levels, the 
Surface Tension method demonstrates a better 
approximation, while the more the power level, the 
higher the error results from this method. The big 
deviation corresponding to this method at the higher 

power level could arise because of the approximations that have been made for skin depth 
constraint, the application of the mirror method to consider the molten metal role on the field 
distribution, approximative concentrated coil method of calculating the magnetic field, etc. 
On the other hand, the Minimum Energy method approximates the experimental results at 
higher power levels. The deviations caused by this method could be explained as the results of 
the square approximation of the deformation, approximative method of the inductance 
calculation of the induced current path and also the fringing field estimation method. 
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Abstract 

 
 In this work we present experimental results and numerical simulations of possibilities to 

exploit thermoelectric effect to drive liquid metal (GaInSn) flow in the circuit. Small scale model 
experiment is built. Active part where thermoelectromagnetic force acts on liquid metal is 
rectangular channel with cross section of 3x3mm and 25 mm in length. Channel forms 
thermoelectromagnetic (TEM) pump in which liquid metal flow is driven by Lorentz force 
created by thermoelectric current and external magnetic field, thus no external power source is 
necessary. Array of such TEM pumps could be potentially used to remove very high heat 
densities, which is actual problem in new generation nuclear reactors and ITER fusion reactor, 
where up to 20 MW/m2 heat flux must be removed from the divertor surface. Efficiency and 
ability to remove large heat flux of such system under various circumstances will be 
experimentally tested. Numerical models to describe working regime of the device in laminar 
and different turbulent regimes will be developed using Ansys Fluent and Comsol software.  

 
Introduction 

 
Thermoelectric effect is thermal energy conversion into electrical energy. It is 

commonly exploited in thermocouples to convert temperature into voltage signal and in 
thermoelectric generators, and Peltier cooling and heating devices. Ohm’s law can be generalized 
by including thermoelectric term. 

 
TSBuEj

∇−×+=
rrr

r

σ
  (1)

Temperature difference can create voltage distribution. In order to drive electric current 
in continuous media condition has to satisfied that temperature gradient and absolute 
thermopower gradient should not be parallel. This follows from if we apply curl operator to the 
Ohm’s law in this case we get following equation. 

 
 )()()/( TgradSgradjcurl ×−=σ

r (2) 
 

This condition can be satisfied if S is function of the composition in binary or 
multicomponent alloy. But the strongest thermoelectric current may appear at the interface 
between two media with different ATP’s. In such case grad(S) is always directed perpendicularly 
to the interface from one material to another. Thus grad(T) must have a component which is 
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parallel to the interface which is easy to achieve. If one of the phases is liquid then in presence of 
external magnetic field flow of this phase can be created, which is he principle of thermoelectric 
pumps. 

Cobalt has one of the highest absolute thermoelectric power among metals up to 30 
μV/K. Thus temperature gradient along cobalt and liquid GaInSn alloy can create thermoelectric 
current circulation. If magnetic field is applied then Lorentz force appears and liquid metal flow 
is induced. Significance of this mechanism and its capability to create flow with magnitude up to 
25 cm/s were first shown by Schercliff [1] in his article “Thermoelectric 
magnetohydrodynamics”. This principle has been used for heat removal applications in portable 
nuclear reactors [2]. Advantage of such type of pump is that liquid heat carrier flow is driven by 
heat flow itself and external  cooling system is not necessary. Similar experimental devices has 
been also bild and tested for computer chip cooling where high heat densities in small area are 
released [3]. Nowadays new technologies are investigated to remove large amounts of heat in 
fusion reactors [4]. Idea to use thermoectromagnetic flow is analysed by Ruzic [5]. It is 
demonstrated that significant liquid lithium flow can be driven by this force if high thermal 
gradient is ensured by electron beam heating or laser. 

 
Experimental setup 

 
Proposed thermoelectromagnetic pump setup is shown in Figure 1. Channel part is made 

of cobalt and square channel is 3 mm wide and 25 mm long. Contour is filled with GaInSn alloy. 
Heat flow is directed from top to bottom of the channel, while magnetic field is applied 
perpendicular to the channel, thus Lorentz force acts along the axis of the channel. External 
magnetic field is created by permanent NdFeB magnet system which can produce magnetic field 
of 0.5 T inside the channel. Temperature gradient of 20 K/mm can be easily reached along the 
GaInSn/Co wall. Schematic TE current density is shown in Figure 1(a) by black arrows. 

 

 
Figure 1. a) Cross section of the cobalt channel and schematic TE current path; b) photo of the 
manufactured channel part; c) calculated temperature gradient values in the channel 
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Table 1. Properties of cobalt and GaInSn used in simulations and analytical calculations 

Property Cobalt GaInSn Unit 
Density 8900 6700 Kg/m3

Electric conductivity 1.6·107 3.6·106 Sim/m 
Absolute thermoelectric power -28 -0.4 μV/K 

Viscosity  0.0028 Pa·s 
Heat conductivity 100 33 W/m·K 

Heat capacity 424 371 J/kg·K 
 

Results and discussion 
 
Numerical models have been developed and analytical estimates have been carried out to 

describe the efficiency of the experimental device. Experiments has been started to verify these 
results. Flowrate is measured by potential difference principle by measuring voltage generated 
by the liquid metal flow across the channel in external magnetic field. Temperature difference of 
100 K are established between top and bottom surfaces of the pump. Calculated thermoelectric 
current density in the channel is shown in Figure 2.  

 

 
Figure 2. Calculated current density in the channel. a) current density magnitude and direction; 
b) current value along line AB 

 
We can see from Figure 2(b) that current density in liquid metal is quite homogeneous and it is 
about jo=1.2 A/mm2. To characterize flow in the pump it is useful to estimate some 
dimensionless parameters characterizing ratios of different forces acting on fluid. 
Electromagnetic to viscous force ratio is characterized by Hartmann number Ha=BL(σµ)1/2 and 
inertial to viscous force is characterized by Reynolds number Re=ρuL/μ. In our case Ha=53 and 
Re=2800 which indicates that electromagnetic and inertial forces is dominant over viscosity. 
Maximum velocity in the pump can be estimated by balancing characteristic force densities [6]. 
Thus it is complicated to estimate hydraulic resistance of the outer loop, here it is assumed that it 
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is small and viscous forces can be neglected. TE force in the channel is compensated by the 
MHD damping force and inertial force. Simplified Naver-Stokes equation can be written as 
 
 

02
2

=−+ BjBu
L

u
oσρ  

(3)

 
This estimation gives us velocity of 40 cm/s. To estimate temperature distribution in the pump 
channel numerical model is created where liquid metal at 300 K initial temperature flows 
through the channel walls with different temperatures. Figure 3(a) shows that in this case it takes 
almost half of the channel to temperature to reach linear profile across the channel. This reduces 
total amount of heat which is transported between the walls. To avoid this obstacles are created 
on the hot wall to create vortices and to intensify the heat transfer. Heat is transferred more 
efficient is size of the vortex is comparable to channel height. Figure 3(b) shows temperature 
distribution if three 0.7 mm high obstacles are put close to input of the channel.     
 

 
Figure 3. Temperature distribution in the channel 

Amount of removed heat density by the liquid metal can be calculated according to Eq.4. 
 
 

l
TCuLq Δ

=
ρ  (4)

 
This estimation gives us value which can be removed by this mechanism of 5 MW/m2 which is 
of practical interest in fusion reactor technologies and other specific applications. Fusion reactors 
is one of the applications where exploitation of this principle is under consideration, because 
there high thermal loads and high magnetic field are already present, thus this is a promising 
technology to create efficient wall cooling solution. 
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Conclusions 
 
It is demonstrated that thermoelectromagnetic driven liquid metal flow might be used to 

remove large heat flow densities. In this case with moderate magnetic field of 0.5 T and realistic 
temperature gradient of 20 K/mm it is possible to reach up to 5 MW/m2 cooling power. It is 
realistic to reach even higher temperature gradients or magnetic field values and get more intense 
liquid metal flow. At such a high speed heat exchange time is short and liquid metal cannot 
remove as much heat. It is demonstrated that this problem can be solved by artificially induced 
vortices in the scale of the channel height. 
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Abstract 
 

One of the fields, where electromagnetic forces can be successfully applied, is flow 
rate control of conductive fluids. Usually flow rate measurement is a complicated task in case 
of aggressive and hot fluids like liquid metals. Thus, in high-temperature metallurgical 
applications contactless techniques are the most promising methods that are based on 
measuring Lorentz force. The force is generated by the interaction of a moving conductor and 
magnetic field. Two such methods of electromagnetic flow control we present here - Time-of-
flight Lorentz force velocimetry (LFV) and Lorentz torque velocimetry (LTV). First, time-of-
flight LFV allows determining the flow rate of liquid metal by two flow meters placed at a 
predetermined distance by finding the time delay between their signals. Secondly, LTV is a 
technique, which uses an electromagnetic pump, based on rotating of permanent magnets, 
with a torque sensor connected to the pump’s shaft. Simultaneous pumping and measurement 
of the torque allows controlling the flow rate. 

1 Introduction 
 
 Electromagnetic forces are widely used to control flow of electrically conductive 
fluids within metallurgical processes. Relative motion of conductive fluid and magnetic field 

, which normally consists of an externally applied primary field  and flow induced 
secondary field , generates eddy currents  within the fluid. The physical meaning is 
expressed by Ohm’s law, i.e.: = σ[ + × ] (1) 
 Here,  is the electric field,  is the velocity vector and  denotes the electrical 
conductivity of material. 
 In metallurgical processes flow, the magnetic Reynolds number =  is low 
[1,2]. In this case the flow cannot disturb an externally imposed magnetic field , i.e. ≫  or ≈ . But on the contrary, magnetic field can influence the flow by generating 
Lorentz force within liquid metal. The force is induced due to the interaction between the 
eddy current and the magnetic field B and affects the flow by = ×  slowing it down. The 
resulting Lorentz force density distribution has electromotive nature and can be expressed as 
charge distribution in conductive liquid. 
 While  is acting on the fluid, the same magnitude force, but in the opposite direction, 
is acting on the source of magnetic field – for instance permanent magnets system. Measuring 
Lorentz force provides a velocity dependent signal for flow meter applications, because the 
force is proportional to the velocity , electrical conductivity of the fluid , and squared 
magnetic flux density 	 [3,4], i.e.: ~ . (2) 
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So with known properties of liquid and the value of magnetic field one can estimate mean and 
local velocities and flow rate of conductive fluid contactlessly by measuring only one 
parameter – Lorentz force [6,7]. 

2 Measurement principle 
 
 Two methods of described magneto-hydrodynamic nature could be used for the 
physical modeling of industrial liquid metal flows: Lorentz torque velocimetry (LTV), fig.1a, 
and time-of-flight Lorentz force velocimetry [8] (LFV), fig.1b. 
 For flow rate control LTV combines a two devices: the flow driving unit and the 
measuring unit. First one is an electromagnetic pump, working principle of which is based on 
permanent magnets, inserted at two rotating steel disks. During disks’ rotation, due to mutual 
influence of time-variable magnetic field and electrically conductive liquid between disks, 
Lorentz force occurs and pumps the liquid in the direction of rotation. The flow measuring 
unit, which is a commercial torque sensor, is attached to the shaft of the pump. The sensor 
registers the torque T related to the induced within liquid Lorentz force. According to 
measured data, volumetric flow rate can be estimated as: = . (3) 
 Here l – torque lever; L – characteristic length of the system; k – experimental 
calibration coefficient. 

(a) (b) 
Fig. 1: Working principles of LTV (a) and time-of-flight LFV (b).  
In (a) velocity is determined by measurement of torque, caused by Lorentz force within the 
flow. In (b) velocity is estimated by measurement of vortex’ passing time (time-of-flight) 
across two magnetic systems and dividing the distance between flow meters per obtained 
time-of-flight 
 
 In our model experiments we apply LTV [9] to the case of a turbulent (Re~10 ) liquid 
metal channel flow using the low-temperature melting eutectic alloy GaInSn as a test 
substance. 
 A drawback of the technique is that the volumetric flow rate  also depends on the 
electrical conductivity  of the melt (2), which is often an unknown factor in metallurgical 
applications due to quick change of outer conditions and liquid’s temperature in casting 
processes. To circumvent this deficit we additionally equip our test channel with a time-of-
flight LFV device consisting of two flow meters. Each of flow meters comprises of a 
permanent magnet pair and an attached force sensor. The measurement systems are mounted 
along the experimental channel and separated by a certain distance D in the direction of the 

218



flow. Within the flow, up-stream to the measurement systems, artificial vortices are 
generated. The vortices are passing both pairs of magnets one-by-one, which gives us serial 
change of measured Lorentz force signals because of flow disturbances. Here, upon finding a 
cross-correlating function of the two force signals, we determine the time-of-flight  of the 
generated vortex structure passing the both flow meters. The data can be used to determine 
the desired mean velocity  and/or volumetric flow rate  of the melt as distance-time 
dependence (standard definition of velocity): ∝ . (4) 
 To get exact and accurate value of flow rate  it is necessary to multiply (4) to some 
empirical coefficient , which could be obtained by calibration of time-of-flight LFV with 
application of LTV or even contact techniques as Ultrasound Doppler Velocimetry (UDV) or 
electro-potential probe – Vives-probe [10]; the results show strong temperature-dependent 
behaviour of , which indicates necessity of qualitative temperature control of liquid in the 
experiment. 

3 Results 
 
 Measurements of time shift τ are based on obtaining a normalized cross-correlation 
coefficient C of two force signals (fig 2a,b), which are registered by magnetic measurement 
systems as a result of disturbance by the passing vortex (in fluid experiment) or copper plate 
(in dry test). 

(a) (b) 
Fig. 2: Dry test’s time-of-flight LFV results. Force signals with clear peaks (a), caused by 
copper plate passing through magnetic field of measurement systems and normalized cross-
correlation coefficient C of the signals (b), which shows time-of-flight value 
 
 To ensure correct working of flow meters it is necessary to provide dry tests in 
advance, during which solid material – copper plate – is used instead of moving vortex. 
Because σ of solid conductor is about twenty times higher than σ of the melt GaInSn, the 
Lorentz force induced by its movement is likewise twenty times higher and it is possible to 
observe clear peaks on both signals even without significant noise influence. The main goal of 
dry tests is to register signals that prove operating performance of measurement scheme. 
When plate is moved serially through the magnetic field of both flow meters with a known 
velocity and two peaks are observed in each trial. 
 The aim of the LTV is to measure and to control the conductive fluid flow by a non-
contact way. E/m pump gives us possibility to change velocity of the liquid by variations of 
pump’s frequency, and the torque sensor, which is coupled with the pump, can measure the 
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liquid’s velocity. A practical way to calculate the magnitude of the force from the measured 
torque is to determine the lever arm of the applied force. For obtaining specific value of l, one 
needs to conduct simultaneous measurement of Lorentz force F and torque T (fig. 3a) for 
various rotation frequencies of the pump’s rotation in order to find the functional relation T/F. 
However, calibration of the device using liquid metal is complicated, time-consuming and 
expensive. Therefore we perform a dry calibration procedure. The main idea of dry calibration 
is to model the liquid by a solid electrically conducting non-magnetic material like solid 
aluminium bars. In this case F can be measured by commercial strain gauge force sensors and 
the ratio of torque to force (fig. 3b) can be easily calculated. 
 As a rule Lorentz force and produced by it torque increase with increasing of cross-
section of the conductive material because with a change of a plate’s width as a consequence 
two parameters are changing: the volume of a conductive material that is influenced by 
magnetic field, and its electric resistance to induced eddy current, as well as the gap between 
wheels of e/m pump. Besides, magnetic field distribution in between of wheels is not 
homogeneous: it decreases from walls to the middle of gap. Hence magnetic field, which 
passes through thick plate, has higher value than through thin one. 

 
(a) (b) 

Fig. 3: Dry calibration of LTV (a) and torque lever measurement (b) results. Torque was measured 
as a part of dry calibration of LTV, in parallel with this Lorentz force was measured to evaluate the 
lever (b) in form of torque-force ratio 
 
 The model experiments described here demonstrate that time-of-flight LFV and LTV 
are feasible non-contact electromagnetic techniques for measuring and control of volumetric 
flow rates in turbulent liquid metal flow. Further examination, development and adjustment of 
the techniques will allow us providing practical flow control in metal-casting industry. 
 The experiment shows that both methods must be properly calibrated by applying 
additional measurement techniques and controlled temperature regime. The ratio between 
time shift and characteristic flow time strongly depends on the separation distance of the flow 
meters and presumably, on the geometry of the obstacle, which is submerged into the flow or 
created in contactless way in order to produce detectable vortex structures. In addition an 
optimal data processing technique for fluid time-of-flight results is necessary to obtain precise 
value of volumetric flow rate within the channel. 
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Abstract 
 
 Three models of an induction traveling field pump for liquid sodium are examined. A 
traveling field in these models is generated by circular coils mounted along a pump channel. 
The channel is a cylinder with an insert embedded in its mid section. The insert suppresses 
reverse flows that may occur in the channel. 
 The number of circular coils in the pump defines the type of the model. The small size 
and low performance pump contains 6 circular coils used to produce a magnetic field. The 
mid size pump has 18 coils, and in the large size model there are 24 coils. 
 3D numerical calculations of the electrodynamics of the magnetic system have been 
carried out, and the resulting volumetric electromagnetic forces in the channel have been 
evaluated for all pump models. The pressure drop-flow rate characteristics of the small size 
pump have been obtained during the gallium circuit experiment.  
 
Introduction 
 
 The purpose of this study is to develop an electromagnetic pump for liquid sodium 
with the preset pressure drop-flow rate characteristics. The pump is intended for pumping 
liquid sodium through a closed circuit. The internal hydraulic resistance of the circuit is 
relatively low. 
 
1. Choice of the pump design 
 
 Today, different electromagnetic systems are used for pumping liquid metals. These 
pumps are characterized by unique design features, that is, they are able to demonstrate 
conformity with prescribed technical requirements. Each model has advantages and 
disadvantages. For instance, in the applications demanding high flow rates at low internal 
hydraulic resistance, pumps whose channels also have low internal hydraulic resistance are 
used. Direct flow channels meet these requirements. Conduction pumps must have electrical 
electrodes enabling the electric current to pass, and this poses the problem of taking into 
account the contact resistance between the channel wall and the liquid metal. However, 
sometimes it is impossible, e.g. in the case of non-conducting ceramic channel for liquid 
aluminum.  In our study, we use the channel made of stainless steel whose conductivity is an 
order of magnitude less than that of the working body – liquid sodium. Because of the high 
resistance of the channel and possible problems with the channel wall-liquid metal electrical 
contact, we have chosen an induction-type channel for our investigation. 
 Of the induction pumps for liquid sodium, we have considered only two models: a 
cylindrical pump with traveling magnetic field [1] and a pump with rotating magnetic field 
and spiral channel [2]. An advantage of the rotating magnetic field pump is its high 
efficiency, yet it has some disadvantages: complicated procedure required to manufacture the 
channel, and problems with channel emptying. For this reasons, the cylindrical pump with 
traveling magnetic field is preferable to others. Of special note is the simplicity of its 
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manufacture (cylindrical tube) and the possibility to increase its efficiency by changing its 
length (the number of inductors generating a traveling magnetic filed can be readily changed). 
 
2. Pump design 
 

 The cylindrical traveling field pump 
consists of the following components: 
cylindrical a channel, a magnetic system and a 
case with a cooling system (Fig.1). The 
channel is a stainless steel tube with a 
cylindrical insert. The insert makes it possible 
to minimize the reverse hydrodynamic flows, 
because the area of concentration of volumetric 
electromagnetic forces is located at the internal 
channel walls (the skin-layer thickness depends 
on the conductivity of the working body and 
the magnetic field frequency). The magnetic 
system of the pump has circular magnetizing 
coils and a magnetic conductor (core). 
 The coils are arranged coaxially to the 
channel, their amount is a multiple of 6 and it 

defines the pump efficiency. The magnetic 
core comprises transformer steel laminations 
having the thickness of 0.5 mm. The pump 
case has the form of parallelepiped (Fig.2): 
side walls and bottom are made of textolite of 
thickness of 1mm which are equipped with 
built-in cooling fans regulated by a 
temperature control device. 
 The pumps are connected to the three-
phase power supply, which controls current 
voltage and frequency. The coils are 
connected so that the phase difference 
between the neighboring coils is π/3. 
 
3. Numerical calculations 
 
 To determine the necessary pressure drop-flow rate characteristics of the pump, we 
have performed preliminary numerical calculation. The aim was to obtain the geometrical 

 
Fig.1. Induction pump (pump case is not 

shown) 

 
Fig.2. Pump casing (fans are not shown) 

 
 

Fig.3. Magnetic field in the magnetic core (fragment) for different current values 
in the magnetizing coil. 
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parameters of pumps optimal for their manufacture. To this end, the 30D electrodymanic 
model was constructed which allowed us to compute the distribution of variable magnetic 
fields, including those inside the magnetic core. This allowed us to select the cross-section of 
the magnetic core, to minimize thus the magnetic field saturation zones (Fig.3) and, what is 
very important, calculate volumetric electromagnetic forces that occur in the liquid metal 
inside the channel. 
 We have also analyzed the relationships between the resulting electromagnetic force 
occurred in the conducting liquid metal flowing through the channel and the following 

parameters: geometrical parameters of magnetic cores, channel dimensions, the value of the 
non-magnetic space between the channel and the magnetic core, feed current parameters, the 
distance between the cores, and the number of cores. 
 Three models of the induction pump were manufactured which had different number 
of coils: six, eighteen and twenty four (Fig.4). The efficiency of all three models is dependent 
linearly on the number of coils. 
 
4. Experiment 
 
 In order to check the accuracy of numerical calculations, we have investigated 
experimentally the pressure drop-flow rate characteristics of one of the pumps. For this 
purpose, the pump with 6 coils was mounted on the gallium circuit. The gallium circuit had 
an electromagnetic flowmeter, a set of manometers, and a device for changing the internal 

hydraulic resistance of the circuit. Two series of experimental measurements were made: 
pressure drop-flow rate characteristic at current similar to that of the magnetizing coil (23A); 
current vs pressure relation in a stop regime (Fig.5).  

    
Fig.4. Pumps with different number of magnetizing coils: 6, 18 and 24. 

 
Fig.5. Results of the experimental investigation of the pump. The pressure drop-flow rate 

characteristics of the pump – at left, the pressure in a stop regime – at right. 
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For comparison purposes, calculations for the 6-coil pump working with liquid gallium alloy 
were performed. Calculations yielded the pressure in the stop regime at current 20A. 
Difference between the experimental and numerical data does not exceed 1 %. This provides 
evidence that the parameters calculated for the remaining liquid sodium pumps are correct. 
 
Conclusions 
 
 We have developed a mathematical model for calculating parameters of the traveling 
field pump with a cylindrical pump. Three models of the pump with different capacities were 
manufactured. One of the models was investigated during the gallium circuit experiments. In 
the future, we plan to investigate the developed models during the experiments on liquid 
sodium. 
 The work was supported by RFBR grant No 14-08-96014. 
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Abstract 
 
 The flow induced by a single-phase alternating magnetic field (AMF) is studied 
mainly numerically, and by experiments at mains frequency. For validation, the well-known 
dependence of the characteristic velocity υc on the magnetic induction B in the turbulent case 
when the mean velocity scales with the shear velocity, υc ∝ B, is reproduced experimentally 
and in the simulations. Ultrasonic flow mapping reveals that the eddies in the well believed 
flow structure of two toroidal vortices one on top of another do not only simply oscillate, but 
rather the topology of the flow changes slowly on a large scale. Besides such turbulence 
characteristics, it will be shown that the global flow structure depends strongly also on the 
frequency f of the AMF. An investigation of the change of υc with f suggests a quantitative 
difference of flows in an AMF compared to rotating and travelling magnetic fields. 
 
Introduction 
 
 The flow created by an imposition of an alternating magnetic field (AMF) on 
electrically high conducting liquids receives attention in the field of metallurgy since quite a 
long time. In 1976, Tarapore & Evans studied the flow in induction furnaces [1]. They 
conducted fluid velocity measurements in an inductively stirred mercury pool of radius 
R = 0.1445 m at a fixed frequency f of 3 kHz. The shielding parameter S = μσR2, which 
measures the crowding out of an electromagnetic field by its own eddy currents from the 
interior of an electrical conductor, was 514. In the definition of S, ω = 2πf, μ is the 
permeability, and σ the electrical conductivity. For such a high S » 1, the field does not 
penetrate the conductor; it is expelled to a thin skin at the surface. The measurements in [1] 
served the validation of the numerical code, the flow structure was calculated. It consists of 
two toroidal vortices one on top of another, is symmetric in the axial direction, and the rolling 
direction of the vortices is from the rim to the centre at half the height of the fluid cylinder. 
 Taberlet & Fautrelle (1985) varied the frequency in a similar configuration in such a 
way that S was 3.9, 30, 166, and 372 [2]. Except for S = 30, where a small third counter-
rotating toroidal vortex appeared in the upper corner around the rim, the two vortices 
described in [1] were observed. Opposing to there, they were not of equal size. For S = 3.9 
and 30 the lower one was much larger than the upper one, and vice versa for S = 166 and 372. 
While stating that the flow structure is determined by the particular distribution of the Lorentz 
force, which distribution significantly changes with frequency, a perspicuous explanation for 
the intermediate appearance of a third vortex and the reversal of the size of the eddies was not 
provided. Regarding the dependence of the characteristic velocity υc on S, the maximum 
υc

max(S) was found for S = 30. υc for S = 3.9 is much smaller than those for S = 166 and 372, 
i.e., the decrease towards higher S is significantly flatter than the increase for smaller S. 
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Recently, studying flows in inductively processed melts gained stimulus from the field 
of solar silicon block casting. A new crystallisation furnace is proposed in [3–5], in which the 
traditional heating by resistance is replaced by induction heating. It is not only that the flow 
driven by a single-phase alternating magnetic field obviously influences the shape of the 
solidification front, thereby leading to higher efficiency photovoltaic material. Based on the 
furnace described in [3–5], a project within the Framework Programme 7 of the European 
Commission was yet launched to re-use silicon saw dust accruing during slicing the block 
casts to wafers [6]. The challenge in this project is cleaning the silicon melt from polluting 
silicon oxide and silicon carbide particles. Means for such cleaning is an electromagnetic 
separation process (ESP), in which the non-conducting particles are moved to the vertical 
crucible wall by Leenov-Kolin force (LKF) where they are accumulated in a dirty skin during 
solidification. As the LKF is applied via an AMF, one is once more concerned with the flow 
driven by this type of magnetic field. 

The influence of flow on the ESP is discussed controversially in the literature; a too 
strong flow inhibits ESP, whereas some flow is needed to move the particles from the bulk of 
the melt to the crucible walls where they can be captured by the LKF. It is however not only 
the vigour, but also the topology and the turbulence characteristics of the flow affecting the 
effectiveness of the ESP. Two successful model experiments on ESP are reported in [7, 8]. 
Despite the high frequency mentioned in the title, S was in a moderate range owing to the 
small scale of the experiments. Besides reporting on turbulence characteristics, which were 
not subject in [7, 8], the present paper revisits the parameter range of the experiment in [8] 
done on silicon. 

The manuscript is organised as follows. Sections 1. and 2. describe the experiment and 
the numerical procedure, respectively. Findings are reported and discussed in Section 3. 
Besides a summarising interpretation, the Conclusions outline future work planned on flows 
driven by single-phase alternating magnetic fields. 
 

1. Experimental setup 
 
 All measurements have been carried out in 
the cylindrical container of 20 mm in radius and 60 
mm in height depicted to the left in Fig. 1. 
Although the magnetic system allows for a height 
covering more than that of the melt volume as it 
was the case in [1, 2, 7, 8], only the central part of 
the segmented coil was used. Since limitations 
were only imposed by the maximum available 
power of the current source, which could be fed to 
that one segment, the choice of the small height of 
the coil provided the maximum possible vigour of 
stirring. This is due to the particularity of an AMF 
that the magnitude of the rotational part of the 
Lorentz force depends not only on the strength of 
the magnetic field but on its gradient as well. 
 The velocity measurements were done by 
ultrasound Doppler velocimetry (UDV). A trans-

ducer installed at the top with the ultrasonic beam directed downward measures the vertical 
velocity component υz. Traversing the transducer allowed mapping mean properties of the 
flow field. For similar measurements with a description of the principles of UDV see [9]. 

Fig. 1. Drawn to true scale sketch of the
fluid container, the magnetic system, and
the measuring unit.  
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2. Numerical procedure 
 
 For the numerical simulations of the induced electric current j and magnetic induction 
B in electrically conducting regions, the finite element code OPERA 3d (Cobham plc., [10]) 
was used. The computational grid was refined near the walls in order to resolve the skin layers 
and has a total number of 2 million finite elements.  
 The flow in the volume containing the melt was simulated numerically by means of 
the open source library OpenFOAM [11] solving the Navier-Stokes equation together with the 
incompressibility condition ∇ ⋅ υ = 0 and including an electromagnetic force density term 
averaged over one period T = 1/f: 
 ρ 	 ⋅ η  

ρ, p, and η are the density, the 
pressure, and the dynamic viscosity.  The 
boundary conditions for the flow field is the 
no-slip condition υ = 0 at the solid container 
wall. For the melt surface, either υ = 0 or the 
conditions for a stress-free non-deformable 
surface υn = 0 and ∂υt / ∂z = 0 (the subscripts 
n and t denote the normal and the tangential 
component, respectively) are applied 
depending on whether the melt flow is to be 
calculated in an open or an enclosed 
container. A computational grid with 650000 
volume elements was used. The dis-
cretisation scheme for the convective term 
was of second order. 
 
3. Results and discussion 
 
3.1. Characteristic velocity vs. induction 

Numerical calculation and measurement of the dependence of υ 
on B was done mainly for validation purposes. Since the experimental 
setup allowed measuring υz over the height of the container, the 
maximum υz

max(z) along the ultrasonic beam was taken as a repre-
sentative for υc. The computations were done with a stationary solver 
where possible. Higher values of B required transient calculation and 
using a turbulence model, which was the simple k–ε one.  

Fig. 2 shows that the well-known linear relation for υc continues 
to be true for υz measured on the cylinder axis: υz

max(z) ∝ B. The 
numerically obtained results are consistent between the stationary and 
transient calculations. Agreement can be stated between the 
computations and the experiments. 
 
3.2. Turbulence 

 It is reported in the numerical work [12] that the time 
dependence of an AMF driven flow in configurations similar to the 
present one consists in an oscillation of the mean flow eddies (c.f. Fig. 1 

Fig. 2. Dependence of velocity on induction. 

Fig. 3. Relative (top)
and absolute stan-
dard deviation of υ. 
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there). This means, however, that the mean flow structure of two vortices one on top of 
another is preserved. Further findings were that these oscillations show a sharp peak in the 
spectrum at quite low frequencies, and that the flow is most unstable in between the vortices 
adjacent to the rim. The low frequency peak was reproduced in the present work at about 0.1 
Hz; a spectrum is not shown due to space limitations. As the turbulence degree, in its strict 
definition, is meaningless in a recirculating flow, Fig. 3 plots a modification thereof calculated 
from the local standard deviation sd and the local time averaged velocity (upper panel). The 
lower panel shows sd for comparison—note that only a quarter of a central section through 
the cell is plotted. A free-hand drawn rough course of streamlines should serve as a guide to 
the eye. Both mappings of statistical properties largely support the findings in [12], except 
that the region of strong fluctuations extends farther in both directions, vertically towards the 
eye of the vortex and radially towards half the radius. 

 

 

Fig. 4. Equidistant in time series of vertical sections of υz(z) at r = 15 mm. For pictorially 
better comprehendible presentation, abscissas and ordinates are exchanged. 
 
 The series of υz(z) in Fig. 4 evinces that one is not concerned with mere oscillations of 
the mean flow eddies. If it were so, the shape should be an “S” as, e.g., in the second panel, 
with changing amplitudes and the root moving up and down. Whereas, the third panel exhibits 
only an upper vortex and the existence of two or even three roots (panels 1 and 5) makes 
evident that eddies are created and destroyed. That is to say, the well believed flow structure 
exists only as a long-term average and is probably never realised at any instant in time. 
  
3.3. Dependence of velocity on frequency 

It is well known that, keeping B 
constant, a maximum of υc is observed for an 
f where S is in the range from 5 to 10 in the 
case of rotating (RMF) and travelling mag-
netic fields (TMF). Among their coarsely 
spaced S, Taberlet & Fautrelle found υc

max(S) 
at S = 30 [2]. This is noticeable since 
shielding, i.e. expelling an AC field from a 
conductor thereby diminishing the Lorentz 
force, depends on f, only. 

These authors published the de-
pendence of υc on S in a joint work with a 
numerical group [13], based on the ex-
periments in [2], one year later. υc

max(S) was 
found at S about 80 in the calculations and, 
surprisingly, a second local maximum at 
higher S appeared. The interest in the present 
work is in the range of S for which successful ESP experiments were done. Figure 5 plots the 
numerically obtained maxima of |υ| for the conditions in [8]. A Levenberg-Marquardt fit 
suggests that |υ|max(S) > 40. The difference for 10 and 11 kHz is noticeable; both solutions, 
albeit the velocity fluctuates distinctly, are converged with respect to the total kinetic energy. 

Fig. 5. Dependence of the maximum velocity
on f. The upper abscissa translates the
frequency to the shielding parameter S. 
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Such a significant difference may be attributed to a change of the global flow structure. This 
aspect will be returned to in the next section, where it is discussed in conjunction with the 
obvious result that υc

max(S) for an AMF is distinctly higher than those for an RMF and a TMF. 
 
3.4. Lorentz force and flow structure 
 It is well known that the flow structure evoked by an RMF neither depends sig-
nificantly on f, nor on the axial distribution of the Lorentz force FL. The movement of an 
electrically conducting fluid follows the azimuthal FL, accompanied by a secondary poloidal 
flow due to Ekman pumping. Shielding affects essentially the vigour of the flow. From own 

experience, it turns out that the same 
holds for the axial forcing in a TMF. 
That is to say, the more complex 
spatially-temporarily alternating 
fields drive a comparably simple 
flow. To imagine why a simple single-
phase, i.e. not moving in space, AMF 
may lead to rather complex flow 
patterns, an axially infinite 
configuration is considered. The fluid 
stays at rest because ∇×FL = 0. Said 
in words, the AMF produces only 
pressure. In any finite system, it is the 
spatial variation of FL which de-
termines the global flow structure. 

 Iso-plots of |FL| for the system investigated in [8] are shown in Fig. 6. 50 Hz and 11 
kHz correspond to S = 0.19 and 42.7, respectively. The change of |FL| with S is remarkable, 
albeit not in the focus here. The interest is in the topology of the flow, which is to be seen in 
Fig. 7. Also at mains frequency, |FL| is maximal in the corners. Despite this, a considerable 
central portion of the height where |FL| is sufficiently high drives the fluid inwards since FL is 

made mainly of the radial component. The 
fluid consequently moves opposing to the 
Lorentz force at the top and at the bottom, the 
well-believed double-torus is observed. 

Shielding obviously does not only expel 
B simply radially outwards. The magnetic field 
is also crowded out in the axial direction, with 
the consequence that FL loses dominance in 
the same central-axial region that determined 
the flow at mains frequency. Driven all but by 
the strong force in the corners, four vortices 
one on top of another establish. That the flow 
appears asymmetric in the vertical direction is 
a matter of the plot depicting the flow at a 
certain instance in time; also the lower of the 

two central vortices is the larger one at times. Loss of axial symmetry is to be seen at the 
different height of the eyes of the vortices along the circumference. This may explain the 
significant difference in |υ|max(S) between 10 and 11 kHz. The flow is still almost axisymmetric 
at 10 kHz.  While increasing f merely by 10 %, the asymmetry with respect to the cylinder 
axis becomes significant. 

Fig. 6. Lorentz force distribution for 50 Hz (left) and
for 11 kHz (right). Plotted is the Lorentz force density
divided by the density, so the dimension of F is m/s2. 

Fig. 7. Plot of velocity vectors for the same
frequencies as in Fig. 6. 
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Conclusion and perspective  
 

Being subject of investigation for decades, the flow driven by an AMF is still far from 
being completely understood. Even restricting to the case where the axial extension of the coil 
is much larger than that of the fluid volume, which quasi generic configuration will hardly be 
realisable for silicon recycling, both dependences of the characteristic velocity and flow 
topology on f are not precisely know. Besides more parametric numerical studies on different 
geometries aiming at suitable ones for recycling purposes via separation, experiments are 
badly needed, the latter of which should be capable to visualise the flow structure. Mapping 
of turbulent flow by means of ultrasonic Doppler anemometry is readily available [14].  
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Abstract 
 
 This paper highlights several challenges and solutions in the field of induction heating 
and melting. Attention is given to the use of numerical modelling at the design stage in order 
to increase the efficiency and sustainability of the equipment. 
 
Introduction 
 
 Many modern metallurgical applications require heating and melting equipment with 
high power densities. The ability to induce larger amounts of energy in less time and in a 
more compact space can increase productivity and reduce thermal losses. The overall process 
efficiency consequently becomes higher, thus making the end-product more competitive. 
 Suppliers of induction systems are faced with the challenge of raising the energy flow 
into the ingot material and simultaneously keeping the process under control and the 
equipment protected from increased electromagnetic stresses. The numerical modelling 
enables recognition of the critical points, allowing the necessary improvements to be 
implemented at the early design stage.  
 
1. Steel melting applications 
 
 Coreless induction furnaces are one of the most investigated devices in the realm of 
inductive heating applications.  In spite of that new challenges often appear, particularly when 
the furnaces become bigger and more powerful. Modern simulation software and hardware 
can be used for more precise and detailed numerical investigation, in order to make the 
furnace more efficient and reliable. 
 In one case the task was to design a coreless induction furnace that had to melt and 
superheat 50t of FeCr within 50min up to the target temperature of 1630°C, to alloy iron for 
the production of stainless steel. 
 Since the required enthalpy of FeCr was calculated to 570kWh/t the effective power 
should be approximately 570kWh/t*50t/h = 28,5MW. The ratio of the crucible diameter to 
crucible length for this new furnace should be similar to those of typical coreless induction 
furnaces. The thermal losses were calculated to be around 400kW. That resulted in a required 
induced power of 29MW. Under assumption that the specific ohmic resistance of FeCr is 
similar to that of common iron alloys the electrical efficiency of that furnace was calculated to 
75% for nominal operation, which means that the crucible is filled with molten metal at least 
up to the upper coil edge. That would require a total power of approximately 38,7MW at the 
furnace power cables. 
 But it must be considered that the crucible isn’t filled completely with molten metal 
during the whole charge. Since the bulk density of the charged raw material can be 
significantly lower than the molten metal the crucible has to be considered as partly filled 
from the electrical point of view in spite of an apparent completely filled crucible. That 
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reduces the electrical efficiency during that period compared to the above mentioned nominal 
operation. But that condition can’t be calculated with numerical methods because the change 
of the geometrical structure of the charged material in the crucible is too complex during the 
melting process. So in order to consider that 
effect in an approximate way the nominal 
electrical efficiency is reduced by an 
experience factor of 0,95. 
 The partly filled crucible reduces 
not only the time averaged electrical 
efficiency but also the time averaged 
power. Basically a partly filled crucible 
leads to a higher furnace inductance and by 
that to a higher resultant ohmic resistance 
of the whole resonant circuit. So the 
converter output voltage must be higher in 
order to achieve the nominal furnace power. 
Since the voltage range that the converter 
can supply is limited mainly for reasons of 
economy, the time averaged power for a 
whole charge is lower than the nominal 
power. That time dependent power drop 
can’t be calculated for the same reason as 
mentioned above. That effect also has to be 
considered by applying a typical experience 
factor of 0,95. 
 The result was that a nominal power 
of 38,7MW/ (0,95*0,95) ≈ 42,5MW is 
required to melt and superheat 50t FeCr 
within 50min. 
 In order not to exceed the usual 
limit of the stirring intensity of the melt and 
considering some other basic geometrical 
conditions it was decided to design the 
furnace content not for 50t but for 65t of 
FeCr, which means that the furnace will be 
operated with a 15t heel. 
 With a desired frequency of 
approximately 250Hz and a maximum 
furnace voltage of 3000V the coil must have 
just 5 windings. That leads to a winding 
height of 578mm and a winding slope of 
4,6°. Since such a big copper profile is 
neither available nor practical the coil was 
assembled from 4 separate parallel copper 
profiles. The profiles are insulated from each 
other and fed by a total of eight cable pairs 
in order to keep the cable current in the 
usual range. To keep the layout symmetrical 
the cable pairs have been distributed over the coil circumference. This meant at least eight 
yokes were required, but since the width of these eight yokes would be too wide due produce 

Fig. 1. Numerical model of coreless induction 
furnace with current connections 

Fig. 2. Typical distribution of induced Joule 
heat in the casings of magnetic yokes 
located at the current connections window. 
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in a practical way, sixteen yokes were installed. The radial lamination depth was chosen 
based on a typical safety factor. That safety factor takes into account higher eddy current 
losses at the lower and upper yoke edges caused by transverse flux components at the area of 
the lower and upper coil edge. 
 Since the transverse flux components depend on the winding slope among other things 
and because that safety factor is based only on experiences coming from typical furnaces at 
which the winding slope is less than the half compared to the furnace on hand it was decided 
to carry out a detailed 3D numerical simulation of that high power furnace. For example, the 
induced power and the temperature rise at the upper yoke edges have been analyzed. The 
lamination sheets, the surrounding clamp and the winding slope were taken into account. 
Based on the results it was decided that it was necessary to improve the yoke design.  
 
2. Heating applications 
 
 This section contains some examples of metallurgical processes where high power 
density meets requirements for controlled temperature distribution. 
 
2.1. Rail hardening 
 A specific induction heating 
application where high power density is 
combined with the requirements for accurate 
control of the heating process is the rail 
heater for a rail hardening production line. 
This installation is characterized by a 
defined but relatively wide range of input 
material temperature distributions and, 
simultaneously, strict requirements for 
output temperature profile. The required 
temperature rise must be achieved within 
several meters of installation length. The 
geometrical constraints set by the process 
characteristics to a large extent determine the 
coil geometry and lead to the high electrical current values. Therefore, an intelligent design is 
necessary in order not only to fulfil the process demands, but simultaneously also to prevent 
excessive thermal stresses on the surrounding components. Additional challenges during the 
modelling of heater's electrical and control parameters arise from the fact that the rail inlet 
temperature can be above as well as below Curie temperature. Transient two dimensional 
coupled-field simulations have been performed in order to create the parameter set for 
different rail types and inlet temperatures. A 3D electromagnetic model was used for the 
detailed study of the stray field influence on the heater's component parts. 
 
2.2. Transversal heating of thin slabs 
 Another good example of high power induction unit is the continuous heating of the 
thin slabs, where on the one hand high production rates suggest high power requirements and 
on the other hand significant thermal losses due to the large surface to volume ratio make 
essential the reduction of the total length of the heating section. The relatively small thickness 
of the slabs makes transverse flux heating preferable to heating with longitudinal flux due to 
the lower energy consumption of the installation. The possibility to adjust the gap size 
between the load and induction coil allows a high electrical efficiency over a wide range of 
slab dimensions. 

Fig. 3. Rail heating induction unit 
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With the help of numerical 
modelling a problem was noticed 
with the overheating of the slab 
edges, which becomes extreme 
when the slab thickness increases. 
Three-dimensional 
electromagnetic simulations made 
it possible to find a solution for the 
design of the induction coil which 
allows homogeneous temperature 
rise over almost entire slab width 
with tolerable overheating of the 
edges. 
 
 
 
Conclusions 
 

The described examples of induction heating and melting applications demonstrate the 
importance of advanced numerical modelling using three-dimensional or/and coupled-field 
simulations. Considering the ever-present requirements for more productivity and less energy 
losses, it is hardly possible nowadays to imagine the development of a modern heating 
installation without detailed numerical analysis. Process specific simulation software is often 
supplied together with the hardware and performs online automatic control of the heater units 
accordingly to the varying input data. An additional option which becomes available for the 
end user is the possibility to simulate the process in advance in order to choose the most 
optimal process parameters. 
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Abstract 
 
 The paper presents an application of Permanent Magnet Heating, PMH, technology for 
continuous annealing of non-magnetic strip, developed by Laboratory for Electroheat of 
Padua University (LEP). The proposed technology allows for both high heating rates and high 
total energy efficiency. Furthermore, the high energy efficiency allows for a reduction of NOx 
and CO2 gas emissions in comparison with common alternatives, such as gas or electric 
resistance heating. Numerical simulation results are discussed in order to assess the heater 
performance for different geometrical configurations, strip velocities and thickness. 
 
 
Introduction 
 
 In the production by hot and cold rolling in aluminium mills, the strips are subjected to 
several annealing and stress relieving treatments for metallurgical reasons. It is common 
practice to cool coils of different alloy composition, geometry and residual heat in the shop 
floor before undergoing the subsequent heat treatment in a continuous annealing furnace. A 
continuous annealing furnace must be able to process a single-coil with different properties 
and different initial conditions. 
  As a result, the heating device can be adjusted for a change of alloy, product geometry 
or start temperature by automatic controls. Drawbacks of this equipment type include the 
large foot print, relatively high investment cost and higher specific energy  with respect to 
batch furnaces. Gas burners or electric resistors are commonly used as heating source. Such 
technologies exhibits low heating rates, relatively low efficiency (about 50%) and polluting 
gas emissions [1]. 
 Laboratory for Electroheat of Padua University (LEP) has carried out some 
investigations to apply the permanent magnet heating technology to these processes. The 
proposed device is designed for heating aluminium strips, tapes, ribbons and foils of different 
thickness and width, with a remarkable overall energy efficiency. The device exploits the 
well-known principle of transverse flux induction heating system, suitable for treating non-
magnetic materials with high ratios between the dimensions of the cross-section [2-4]. 
Conversely to traditional heating where an AC magnetic field is produced by induction coils, 
the constant induction field is generated by SmCo magnets. In particular, during the heating 
process, the strip passes through a set of magnet and back-iron pairs. The magnetic field is 
mainly transverse to the strip movement, and the induced eddy currents heat up the strip by 
Joule effect. In order to compensate the damping forces acting on the strip, an electric drive 
provides the traction force, dragging the strip at a constant velocity by means of a rolling 
system. 
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1. Permanent Magnet Heater design 
 

Numerical simulations have been performed in order to assess the feasibility of the 
heating process. The heater is composed of several heating modules, each module consisting 
of one or more SmCo magnets, flux concentrators and eventually back-iron.  

Two configurations of the basic module have been analysed and their performances 
compared for different operating conditions. The same quantity of hard magnetic material is 
considered for each configuration. To properly compare the two solutions, reference is made 
to the same operating condition, i.e. when the product of B and H values at the operating 
point is close to the maximum. Furthermore, the air gap width, strip velocity and strip 
thickness are the same for the reference case.  
 Then, the effects of different strip thickness and velocities are investigated in order to 
assess the flexibility of such technology for heating non-magnetic strips in continuous 
annealing lines. The variation of induced power with air gap width is investigated in order to 
assess the controllability of the heating process. 
 
1.1. Description of SPM  and IPM configuration design 
 In a first configuration, two magnets are mounted on the surface of the flux 
concentrator, as in Fig. 1. Such configuration is similar to a surface permanent magnet, SPM, 
linear motor or generator. A back-iron faces the strip rear side, acting as a magnetic flux 
concentrator. The magnetic yoke and back-iron can be built with massive and conductive 
material (soft magnetic steel) because no induction or hysteresis occur with continuous 
magnetic field, in steady state conditions. In a second configuration, one magnet is held 
between two ferromagnetic teeth, which convey the magnetic flux to the strip with a direction 
almost normal to the strip surface, as in Fig. 1. Such configuration is similar to an internal 
permanent magnet, IPM, linear motor or generator. A back-iron faces the strip rear side, 
acting as a magnetic flux concentrator. 

IRON

BACK IRON

MAGNETS

STRIP

VELOCITY

B B

VELOCITY

B

IRON

MAGNET

BACK IRON

STRIP

Fig. 1. Reference geometry for SPM (left) and IPM (right) configurations. 
  
2. Numerical simulation setup 
 
 Electromagnetic transient simulations are carried out by means of 2D and 3D finite 
element analysis. In order to find suboptimal parameters for the PMH module, a set of 2D 
simulations has been performed. Then, in order to investigate the induced power distribution 
close to strip edges, 3D electromagnetic problem is solved. Symmetries are taken into account 
to reduce the model complexity and computational time. 3D models allow for computation of 
3D distribution of heating sources. For a convenient comparison of heating source 
distributions, the strip volume has been subdivided into longitudinal 50 slices. The specific 
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power has been then integrated on these small slices and reported as a function of position 
along the strip width. All the values have been normalized with respect to the value on the 
symmetry axis.  
 In time dependent simulations, the magnet region, iron parts and surrounding air are 
fixed, while the strip moves at constant velocity. At each time step, a small air box around the 
moving part is consequently remeshed. Induced electric field is produced by the motion of the 
conductors in the DC magnetic field [5-6]. 
  
Tab. 1. Main parameters for reference case. 

Parameter Quantity Unit 
Strip velocity 10 m/s 
Strip thickness 1e-3 m 
Strip width 0.5 m 
SmCo coercivity Hc 7e5 A/m 
SmCo residual flux density Br 1.01 T 
Max(BH) 2e5 J/m3 
Aluminium resistivity (Room Temp) 3e-8 Ohm*m 
Steel relative magnetic permeability 1000 -- 

 
3. Performance comparison 
 
 A set of numerical simulations have been performed in order to evaluate benefits and 
drawbacks of each proposed configuration for the reference case. The distributions of current 
density in the strip for SPM and IPM configurations are reported in Fig. 2. 

 

Fig. 2. 2D simulation results for the two reference cases. Distribution of current density in the 
strip for SPM (left) and IPM (right) configurations. 
 
3.1. Edge effects 
 The uneven distribution of power sources is a well-known issue in transverse flux 
heating process. For the reference configuration of the PM transverse flux device, the 
distribution of current density has been computed. In Fig. 3 - 4, these distributions, calculated 
by a 3D FE transient model with motion, are reported. It is underlined that in the reference 
configurations, the active parts have the same width of the strip and further investigations will 
consider the possibility of different shapes.  
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Fig. 3. Distribution of current density for SPM configuration – reference case 
 

 
Fig. 4. Distribution of current density for IPM configuration – reference case 
 
3.2. Effect of strip velocity variation 
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The induced power decreases with strip 
velocity as shown in Fig. 5 that reports 
dimensionless total induced power for 
different speeds in both configurations. 
The induced power density distribution 
depends on strip velocity. Power 
distributions  are reported in Fig. 6 for 
both configurations and different strip 
velocities. These results are presented 
by applying the methodology described 
in Section 2.  
 

Fig. 5. Total induced power dependency on strip 
velocity for both configurations 
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Fig. 6. Distribution of induced power for SPM (left) and IPM (right) configurations and for 
different strip velocities 
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Tab. 2. Total induced power vs strip velocity for different configurations (air gap 10 mm) 

Configuration Velocity [m/s] Power [kW] 
SPM 5 10.6 

7.5 21.8 
10 34.6 

IPM 5 5.8 
7.5 11.4 
10 16.8 

 
3.3. Effect of air gap width variation 
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The induced power 
decreases for larger air gap 
width, as shown in Fig. 7. 
 The induced power 
density distribution is 
affected by air gap width as 
reported in Tab. 3 for both 
configurations and different 
air gap width. 
 

Fig. 7. Total induced power dependency on air gap width 
for both configurations 
 
Tab. 3. Total induced power vs air gap width for different configurations (at 10 m/s). 

Configuration Air gap width [mm] Power [kW] 
SPM 10 34.6 

15 23.4 
20 16.0 

IPM 10 16.6 
15 10.0 
20 6.4 

 
3.4. Effect of strip thickness variation 
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 The induced power 
density distribution is 
dependent upon the strip 
thickness, as reported in 
Fig. 8 for both 
configurations and different 
strip thickness. 
 The heating system 
is more effective in 
processing thinner strips. 
 Fig. 8. Total induced power dependency on strip 

thickness for both configurations 
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4. Discussion 
 
 Both SPM and IPM configurations show good performance in terms of total induced 
power. The efficiency of the heating process is close to the efficiency of the dragging motor. 
The SPM configuration shows better performance. However, such configuration may suffer 
from magnet overheating or demagnetization, as the hard magnetic material is not exploited 
uniformly. The power density distribution is quite uniform in a large zone of the strip, except 
for a “cold” region close to strip edges. The proposed design will be object of further 
researches in order to achieve a uniform heating profile along the strip width. The induced 
power depends weakly on strip velocity for SPM configuration, while a peak in the edge 
region is observed in IPM device, so that the device has to be properly configured for each 
strip velocity. The induced power could be effectively controlled by varying the air gap 
width. The device could heat strips of different thickness, and the specific induced power 
increases for thinner strips. In particular, IPM configuration shows better performance for 
thinner strips.  
 
Conclusions  
 
 Two configurations of a Permanent Magnet Heater for aluminium strips continuous 
annealing are reported. The effectiveness of a SPM and an IPM configurations are verified 
through a set of numerical simulations. Performance of the proposed device has been assessed 
for different strip velocity and thickness. The heating power can be controlled by adjusting 
the air gap width. A more accurate design of the device is needed, in order to improve the 
uniformity of induced power density distribution and to avoid the overheating of strip edges. 
Preliminary results look promising and a laboratory prototype will be built to assess them. 
 
References 
 
[1] Heat treatment systems for aluminium rolling mills, Otto Junker web site, http://www.otto-junker.de/  
[2] Dughiero, F., Forzan, M., Lupi, S.: 3D solution of electromagnetic and thermal coupled field problems in the 

continuous transverse flux heating of metal strips, IEEE Trans. on Magnetics, 33(2), 1997. 
[3] Dughiero, F., Forzan, M., Lupi, S., Tasca, M.: Numerical and experimental analysis of an electro-thermal 

coupled problem for transverse flux induction heating equipment. IEEE Trans. on Magnetics, 34(5), 1998.  
[4] Nacke, B., et al.: Transverse Flux Heating in Modern Energy Saving Lines for Metal Rolling and Treatment. 

In Proc. of Modelling for Saving Resources, Riga, 2001. 
[5] Amestoy, P., Buttari A. et al.: Shared-Memory Parallelism and Low-Rank Approximation Techniques 

Applied to Direct Solvers in FEM Simulation. IEEE Transactions on Magnetics, 50(2), 2014 
[6] Dughiero, F., Forzan, M., Pozza, C., Sieni, E.: A translational coupled electromagnetic and thermal 

innovative model for induction welding of tubes. IEEE transactions on magnetics, 48(2), 483-486, 2012. 
 
Authors 
Prof. -Ing. Dughiero, Fabrizio     Dr. -Ing. Forzan, Michele   
Department of Industrial Engineering    Department of Industrial Engineering 
University of Padua      University of Padua 
Via Gradenigo 6/A      Via Gradenigo 6/A 
IT-35131 Padova, Italy      IT-35131 Padova, Italy 
E-mail: fabrizio.dughiero@dii.unipd.it    E-mail: michele.forzan@dii.unipd.it 
 
Dr. -Ing. Pozza, Cristian      Sempreboni, Nicola 
Department of Industrial Engineering    Department of Industrial Engineering 
University of Padua      University of Padua 
Via Gradenigo 6/A      Via Gradenigo 6/A 
IT-35131 Padova, Italy      IT-35131 Padova, Italy 
E-mail: cristian.pozza@dii.unipd.it      

244



International Scientific Colloquium 
Modelling for Electromagnetic Processing 

Hannover, September 16-19, 2014 
 
 
Modelling and simulation of multi-frequency induction hardening 
of steel parts 
 
T. Petzold, D. Hömberg 
 
Abstract 
 

Induction hardening is a modern method for the heat treatment of workpieces made of 
steel. A well directed heating by electromagnetic waves and subsequent quenching of the 
workpiece increases the hardness of the surface layer. With the multi-frequency concept, 
medium and high frequency power are supplied simultaneous on a single induction coil, 
which results in a uniform contour hardening of gears. 
In this work, a model for simulating multi-frequency induction hardening of steel parts in 3D 
is presented. It consists of a coupled system of partial and ordinary differential equations to 
compute the electromagnetic fields, the temperature and the phase distribution in the 
workpiece. Since the heat conduction and the electromagnetic fields exhibit different time 
scales and due to the skin effect, the problem represents a nonlinear multiscale problem in 
time as well as in space. The equations are solved using adaptive finite element methods, 
whereby Maxwell's equations are discretized by curl-conforming edge elements. 
 The simulation results are verified by several experiments for disc and gear 
geometries. The experimentally and numerically determined temperature and hardening 
profiles are in very good agreement. To reproduce the desired contour hardening effect, a 
careful treatment of the nonlinearities, especially the magnetization curve, is crucial. 
 
Introduction 
 

In most structural components in mechanical engineering, the surface is particularly 
stressed. Therefore, the aim of surface hardening is to increase the hardness of the boundary 
layers of a workpiece by rapid heating and subsequent quenching. This heat treatment leads to 
a change in the microstructure, which produces the desired hardening effect. Depending on 
the respective heat source one can distinguish between different surface hardening 
procedures. Induction heat treatments can easily be integrated into a process chain. Moreover, 
they are energy efficient since the heat is generated directly in the workpiece. That is why 
induction hardening is still the most important surface treatment technology. 
 Its mode of operation relies on the transformer principle. A given current density in 
the induction coil induces eddy currents inside the workpiece. Because of the Joule effect, 
these eddy currents lead to an increase in temperature in the boundary layers of the 
workpiece. Then the current is switched off, and the workpiece is quenched by spray-water 
cooling producing the desired hard, martensitic microstructure in the boundary layer. Due to 
the skin effect, the eddy currents tend to distribute in a small surface layer. The penetration 
depth of these eddy currents depends on the material and essentially on the frequency. 
Therefore, it is difficult to obtain a uniform contour hardened zone for complex workpiece 
geometries such as gears using a current with only one frequency.  
If, for example, a high frequency (HF) is applied, then the penetration depth is small, and it is 
possible to harden only the tip of the gear. With a medium frequency (MF), it is possible to 
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heat the root of the gear, but not the tip. With a single frequency, a hardening of the complete 
tooth can only be achieved by increasing the heating time.  But then, the complete tooth is 
heated beyond the austenitization temperature, which results in a complete martensitic 
structure of the tooth after quenching, which is not desirable since this will foster fatigue 
effects. 
 A contour hardening for gears can be achieved by supplying medium and high 
frequency powers simultaneously on a single induction coil. This concept is called multi-
frequency induction hardening, see also Fig. 1. 
 

Fig. 1 The effect of medium-, high- and multi-frequency induction heating. MF (left): only 
the root of the gear is heated, HF (middle): only the tip of the gear is heated, MF+HF (right): 
tip and root of the gear are heated 
 
 The inductor current consists of a medium frequency fundamental oscillation 
superimposed by a high frequency oscillation. The amplitudes of both frequencies are 
independently controllable, which allows separate regulation of the respective shares of the 
output power of both frequencies according to the requirements of the workpiece. This fact 
provides the ability to control the depth of hardening at the root and the tip of the tooth 
individually [5]. Owing to the complex interplay of nonlinear material data and system 
parameters, there is a high demand for simulation and control of this process. In the 
following, an overview of the model and some simulation results will be given. 
 
1. The model 
 

The main parts of the model are a vector potential formulation of Maxwell’s equations 
to describe the evolution of eddy currents, strongly coupled to the energy balance through the 
Joule heat term, and a rate law for the high-temperature phase, austenite, in the workpiece. It 

is assumed that during the quenching process following the 
inductive heating, austenite transforms completely into 
martensite and is therefore an indicator of the hardening 
profile. The austenitization behaviour is directly linked to the 
temperature distribution by the transformation kinetics. 
 The following slightly idealised geometric setting is 
considered (cf. Fig. 2), a hold-all domain , containing the 
inductor , the workpiece , and the surrounding air. We call = ∪  the set of conductors and define the space-time 
domain as = (0, ); see Fig. 2. 
 

Fig. 2 Domain  consisting of the inductor , the workpiece  and the surrounding air 
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 Following [3, 4], the mathematical model of multi-frequency induction hardening 
amounts to finding the magnetic vector potential , temperature , and austenite phase 
fraction , satisfying the following nonlinear, coupled boundary value problem: 

 
 Here,  is the permeability,  the electric conductivity,  the specific heat capacity,  
the heat conductivity and  the latent heat. Since the electric conductivity vanishes in non-
conducting regions, (1) is a degenerate parabolic equation.  is a pre-computed spatial source 
current in the inductor, ( ) is the time dependent control imposing the different  frequencies, 
e.g. for current control 
 
 
with /  the maximum current and /  the relative power between 0 and 1. For the 
numerical algorithm, we use a regularization and set = > 0 in non-conducting regions. 
With div	 = 0 this yields the usually used coulomb gauging condition, 	 = 0, to ensure 
unique solvability. The model is considered in the time domain since in general, the magnetic 
permeability  depends on the magnetic field itself and to allow for a non-harmonic right 
hand side as it occurs in practical applications using e.g. pulse width modulation for the MF 
inverter. 
 
2. The simulation 
 
 The system (1) – (5) is numerically challenging. One has to deal with two different 
time scales, one for the heat equation and one for the rapidly oscillating magnetic vector 
potential. Owing to the skin effect, the eddy currents have to be resolved in a boundary layer, 
so one is also faced with two spatial scales. A further difficulty is imposed by the 
nonlinearities, especially the ( , ) – dependent permeability. 
 The temperature  was approximated with standard P1 elements. To discretize the 
potential , curl-conforming finite elements of Nédélec type were implemented in the finite 
element and finite volume toolbox pdelib, developed at WIAS Berlin. To account for the skin 
effect, the computational grid has to resolve the small surface layer of the workpiece in which 
eddy currents are distributed. Therefore, an adaptive grid has been chosen for , governed by 
a  

 
Fig. 3 Sequence of adaptively generated grids for a disc sample 
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residual-based a posteriori error estimator developed in [1], see also Fig. 3 for an example of 
an adaptively generated grid for a disc specimen resolving the boundary layer . 

 
The temperature changes on a time scale much larger than that of its right hand side | | , which is governed by the frequency of the source current. Hence, we can approximate 

the Joule heat term by its average over one period. Then we can solve the heat equation 
together with the ODE describing the phase transition using time steps ≫ , where  
denotes the time step for the integration of (1). To deal with the ( , ) - dependency of the 
permeability we proceed as in [2], assuming that only a time averaged value of the 
permeability affects the magnetic field. We first determine the magnetic field with constant 
relative permeability . Since the magnetic field is periodic, this induces a periodic 
permeability ( ( , ), ( , )). Averaging over one period yields an effective permeability 
that is space dependent, but independent of the magnetic field, i.e., we choose 
 
 
 
 
2.1. Experimental verification 
 

The experimental verification was performed by our project partner Stiftung Institut 
für Werkstoffkunde (IWT), Bremen. Discs with different cross sections and a spur gear with 
21 teeth and a diameter of 47.7 mm were used. All the samples were heated by single 
frequency power, MF and HF separately, and by the multi-frequency approach in order to 
achieve a contour hardening. The temperature at the surface was measured by a pyrometer 
and compared to the simulation. In addition, metallographic analyses were performed and 
compared to the simulated austenite fraction, which by assumption transforms completely to 
martensite during the quenching process. In general, a good agreement between simulation 
and experiment could be observed. Fig. 4 depicts a comparison for MF, HF and the 
multifrequency approach. It shows a good coincidence between simulation and experiment, 
however, no contour hardening could be achieved due to power limitations of the hardening 
machine. 

Fig. 4 Simulated and experimental hardening profile using MF (left), HF (middle), and  multi-
frequency approach, MF+HF (right) 
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2.2. Contour hardening 
 

To achieve a contour hardening of the spur gear, further experiments were conducted. 
Since these experiments were done on a different machine, a calibration of the input data was 
necessary. Therefore, the maximum power for MF and HF in the simulation code was 
adjusted to reproduce the corresponding single-frequency experiments. Finally, a contour 
hardening was achieved with machine specific power parameters of 53% MF and 22% HF, 
corresponding to approximately 300 kW MF and 100 kW HF, with a heating time set to 
0.25 s. Without any further fitting except for the mentioned adaptation of the maximal single-
frequency powers, the corresponding simulations for multi-frequency induction hardening 
have been run. The simulation results are shown in Fig. 5. 

 

 

   

Fig. 5 Heating of a gear with the multi-frequency approach. Temperature profile (top row) 
and austenite profile (bottom row) for time snapshots t=0.1 s, t=0.15 s, t=0.2 s and t=0.25 s. 
For symmetry reasons only a quarter of a tooth is considered. 

 
A comparison of experimental and simulated hardening profiles is depicted in Fig. 6, showing 
the desired contour hardening effect and an excellent accordance between experiment and 
simulation. 

 
Fig. 6 Simulated and experimental hardening profile using the multi-frequency approach 
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Conclusions 
 

Concluding the results, simulations of the multi-frequency induction hardening 
process are performed, where a very good agreement of the predicted hardening pattern with 
the experimentally observed martensitic surface layer is achieved. 
To obtain these results, it is necessary to include the nonlinearities for the material parameters 
in the simulation. In addition to the temperature dependence of the characteristic material 
parameters, the nonlinear magnetization curve needs to be considered to get the correct 
temperature evolution, and consequently the correct hardening pattern. Due to a magnetic 
saturation behaviour of steel and due to local variations in the magnetic field intensity, the 
magnetic permeability shows local variations that are essential to reproduce the 
experimentally determined hardening profiles for gears, in particular for longitudinal cuts 
through the tip and the root of the tooth. 
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Abstract 
 
 The developments of inductive preheating and GMA-laser hybrid welding in one 
process lead to high quality welded joints for the high strength fine-grained steel grades S700, 
X70 and S690 in a material thickness range from 10 to 15 mm. The potential use of this 
technology can be demonstrated. The effect of various preheating temperatures on the cooling 
down periods and the mechanical properties are shown using temperature measurements, as 
well as tensile, notched-bar impact and hardness tests. For a deeper process understanding, the 
testing results have been used to validate numerical models which connect the simulation of 
induction preheating and GMA-laser-hybrid welding in one holistic FE-model.  
 
Introduction 
 

Excellent strength properties and good weldability make the application of high 
strength fine-grained steels (HSS) attractive for complex steel structures like bridges, offshore 
structures, railway wagons, cranes, ships or pipelines. In combination with newly developed 
high-performance welding processes like, e.g. gas metal arc (GMA)-laser hybrid welding, the 
quality and efficiency of these structures can be further improved. These welding technologies 
have short cooling times which can result in embrittlement and reduced fatigue properties. By 
using inductive preheating as a simultaneous heating method, a controlled temperature cycle 
over the entire welding process can be obtained. In detail, this includes increasing the 
formability and toughness, controlling the hardness and reducing the cooling rate to avoid 
cold cracking and unfavorable residual stresses. 
 
1. Induction assisted GMA-LASER hybrid welding 
 
1.1. Preheating by induction 

Nowadays, conventional heaters with oil and gas or electrical resistance heating are 
usually used for preheating workpieces before welding. As it is known, this principle has 
significant disadvantages and restrictions like, e.g. limited power density, low heating speed, 
and environmental pollution. Thus, a long warm-up time is necessary, and a concentrated 
heating of only the seam area is very difficult. 

Here, induction heating offers many advantages, which are mainly based on the 
principle of direct heating. Heat is transferred directly and without contact into the material. 
For welding flat geometries, linear inductors are typically positioned along the welding seam. 
Depending on the form of the heat treatment (preheating, postheating or annealing), different 
inductor positions and inductor geometries can be used. In the investigations a 
perpendicularly aligned inductor is used as a heat source in the important area and along the 
weld flanks [1]. Otherwise, the bottom part of thick steel sheets can only be heated up by 
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time-consuming heat conduction, which has a negative influence on productivity. By directly 
heating the deepest part of the joint the welding speed can be increased. 
 
1.2. GMA-laser hybrid welding 

The GMA-laser hybrid welding process combines GMA welding and laser beam 
welding in one common molten zone, combining the advantages of both welding processes 
[2]. Laser beam welding provides a high welding speed or penetration depth, a small heat 
affected zone (HAZ) and a low welding distortion, due to the high intensity of the laser 
radiation. The benefits of GMA welding are a good ability to bridge gaps and edge offsets, as 
well as alloying of the elements using filler wire. For joining heavy steel structures, the 
GMA-laser hybrid welding process offers advantages regarding the production time and the 
consumption of filler wire material as compared to conventional arc welding processes, e.g. 
submerged arc welding. 

 
1.2. Experimental setup 

The investigated GMA-laser hybrid welding process is composed of a solid state laser 
with a maximum laser power of 6 kW, and an arc welding power source which is 
characterized by a maximum current value of 550 A. The welding process was developed for 
a butt joint in flat welding position. Before the preheating process starts, a separate laser 
welding process with low power is used to bond the edges of the workpieces at small areas of 
the later weld root. For the preheating process, an induction unit with a maximum power of 
40 kW is used, whereas the dimensions of the active zone are 80 x 40 mm and the gap 
between inductor and workpiece surface is 2.5 mm. The distance between the inductor and the 
hybrid welding process is 150 mm. Extensive temperature measurements have been 
performed by thermocouples but also by IR-camera on selected welding tests. Fig. 1 
illustrates the process arrangement including the laser processing head, the GMA welding 
torch and the inductor as well as the experimental set-up for thermocouple measurement. 

 

      
Fig. 1. Experimental setup with temperature measurement 

 
2. Holistic FE model of induction preheating and welding 
 

Numerical simulations are a complex and comprehensive field of investigation and 
research. With the increasing processing capacity of computers, they become more and more 
important for the evaluation of manufacturing and design. The joining process is divided into 
the simulation of pre-joining (1), induction preheating (2) and GMA-laser welding (3). The 
temperature field T(x,y,z) which is the result of each simulation is transferred sequentially 
from each simulation to the next via an interface (I). This one-way coupling is possible 
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because the temperatures of the preheating have no effect on the temperatures of the pre-
joining process. This is the same for the hybrid welding process which does not influence the 
temperatures of the preheating process. The simulations are carried out with the ANSYS® 
program system.  

 

 
Fig. 2. Approach of the simulation process 

 
1.3. Inductive Preheating 

From the viewpoint of the simulation, the investigated induction preheating process 
represents a coupled problem characterized by the interaction of electromagnetic field and 
temperature field. That is why a mathematical model of both physical fields has been created. 

At first a harmonic electromagnetic simulation for determining the Joule heat 
distribution is carried out. The temperature dependent material properties are applied using a 
starting temperature distribution which is homogeneous or based on the temperature 
distribution resulting from the preparatory bonding process. This is followed by a transient 
thermal analysis with small time stepping for determining the temperature distribution using 
the Joule heat distribution from the electromagnetic simulation. The so calculated temperature 
distribution is used to get the material properties for the next harmonic electromagnetic 
simulation which is succeeded again by transient thermal analysis using a short time step. 
This loop is repeated until the process time is reached. By this approach to couple the 
electromagnetic and thermal simulation the complete preheating process can be observed 
precisely using the correct material properties all the time. 
 
1.4. GMA-laser welding 

According to Radaj [3], welding simulations can be divided into three parts: process, 
microstructural and structural simulation. The results of these sub-simulations depend on each 
other and interact to solve the global problem. The initial step of the simulation is the process 
simulation, which is done in order to acquire the temperature field as input for the 
microstructural and structural simulation. In the following, the assumptions and procedure of 
the process simulation shall be presented. 

The distribution of the heat input into the weld is very important in predicting an 
accurate molten pool size and shape. The local heat input of the GMA-laser hybrid welding 
process is substituted by a double ellipsoid heat source model according to Goldak and 
Akhlaghi [4] in combination with a three-dimensional conical heat source model, as 
mentioned by Wu, Wang and Zhang [5]. The power distribution inside the front (1) and rear 
(2) quadrant of the ellipsoid source becomes 
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where ηGMAW the is thermal efficiency of the GMA welding, U is the welding voltage, 

and I is the welding current, ff and fr are the fractional factors of the heat deposited in the front 
and rear quadrant. The geometrical heat source parameters af, ar, b and c are depicted in Fig. 
3 (1) and are orientated on the dimensions of the molten pool surface. For the three-
dimensional conical heat source model the power density distribution at any plane 
perpendicular to the z-axis may be expressed as  

( ) ( ) ( )
3 2

Laser Laser
23 2 2

e i e e i i

9 P e 1 3rq( r ,z ) exp
re 1 z z r r r r

⎛ ⎞⋅η ⋅ ⋅
= ⋅ ⋅ −⎜ ⎟

π − + ⋅ + + ⎝ ⎠
    (3) 

 
where ηLaser is the thermal efficiency of laser beam welding, and PLaser is the laser 

power. Complex arc physics and fluid mechanics cannot be considered by these so called 
equivalent heat sources. Fig. 3 (2) shows the geometrical heat source parameters ze, zi, re and 
ri. 

  
Fig. 3. Combined heat source distributions for GMA-laser welding 

 
Thermal material properties for specific heat, thermal conductivity and density are 

defined temperature dependent. The heat transfer coefficients for convection and radiation are 
assumed temperature depending as well. The continuous filling of the gap is considered by the 
element birth and death functionality. The geometry of the weld appearance is orientated on 
its condition before welding; assumptions for the molten pool dimensions are derived from 
the dimensions of the weld end crater.  

 
1.5. Definition of an interface 

Different demands of the preheating and welding simulation on the element size make 
the definition of an interface necessary. The stationary temperature field of induction 
preheating in a plane 80 mm after the inductor passes has been chosen. The node temperature 
is mapped by the internal ANSYS macro *MOPER to the FE mesh of the welding simulation. 
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For this analysis the now pre-defined node temperatures act like an initial boundary condition. 
The loss of accuracy is only small in case of transferring temperatures from a fine to a coarse 
mesh. Conversely, in case of mapping results from a fine to a coarse mesh no discrepancies 
can be noted for the maximum value. 
 
3. Comparison of welding and simulation  
 

In Fig. 4 (left), the measured temperature cycles are compared to FE simulation 
results. As an example the welding test on pipeline steel X70 with a thickness of 13.2 mm has 
been chosen. The induction preheating power was 20 kW, the welding velocity 2 m/min and 
the power of the hybrid welding process about 14.5 kW. The temperature-time courses at 
various distances to the weld show explicitly the passing of the inductor by a first peak. The 
resulting preheating temperature for this test configuration is about 130 °C. The maximum 
temperatures when the welding process passes show good agreement to the simulated 
temperatures. The deviations are smaller than 10 %. This is the same for a comparison of the 
simulated molten pool dimensions and the micro section, showed in Fig. 4 on the right.  

             

Fig. 4. Comparison of measured and simulated temperatures, X70 t = 13.2 mm (left) and 
measured and simulated molten pool dimensions (right) 

 
Summary and outlook 
 

Numerical simulations gain in importance to evaluate and improve design and 
manufacturing. Both the simulation of preheating and of welding is a nonlinear, transient 
simulation. By defining an interface both complex simulations can be regarded in separate 
models but in the end the evaluation of the whole joining process is possible. The agreement 
between measured temperatures and simulated temperatures is good. For further 
investigations the simulated temperature field can be used to analyse residual stresses and 
distortions, the microstructure evolution or mechanical strength properties and hardness. 
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Computational modelling for electromagnetic forming processes 

F. Bay, J. Alves Zapata  
 
Abstract 
 
 Electromagnetic Forming (EMF) is a very promising high-speed forming process. 
However, designing these processes remains quite intricate as it leads to deal with strongly 
coupled multiphysics process and thus requires the use of computational models. We present 
here the main features of the numerical model which we are currently developing to model 
this process.  
 
1. Introduction 
 
 Electromagnetic Forming (EMF) is a very promising high-speed forming process. It 
consists – as shown in Figure 1 - in submitting the workpiece to a transient electromagnetic 
field that will transform into body forces and ultimately cause the workpiece to deform. 

 
This process has many advantages: improved 

formability for the materials involved, reduced 
elastic springback after forming, no punch and thus 
contactless application of pressure… Joining of 
dissimilar materials is possible.  The process enables 
high controllability and repeatability of the 
outcomes. Besides, it is also an environment-friendly 
process since no lubricants are used 

However, designing these processes remains 
quite intricate as it leads to deal with strongly 
coupled multiphysics. The design stage can therefore 
be greatly helped through the support of a 
computational mechanical model. 

 
Some models already exist, as the one based 

on ANSYS/EMAG [Ansys], or the one based on LS-
DYNA described in [L’Epplattenier], based on a 
coupling between finite elements and boundary 

elements for modelling the electromagnetic problem, as well as an explicit approach for 
modelling the mechanical problem. We present here the main features of the numerical model 
which we are currently developing to simulate this process. The model is based on a coupling 
between the MATELEC tool for modelling the electromagnetic problem and FORGE for 
modelling the mechanical problem.  
 
 
 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. General Scheme of 
electromagnetic forming & typical 
forming configurations. 
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Another specificity of EMF forming processes lies in the modelling of the material behaviour. 
EMF forming processes typically lead to strain rates which range roughly from  102 to 104 s-1. 
Many constitutive models have been proposed to take into account dynamic effects in material 
behavior, and can be basically sorted in three classes: the phenomenological models such as 
the [Cowper-Symonds] or the [Johnson-Cook] models; the models derived from thermal 
activation analysis, some of them using microstructural internal variables in addition to the 
classical ones (i.e. strain, strain-rate and temperature); and the models that are more specific to 
shock regimes and viscous drag.We have selected for the time being a Johnson-Cook’s model 
(Eq. 1.1) to model the material behaviour. 
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where σ   denotes the effective Von Mises stress,    plε    the effective plastic strain,   ε&   the 

effective strain-rate,  0ε&  a reference strain-rate, T  the material temperature,  T0  the room 

temperature, and   Tm   the melt temperature. A, B, n, C and m are the material constitutive 
parameters.  
 
 
2. Modelling the electromagnetic problem 
 Computation of coupled multiphysics problems involving electromagnetic fields can 
be quite consuming in terms of computational time and resources. Moreover, design stage 
which may involve both direct modelling and optimisation techniques are even more 
demanding in terms of computer power requirements.  

Reducing the resources needed for solving the electromagnetic problem is one way to 
enable solving these problems within reasonable time and memory needs. It is therefore 
important to select the most appropriate numerical methods and parameters in order to save 
computational time and memory requirements for solving the electromagnetic problem. 

 
2.1. The electromagnetic model   

The model is classically based on the Maxwell equations (2.1) 
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where H denotes the magnetic field, B the magnetic induction, E the electric field, D 

the electric flux density, and J the electric current density. 
 
We also have the following relations for the intrinsic material properties: 

EJHTHBED σµε ===  ;, ; )( .       (2.2) 

where ε denotes the material permittivity, µ  the magnetic permeability, and σ the 
electrical conductivity.  

 
Several authors in literature have chosen to neglect the displacement currents in the 

Maxwell-Ampere equation (magneto-quasi-static approximation). However, we have 
considered here the complete Maxwell equations.  
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The (A,V) formulation (see for instance [Chari]) leads us to to the following equation 
for the vector potential A: 
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2.2. The finite element approximation   
 
The two main numerical approaches for these problems are either based on mixed 

boundary elements/finite elements approaches – in which the coupling between the inductors 
and the workpiece is carried out through a boundary element approach, or on global finite 
element approaches.  

We define a global domain which embeds all solid parts as well as a finite volume of 
air.  It should be stressed here that the air domain needs to be wide enough in order to model 
accurately electromagnetic wave propagation. The domain is then discretised using tetrahedral 
edge finite elements for determining the magnetic vector potential field A. Edge elements 
have been introduced by [Nedelec]. Their main specificity is that the unknowns are the 
tangential components on the edges of the magnetic vector potential field (Figure 2a); shape 
functions for the finite element approximation are vectors with a specific shape as shown on 
Figure 2b. 

 
We get the following differential system for the weak formulation after a semi-

discretisation over space: 
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where C and K denote capacity and rigidity matrices and B the load vector. 
Regarding the solving of the linear system, we use a conjugate gradient solver coupled 

with an   SSOR preconditioning which has proven to be quite efficient. 
 

 

     
 
Fig. 2.a. 2D or 3D edge elements; Fig. 2.b. Edge element shape functions for 2D edge 
elements 
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3. Modelling the mechanical problem 
 
3.1. The solid mechanics model     
 For a detailed account of the finite element modelling of metal forming processes, the 
reader is referred to [Wagoner].  

We use a mixed formulation. In the domain   of the part, this formulation is written for 
any virtual velocity v* and pressure p* fields: 
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3.2. The finite element approximation 
 Many different finite element formulations were proposed, and developed at the 
laboratory level, but it is now realized that the discretization scheme must be compatible with 
other numerical and computational constraints, among which we can quote: 
• Remeshing and adaptive remeshing ; 
• Unilateral contact analysis, 
• Iterative solving of non-linear and linear systems; 
• Domain decomposition and parallel computing; 
 

Today a satisfactory compromise is based on a mixed velocity and pressure 
formulation using tetrahedral elements, and a bubble function to stabilize the solution for 
incompressible or quasi incompressible materials.  
The discretized mixed integral formulation for the mechanical problem is: 

0)3)((

0)(:)3(2 1

=+=

=−+=

∫

∫∫∫

Ω

ΩΩ

−

Ω

dVTvdivMR

dVBptrdVBKdVNR

dm
P
m

nn
m

n
V
n

&

&&

α

εεργ
 .   (3.2) 

 
3.3. Numerical issues 
 The non-linear equations resulting from the mechanical behaviour are linearized with 
the Newton-Raphson method.  The resulting linear systems are often solved now with iterative 
methods, which appear faster and require much less CPU memory than the direct ones. 

Automatic dynamic remeshing during the simulation of the whole forming process is 
almost always necessary, as elements undergo very high strain that could produce degeneracy.  
Before this catastrophic event, decrease of element quality must be evaluated and a remeshing 
module must be launched periodically to recover a satisfactory element quality.  The global 
mesh can be completely regenerated, using a Delaunay or any front tracing method, but the 
method of iterative improvement of the mesh, with a possible local change of element 
structure and connectivity, seems to be much more effective. 

Computing time can be decreased dramatically by using parallel computing techniques 
over several processors.  This can be achieved here using the iterative solver and defining a 
partition of the domain, each sub-domain being associated with a processor. But the 
parallelization is made more complex due to remeshing and the remeshing process itself must 
be parallelized.  
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In order to avoid the necessity for the user to perform several computations, with 
different meshes to check the accuracy, error estimation can be developed using for example 
the generalization of the method proposed by [Zienkiewicz and Zhu].  Then, if the rate of 
convergence of the computation is known, the local mesh refinement necessary to achieve a 
prescribed tolerance can be computed, and the meshing modules are improved to be able to 
respect the refinement when generating the new mesh. 

 
 

4. Results for magnetic forming modelling 
 
  
In order to show the main features of the approach used in our numerical model, we present 
here an example of modelling for the case of a ring expansion. Figure 2 shows the global 
three-dimensional mesh encompassing both the coil and the workpiece.  Figure 3 provides 
results at an intermediate stage regarding material velocities. 

 
 

 
5. Conclusion 
 We have presented here the main features of a numerical model meant to model 
magnetic forming processes. The model is based on finite element approximation and couples 
the solving of a Maxwell electromagnetic model with a solid mechanics model.  

Regarding the development of this model, the next stages of this work will deal with 
the development of numerical strategies aimed at reducing computation at times and based on 
an intensive use of parallel computations.  Work will also be carried out on determining the 
most appropriate constitutive laws for modelling dynamic behaviour, as well as the 
development of identification strategies for determining the parameters of these constitutive 
models.  
 

 

   
 
Fig. 3.a. Global 3-D mesh for a ring expansion case; Fig. 3.b. Mesh velocities 
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Abstract 
 
 An electromagnetic (EM) impact to changes in microstructures of bearing steel, which 
occur during their exploitation, is investigated with a stress on white etching areas (WEA) 
formation. The early WEA is an urgent problem in bearing industry as far as this phenomenon 
leads to unpredictable decay of bearings. In this work a new hypothesis of impact of EM 
effects on the WEA formation is proposed and analyzed by means of numerical simulation of 
the processes that occure in the microstructure of the martensitic steel. 
 
Introduction 
 
 The most wide-spread bearing material is steel in a martensite form. Martensite is 
formed from carbon steel by the rapid cooling (quenching) of austenite at such a high rate that 
carbon atoms do not have time to diffuse out of a crystal structure in large enough quantities 
to form cementite (Fe3C). As a result, the face centred cubic austenite transforms to the highly 
strained body centred cubic form of martensite that is supersaturated with carbon. Shear 
deformations lead to a large number of dislocations, which is a primary strengthening 
mechanism of steel. The necessary cooling rate to achieve such structure is at least 120 oC/s in 
the temperature interval between 700 oC and 230 oC. Martensite has significant residual 
stresses due to this reason, and it is metastable, and can decay back to austenite [1]. The 
transition can be triggered by temperature (starting from 300 oC) [2], but also other factors, 
mainly mechanical stresses in the material starting from approximately 100-200 MPa [3]. 

In addition to well-known dark etching areas and cracks, which appear due to classical 
fatigue decay of the steel microstructure to amorphous matter, the white etching area (WEA) 
appears in the bearings. A course of WEA is localized deformations, which initiate dynamic 
recrystallization and leaves a fine equiaxed structure of grains and which have a size of the 
order of 20 nm [4,5]. Such nanostructured material after an acid etching is observed as a white 
area. An interface of this recrystallized region is not strong and it has been shown that cracks 
are forming in these regions. 

Generally, a majority of bearing steels like SAE 52100 contain few percentages of a 
retained austenite and a significant number of cementite particles that concentrate mostly at 
boundaries of the grains of the martensitic structure (see the microscope photo on Figure 1 a). 
Martensite is in a form of thin needles with anisotropic properties as it is shown on 
Figure 1 (b). The needles preferentially conduct current in a longitudinal direction and contact 
resistance appears on their boundary. Opposite to good conductive martensitic matrix, 
conductivity of the cementite grains is relatively low. 
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According to prevalent opinion, the WEA phenomenon is connected to excessive 

impulse fatigue during the exploitation of the bearing [6]. Nevertheless, as it is mentioned in 
ref. [7], recent experiments and industrial tests show that it is possible to observe the WEA 
even within an idealized test without any impulse fatigue but with current discharge in the 
bearing. Based on such tests we are investigating EM effects that may induce significant 
localized stresses between the elements of bearing steel microstructure. 
 
1. Electromagnetic effects 
 
 All effects, which can lead to mechanical stresses in microscale or macroscale are 
summarized in Figure 2. Excluding a strong impulse fatigue, which can appear during 
industrial usage of the bearing but is definitely excluded in rolling tests, several types of 
stresses exist outside of an EM model. 

Residual stresses are observed in all materials. During a hardening process the 
austenite-martensite transformation results in numerous differently oriented mono crystals of 
martensite, which lead to localized stresses between them. Despite a significant reduction of 
these stresses during an annealing process, a noticeable level of the residual stresses is typical 
for the martensitic structure and should be added to the stresses caused by mechanical and 
electromagnetic impacts. 

Hertzian stress is a well-known effect. The value of this stress is significant, however, 
rapidly decreases as moving away from the surface. Therefore, due to the localization of this 
effect in a thin layer near the surface, it can be not associated with WEA. 

Thermal stresses as a result of overall heating of bearing as well as the residual 
stresses are very important for definition of a reference level of the stresses in the 
microstructure of steel. 

Finally, the most part of our attention was spent to the study of EM influence on the 
microstructure level. We believe that these effects can explain the unexpected WEA 
formation rapidity in bearings. The interconnections of the EM effects are shown in the red 
box on the Figure 2. 

(a) (b) 
Fig. 1. (a) A filtered optical microscope image (the original photo is shown on the upper right 
corner) of the grains of the bearing steel where the cementite particles are visualized as  white 
dots; few grain boundaries are marked with a white dashed line. (b) a SEM image of the 
martensitic microstructure. 
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However, it is 
found that the 
mechanical stress 
caused by the most of 
these effects is small. 
Only resistivity 
heating and induced 
current can reach 
necessary value of 
few hundred MPa, 
which is sufficient to 
initiate WEA 
formation. 
 
2. Modelling of 
current discharge 
 
  A  spark 
discharge through a 
lubricant layer may be 
observed during tests. 
A non-stationary 
numerical model is 
developed to a 
calculate current and a 
magnetic field 
distribution in the 
material. It is found 
that the spark 

discharges can create a significant magnetic field and high local current density, but a 
consequent heating is small because of a short time of the discharge. A current density is 
defined as Gaussian function from a coordinate and time: 

),/exp()/exp( 2222
0 ttRrjj Δ−⋅−⋅=  

where the channel radius is R=10 µm and the discharge time is ∆t=10 ns, the peak current 
density is j0=1010 A/m2, which are realistic values in case of the small scale electric discharges 
in insulators. Current density decreases proportionally to 1/r3 inside the material. Figure 3 (a) 
shows magnetic field at a moment when current is maximal. As we see for a short time very 
high magnetic field above 10 T may exist. However, all phenomena related to the spark 
discharge takes place on the surface or in a thin layer close to it. This effect is difficult to 
model quantitatively because parameters of the spark discharge may vary at a wide range. 

A total energy released by the discharge is proportional to the discharge time and the 
peak current squared. Usually the time is short, thus this mechanism cannot cause significant 
temperature increase. The Lorentz force can reach a high peak value as shown in Figure 
3Fehler! Verweisquelle konnte nicht gefunden werden., but it exists in very small area and for 
very short time. If the discharge parameters are chosen appropriately, this force can easily 
cause the stress level higher than necessary for WEA initialization. 
 

 

Fig. 2. Scheme of the interconnected phenomena, which lead to the 
stresses between the elements of the steel microstructure. 
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2. Modelling of microstructure 
 

To estimate the thermal stresses in the microstructure, a microscale numerical model is 
developed. A cubic geometry is created as shown in Figure 4 (a). The thermal stresses at the 
initial temperature are zero and then the material is heated by 100 K. Calculated thermal 
stresses are shown in Figure 4 (b). As we can see, the maximal stress value is at the grain 
boundaries. As expected the maximal stress value is above 700 MPa. This order of magnitude 
also is in good agreement with an analytical estimation, 

 
Fig. 3. Calculated magnetic flux density at current maximum (a), Lorentz force density (b) 
 

( ) ,MPaTE 30021 ≈−Δ⋅= αασ  
where ΔT=100 K is the temperature difference, E=300 GPa is the Young's modulus and 
α1=6·10-6 K-1 and α2=1.5·10-5 K-1 are the thermal expansion coefficients of the cementite and 
the austenite grains. This result indicates an elevated temperature may ease lead to formation 
of WEA and that WEA most likely starts at a contact point between two grains. 
 

 
Fig. 4. A geometry for a numerical simulation (a); Joule heating caused thermal stresses (b) 
 

We have observed the cementite particles at the boundaries of the martensitic grains as 
a promising point in context of the WEA (Figure 1 a). Different electrical, thermal and 
mechanical properties of the martensitic lattice and the cementite may lead to significant 
stresses and deformations when impulse current conducts through the system. It should be 
mentioned that other inhomogeneities of the microstructure (nanocracks, voids, non-metallic 
inclusions) may also play the role like the cementite grains. 

Taking into account the analysis of the microstructure of the bearing steel, an axially 
symmetric model is created around the spherical cementite particle that is situated at the 
boundary of the martensitic grains (see Figure 5). The conductivity of different elements is 
ranged as follows: σ1<<σ3<<σ4<σ2 = σ5 (the indexes denotes the areas numbered on Figure 5). 
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Thermal conductivity follows the same range due to a coupled physical mechanism in metals. 
Additional contact resistivity is applied between the needles (2) and on the interface (2-4). 
 

Fig. 5. Distribution of current density in the axially symmetric model of the microstructure 
around the cementite grain (1) at the boundary of the martensite grains (3); 2 – the 
monocrystals of martensite, 4 – the area of the differently oriented monocrystals, 5 – the 
interior zone of the martensitic grain. 
 

Mechanical boundary conditions are physically indefinite due to a lack of the proper 
data. However, two extreme cases are considered: free boundary conditions and fixed 
constraint. In fact, the real conditions are somewhere between the already mentioned 
conditions. Figure 6 demonstrates the significant strain in the both cases. As far as the 
cementite particles are poor conductive, dense distribution of them at the boundary between 
the grainsforcesthe current to flow around the cementite and, consequently, the current 
concentrates there. The oriented martensite needles even enforce the effect. 
 

Fig. 6. Distribution of the 1st principal strain in the axially symmetric model after 100 μs long 
current impulse for two different boundary conditions: free boundary (the upper image) and 
fixed constraint (the lower image). 

Due to thermal expansion the crystals of martensite around the cementite “open” like 
wings and uncover the cementite particle in the case of free boundary and, alternatively, 
deform the cementite particle in the case of fixed constraint condition. As it is shown on 
Figure 5 the both cases result in the localized strain between these “wings” and lead even to 
formation of a very tiny void. Apparently, the void and magnitude of the strain depend on the 
parameters of the model, such as the ration of conductivity of the area, the incoming current 
density, etc. 
 
Conclusions 
 

Several EM effects are described and analyzed in our work in order to evaluate the 
level of mechanical stress produced by these EM effects. However, it is found that mechanical 
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stress caused by the most of these effects is small. Only resistivity heating and spark 
discharge can reach necessary value of few hundred MPa, which is sufficient to initiate WEA 
formation. 

The created model of electro-thermal expansion of elements of steel microstructure 
demonstrated that different properties of cementite grains can provoke the significant 
deformations in microstructure of bearing steel up to appearance of nano-voids that can lead 
finally to white etching cracks under the rolling presure. 
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Abstract 
 This paper focuses on the interest of integral method for 3D electromagnetic 
modelling of  inductive processes. This method avoids difficulties encountered with the Finite 
Element Method (FEM) because only active parts of the installations are meshed. Indeed, the 
integral method is well adapted to model thin skin depth and thin air gap between the different 
parts of the installation. Moreover, it is possible to model devices in which coexist regions 
with thin and large skin depth. Consequently, it can be used for a very large scale of frequency 
domain. This method gives good results for local and global quantities. Furthermore, the 
model of the inductor coil permits to get informations for the design of the power supply. To 
illustrate the possibilities of the integral method for electromagnetic modelling, we present 
numerical modelling of different configurations. 

Introduction 
 In the context of the energy savings, optimisation of inductive processes is an essential 
phase. According to the application, configurations of the installation in terms of geometry 
and of frequency of the power supply can be really various (cold crucibles, Litz inductors, 
electromagnetic levitation...). To be able to treat this variety, it is necessary to take into 
account many physical effects like proximity effect and skin effect. Moreover, some devices 
as cold crucibles and Litz wires present a geometry of high complexity constituted by an 
important number of objects with different scales and separated by small air gaps. 
 Usually, the finite element method is used to model electromagnetic phenomenon. 
Various 3D potential formulations are available [1]. Different kinds of elements can be used : 
node elements or edge elements. To take into account thin skin depth, many boundary 
impedance formulations exist [2-3]. 
 This paper focuses on the interest of integral method for 3D electromagnetic 
modelling of  inductive processes which permits to avoid some difficulties encountered with 
the Finite Element Method (FEM). Firstly, we display the principle of the integral method. 
Secondly, to illustrate the possibilities of the integral method for electromagnetic modelling, 
we present numerical modelling of different configurations. In the third part, we discuss about 
advantages and drawbacks of this method. 

 1. Principle of the integral method 
 The integral method is based on the two following equations : the local Ohm's law 
(1.1) and the equation of current conservation (1.2). In the context of inductive processes, the 
power source supplies an alternative sinusoidal current in the inductor coil. So, these 
equations are written in their complex form: = − −       (1.1) ∙ = 0        (1.2) 
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with  is the complex current density,  is the electrical conductivity of the material,  the 
complex electrical potential,  the imaginary number,  the pulsation and  the magnetic 
vector potential. 
 To express the magnetic vector potential, we use the Biot and Savart 
law (1.3). = ∭        (1.3) 

where  is the volume of electrical conductors. The relation (1.3) takes into account the 
boundary condition at the infinity and is introduced into the relation (1.1). So, we obtain the 
following integral relation : = − − ∭      (1.4) 

 At the boundaries of the inductor coil, we imposed potential difference. Consequently, 
for the inductor region, the boundary conditions are Dirichlet conditions for the electrical 
potential at the extremities and normal direction for the current density. As the most of the 
boundary conditions are intrinsic, the description of a simulation is easier than in FEM. 
 The two equations (1.4) and (1.2) are defined in the conductive regions. The 
unknowns of  this method are  and . For each region, we define the electromagnetic skin 
depth as = √(2/( _0	 )). 
 This method is developed for 3D configurations. We only mesh the conductive 
regions. We distinguish two cases : the case of small skin depth and the case of large skin 
depth. For region where the electromagnetic skin depth is small, the mesh is limited to the 
surface of the region [4], [5]. In the case of large skin depth region, we construct a volume 
mesh [6]. 
 The equations are written on each node of the mesh. We use same numerical 
techniques which are used in finite element method : Gauss integration method on the 
reference element and Lagrange polynomial interpolation on the reference element. We obtain 
a linear system with full and non-symmetric complex matrix. To solve it, we apply a Gauss 
pivot algorithm with research of the maximal pivot. 
 After resolution of this system, we obtain the electrical potential, the current density 
and the Joule power density on each nodes of the mesh. By integration, we calculate the 
current in the inductor and the Joule power dissipated in each region. The electrical 
impedance of the device is deduced from the inductor's current. 3D visualisations are realized 
thanks to Paraview®. 
 Actually, we have two implementations of this 3D integral method : 
- a sequential software MIGEN [7], which can be used for classic inductive installations like 
cold crucibles. With this software, thin and large skin depths can be modelled. 
- a parallel software ModeLitz [8], which can be used for multi strand inductors modelling. 
This code has a specific tool for the construction of Litz coil with different arrangements. 
Only large skin depth is simulated. Building and solving of the linear system are computed in 
parallel. 
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 2. Results obtained with the integral method 
 In a first application, we present a result obtained with the code MIGEN. We consider 
a copper cold crucible configuration with 12 sectors. The external radius of crucible is equal 
to 4.2 cm, its height is equal to 20 cm. The  cold crucible is surrounded with a 4 turns helical  
inductor coil, the radius of the section of the coil is equal to 3 mm. In the crucible, we 
introduce a stainless steel load. The radius of the load is equal to 3 cm and its height is equal 
to 15 cm. We present the repartition of the Joule power in the different parts of the installation 
at two frequencies in the Tab. 1. The percentage of power injected in the crucible is around 
32.5 %. The efficiency of this device increases with the frequency. All parts of this installation 
are modelled with thin skin depth. On the Fig. 1, we present a view of the repartition of the 
current density at the surface of the installation. We see the 3D effect of the coil : the power 
density varies between the sectors of the cold crucible. 
 

 Frequency = 20 kHz Frequency = 100 kHz 
Load 41.45 % 43.40 % 
Crucible 12 sectors 32.58 % 32.53 % 
Inductor 25.97 % 24.07% 

Tab. 1: Repartition of Joule power in the different parts of a inductive melting installation 
with cold crucible at two frequencies. 
 

Fig. 1 : Repartition of Joule power density at the surface of cold crucible and inductor coil at 
100 kHz. 

 In a second application, we present the modelling of a multi stand cable (18 strands) 
computed with the parallel software ModeLitz. The radius of one strand is equal to 25 mm. 
The diameter of the cable is 711 mm and the length is 5 cm. For this configuration, we use a 
volume mesh. The Fig. 2 presents a view of the repartition of the Joule power density on the 
cable, when frequency is 200 kHz. We notice that the distribution of Joule power density is 

Joule power density (W.m-3)
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not homogeneous in all strands of the cable. Indeed, it appears to be higher on the external 
surface of the cable. The current is not the same in all strands, unlike the current admitted 
hypothesis [9-11], so proximity effects must be taken into account in this kind of cables. The 
Fig. 3 shows the variation of the resistance and inductance depending on the frequency of the 
power supply. The resistance increases with the frequency and the inductance is quasi 
constant. 
 

Fig. 2: Repartition of Joule power density at the surface of 18-strands at 200 kHz. 

 
Fig. 3 : Variation of resistance and inductance of the 18-strands cable in function of the of 
frequency of the power supply. 

 To test the efficiency of the parallel software, we study the time of computation for a 
configuration counting 19866 degrees of freedom (dof) running on various numbers of 
processes. This study had been executed on a cluster of 8 CPU Intel® Xeon® E5-2620 v2 
connected thanks to an Ethernet network. 
 The Fig. 4 shows the excellent acceleration of the computation due to the parallelism 
between 1 process (sequential) and 75 processes. We observed that the acceleration is linear 
for the building of the system. The solving is less efficient due to communications between 
processes. As a result, the acceleration law for the total computation has a power 0.97. The 
sequential computation takes around 32.5 hours and the parallel computation on 75 processes 
takes 0.5 hours. 
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Fig. 4 : Acceleration of computation with ModeLitz parallel code depending on the number of 
parallel processes. 

 3. Advantages and drawbacks 
 As only active parts of the installations need to be meshed, this method is easier to use 
instead of FEM. Thus, when air gaps are small and/or if the sizes of the objects of the 
geometry are really different, the size of the integral method's mesh is smaller compare to the 
FEM's mesh and has a higher quality. Moreover, if the skin depth is thin, the mesh is limited 
to the surface. So, it is really easy to simulate the presence of both thin and large skin depth 
regions in the same configuration. This is the main advantage of the method. 
 The impedance and the Joule power's repartition are important results for the 
definition and optimisation of inductive processes. With this method, the inductor coil can be 
modelled, thus, the impedance value of the inductive system is directly obtained. So, it is well 
adapted to compute the parameters of  the power supply of the system. This method has been 
tested in a large range of frequencies with good results. 
 The main drawbacks of this method is that, actually, it cannot support the modelling of 
magnetic material with non-linear properties, but this materials are rarely used in the most of 
inductive processes. However, it is possible to make computations with magnetic materials 
with linear properties to simulate some processes. Unlike FEM, in this method, the linear 
system is stored in a full and non-symmetric matrix. This constitutes a significant limitation of 
the method. Firstly, the RAM memory size required to store the numerical system matrix 
varies as the square of the number of dof. Secondly, the time of system building and solving 
can be con-sequent. The number of operations varies as the square of the number of dof. Due 
to the Gauss algorithm used to solve the system, the solving time varies as the cube of the 
number of dof. 

Conclusions 
 We have presented an integral method well adapted to model inductive processes. This 
method is very useful for modelling systems with thin regions (material with thin skin depth, 
small air gaps,...) and with objects presenting really various sizes. We have shown results 
obtained for two types of applications computed with two softwares for a large domain of 
frequency. The parallel implementation of this method is essential for modelling  complex 
devices like Litz inductors. Performances of this version are really encouraging. 
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For today we have developed a new method of creating ultradispersive materials using 
powerful impulsive arc discharge moving along the extended electrodes. The motion is caused 
by interacting of the magnetic fields of the currents flowing in the electrodes and the ones in 
the discharge. The represented method became the basis for the experimental device. 
Experimental researches of the working modes of the device revealed that the surface of the 
electrodes is impacted by the powerful energy rush with power density equaling 108 W/cm2. 
In consequence of this impact the electrodes surface heats, melts, partly evaporates and 
disperses. In the result we get particles flow with sizes amount 10-1000nm (depending on the 
conditions in the system). Particles velocity is about hundreds of meters per second. The 
particles move in the discharge plasma consisting of the electrodes material steam. Most of 
the particles during their motion reduce their sizes many times in consequence of the Rayleigh 
instability. It the result the surface of the substrate situated at a distance of 7 centimetres gets 
covered by the particles of size of 20-50nm. The results of AFM surface measuring are shown 
in Fig. 1. 

 

 

Fig. 1. The results of AFM surface measuring 

 
In this experiment the substratum was situated at the 7.5 cm apart from the electrodes 

surface. More discussion about the processes in the system could be found in [1]. Shortly the 
principles of the system operation might be described like that. The previously stored energy 
in the capacitive battery (from 500 J up to 1500 J) releases in the plasma of the main 
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discharge during 10-4 sec. During this time the discharge moves along the electrodes surface 
and melts the area with square of 1 - 0.5 cm2. The ignition processes of the main discharge are 
caused by the secondary electrodes system connected to a high-voltage impulsive source (see 
Fig. 2). 

 

 

Fig. 2. The secondary electrodes system 

 
Having in mind the subject of the conference we focused our paper only on several 

problems which we solved during the experimental device developing, in particular the 
mathematical modeling of the processes of the secondary discharge. The results achieved 
using the suggested model allowed to research the way and the reason of the discharge 
appearing. This might be realized after very accurate researches of the nearby of the in-
electrode inset; after plenty of numeric experiments, which results should be compared by 
integral parameters (the voltage on the electrodes, the breakdown time) to the experimental 
data. 

The processes occurring in the plasma of the impulsive discharge on condition of the 
breaking of the term of the local thermodynamic balance are very complicated for the 
experimental researches, especially talking of the limited area (several millimeters), higher 
power, and as the result high plasma temperature. That’s why the describing the processes of 
the ignition of the discharge needed the developed mathematical model. This model allowed 
matching the discharge input power with the temperature distribution in each researched point 
of the discharge area. While developing the model, the below assumptions were adopted, 
which reliability was proved by the physical experiments or either the results of another 
authors. 

 
1. The energy input takes place only in the initiating discharge zone representing the 

cone (diameter of 1 mm, height of 2 mm) with the bottom of the surface of the main 
electrode and the top at the tip of the secondary pointed electrode. 

2. The power input into the discharge is evenly spread throughout the whole volume. 
This assumption is similar to the one that was used in “channeled” model of the arc 
discharge of Steenbeck. 
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3. The sum is two-dimensional. This assumption allows to reduce the calculation time 
several order of time and the maximal temperature difference is less than 10% 
comparing to the three dimensional sum. 

4. The sum is axisymmetric. That’s why only one secondary and one main electrode 
were used for the calculations. 

5. While researching the thermal spreading processes the so called radiant component 
must be calculated. The evaluations of different authors show that for the reliable 
mathematical description of physical processes, the coefficient of thermal conductivity 
must be increased in an order. 

The accepted assumptions allow simplifying the task significantly and leading it to the 
solution of the thermal conductivity equation with a convective member 

Q
t
TcT +
∂
∂

−= ρλgraddiv
 

Where λ is thermal conductivity of plasma, T- temperature, cp is the specific heat of 
plasma; Q - sided energy sources. 

The solution of this equation was provided in ANSYS environment [4]. The 
researched area is shown in Fig. 3, where the geometry of the areas with different parameters 
is presented. The numbers mean the restricting lines of the area, where different boundary 
conditions are applied; 1, 2 – convective gas takeaway, 3 - convective heat flow missing, 4 – 
constant temperature. 
 

 

Fig. 3. Geometry of the researched area 

 
In order to determine the energy input into the secondary discharge, the experiments of 

the discharge initializing have been carried out using one real physical model. The parameters 
that were changed in these experiments are: the gap D3, the electrode inset height D1, the 
voltage and the capacity of the batteries. The waveforms of the voltage dynamics on the main 
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electrodes received experimentally allowed determining the discharge input power and the 
time gap between the initializing of the secondary and the main discharges. 

The results of calculating the dynamics of the gas heat distribution have been received 
considering the nonlinear character of the temperature dependence and its heat properties. The 
results of calculating of the temperature distribution for different moments of time with the 
discharge energy input of 0.5·106W are shown in Fig. 4. 

  

 
 

Fig. 4. Evolution of the simulated temperature distribution with the discharge energy 
input of 0.5·106 W 
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Discussions 
 
The developed model allowed holding a number of researches to simulate the 

temperature distribution. In these researches the input power, the gap D3, the height if 
electrode inset have been varied. Comparing the integral parameters of the numeric 
experiments and the physical ones allows claiming the following: 

 
1. The main discharge is always initiated in the cases when the gas temperature in the 

point C (Fig. 3) reaches the value of 4·103K. Such result testifies that the suggested 
mathematical model is reliable and, from the other side, allows claiming that the main 
discharge initializing is related by a gap breakdown between the heated up to high 
temperature conductive gas clouds. 

2. The main discharge initializing conditions are performed at D1 < 6 mm, a1 < 4 mm, 
D3 < 15 mm, a3 < 8 mm. 

3. The special irregularity of the energy input almost doesn’t affect the temperature 
distribution in the area of the electrode inset. 
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Abstract 

In the metal forging industry the pressure of competition due to a globalized world is 
constantly increasing. In modern business, the efficient use of resources, the optimization of 
processes and managing costs are key competitive factors. The implementation of these 
competitive factors is important for staying in business, especially for SME’s. Main 
components of the production costs include material costs and energy costs. The material 
costs represent up to 50 % of the total production costs. By decreasing the flash ratio the 
material usage and production costs in forging operations can be reduced. For complicated 
forging parts the development of a new forging sequence is necessary to achieve a 
flashreduced forging sequence. This development was performed for a two-cylinder 
crankshaft. The new flashreduced forging sequence is using flashless preforming operations, 
an induction reheating of the preformed complicated work piece and a flashreduced final 
forging. With the reduction of the flash ratio from 54 % down to 10 % the total energy 
consumption was reduced and the competitive capacity of forging SME’s is increasing. 
 
Introduction 

Many automobile components, e. g. for engine, power train and chassis, are high duty 
parts with high requirements concerning mechanical properties and quality. They are mostly 
produced by forging with flash. In 2012 more than 18 million tons of closed die forging parts 
were produced by over 2700 forge plants world-wide [1]. To remain competitive, it is 
necessary to reduce the production costs. Main components of the production costs include 
material costs and energy costs. The material costs represent up to 50 % of the total 
production costs [2]. Therefore a reduction of the raw material reduces the production costs in 
two ways, on the one hand by decreasing the material costs and on the other hand by 
decreasing the needed energy for the whole forging process. The flash ratio for complicated 
geometries like crankshafts can reach up to 50 % and more. Therefore, there is a huge 
potential for cost reduction by material savings [3]. 

In the collaborative research project (SFB 489 B2) “Process chain of producing 
precision forged high duty parts” flashless precision forging technologies for complicated 
long pieces were developed [4]. Based on the results of the simulations and the trials on the 
new developed forging sequence, which were gained during the project, this process chain 
will be adapted to a serial production of a two-cylinder crankshaft within the project 
“Resource efficient forging of complicated high duty parts” (REForCh). Therefore enterprises 
from Germany, Romania, Spain and Turkey are working together in a project supported by 
funding under the Seventh Framework Programme of the European Union [5].  
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1. State of the art of forging 
 
1.1. Forging of complicated high duty parts 

Die Forging is an important manufacturing process. For hot forging of steel, the billet 
is heated up above re-crystallization temperature (850 °C to 1250 °C). After initial heating, 
the billet is forged in one step or in a multi step forging process to the final geometry. The 
number of necessary steps for reaching the final geometry depends on the complexity of the 
part’s geometry [6]. In the last years, several developments in forming technology have 
changed the hot forging of steel importantly. These developments include improvements of 
the tool and press technology. For example, the design of the flash gap has a big influence on 
the material flow within the die. A new tool concept, which allows altering the material flow 
within the forming process by use of a moveable flash break, has been developed. [7] 
Additionally, improved process developments and designs increase the profitability and 
quality of forging processes [8]. In the past, flashless precision forging processes have been 
industrially established for rotation-symmetric parts e. g. gearwheels and simple long flat 
parts e. g. connecting rods [9]. Furthermore a flashless forging sequence for forging a simple 
two-cylinder crankshaft was developed in laboratory conditions [11]. 

 
1.2. Closed die forging with completely enclosed work piece (flashless forging) 

In flashless closed die forging the work piece is completely enclosed in the die and no 
flash is generated. Therefore die design and process variables must be carefully controlled. 
The advantages of flashless forging (completely enclosed work piece) compared to forging 
with flash (partially enclosed work piece) are material savings and elimination of post-
processing clipping operations. The disadvantages are the inflexibility on fluctuations in 
volume of the billet, which can either lead to an overload of the dies and the press or a 
missing form filling. Also the billet must be positioned exactly in the die to avoid loading out-
of-position and so defects of shape. In addition the forming forces increase [3, 8]. 
 
2. Flashreduced forging of crankshafts 

In conventional forging, a surplus of material is needed to achieve a complete filling 
of the die gravure. This flash ratio is between 0 % for simple geometries and can reach up to 
50 % and more for complicated geometries like crankshafts. A reduction of the flash ratio is 
necessary the lower the production costs, but for complicated parts this is a challenging goal 
for SME’s. The aim of the project REForCh is the development of a new resource efficient 
process chain for high duty parts based on flashreduced forging. It includes flashless 
preforming in closed dies, a multidirectional working die and a conventional, but 
flashreduced, final forging operation. 
 
2.1. Conventional forging process chain for forging a two-cylinder crankshaft 

In the project REForCh a crankshaft was chosen as a sample part for a complicated 
high duty part. The conventional forging sequence for this two-cylinder crankshaft consists of 
five forging steps (see Figure 1).The sequence starts with an upsetting operation, in which the 
raw billet gets bulged. To achieve a better mass distribution, the next two preforming steps 
are used to obtain more material in the areas of the crank web and the crank arms. Open die 
forging is used for these forming steps. With this exact mass distribution the billet gets close 
to the final form in the third preforming step. The final tolerances of the crankshaft were 
achieved in the final forming step in which the total height of the work piece gets reduced by 
5%. Further the surface quality gets improved by the final forging step.  
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Figure 1: Conventional process chain for forging a two-cylinder crankshaft with flash 

2.2. New process chain for flashreduced forging of a crankshaft 
The geometry of the chosen crankshaft is very complicated, which is difficult to forge 

with reduced flash. Therefore the new developed process chain for the two-cylinder 
crankshaft consists of two flashless preforming steps followed by a flashless multidirectional 
forming step and a flashreduced final forming (see Figure 2). After the 2nd preforming step 
the work piece gets reheated to reduce the needed press forces and to ease the material flow in 
the following multidirectional forging tool. To achieve an optimal mass distribution in the 
preforming operation, which is required for forging the final form with reduced flash, the 
focus lies on performing flashless preforming operations. By the use of the new mass 
distribution the flash was supposed to be reduced from 54 % to less than 15 % at least, which 
was the scheduled result of the project. To be able to realize the reduced initial material, the 
multidirectional forming step is necessary to get a better mass distribution and to reduce the 
die wear in the final forging die. Without the multidirectional forming step the aim to reduce 
the flash cannot be achieved due to the non-linear axis of mass distribution of the crankshaft. 

 
Figure 2: New process chain for the flashreduced forging of a two-cylinder crankshaft 

In flashless closed die forging the work piece is completely enclosed and variation of 
the mass of billet cannot be compensated within the flash. Therefore the die design and the 
process variables must be carefully controlled. Also the billet must be positioned exactly in 
the die to avoid loading out-of-position and so defects of shape.. In addition the forming 
forces increase. Flashreduced forging of complicated high duty parts is only possible with a 
good mass distribution especially for the crank web and the crank arm seat, therefore a 
multidirectional forming step is necessary [5]. Multidirectional forming is forming of a work 
piece in a single step in several directions. The multidirectional forming takes place through 
constructive measures of the tool. The ram movement of the press is redirected by wedges and 
that distributes and deflects the pressing force. 
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Keeping the tool costs as low as possible was one aim of the development of the new 
process chain. To achieve this aim and guarantee the exact geometric dimensions and 
tolerances, the existing dies of the final forming step of the conventional forging process were 
not changed and used for the new forging sequence. With this the downstream operations like 
clipping and calibrating of the conventional process can be used without any further 
adjustments. The comparison of the forging sequence of the conventional and new 
flashreduced process chain is shown in Figure 3. 

 
Figure 3: Comparison of the simulated geometry of old and new forging sequence 

In the first preforming more material is pressed in the areas of the crank webs 
compared to the upsetting operation of the conventional forging sequence. In the next forging 
step the crank webs and the crank arms are formed further. The following multidirectional 
forming step realizes the arm displacement and the crank webs. The final crankshaft geometry 
gets formed in the final forming step with a significantly decreased flash ratio.  

 
3. Increasing energy efficiency by development of an induction reheating 

The aim is to lower the required press forces and to ease the material flow in the 
following multidirectional forging tool. Further an increased homogeneous distribution of the 
temperature will decrease the loads on the tool and with this die wear. Without the induction 
reheating the multidirectional forging will be impossible, because a high homogeneous 
temperature distribution is necessary to minimize the forces for the multidirectional forging 
and get the tool working properly. For the reheating process a new induction heater was 
developed, which is able to reheat workpieces with a complicated and non-symmetric shape 
and a varying mass distribution along its longitudinal axis. The shape of the induction coils 
was designed by ETP Hannover for an easy and quick loading and unloading of the billet into 
the induction reheating system. Therefore different challenges were solved. On the one hand a 
contour fitting shape of the coils was necessary to get the electromagnetic field and finally 
achieve the homogeneous temperature distribution in the preformed work piece. On the other 
hand it was essential to design the reheating system reasonable in order to fit the requirements 
of a stable, reliable and economic production procedure. 
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Figure 4: Reheating inductor for preformed two-cylinder crankshafts build by EMA-Tec 

With this new induction reheater a further energy consumption of 140 kWh/t for 
reheating the work piece is required. The crankshaft of the new flashreduced forging 
sequence has a weight of 8.2 kg, so the energy consumption for reheating the work piece from 
1040 °C up to 1250 °C is 1.25 kWh/part. Due to the reduction of the material from 11.04 kg 
of the conventional process chain down to 8.2 kg less energy for initial heating of the billet is 
required. With an energy consumtion of 440 kWh/t for initial heating for the old process 
chain 4.85 kWh/part were required. With the new flashreduced process chain 3.6 kWh/part is 
required to heat up the billet to 1250 °C. Together with the energy consumption of the 
induction reheating the new process chain has an energy consumption of 4.74 kWh/part. With 
an optimization of the initial induction reheating further energy savings are possible, which 
were developed and evaluated by ETP Hannover. 
 
4. Conclusions 

In modern business, the efficient use of resources, the optimization of processes and 
managing costs are key competitive factors. In the metal forming industry the pressure of 
competition due to a globalized world is constantly increasing. The implementation of these 
competitive factors is important for staying in business, especially for SME’s. The increasing 
prices for energy and steel force the manufacturers to reduce these cost factors. With public 
founded research activities even SME’s are able to improve their quality, for example by 
changing the process chains and using innovative tool technologies. To keep the costs at the 
least possible costs a reduction of the used material is necessary. To achieve this aim a new 
process chain with flashless preforming operations for a two cylinder crankshaft was 
developed. The flash ratio of the new forging sequence currently was reduced from the 
conventional process chain of 54 % down to 10 % by achieving a better mass distribution 
during the preforming steps. With this new process chain about 3.5 kg material per crankshaft 
can be saved. Due to the decreased flash ratio less material has to be heated up and further 
energy savings concerning the initial heating process are possible. Even with the reheating 
process between the third preforming and the multidirectional forging, the energy 
consumption of the new developed process is decreased. The challenges especially for SME’s 
are very long time for simulation, development and design of the complicated preforming 
dies. Participating in public founded research activities, like the project REForCh, SME’s get 
the ability to overcome in these challenges. 
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Abstract 

 
In paper the results of use of electric pulse technology for processing metal-containing 

raw materials were considered. The results of the analysis of the elemental composition of ore 
samples from Annensky deposit in Kazakhstan before and after electric pulse processing are 
discussed. The authors obtained data on changes in properties of the samples and on increase 
in weight concentration of some elements, including rare and value metals after the electric 
pulse processing. Application of electro pulse processing of metal-containing and technogenic 
raw materials makes it possible to obtain new dispersion materials with preset parameters 
since it facilitates efficient extraction of valuable components. 

 
Introduction 
 

The impulse pressure that formed at electric discharge in fluid medium has wide 
application in many technological processes. Relevance and applied significance of the 
investigation of regularities of an electric pulse development of discharges in heterogeneous 
fluid are substantiated by the necessity of determination of the most optimal conditions for 
crushing and processing of various natural minerals. Improvement of the technique and 
technology of enrichment of raw materials has make it possible to significantly expand the 
raw material supplies base for industry and to implicate into processing the stocks of new 
deposits [1-3].  The content of valuable components in the ores or in the raw materials often is 
low. So the extraction of precious metals from the ore cannot be realized without the use of 
modern methods of enrichment, which is the main base in the production of non-ferrous 
metals and determines the effectiveness of processing of metal-containing raw material. It is 
necessary not only to increase metal extraction, but also to ensure the comprehensive 
utilization of technogenic raw materials.  Therefore, improvement of the new innovative 
technologies level of processing in sector of non-ferrous metallurgy is of strategic importance 
for our country.  

The analytical review showed that in the scientific publications there are studies on 
the use of electric hydro-pulse effect to improve the physical and chemical properties of 
highly viscous oil, those of uranium ore to extract uranium, as well as many rare and scattered 
elements from rocks. However, there are no published data on application of electric pulse 
effect during the enrichment process of mineral ores, metal-containing and technogenic raw 
materials. This article presents the results of a study of the effect of the electric pulse 
processing on the element composition and properties of technogenic raw materials from 
Annensk deposit in Central Kazakhstan. These studies are a continuation of research on the 
changes in the properties of processed technogenic raw materials as a result of electric pulse 
effects presented in [4, 5] . 
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1. Electropulse phenomena in inhomogeneous liquid medium 
 

The essence and distinctive feature of the proposed technology is that processing of 
the ore and technogenic raw materials is performed by means of electro-hydraulic effect using 
pressure energy released when an electric discharge takes place in water. This makes it 
possible to get from technogenic raw milled and free of impurities material with a preset 
degree of dispersion, which can be used directly for further processing. The electric discharge 
parameters and properties of the liquids are the factors that affect the rate and amount of 
released kinetic and thermal energy in the electric discharge zone. At the same time, due to 
the intensive evaporation of the fluid in the electric discharge zone and steam expansion, a 
fluid compression wave arises in the electric arc gap. The fluid compression wave can be 
caused both by a single powerful electric discharge pulse, and by a series of successive 
pulses.  

The power of the electric discharge is increased by electric energy storage devices. 
The processing medium in electro-hydraulic crushers can be any fluid, mainly it is service 
water. The physical processes accompanying the electrical discharge in aqueous solutions of 
disperse media, are described in [1, 2]. When passing through a liquid medium that is a 
moistened ore material, a powerful impulse causes an electrical breakdown, followed by 
hydraulic shock of great destructive power. The technical result is achieved due to the 
formation of a powerful shock wave between working electrodes which dipped into the liquid 
in the chamber.    

At a powerful pulsed electric discharge there takes place an electric pulse effect, i.e. 
the rapid release of energy in the discharge channel increases the pressure in it and its further 
expansion causes a shock wave and fluid flows.  The shock wave propagates along the grain 
boundaries and natural fissures of the rock at high speed, facilitating the efficient disclosure 
of grains of the mineral useful component [3]. It was an intense force impact on the processed 
raw materials. The fluid flows are propagating at a high velocity, the transformation the 
kinetic energy to the energy of the shock wave - all processes are causing mechanical changes 
in it. After the intense fragmenting all fines in the form of high-dispersion rock particles are 
swept away in the drain, and heavy particles of rare metals remain in a set-in case. In the 
process of destruction and targeted disposal of gangue through the drain there is an increase 
in mass of valuable component in the circulating product. After the selective grinding, the 
shutter opens and the circulating product is let out in the concentrate through a branch pipe.  
 
2. Electro-pulse processing metal containing raw materials 
 
2.1. Experimental conditions 
 

The processing of raw materials was carried out on electro-pulse installation, Fig.1.  
The installation schema consists next blocks: 1 - control panel; 2 - pulse current generator; 3 - 
capacitive energy storage unit; 4 - arrestor 5 - protection system; 6 - container filled by 
processed raw materials. The electric pulse processing was performed with the samples of 
dispersed particles with a diameter ( frd ) m3107 −⋅ , m31014 −⋅  and m31021 −⋅ . The capacity 
ranged within FС 610)75,0;5,0;25,0( −⋅= .  In the experiments at fixed values of inter-
electrode distance mld

310143 −⋅÷=  the value of the supplied pulse voltage ranged within 
( VVU 33 1040108 ⋅÷⋅= ). Tests at the laboratory setup were performed repeatedly (10-
15times) so as to ensure the reliability of the results. When the voltage at the spark discharger 
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rises up to 30kV, for this sample the fineness degree of fine fractions to the size of the 
diameter within the range ( m34 109,0101,0 −− ⋅÷⋅ ) grows to 48 % of the total amount of the ore.   

 
 

At a fixed value of the inter-electrode distance of the spark discharger mld
310−= , the 

fineness degree of the metal-containing ore uniformly changes, and the required weight 
fraction of the product increases to 70%. Therefore, this value of the inter-electrode distance 
of the spark discharger at the used setup is the most effective. 

 
2.2. Discussion of Experimental Results 
 

We investigated the microstructure of ore samples from Annensk deposit before and 
after processing using the electric pulse method. The results of energy spectra measurement 
and element analysis of technogenic raw material samples had been obtained using a scanning 
electron microscope Philips SEM 515, performed on the basis "National Research Tomsk 
State University", Russia. The studies were performed according to standard procedures STO 
TSU № 041-2009.  At the results measurements of mass concentration W, %, the atomic 
concentration A,% the data on the elemental composition had been defined.  On Figures 2 and 
3 are the results of spectral analyses and element content of metal-containing raw material 
samples from the Annensk deposit before and after the electric pulse processing. On the 
vertical axis is a coefficient  which defined as the ratio of weight concentration after 
electropulse processing to its initial value 

,%
,%

after

before
W

WK =  , Fig.3.  Data of the elemental 

composition in Annensk ore samples after the electro-pulse processing showed the increase of 
mass concentration: copper (Cu), tungsten (W), rhenium (Re), gold (Au). Conversely, we can 
see decreasing of some elements: iron (Fe) and platinum (Pt). Subsequent electric pulse 
processing tests of samples of metal-containing and technogenic raw materials from the 
Annensk deposits were performed at the same discharge energy level )20065( JW ÷=  and the 

 
 

Fig.1. Schema of electro-pulse installation 
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value of capacitance FС 610)75,0;5,0;25,0( −⋅= . It was established that with the increase in 
the capacitance of the capacitor bank, the fineness degree grows. In these experiments, the 
optimal capacitance value was FС 6105,0 −⋅= , since the output of the final product, ground to 
the fraction size of 0.2 mm from the Annensk deposit was 26.7 %.  

 
Thus, the electric pulse processing allows not only to grind technogenic raw materials 

into particles of a given size, but also to change its composition, i.e. to enrich it. Similar 
results were obtained by the authors for Akshatau deposit samples [4]. 

         
To identify the most effective regime we performed electropulse processing of 

technogenic raw material samples from the same Annensky deposit with different number of 
electrical discharges n = 500,750, 1000, 1250. Results of energy spectra measurement and 
element analysis of technogenic raw material samples had been obtained using a scanning 
electron microscope JEOL from JED -2300 Analysis Station, Almaty. Data were obtained 

     
a)                                                                                        b) 

Fig.2. Energy spectra of metal-containing raw materials samples from Annensk deposit:       
a) before and b) after the electric pulse processing 

 
Fig.3. Changes of mass concentration of elements in metal-containing raw materials 

samples after the electric pulse processing 
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using a ZAF method.  It is quite accurate method, because the method involves three kinds of 
ZAF corrections to our data sample: Z is the so called atomic number correction – is made up 
of stopping power and backscatter terms;  A means the absorption correction – takes into 
account that some of the X-rays produced in sample volume don’t make it out of the sample; 
F is the fluorescence correction – corrects for X-ray induced excitation in the sample. In Fig. 
4 photographs of the samples microstructure after grinding by a mechanical vibrating mill and 
after processing with 500 electric pulses are shown. 

 

      
a)                                                                            b) 

Fig.4. Samples after processing by: a) mechanical vibrating mill; b)  electric pulses. 

 
Tab. 1. Changes of mass concentration of elements in metal-containing raw materials 
samples after processing 

Element 
 

Mass, % after : 
Mechan.  
processin

g 
Electro-pulse 
proc., n=500 

Electro-pulse 
proc., n=750 

Electro-pulse 
proc., n=1000 

Electro-pulse 
proc., n=1250 

C 3.76 6.69 7.8 9.82 19.89 
Na 2.07 4,15 5.92 3.17 4.65 
Mg 2.38 0.82 1.16 1.07 1.43 
Al 12.53 8.33 12.09 6.86 7.43 
Si 39.06 40.23 30.47 25.68 25.61 
Cu 1.02 2.31 4.06 5.27 3.71 
Mo 1.16 1.87 2.45 2.15 3.85 
K 4.84 3.77 1.39 2.19 6.57 
S 2.33 2.28 1.86 9.25 1.13 
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Table 1 shows the values of mass 
concentrations of the elements of 
technogenic raw material samples 
after electro-pulse processing with 
different number of electrical 
discharges. It is seen that after each 
processing the properties of the 
treated material are changing. We 
were interested in the possibility to 
increase extracting copper, 
particularly.  Figure 5 shows the 
change of the mass concentration of 
elements as a result of electro-pulse 
processing compared to result of 

mechanical crushing. Maximum copper content was detected when sample was exposed by 
1000 pulses (increase of concentration is more than 5 times). A similar result was obtained by 
the authors earlier [5]. Data analysis of the energy spectra and elemental composition of 
Annenks samples which were obtained using microscope Philips SEM 515 in Tomsk 
Scientific Center and in Almaty using a microscope JEOL, confirm that electric pulse 
processing allows you to modify the properties and structure of raw materials. 
 
Conclusions   

 
We analyzed electric pulse method of ore and technogenic raw materials processing is 

based on use of energy of pulse shock wave initiated by an electric spark discharge in a 
liquid. It is experimentally shown that this method of electric pulse processing is efficient, 
economical, environmentally friendly and can be automated. The electric pulse effect of 
underwater spark electric discharge results in destruction and grinding of minerals and 
contribute to more efficient extraction of valuable components, including rare metals. As a 
result of studies the authors prepared recommendations for determining optimal technical 
parameters of the equipment, the values of the inter-electrode distance and discharge energy 
at the switching device and other technical parameters of the equipment taking into account 
peculiarities of the processed raw materials. At first glance, the experimentalists obtained a 
slight increase in the percentage of elements mentioned above. However, in terms of the 
equivalent amount of tons of processed metal-containing and technogenic raw materials on 
practice, it will significantly increase extraction of required elements.  All this makes it 
possible to create a new, knowledge-based, competitive technology and to apply it in the 
processing industry in future. 

This research is done with financial support of Ministry of Education and Science of 
Kazakhstan Republic, grant 055 (101), project No. 508 (2012-2014), realized by Karaganda State 
University named after E.A.Buketov 
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Abstract 

Functionally Graded Materials (FGM) belong to a class of advanced materials 
characterized by variation of their properties with changing the dimensions. The producing of 
such materials in presence of alternating low-frequency electromagnetic field was elaborated 
in the Silesian University of Technology. Based upon simulations, we found that its 
capabilities have not been fully utilized, because when properly maintained casting process 
was not breaking the continuity of the metal or entrapment of air bubbles. However, it will be 
more useful for the rapid flooding and other forms of the magnetohydrodynamic process, 
which will result in the disclosure of the dynamics of these phenomena. 
 
1. Introduction 
 

Functionally graded materials (FGM) are a kind of advanced materials characterized 
by continual, spatial changing of properties [1].  Examples of such materials are metallic 
composites reinforced with non-conductive particles. In these materials, the concentration 
gradient of the reinforcement is achieved during a casting process, by action of different 
physical forces on a composite liquid suspension. These forces caused movement of the 
particles to the requested area of the cast. The new method of producing this type of material 
by means of alternating low-frequency electromagnetic field has been developed in the 
Silesian University of Technology [2, 3]. The solution based on conductive elements forms 
and specialized inductors makes possible to obtain the desired separation of electromagnetic 
reinforcement while minimizing unwanted stirring and homogenizing the suspension 
composite. 

In the original process the inductor is supplied only after the complete filling of the 
mould by a suspension composite. For such an implementation of the process the most 
important factor seems to be a residence time of the composite suspension in a liquid state 
inside the mould. Too rapid solidification of the cast prevents the segregation of the particles 
as a result of the electromagnetic field influence. On the other hand, too long remaining of the 
suspension in the liquid state causes non useful gravity sedimentation of the particles and not 
required increase in the reinforcement concentration at the bottom of the cast. This residence 
time is dependent on many, partially unknown parameters like: pouring temperatures of the 
metal and the mould, the mould geometry, gating system and thermal properties of the mould 
material. Finding of optimal temperatures for the mould and the suspension composite is 
possible only by repeated experiments. 

The idea to turn on the inductor followed before splashing assumed that 
electromagnetic segregation of non-conductive particles takes place still in the process of 
completing the form, which should reduce the requirements in relation to the duration of the 
suspension of the composite in a liquid state and makes the process easier. 
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Unfortunately, the experiment carried out on the example of the casting process as 
implemented piston compressor has been not successful because of obtaining not correct 
geometry of the cast. In order to avoid long term experiments and find a comprehensive 
explanation of the phenomena occurring during the filling of the mould and possibly allow to 
solve this problem it is necessary to elaborate a suitable numerical model. In opposite to the 
original process, in case of flooding in the presence of an electromagnetic field we have to 
deal with the issue of the free surface and its interaction to the fields. Such numerical models 
are built for other different magnetohydrodynamic processes like: electromagnetic melting, 
preheating and stirring of metals in induction crucible furnaces or electromagnetic levitation 
[4 - 9]. However the presented process of pouring is more complicated because of a complex 
geometry connected also with the free surface, possibility of breaking the metal into separate 
pieces and a formation of air bubbles in it. Such a situation requires more universal model 
than applied for the previously mentioned processes. The paper presents the methodology for 
such a numerical simulation, its results and experiments with the piston compressor made 
from the alloy AlSi12CuMg. 
. 
2. Description of the process 
 

Scheme of casting system applied for a piston compressor is presented in Fig.1. The 
casting process of graded functionally composites in alternating electromagnetic field is based 

upon the buoyancy force acting on non-
conductive electromagnetic particle 
reinforcement in the conductive metal 
matrix. The composite suspension is 
subjected to an alternating electromagnetic 
field and it is compressed in the direction of 
the axis of the casting, with the result that the 
reinforcement particles are pushed towards 
the outer wall of the casting. Composite 
suspension is put to the ceramic form 
through input system. In order to avoid any 
defects of the cast the air is carried away. 
Conduction elements of forms having their 
electric conductivity equal to electric 
conductivity of composite suspension and 
make possible to get out distortions outside 
the cast area. 

Fig.1  Scheme of the casting system 
 
3. The mathematical model 
 

In order to built a suitable numerical model some simplifications are introduced. We 
neglect a venting system, whose role in the hydrodynamic of the process being refers only to 
the pressure equalization at the top of the mould cavity to atmospheric pressure. Influence of 
the venting system on the electromagnetic field is effectively eliminated by the shielding 
effect of the conductive elements of the mould. Such simplification making possible to 
analyse  the process as two dimensional, axi symmetric. In  case of any 
magnetohydrodynamic processes with a free surface it is necessary to take into consideration 
two various factors: coupling between hydrodynamic and electromagnetic fields and changing 
the charge geometry during the process (Fig.2). After each changes of the charge geometry 

Coil 

Conductive elements 
of  mould 

Non-conductive mould

Casting 

Gating system 

Vent 
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the electromagnetic field is again 
calculated. As the result of these 
calculations a distribution of the 
volumetric Lorentz force is 
determined. Then flow field is 
calculated and finally the new shape of 
free surface is obtained. The 
calculations are repeated for the 
modified geometry of the charge. 
 Hydrodynamic and electro-
magnetic models are built in the 
environment of software packages 
ANSYS Classic and Fluent. Classical 
hydrodynamic turbulence k-ε model is 
used. For modelling of the system of 

two immiscible liquid phases commonly used the volume of fluid (VOD) method 
complementary with a system of continuity and Navier-Stokes equations for the volume 
fraction α (Fig. 3a). 
 

a) b) 

 
c) d) 

 
 
Fig. 3. Further steps of determination a cell border areas of metals and bubbles. Description in 
the text  
 
The method takes into account an angle between the wall of the mould and the metal, and the 
surface tension. The task of the system geometry generation that could be transferred to the 
program begins with the designation of the cells located at the border of the liquid metal. In 
the first stage the classical recursive algorithm burning prairie marked cells with zero share of 
metal lying outside the charge is used (Fig. 3b). The algorithm was initiated several times 
once for more non-marked, empty cells in contacting with the wall of the mould. In the next 
step cells created liquid metal boundary is determined (Fig. 3c), while they have non-zero 
contribution of  metal and additionally satisfy one of two conditions: a contact with the mould 
wall or with a predetermined cell not containing the metal. The last step of the algorithm is a 
determination of cells  creating border of air bubbles.(Fig. 3d). The condition of that is a non-

EM Model HD Model 

EM Force Field 

Charge 
geometry 

Fig. 2. Diagram of simulation 
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zero contribution of metal in the cell, and its contact with the empty cell, but not determined 
in the step shown in Fig.3b. 

The next step is a reconstruction of the geometry of the phase boundaries passing 
through designated border cells. Points are determined by the simplified method based on 
known gradient of the phase α contribution and location of the cell centre. The direction of 
the phase gradient [∂α/∂r, ∂α/∂z] is presented in Fig. 4. The length of the arrows represents 
the diameter of a circle having an area equal to the cell surface. The arrow passes through the 
centre of the cell (black point in Fig.4)). The boundaries defining the position of the point on 
the arrow determines the phase volume fraction of metal in the cell. 
 
  

 

 
 

 

Fig. 4. Determination of the point 
describing the interface of the cell. 

Fig. 5. Determination of the 
point describing the interface 
boundary with the cell wall. 

Fig. 6. Schematic 
approximation of 
segments contour 
points. 

 
In case of a cell completely filled with metal and being in contact with the wall  the 

boundaries are defining by the nodes located on the wall. In the case of the cell located 
directly at the wall the partial contribution of the metal is determined on the basis of the 
method shown in Fig. 5 (see the white point in Fig.5). This simple method of the  
reconstruction of the phase boundary geometry is characterized by a relatively small error in 
case of the regular shapes of cells. 

The final step is a reduction of the number of points describing the charge geometry 
before its transfer to the electromagnetic model by the approximation of both the metal and 
bubbles shapes by means of linear segments. The idea is taking a single section of a set of 
consecutive points describing the contour, where the first and the last point of the set are 
connected by the segment. The decision to start the next set and the next segment, is taken 
when the sum of the distances of these points counted from the set of representing them 
stretch exceeds the given threshold. The same threshold is chosen by experiment in order to 
achieve an acceptable mapping accuracy of shape at as low as possible  number of segments. 
Of course the threshold is significantly lower than the penetration depth of the 
electromagnetic field. This method of passing of the geometry to electromagnetic calculations 
allows for greater efficiency of their meshing algorithms. 
 
4. The results of calculations 
 

The calculations were carried out for the casting alloy of the piston compressor made 
from alloy AlSi12CuMg. It has the shape of  hollow cylinder with the inner diameter of 65 
mm, the height of 65 mm and the wall thickness of 8 mm. The mould was flooded by liquid 

α =0.75 
α =0.5 

α =0.1 
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metal in the presence of an electromagnetic field produced by an inductor with an non-
uniform distribution of coils. Its basic dimensions are as follows: the inner diameter - 95 mm 
and the height - 195 mm. The inductor is supplied  by the alternating current I = 500 A of the 
frequency  f = 1000 Hz. Figure 7a - 7c shows the successive phases of filling out forms in the 
presence of an electromagnetic field. The arrows indicate the direction of the Lorentz forces. 
As it is shown the magnetic field causes a deformation of the liquid metal surface, resulted in 
the confinement of air bubbles on the outer side of the cast. When the power is turned off 
there is not filled space in the upper part of the mould cavity (Fig. 7d). 

 
a) b) 

c) d) 

 
Fig.7. The geometry of the metal and the Lorentz force distribution during mould filling in the 
presence of an electromagnetic field (a - c) and the final state when the electromagnetic field 
is turned off (d) 
. 
5. The results of the experiments  
 

In opposite to other magnetohydrodynamic processes characterized by presence of 
free surface providing any dynamic measurements of free surface shape during filling the 
mould with liquid metal is practically impossible. The only possibility for such an indirect 
verification seems to be  usage of  solid ingot and comparison of its shapes with results of the 
numerical calculations. The decision to begin investigations in the area has been connected 
with the unsuccessful experiment of piston casting. Fig 8 shows a cross-section of the casted 
piston. The reason of this experiment resulted with the wrong shape of the top of the piston 
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(in Fig. 8 a defect is depicted by the black circle) has found its 
explanation in the performed numerical simulation.  

 
6. Conclusion 
 
 The methodology of the numerical simulation of 
coupled electromagnetic – flow fields is developed for the 
analysis of the process of casting of the mould. The process is 
realized in the presence of an electromagnetic field which is 
produced by the cylindrical inductor having non-uniform 
distribution of coils (see Fig.1). During the numerical 
simulations, it is found that its capabilities have not been fully 
utilized, because when properly maintained casting process is 
not breaking the continuity of the metal or entrapment of the air 
bubbles. However, it will be more useful for the rapid flooding 
and other forms of the magnetohydrodynamic processes, which 
will result in the disclosure of the dynamics of these 
phenomena. 
 

Fig. 8. Cross-section of a casted piston.  
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Abstract 
 

 A microwave heating multiphysics model has been numerically investigated and 
experimentally validated. Electromagnetic equations have been coupled with the heat transfer 
relations and the fluid dynamics ones, in order to predict the heating process and maximize 
the energy transfer to the water load. A solid-state microwave generator system is considered 
as an alternative to the magnetron, in order to fully control the electromagnetic energy 
delivery into the cavity of a microwave oven. 

Results show that an accurate model has been developed and that a very efficient 
electrical configuration is achievable for the case under investigation. 

The original contribution of this work consists in an energy saving algorithm applicable 
to a widely used electromagnetic device, the microwave oven. 
 
 
Introduction 
 
 The International Standard IEC 60705 [1] applies to microwave ovens for household 
use, setting the main performance characteristics. This standard defines the most important 
parameters taken into account by the microwave ovens manufacturers, which are the 
evaluation of the heating process efficiency and the temperature uniformity. At the same 
temperature uniformity, the maximization of the efficiency implies a faster heating time or, 
likewise, a reduction of the energy consumption.  
 Also the technology innovation is supporting the improvement of the microwave 
heating process, in particular with the advent of the solid-state microwave generators [2]. The 
latter seems to be the next generation microwave power source that substitutes the robust but 
old fashioned magnetron, introducing a series of significant advantages: a precise operating 
frequency, the control of the phase shift between multiple sources and a precise power level 
generated from each port. In fact, one of the major complexity of the magnetron is represented 
by the difficulty on the control due to the not precisely known operating frequency. Therefore, 
with the solid state generators the control of the feeding system gains a crucial importance; 
preliminary algorithms are under investigation [2], while different hardware configurations 
are already implemented in different prototypes [3].  
 The present work is focused on the efficiency maximization of a real microwave 
heating process. Many investigations have been done in the recent past about microwave 
heating[4], specially on the coupling of the electromagnetic models with the heat transfer in 
"solid" food [5], but only few publications also deal with the mass transfer during the heating 
process. Moreover, the numerical validation through experimental test is rarely available, 
mainly due to the difficult control of the power sources and the high cost of the devices.
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1. General Information 
 
 The model consists in a rectangular metal cavity, powered by n.2 coaxial to waveguide 
transition, with a Pyrex® cylindrical container in which 350ml of distilled water are placed.  
The glass container is located in the center of the oven and it lays over the bottom metal wall. 
The coaxial to waveguide transition (Sairem WR340) are placed on the right side wall, the 
upper one in abutment with the ceiling, while the bottom one is fixed 20mm over the bottom 
wall; the transitions are 2mm shifted towards the back wall of the oven, in order to avoid 
symmetries. 
The operating frequency band is 2.42 ÷ 2.48 GHz, according with the CISPR11 International 
Standard applies to ISM (Industrial, Scientific and Medical) electrical equipment, designed to 
generate and/or use locally radio-frequency energy. 
COMSOL Multiphysic® 4.4 has been used as numerical tool in order to model the problem 
and solve the equations hereafter described. The electromagnetic energy distribution inside an 
oven cavity is governed by Maxwell’s wave form equation. ∇ × ∇ × − − = 0 (1)

where  is the electric field (V/m),  is the relative permeability,  is the relative 
permittivity,  is the electrical conductivity (S/m),  is the angular frequency (rad/s),  is 
the wave number.  The metallic waveguide and cavity walls are considered as perfect electric 
conductors, where the following boundary condition applies: × = 0 (2)

where 	is the normal direction to the boundary surface. 
An electromagnetic wave loses its energy while travelling through a lossy dielectric medium 
such as food. Part of the electromagnetic power is converted into thermal energy within the 
food. Conversion of electromagnetic energy into thermal energy is proportional to the 
dielectric loss factor and square of electric field strength: = ′′| | (3)

where  is the dissipated power per unit volume (W/m3),  is the frequency (Hz),  is the 
free space permittivity (8,854·10-12 F/m), ′′is the relative dielectric loss factor. 
 

The dissipated power term  is the heat source term in the heat transfer equation: + ∇ ∙ − ∇ = − ∙ ∇ +  (4)

where u is the velocity (m/s),  is the specific heat capacity at constant pressure (kJ/kg·°C),  
is the density (kg/m3), 	is the thermal conductivity (W/m·°C),  is the temperature (°C),  is 
the time (s). 
The surfaces of the components exchange heat with the surrounding air by convection 
expressed as: − = ℎ −  (5)

where ℎ is the surface convective heat transfer coefficient (W/m2·°C), and  is the cavity 
temperature (°C). 
Heat exchange between air and the components is approximated by assuming a heat transfer 
coefficient value of 10 W/m2·°C, which is a typical value used for natural convective heat 
transfer in air.  
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The temperature T is the term that couples the heat transfer model with the equations that 
describe the non-isothermal flow in the water:  + ∙ ∇ = ∇ ∙ − + ∇ + ∇ −23 ∇ ∙ +  (6)+ ∇ ∙ = 0 

(7)

 

where  is the viscosity (Pa·s), p is the pressure (Pa), g is the gravity (m/s2), and I is the 
identity.  
In a system as the one above described, the parameters that are under the user control are the 
frequency, the phase shift and the power levels ratio between the apertures. The optimal 
configuration set of these parameters is obtained by a preliminary S-parameters analysis, 
numerically through the post processing operations available in the software, experimentally 
by using the VNA (Vector Network Analyzer) results. 
In this paper the efficiency has been numerically evaluated by manipulating the Scattering 
matrix obtained from the computation. With reasonably small leakages and small losses on 
the walls of the oven, the efficiency of the heating process can be expressed by: = I − S S  (8)
with I the identity and S the complex (n,n) scattering matrix, with n number of ports. 

 
2. Technical Information 
 
 The geometric model development is based on the cavity used for experimental test. 
The microwave energy field distribution prediction with the coaxial feeding results more 
accurate than that with the TE10 mode excitation. In this study, we included a solid state 
generator as a coaxial power source feeding microwave energy coupled with the waveguide. 
 

 
 

Fig. 1. Numerical model geometry 
 

 

 

Fig. 2. Detail of a feeding point 
 

In order to simulate the process during microwave heating, the following assumptions were 
considered: 

a) The water and the container are surrounded by the air. Air has a dielectric loss factor 
of zero and therefore the heat transfer was not spatially solved in the heating model. 
However, the convection on the surfaces was considered (h=10W/m2·°C – air at 
25°C). 

b) The initial temperature of the entire system was considered as homogeneous and 
isotropic, equal to 25°C. 

Coaxial  
feeder 
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The meshed numerical model includes 4.102.910 degrees of freedom (approximately 638.000 
volumetric elements). The model was solved with a workstation provided of 24GB RAM, 6-
core Intel Xeon @ 3.33GHz. The numerical solver adopted is the iterative BiCGStab. 
The geometrical dimensions of the system components are here below itemized. 

The material properties adopted in the numerical model are here below indicated:  

 

The experimental set-up consists of a full-size mock-up of a microwave oven, made of 
stainless steel. On the right lateral panel, in high and low position, there are the two outputs 
for the power supply, connected on the outside by N connectors.  
In Fig. 3 the oven (without the front panel) with the water container is shown. The front panel 
is connected to the structure by screws and wing nuts placed, in general, at a distance of about 
8 cm from each other, and with a spring clamp placed within any couple of adjacent screws. 
In Fig. 4, the oven (with the front panel) is shown, connected to a Vector Network Analyzer 
(VNA) for the S parameter measurement. 
A VNA Agilent E5061B, 100kHz to 3 GHz bandwidth, two ports, 50 Ω system impedance 
has been used [6]. Two 1 m length cables are present for the connection of the VNA to the 
oven: a preliminary 2-port calibration is performed with cable termination in condition short, 
open, load, and through. 
 

Component Sizes [mm] Volume [ml] Notes 
Cavity 340(W)x262(H)x336(D) - - 
Coax to WG Transition 86(W)x86(H)x43(D) - Sairem WR340 
Container 140(Ø)x75(H) 900 Pyrex 
Load 136(Ø) x25(H) 350 Distilled water 

 
Tab. 1. Components sizes 

Properties Air Pyrex® Distilled Water PTFE Walls 
Permeability [-] 1 4,82–j 0,026 76,7 – j 12 [@25°C] 

64 – j 4.89 [@65°C] 
(linear characteristic)

2.1-j0.0003 1 

Permittivity [-] 1 1 1 1 1 

Density [kg/m3] - 2510 998 - - 

Thermal conductivity [W/m·°C] - 1 0.62 - - 

Specific heat capacity [kJ/kg·°C] - 0,820 4,182 - - 

Viscosity [Pa·s] - - 0,00075 - - 

Initial temperature [°C] 25 25 25 25 25 
 

Tab. 2. Material properties adopted in the simulation 
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Fig. 3. Oven with the water inside     
(without front panel) 

 

Fig. 4. Measurement set-up 
 

3. Results 
 
 The validation of the numerical model robustness has been done by comparison with 
the experimentally measured S-parameters. In the following pictures, the results are 
illustrated: 

  
Fig. 5. Validation of S11 parameter Fig. 6. Validation of S21-S12 parameters 

Fig. 7. Validation of S22 parameter Fig. 8. Efficiency evaluation depending on 
phase shift and frequency parameters 

 
The S-matrices obtained at the different frequencies have been manipulated in order to 
determine the optimal electrical configuration, that is the one with the lower reflected power 
or, likewise, the higher energy transfer to the load. 
Although in literature [7] many investigations illustrate that the power ratio between the 
apertures influences the efficiency of the process, in this particular study-case a very high 
value of efficiency is also achievable by varying only the phase shift between the sources. 
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The optimal configuration calculated and measured is: frequency=2460MHz, phase 
shift=180°, P1=P2=125W. The temperatures evolution are here below reported. 
 

  

Fig. 9. Water average temperature evolution  Fig. 10. Volumetric temperature distribution 
(numerical result) 

Conclusions 
 

In the present paper, a microwave heating multiphysics model has been investigated. 
Electromagnetism has been coupled with heat transfer and the non-isothermal flow equations 
in order to predict the heating process and maximize the energy transfer to the load. 

Electromagnetic simulations and thermal results show that an accurate model has been 
developed, but the important result is that a most efficient electrical configuration was 
achieved also experimentally for the studied case, while in other papers presented in literature 
it was predicted only numerically without including the fluid dynamics equations. 

The practical contribution of this work to the current state of art consists in an energy 
saving approach applicable to a widely used electromagnetic device, the microwave oven. 

Further improvements of this paper are planned, in order to introduce also the 
uniformity concept, the latter coupled with the efficiency objective. 
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Abstract 
 

Company FREAL-Ltd, St. Petersburg, produces a wide range of induction installations 
and power supplies and uses in it’s practice ELTA 6.0 and 2DELTA for design installations 
for forging, heat treating hard-facing and other technologies. To prove the efficiency and 
accuracy of the above mentioned software a lot of calculations and analysis of 
electromagnetic and thermal processes was carried out. One of them is the specially designed 
coils with non-uniform distribution of turns. Simulation allows improving the design of 
inductors, and obtaining optimal power value, heating time and frequency of HF power 
supplies. It is worth to mention that the programs are very useful for matching coils and 
generators with different layout of the power supplying circuits. Presentation is illustrated by 
description of some induction installations designed and produced by FREAL-Ltd using 
ELTA and 2DELTA.  
 
Introduction 
 

Designing of induction heaters is very interesting and creative process. Usually, the 
consumer wants to obtain the installation, which can realize the required technology of the 
thermal processing. The technologies are widely varied, for example, heat treatment, 
induction hardening, and many others. Possessing rich practical experience of designing the 
designer can find for itself the possibility of the creation such installation. After consent to 
execute this work he must define the necessary constructive elements of system and can 
develop the technical requirement.  

The designer of installation has to know the main parameters of the induction system, 
e.g. configuration, turns number of coil, shape and size of the tube, thickness of heat 
insulation and other parameters to meet the necessary requirements of heating technology. He 
must choose also power supply, the electric or mechanical drive for moving the workpiece, 
cooling system, system of temperature control and other elements. In this case the 
approximate expenses of development and a final cost of induction installation can be 
basically calculated. Modern developers rarely use in practice the approximate methods of 
calculation to obtain even the main integral parameters of inductor. More often computer 
methods of calculation and analysis are used.  

ELTA 6.0 and 2DELTA programs open wide opportunities for the specialists 
employed in design and production of induction heating installations. Many types of 
cylindrical and flat shaped parts are used in industry and they have to be heated by induction 
method with different technologies. Above mentioned programs are effectively used in 
practice of work and Computer-Assisted Design process of FREAL-Ltd research-and-
production company.  
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1. Feature of ELTA and 2DELTA 

 
Modified program ELTA 6.0 and completely new program 2DELTA may be 

effectively used in design of induction heating installations [1–3]. These programs allow 
quick obtaining of rather accurate results for typical practical applications of induction 
heating. Advantages of programs consist in opportunity of their use without special training 
and programming skills, good for practical tasks accuracy and a lot of additional options such 
as water cooling of the coils, convenient database, multiple modes of coil energizing and 
circuits for power delivery, etc.  

The calculation programs ELTA 6.0 and 2DELTA can solve many tasks in process of 
computer-assisted design, allowing to obtain: 

• integral parameters of inductors (efficiency, power factor, impedance, current, voltage, 
reactive power, etc.); 

• temperature distribution in the workpiece cross-section for ELTA 6.0 and in the 
workpiece cross-section and on the length for 2DELTA (during the heating and cooling cycle, 
including quenching); 

• power of source; 
• rational type of resonant circuit; 
• parameters of water cooling system (flow rate, pressure, temperature etc.); 
• electro-dynamic forces (in the workpiece and in the coil); 
• cooling diagram for induction hardening of steel, etc. 

 
2. Iinstallations designed and produced by FREAL-LTD 

 
Some examples of computer-assisted design for induction systems are shown bellow. 

The first example is specially designed coils with non-uniform distribution of turns. The main 
parameters of induction system are: 

• length of inductors – 11.8 cm; 
• turn number – 10; 
• internal diameter of coil – 7 cm; 
• frequency of power source – 71.8 kHz; 
• length of workpiece – 10 cm; 
• external diameter of workpiece – 2.8 cm; 
• cylinder material – steel 40. 

Technology requirements: 
• final temperature – 220 ± 15 °C; 
• temperature difference on the length of surface – 5 °C; 
• required speed of heating – 5 °C/s. 

In the first stage of computer design with ELTA a preliminary 1D-Model is built. The 
main scope of this modeling is obtaining the main integral parameters of the induction system 
and process productivity. An inductor with uniform distribution of turns is taken into account 
for this model. Configuration of induction system is shown in the Tab. 1. A standard high-
frequency converter of FREAL-Ltd with PWM is connected to the induction system, and a 
power source in the model is selected. The initial value of generator power in calculation is 
1000 W, the final is 2000 W. Series of simulation showed that to ensure the speed of heating 
about 5 °C/s on external surface the generator power can be approximately 1600 W. The total 
heating time in this case is about 42 s. The electrical parameters of inductor for this power are 
shown in the Tab. 2.  

314



Tab. 1. Parameters for 1D-Model 
Circuit 

 
 
Trafo ratio = 6, Magnetization current = 6 %, 
Voltage Drop = 15 %, Transformer Efficiency 
= 85 % 

Leads 

 
Lead 1: type: round; D=0.6 cm; d=0.2 cm, 
h=10 cm, L=20 cm. 
Lead 3: type: round; D=0.6 cm; d=0.5 cm, 
h=0.2 cm, L=200 cm. 

 
Tab. 2. Average values of integral parameters (1D-modelling) 
Parameter  Value Parameter  Value 
Coil Voltage, V 123.68 Frequency, kHz 71.8 
Coil Current, A 70.175 Generator Current 1.995 
Coil Impedance, Ω 1.764 Generator Power Factor 0.968 
Coil Power Factor 0.157 Total Efficiency 0.716 
Workpiece Power, W 1162.8 Generator Power, W 1600 
 
 In the second stage of design 2DELTA is used and 2D model is built. The main scope 
of this investigation is obtaining the temperature distribution versus length and radius. 
Configuration of induction system is the same. Results of calculation temperature along cross-
section are shown in the Fig. 1.  

 

 
Fig. 1. Temperature distribution along the cross-section of workpiece 

 
Temperature difference along the workpiece length is more than ± 10 °C. Such variant 

of the inductor does not provide the required technological parameter of the heating. In the 
third stage a step of turns in the border regions of the inductor is changed as shown in Fig. 2. 
Results of calculation are presented in Fig. 3. Temperature distribution is comparatively 
uniform and temperature difference along the workpiece length is less than ± 5 °C. 
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Fig. 2. Sketch of the induction system with non-uniform distribution of turns 
 

 
Fig. 3. Temperature distribution along the length and cross-section of workpiece 
 
The next variant of induction heating system is coil with a specially designed magnet 

yoke and thermal insulation (see Fig. 4).  
 

 
 

Fig. 4. Sketch of the induction system with magnet yoke and thermal insulation 
 
The main parameters of induction system are: 

• length of inductors – 15.5 cm; 
• internal diameter of coil – 7 cm; 
• turn number – 12; 
• frequency of power source – 21.0 kHz; 
• length of workpiece – 12.5 cm; 
• external diameter of workpiece – 2.8 cm; 
• material of workpiece – steel 40; 
• material of magnet yoke: ferrite; 
• permeability: 600; 
• thickness: 1 cm; 
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• length: 5 cm; 
• interior radius: 4.8 cm. 
• Material of thermal insulation: ceramics (α=0.02 W/(cm·ºC); ε=0.7). 
• Inductor insulation:  
• Length: 15.5 cm; 
• Thickness: 1 cm; 
• End covers: 
• Height or radius: 4 cm; 
• Thickness: 2 cm. 

Technology requirements: 
• final temperature – 1200 ± 30 °C; 
• temperature difference on the length of surface – ± 35 °C. 
 

Temperature versus length on the external surface is shown in Fig. 5. Temperature 
difference along the surface length is 145 °C, 120 °C and 70 °C for cases without magnet 
concentrators, with end insulation covers (TI), with magnet concentrators and with end 
insulation covers (TI+MY) respectively. The magnet yoke and insulation covers allow 
obtaining the required temperature difference along the length of workpiece. 

 

 
 

Fig. 5. Temperature distribution along the length of workpiece on external surface 
 

The new addition of the ELTA 6.0 program for heating parts with rectangular cross 
sections allows to predict temperature distribution in such parts used for special applications. 
The design of induction equipment for heating square cross section of aluminum part is also 
carried out. 

The main parameters of induction system are: 
• length of inductors – 15,5 cm; 
• internal dimension of inductor window – 7 cm; 
• frequency of power source – 21,0 kHz; 
• length of workpiece – 12,5 cm; 
• cross-section dimension of workpiece – 2,8×2,8 cm2; 
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• material – aluminum. 
Technology requirements: 

• final temperature – 500 ± 30 °C; 
• temperature difference – ± 30 °C. 

Temperature distribution along the perimeter of ¼ part of cross-section and color map 
of power density is shown in Fig. 6 as example of researches.  

 

  

Fig. 6. Temperature distribution and color map of power density in the cross-section  
 
Required speed of heating is obtained at generator power about 10 kW. 
 

Conclusions 
 
 The subject oriented programs ELTA 6.0 and 2DELTA has been effectively used in 
the practice application of research-and-production company FREAL-Ltd allowing to design 
the wide range of electrothermal processes in the workpieces of cylindrical and rectangular 
cross section. Investigations of temperature for different workpieces of real technological 
processes have been carried out. 
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Electrical resistivity of a billet in a longitudinal levitator:  
an identification method 
 
P. Di Barba, F. Dughiero, M. Forzan, E. Sieni 
 
Abstract 
 
 The electrical resistivity is determined from measurements on a longitudinal 
electromagnetic levitator using an inverse problem approach. The longitudinal 
electromagnetic levitator allows the possibility to melt and overheat the material object of the 
investigation maintaining the sample in levitation without any physical contact with other 
possible contaminating materials. Using a contactless melting levitation the properties of 
high-reactive materials can be measured also at high temperature, also in over-heating 
conditions. 
 
Introduction 
 
 Electromagnetic levitators have been developed and investigated for various technical 
applications, like the contactless melting of metals. The absence of any physical contact 
between the molten material and a container, e.g. a crucible, allows to produce high purity 
metals or to reach very high temperature overheating the material over the melting point. The 
Laboratory for the Electroheat of Padua University has developed in recent years a 
longitudinal configuration of electromagnetic levitator (LEL, Longitudinal Electromagnetic 
Levitator), able to levitate and melt Aluminum billets up to 10 mm diameter and 80 mm 
length [1]. Electromagnetic levitators give the possibility to investigate various material 
properties like electrical conductivity [2]. 
 
1. Problem model 
 
 Longitudinal electromagnetic levitators are realized by an inductor with a set of 
exciting conductors, parallel to the axis of a cylindrical billet, supplied by a medium or high 
frequency current. The coil is made of copper tubes appropriately shaped and connected in 
order to give rise to a suitable time varying magnetic field. The eddy currents induced in the 
cylindrical load by the magnetic field, interacts with the same field, generating Lorentz forces 
that support the sample against gravity and at the same time produce heating by means of 
Joule effect.  
 The design of the levitator has been carried out through analytical and numerical 
models. Electrodynamic forces acting on the billet depend on the induced current density 
distribution that in turns depends upon the billet position and material resistivity. In this 
analysis, we assume that the billet is kept at the same vertical position during the heating 
process when electrical resistivity varies due to temperature variation. 
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1.1 Direct problem  
 
 Fig. 1 (a) shows the 2D longitudinal cross section of the device. The inductor has three 
U-shape turns (in the 2D model each turn is represented by two copper tube cross sections 
that carry opposite currents) supplied by means of an electrical current at 3 kHz with an 
amplitude that allows the equilibrium of an aluminum billet with a diameter of 10 mm and a 
length of 50 mm (weight force is 0.104 N). The active power is close to 160 W. Fig. 1 (b) 
reports a particular of the electromagnetic problem mesh that has 11,860 nodes and 4,900 
second–order surface elements. The thermal problem mesh is a subset of electromagnetic one. 
 The electromagnetic and thermal models are solved using a commercial Finite 
Element code [3]. The coupled simulation is solved in transient conditions. At each time step 
the electromagnetic solution is obtained in time-harmonic conditions and coupled to a thermal 
problem solved in time dependent conditions [4-8]. Fig. 3 shows the magnetic flux density 
lines of a typical problem.  
 

Coils #3

billet

Coils #1

Coils #2

6mm

6mm
10 mm

    
(a)                                                   (b) 

Fig.1  (a) Geometry of the levitation device and (b) detail of the mesh. 
 

 
Fig.2  Example of magnetic flux lines. 

 
 The billet is kept in equilibrium on a fixed spatial position by regulating the supplied 
current in the inductor. The weight force is obviously constant, whereas the electrodynamics 
forces vary because the electrical resistivity changes with the increasing of billet temperature. 
At each time step of the simulation process the electrical current I is updated in order to 

320



maintain a constant electrodynamic levitating force and the billet in a fixed position. The 
electrodynamic force is computed by means of the virtual work method. The coupled problem 
is solved again using the new current value I*. The billet temperature is saved at the end of 
each time step and is used as initial condition for the following simulation. The resistance and 
reactance values are computed at each simulation time interval to evaluate their behavior as a 
function of time. In this preliminary work a time step of 1 s has been used and the heating 
process duration is 1,000 s. The flow chart that describes the simulation process is in Fig. 3.  
 

Magneto-thermal (Δt)
Compute force F(I)

I, ρ(T, α, ϕ0), T

Update I* Magneto-thermal (Δt)
Compute force F(I*) Rc(t),Xc (t)

Initial condition
Temperature (T*) I = I*

T*

 
Fig. 3 Flow chart for simulation of billet heating. 

 
1.2 Inverse problem  

 
 The inverse problem is solved using an Evolution Strategy (ESTRA) algorithm that 
manages the constrained single object optimization process [8-11]. The aim of the work is to 
find the resistivity model of the billet material as a function of material temperature. For the 
Aluminum the assumed model of the resistivity, ρ(T), is a function of the temperature, T, as: 
 

)](1[)( 00 TTT −+= αρρ     (1) 
 
where ρ0 and α are two unknown parameters that must be identified, and T0=0°C. The 
supplementary condition of our inverse problem is the measured resistance, Rref, versus time 
curve. In order to find the pair of parameter values, (α*, ρ0

*), that fits the model in (1) the 
following minimization problem is solved: 
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where Rc(x1,x2,t) is the resistance computed at the inductor terminals at the time instant t for a 
pair of parameter ((x1,x2)=(αi, ρ0,i)) and Rref is the reference resistance at the same time 
instant. The (2) is subject to the solution of the direct problem and to the equality considered 
as a constraint between measured, Xc, and computed, Xref, reactance value computed at the 
same time instant: 
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where k>0 is a prescribed threshold.  
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 Fig. 4 shows a flow chart of the optimization process to find billet material properties. 
The electromagnetic and thermal problems are solved according paragraph 2.1. The first step 
is computing the reference curves for resistance and reactance values as a function of time. In 
the following steps, given a couple of parameters (ρ0 ,α) in a given range, the resistance and 
reactance have been searched for in order to minimize the (2) under the constraint expressed 
by the (3). At each step a new couple of parameters is generated by means of ESTRA 
algorithm starting from the simulation results until (2) is minimized.  

ESTRA

Magneto-thermal (Δt)
Compute force F(I)

ρ(T, α*, ϕ0*)

Update I* Magneto-thermal (Δt)
Compute force F(I*)

Rc(t),Xc (t)

Initial condition
Temperature (T*) I = I*

(α*, ϕ0*)

T*
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>
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tXtxxX
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refc
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,
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Fig. 4 Flow chart for inverse problem solution. 

 
2. Results 
 

 Fig. 5 shows the computed, Rref, curve resistance and the one identified by minimizing 
(2), Rc, whereas Fig. 6 shows the measured, Xref, reactance and the identified one, Xc. The 
estimated parameters in the equation (1), as arising from the identification problem, are: α = 
0.004772 [°C-1] and ρ0 = 2.46⋅10-8[Ωm], while the reference ones are α = 0.004 [°C-1] and ρ0 
= 2.65⋅10-8[Ωm]. 
 The proposed method is consistent for identifying nonlinear material properties by 
means of contactless levitating device.  
 
Conclusions 
 
 In this work we have investigated the possibility of identify the electrical resistivity by 
means of the solution of an inverse problem through Evolution Strategy (ESTRA) approach 
applied to finite element model. In this preliminary work we have used a linear model of the 
resistivity versus the temperature and results demonstrate the feasibility of the applied 
method. More complex dependences are currently object of analysis.  
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Rc Rref

 
Fig. 5 Resistance as a function of time. 

Xc Xref

 
Fig. 6 Reactance as a function of time. 
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Abstract 
 

Lorentz force velocimetry (LFV) is a contactless velocity measurement technique of 
liquid metals.  In LFV, the interaction between the magnetic field of a permanent magnet 
system and a flowing liquid melt gives rise to eddy currents and a Lorentz force inside the 
fluid. Due to Newton’s third law, there is an opposite force of the same magnitude acting on 
the magnet systems which is connected to a force sensor. According to the principles of 
magnetohydrodynamics, the measured force is proportional to the flow rate or to the velocity. 
In the case of local LFV, the magnets are significantly smaller in comparison with the cross-
section of the flow. This last technique has already been proved to identify small mechanical 
obstacles submerged in liquid metal flow [2]. The main objective of this paper is to extend the 
resolution of the model experiments by using an arrangement of smaller permanent magnets. 
 
Introduction 
 

Local velocity or even volumetric flow rate measurements of liquid metals is still an 
unsolved problem. The commercial classical measurement techniques (fly-wheel, Pitot tube, 
hot wire probes, etc.) require direct contact with the fluid and cannot be used for chemical 
aggressive and high-temperature melts like liquid steel in the steel industry. Even contactless 
measuring techniques such as Ultrasonic Doppler probe or Particle Image velocimetry fail 
due to its opaqueness. Fortunately, there is a recently developed electromagnet technique 
called Lorentz force velocimetry (LFV) [1].  In this technique, the flowing liquid metal 
interacts with a static magnetic field produced by permanent magnets. According to the 
principles of magnetohydrodynamics, this interaction generates eddy currents, and therefore, 
a total Lorentz force inside the melt which its direction is opposite to the flow. Owing to 
Newton’s third law, there is a counter force of the same magnitude that acts on the magnet 
system which is connected to a force sensor. The magnitude of this flow-braking Lorentz 
force FL depends on the electrical conductivity σ, the volumetric flow rate Q or velocity V, 
and the strength of the imposed magnetic field B0 according to the scaling relation [1] 

 
FL ~ σ Q B0

2          or          FL ~ σ V B0
2 (1, 2)

 
If the magnetic field lines penetrate the entire cross-section of the flow, the Lorentz 

force FL is proportional to the mass flow rate Q of the metal melt (Equation 1). On the other 
hand in Local Lorentz force velocimetry, where the permanent magnets are relative smaller 
than the cross-section of the flow, the Lorentz force FL is proportional to the local velocity of 
the liquid metal (Equation 2). With this last technique, Heinicke in [2] was able to identify 
obstacles in liquid metal flow and the awake behind them in a rectangular duct. These model 
experiments are made in the liquid metal loop GALINKA, see figure below, using as a test 
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melt the low-melting alloy GaInSn in eutectic composition. The goal of this paper is to extend 
the resolution and sensitivity of the model experiments by using a novel arrangement of 
smaller permanent magnets. 

 

 
Fig.1. Experimental facility GALINKA. GaInSn in eutectic composition is pumped by a an 
electromagnetic pump and circulates in a loop made of stainless steel and a 50 mm x 50 mm plexiglass 
rectangular test section. Aside the test section, a permanent magnet is arranged and fixed to a force 
sensor. 
 
1. Presentation of the problem 
  

As explained before, local Lorentz force velocimetry works with permanent magnets 
which size is considerably small in comparison with the cross-section of the flow. In this way, 
it is possible to identify locally obstacles in the flow as Heinicke performed in [2] with a 10 
mm cubic magnet achieving a spatial resolution of 3cm. The main goal of the present paper is 
to extend the spatial resolution and the sensitivity of this model experiments by using smaller 
magnets, in this case, 5 mm cubic magnets. 

 However, by reducing the size of the 
permanent magnet for increasing the spatial 
resolution, the total Lorentz force reduces as 
well, making its measurement a hard task to 
be successfully achieved by the current 
measurement techniques. Heinicke in [3] 
was not able to have a clear measurement 
with a 5mm cubic magnet and an 
interference optical force measurement 
system. In order to be able to increase the 
spatial resolution and at the same time 
maintain a measurable force, arrangements 
of 5 mm cubic magnets are proposed instead 
of using the old 10 mm cubic magnet (Fig. 
2). 
 

 In this way, it is possible to change 
the magnetization direction, the position and 

 
Fig.2. Principle of replacement of one 10mm 
cubic permanent magnet (green) to magnet 
systems composed by three (top), five (middle) 
and nine (bottom) 5mm permanent magnets. 
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the number of the cubic magnets, in order to increase the magnitude of the Lorentz force 
while improving its spatial resolution for local velocity measurements. 
 
2. Results 
 
We start the analysis of the problem by comparing the magnitude of the magnetic field 
distribution between the old 10 mm cubic magnet and the new permanent magnet 
arrangements in the 50 mm x 50 mm rectangular duct of the GALINKA (Fig. 3). In all 
simulations, the magnetization direction is perpendicular to the duct, the material of the 
magnets is N42 and all magnets are at a distance of 5 mm away from the liquid metal. Fig. 3 
(b) illustrates an oval-shaped magnetic field distribution in the rectangular duct which implies 
an increase on the spatial resolution of the force, and therefore, of the velocity in the direction 
of the flow x. However, the ratio between the maximum of the magnitude of the magnetic 
field of the old set up (10 mm cubic magnet) and the new permanent magnet arrangement 
(three 5 mm cubic magnets) is 1.8. 
 

(a) (b) 

(c) 

 

(d) 

Fig.3. Magnitude of the magnetic field produced by a 10 mm N42 cubic magnet (a) and an 
arrangement of three (b), five (c) and nine (d) 5 mm N42 cubic magnets inside a 50 mm x 50 mm 
rectangular duct. The distance between the surface of the magnet arrangement and the liquid is 5 mm 
and the magnetization direction is perpendicular to the flow in each case.  In the magnetic field 
simulations (a) and (b), we can see that the magnetic field of the proposed magnetic arrangement has 
an oval-type distribution providing a higher spatial resolution of the force in the flow direction x with 
a decay of a factor 1.8 of the maximum value in comparison with the 10 mm permanent magnet. The 
simulations were performed using the electromagnetic field simulation software Maxwell 2014. 
 
Conclusions 
 

The oval-shape distribution of the magnitude of the magnetic field using an 
arrangement of smaller magnets illustrates the possibility of increasing the spatial resolution 
of the measured force, and therefore, the velocity, which is the main goal of local Lorentz 
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force velocimetry. Nevertheless of these partial results, it is not enough to compere de 
maximum magnitude of the magnetic field but its distribution in the liquid metal, due to the 
fact that the Lorentz force is a body force acting on the volume subset of the flow exposed to 
the external magnetic field. Experiments with the GALINKA are currently been prepared for 
the validation of these results. 
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Abstract 
 
 The velocity field of liquid sodium in a toroidal channel is studied. Velocity 
measurements are made using the magnetic induction method. The proposed technique 
involves two steps: an external alternating magnetic field of certain frequency is induced in 
the channel; then the measurements of the resulting magnetic field are used to reconstruct the 
velocity profile. 
 
Introduction 
 
 The velocity field of liquid sodium inside the toroidal channel was investigated using 
the experimental setup for studying dynamo-effect [1]. For the purpose of our investigations 
we used the channel without divertors. Due to the fact that the setup is provided with the 
system of generation and registration of variable magnetic fields it can be used for exploring 
the magnetic field shift by the flow of liquid sodium. 
 
1. Experimental setup 
 
 The experimental setup designed for studying the flow of liquid sodium in a toroidal 
channel consists of the following elements: toroidal channel, electric motor and braking 
system, filling and vacuumizing systems, temperature stabilization system, and data collection 
system. The toroidal channel is made of bronze and composed of two parts. The external 
diameter of the toriodal channel is 800mm, the internal diameter is 240mm  and thickness of 
the channel walls is 18mm. 
 
1.1. Braking system 

 The braking system includes two 
elements: the major braking cylinder with a 
lift/lower mechanism and the braking device 
with annular brake disks. After receiving the 
signal for starting deceleration the 
electromagnet, holding a 1000kg weight, is 
de-energized. The weight with the aid of 
damping elements is dropped onto the major 
braking cylinder. The pressure in the 
braking system abruptly increases and 
actuates the braking mechanisms. All in all 
there are 12 braking mechanisms, which are 
uniformly distributed along the 

 
Fig.1. Breaking system test experiment 

329



circumference of the braking disk. After setting the braking system in operation the rotation 
of the channel is stopped. The figure illustrates test experiment carried out to check the 
operation of the proposed braking system from the angular speed of 5 rev/s (fig.1). In this test 
we used 50% of the operation pressure in the braking system. 
 
1.2. Experiment 
 The toroidal channel is located in a horizontal plane and is driven by the electric motor 
via belt transmission. Deceleration of the channel begins after reaching the required speed of 
rotation. Here several braking modes can be realized: “instant” stop, which is produced by a 
conventional braking system; several regimes of “slow” braking, which are adjusted by the 
intensity of one of the manual-operated braking mechanisms; free run-out regime. The slow 
braking and run-out regimes prove to be more interesting for derivation of the relationship for 
a shift of the magnetic field by the flow of liquid sodium. 
 24-coils generating magnetic field are located along the circumference of the toroidal 
channel. They are connected to a three-phase power circuit in such a way as to produce a 
traveling magnetic field. The variations in the magnetic field are measured by 24 registering 
coils, which are arranged identically to the power coils. The shift of the magnetic field is 
registered by the following scheme: one power coil is used to generate the magnetic field and 
two coils located on the left and on the right of the power coil are used to register the 
magnetic field. Then the phase difference between the emf of the registering coils is 
investigated to estimate the magnetic field shift. The larger is the phase difference the greater 
is the shift of the magnetic field of the generating coil. A zero phase difference speaks for the 
absence of magnetic field shift. 
 
2. Calculations of magnetic field 
 
 Numerical computations were carried out to determine the distribution of magnetic 
fields generated by the power coils. Altogether there were 24 power coils which generated a 
traveling magnetic field. Thus, 4 periods of the traveling wave were generated along the 
toroidal channel. To determine the distribution of the magnetic field it will suffice to consider 
¼ part of the model (fig.2). 

 A three-dimensional model for computation of the magnetic field distribution consists 
of the following elements: power coil generating a variable magnetic field, channel and 
working medium (liquid sodium) with the corresponding electric conductivity and the 

 
Fig.2. The computational domain. 1 - the working fluid (sodium), 2 - Shell of channel, 3 - 

coil generating a magnetic field 
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remaining space (vacuum), which is a non-conducting medium with magnetic permeability of 
1. 
 The values of the magnetic field was calculated in the longitudinal plane of the 
toroidal channel along the line L (fig.3). 
 
3. Method of phase difference calculation 
 Processing and analysis of 
the signals of different nature is an 
essential part of the interpretation of 
the experimental and observation 
data. By examining typical 
variations of measurements we can 
investigate their variations in one- 
or two-dimensional space as well as 
in a spectral (frequency) space. In 
most cases a well-developed 
apparatus of the correlation and 
Fourier analysis allows us to solve 
the problems related to data 
processing. However, in the case 
when the statistic properties are of 
non-stationary and non-uniform 
character the choice of data processing technique becomes a challenging problem. Thus, the 
spectral content of a signal may change with time as, for example, in the case of measuring 
the velocity fields of freely decaying turbulence. The wavelet transform can be viewed as an 
effective instrument for the analysis, because it uses wavelets as the basic functions localized 
in the physical or time space and in the frequency space. 

 A wavelet transform is a kind of «local» Fourier transform, allowing us to isolate a 
given structure in the physical and the Fourier spaces. Let us define the wavelet transform of 
the analyzing function )(tF  as  
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where )(tψ  is the analyzing wavelet, a  defines the time scale of the wavelet. As an analyzing 

wavelet we use the Morley wavelet )2
2

(exp=)(
2

titt πψ +− which has high spectral 

resolution. The absolute value and the phase of the complex wavelet coefficient ),( tawF  
correspond to the amplitude and phase of the analyzing function )(tF at frequency af /1= . 
Then the phase shift )(tFGϕ  between two functions )(tF and )(tG is defined as a phase 
of ),(),( * tawtaw GF . If the phase shift changes in time q then for shortest characteristic time 
the waevelets provide an accurate estimation of the phase shift at qa < . Usually noise is 
almost completely filtered out due to the general idea of wavelets. Contribution of white noise 
with a signal-to-noise ratio δ  can be estimated as δδϕ 110−< . 
 
4. Experimental study of phase shift 
 The figure shows the results of experiments investigating the magnetic field shift by a 
flow of liquid sodium. The experiment was carried out for magnetic field frequency of 15, 25 

 
Fig.3. The distribution of the magnetic field on the 

height of the cut channel. 22
1 zr BBB +=  
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and 35 Hz using three braking modes: free run-out mode, braking mode 1 (less intensive) and 
braking mode 2 (more intensive). 
 The graph shows the phase difference between two coils located along the channel 
(fig.4). 

 
Conclusions 
 The experimental setup has proved to be rather effective for studying the shift of the 
magnetic field by the flow of liquid sodium in the toroidal channel. However, for 
reconstruction of the velocity field in the channel one needs additional experimental and 
numerical investigations. 
 The work was supported by RFBR grant No 11-01-00423-а and by Ministry of 
Education of Perm Region in the frame of the project "Creating and laboratory testing of the 
software package for computer simulation of convective and magnetohydrodynamic 
processes in rotating systems". Correspondent author: Ruslan Khalilov, E-mail: 
khalilov@icmm.ru. 
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Abstract 
 

This article presents the results of mathematical simulation of hydrodynamic processes, 
solidification processes and processes of the formation of the free surface for casting of ingots 
with small cross-section in an electromagnetic mold using the FLUENT with the 
electrodynamics equations solution using Used-Defined Function in the axisymmetric 
formulation. 
 
Introduction 

 
The improvement of continuous casting process quality is possible by increasing the 

cooling rate. One way to ensure this condition is continuous casting in electromagnetic mold. 
This method is fundamentally different from the other ones; there is no molten metal contact 
with the mold walls [1]. Direct supply of cooling fluid to the free melt surface can 
significantly improve the solidification rate and due to electromagnetic forces forced 
convection occurs in the liquid phase equalizing the cooling conditions throughout all cross 
section of the ingot. Consequently, the electromagnetic casting mold enables to produce 
aluminum slabs, billets, ingots with fine-grained structure which will be uniform throughout 
the cross section. One of the high potential promising directions regarding the obtaining of 
high cooling rates is a method of continuous casting of small cross-section ingots (diameter 5-
15 mm) in the electromagnetic field [2]. 

Small cross section ingot casting (in the electromagnetic mold) stability and quality of 
the obtained ingot structure depends on a number of parameters, such as frequency and power 
of current which goes to the inductor, the diameter of the ingot free surface, the Joule energy 
dissipation, cooling intensity, position and shape of the crystallization front, the nature and 
intensity of the melt circulation in the liquid phase of the ingot, etc. In this regard, there is 
actual knowledge of the patterns of change in mutual physical fields involved in this process 
and their use to control the casting process in the electromagnetic field. 

In connection with the point previously mentioned there was little incentive for them to 
be active in this, it is becoming actual to know the patterns of change in mutual physical fields 
involved in this process and their use to control the casting process in the electromagnetic 
field. 

This research presents the results of mathematical stimulation of hydrodynamic 
processes, crystallization processes and the formation of the free surface during casting of 
ingots with small cross-section in an electromagnetic mold using FLUENT with the solution 
of the equations of electrodynamics with Used-Defined Function in the axisymmetric 
formulation, and the analysis of these results as well. Also the results of pre-checking of 
mathematical model which was used for simulation of the casting process through comparison 
with experimental data for systems with identical physical processes. 
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1. Process mathematical model 
 

 Complete mathematical model of the 
process is the joint solution of the equations of 
hydrodynamics and electrodynamics based on 
the phase transition and the free surface of the 
liquid metal. The flow of liquid metal is 
described as the Reynolds average values of 
Navier-Stokes equations, including the equation 
of conservation of mass or continuity equation. 
For the simulation of turbulent flow two-zone 
and two-parameter model of Menter SST was 
used as the main model. 

The evaluations show that the 
representative value of the Reynolds number 
for the liquid metal is equal to 4000, this means 
that in most cases liquid metal flow will be 
either turbulent, or transitional, so low-
Reynolds Menter SST model selected for 
calculations should be suitable to describe this 
kind of flow. 

To solve the problem with a free surface 
in this research the fluid in the cells method 
proposed by Hirt and Niholsom was used. The 
idea of this method is that the liquid and gas are 
considered as a single two-component medium, 
and the spatial distribution of the phases within 
the calculated area is determined by a special F 
(x, y, z, t) marker function, the magnitude of 
which determines the volume fraction of liquid 
phase in a computational cell. 

At the same time density and molecular 
viscosity are determined via volume fraction of the liquid in a cell as per the mixture rule. 
Integral estimations show that the representative value of Weber number in our case is 0.001 
and this does not exceed 1, therefore surface tension effects are of the essence and their 
consideration is necessary. 

For the surface tension simulation within VOF method CSF (continuum surface force) 
algorithm is utilized. Mathematical model of the solidification process for the problem of 
casting in the electromagnetic crystallizer is based on the solution of energy conservation law 
equation, written for continuums in a form of incompressible fluids and solid body 
considering turbulent heat transfer. During calculation value of 5000 W/K×m2 was taken as 
the coefficient of the heat emission. 

Integral estimations show that the representative value of Reynolds number is, 0.1 and 
this does not exceed 1, therefore we can ignore the influence of induced field on account of 
the influence of magnetic field aluminum motion on external field created by inductor. Фе the 
same time Hartmann number is 10, this means that the magnetic field has significant impact 
on melt flow. In this case it is more comfortable to calculate the electromagnetic field via 
vector-potential of magnetic field. 

(a) 

 
(b) 

Fig. 1. The comparison of simulation
results and experiment results (a) and
visualization of the results obtained by
developed mathematical model (b) 
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2. Mathematical model verification 
 
has been performed by comparison of the results of hydro dynamics and free surface 
formation processes simulation with data received from other models [3–5] and experimental 
data for induction crucible furnace [3]. As input parameters the following has been utilized: 
inductor current - 2kA, current frequency 385 Hz, crucible radius of 158 mm, melt height 
inside the crucible - 400 mm, inductor height - 495 mm. 

The comparison of the results of free surface simulation, which were obtained by the 
introduced model (fig. 1(а)), showed satisfactory accuracy (deviation from the experiment is 
less than 1%). Character and intensity of the calculated flows coincided with the results 
obtained by other models [5]. 

 

 
(a) 

 
(b) 

Fig. 2. Vertical velocity component in horizontal (a) and vertical sections (b) Ua=0.68 m/s, 
r0=0.158 mm 

 
In order to check the results of simulation of the velocity fields with the experimental  

data the induction crucible furnace has been taken, the velocities measurement results of 
which are introduced in this research work [6]. The comparison showed high level of 
sameness of measurements results and results obtained by the introduced model (fig. 2). Due 
to this, it is acceptable to use the model for simulation of casting processes in electromagnetic 
field considering liquid metal free surface. 

 

estimated area height 120 mm 
estimated area width 30 mm 
metal supply hole diameter 5 mm 
launder area height (over the hole) 50 mm 
crystallizer area height (below the hole) 60 mm 
inductor height 20 mm 
inductor width 10 mm 
inductor internal diameter 15 mm 
 
liquid metal level in the launder 25 mm 

Fig. 3. Geometry of the estimated area of aluminum alloy casting unit model. 
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3. Mathematical simulation of the processes of casting and solidification of the 
aluminum alloys in the electromagnetic field 
 

Geometry of the estimated area of aluminum alloy casting unit model is shown in figure 
3. Metal liquid phase height at initial time is 25 mm. For the simulation rectangular mesh was 
utilized, it contained 31000 nodes concentrated next to the ingot boundaries. Methodical 
calculation showed that this detailed data is sufficient for obtaining of the correct results 
within suitable time. 

 

 
(a)   (b)   (c)   (d) 

Fig. 4. Velocity field and distribution of  air phase, liquid and solid phase of the ingot at 
initial time (a) and in preset mode at 2500 current (b), 2550 current (c), 2600 current(d) 

 
Initial distribution of air phase, liquid and solid phase of the ingot, is represented in 

figure 4(а). The initial diameter of the ingot and the stream of liquid metal was equal to 5 mm. 
The ingot solidification started at the distance of 15 mm from the metal entry to the bottom of 
the estimated area. Inductor center line was at the same height. The alloy temperature was 
700°С. The ambient temperature was 27 °С. All the other parameters were equal to zero. 

Inductor current strength varied during calculations, 2450–2600 А, and the current 
frequency was 60000 Hz. The following was analyzed: the shape of the melt free surface, 
ingot diameter, crystallization front shape and position, ingot liquid phase velocity field. 

Only calculation results of the steady mode were analyzed (fig. 4(b-d)). The process of 
ingot diameter formation took less than 30 seconds of real time after the beginning of the 
calculations.  

The obtained values of ingot diameter are represented in fig. 7 (grey dots). This figure 
also represents the analytical solution considering the presence of surface tension force (black 
curve) and its absence (grey curve), and the results of the calculation of electromagnetics 
problem using ANSYS software without consideration of hydrodynamics and surface tension. 
As we can see, the results of the problem simulation comply with analytical solution 
considering the force generated by surface tension, as long as the position of fluid surface 
equilibrium is stable. The last estimated point (D=4.8 mm) deviates from analytical 
dependence. However it is worth to mention that this variant of calculation was not as stable 
as previous ones and it is accompanied by local compressions and fluctuations of the liquid 
phase. It can be easily seen in fig.4(d). Therefore, the beginnings of this instability in used 
modes are confirmed by calculations. 
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The analytical solution of the estimated 
problem can be obtained by using the 
assumption about the cylindrical shape of 
liquid metal and ingot itself. As the 
calculations show this assumption is not far 
wrong [1]. 

The condition of the existence of such a 
liquid metal surface shape is the hydrostatic 
pressure balance, the pressure of force 
generated by surface tension and 
electromagnetic pressure. 

 

)(
R

RPgh эл
пов

g +=
σρ . (1)

 

where R – ingot radius, σsurf – surface tension 
coefficient, Pem(R) – electromagnetic pressure, 
hg – liquid metal height. 

For the given values of the current force 
I and the current frequency ω we can 
determine the ingot radius (R) by the solution 
of the above mentioned equation (1). 

Figure 5 (a) represents the solution of the 
equation (1); for three hg values all the curves 
are represented as solid with surface tension 
and as dashed without surface tension. As it 
can be seen, forces generated by surface 
tension resulted in the existence of two equal 
ingot radius R values using the given force of 
the current. The reason of this is the differently 
directed surface tension and electromagnetic 
forces. Surface tension force increases as ingot 
radius decreases. Therefore, in case of greater 

radiuses the balance of forces in equation (1) is provided by electromagnetic force only, but in 
case of smaller diameters - by the force generated by surface tension. Despite that both of the 
equation roots (1) comply with liquid metal equilibrium position the smallest root of this 
equation relates to unstable position of the liquid surface. Any exposure in this position can 
result in liquid metal stream breakup into the separate drops due to capillary forces. So, it can 
be said that the steady 
state of liquid surface 
equilibrium will be the 
state with negative dI/dR 
derivative; it is the state 
when the ingot diameter 
becomes smaller as 
current raises. The other 
part of the curve which 
contains positive 
derivative conforms to 
unstable state of liquid 
boundary.  

(a) 

 
(b) 

Fig. 5. (a) The surface tension influence on
ingot diameter (solid curves – current
strength value considering surface tension);
(b) The current frequency influence on ingot
diameter (liquid phase height 100 mm) 

Fig. 6. Ingot diameter dependence on inductor current force 
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For comparison in figure 5 (a) there is calculation data (dots) represented, this data was 
determined by the solution of the electromagnetic problem using ANSYS software, basing on 
the balance of hydrostatic electromagnetic pressure. As it can be seen numerical solution 
almost coincides with analytical solution considering absence of surface tension. 

Figure 5 (b) represents the results of equation solution (1) for three different values of 
the inductor current frequency. As it can be seen from the graph the current frequency 
virtually does not have any influence on ingot diameter. Except for the unstable area of 
smaller diameters, where ingot radius become coincident with the thickness of 
electromagnetic field radius of penetration inside metal. Therefore, the current frequency 
influence on ingot diameter cannot be considered for further analysis. 

 
Conclusion 

 
The complete mathematical model of the process of aluminum solidification was 

developed. The model considers aluminum solidification process, free surface presence and 
surface tension. Mathematical model verification was performed by comparison of the 
velocity field and free surface shape with the experimental data for the induction crucible 
furnace. To adapt the model and numerical algorithm the analytical expression for ingot 
diameter considering given inductor current force was obtained. Analytical solution was built 
up as approximation of ingot cylindrical shape and infinitely thin inductor. The comparison of 
the analytical solution, the experimental data and the calculations showed good qualitative 
and quantitative agreement both with surface tension and without surface tension. For further 
adaptation of the mathematical model for more accurate study of the process of aluminum 
solidification in electromagnetic field it is necessary to get experimental data relating to 
crystallization front formation. 
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Abstract 
 
 ZnTe is a semi-conducting compound with a direct band gap of 2.23–2.28 eV suitable 
for the application in photovoltaic and photo-electrochemical cells. One of hopeful processing 
of thisn material is electro-deposition under magnetic field, where the depositing mechanism 
on various metal substrates should be revealed including the phenomena under magnetic field.  
 In this research, copper, nickel and nickel plated copper were adopted as cathode 
substrates and the optimum conditions of the deposition were clarified. The basic depositing 
behavior is discussed based on the electrical conductivity and the chemical stability in an 
electrolyte solution taking account of the imposed magnetic field. And following results were 
obtained. 

   -Optimum deposition potential is between -0.85V and -0.90V and optimum electrolyte pH  
is  4 - 5. 

   -In the case of nickel plated copper substrate, the depositing rate is promoted and 
stoichiometry composition is improved. 

   -Intense magnetic field imposition can improve deposition rate and surface morphology of 
ZnTe film.  

 
Introduction 
 
 In the development of semi-conducting materials, various intermetallic compounds 
have been proposed as LED or solar cell materials. In these materials, ZnTe is often targeted 
because its energy band gap is suitable for solar cell. Among the popular processings of ZnTe, 
electro-deposition process is considered to be advantageous for mass production with low 
cost[1][2]. However, basic phenomena of the electro-deposition of Zn and Te atoms on the 
metal substrate in under-potential deposition (UPD) are not clear completely yet. 
 On the other hand, magnetic field imposition is effective to improve surface 
morphology of cathode plate. Because the mass transport of metal ions to the cathode plate 
and the accepting reaction of ions at the surface can be promoted by the strong convection due 
to the interaction between the depositing current and the imposed magnetic field (MHD 
effect), and the microscopic vibration due to the interaction between electron change and the 
magnetic field. As the result of that, the deposited layer becomes to be dense and uniform. 
Furthermore, the crystal orientation also expected in case that the material has the 
magnetization anisotropy. 
 In this paper, basic phenomena of electro-deposition of ZnTe from acid electrolyte 
under magnetic field using the nickel, copper and nickel plated copper plate is investigated, 
where the optimum depositing conditions can be clarified and the effect of magnetic field will 
be revealed by means of composition analysis of the deposited film and surface morphology 
using SEM-EDX.  
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1. Experiments 
 
 Figure 1 shows the total system of this experiments. An electrolyte cell shown in Fig.2 
was set in the bore of the superconducting magnet. The cathode plate was fixed as the surface 
is parallel to the direction of the magnetic field to expect the maximum Lorentz force to get 
strong convention. Electrolyte solution was citric acid based and pH was adjusted from 2-6. 
The concentration of Zn2+ and Te4+ were 10mmol/l and 1mmol/l, respectively. The intensity 
of the applied magnetic field was 5T. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
        Fig.1. Schematic view of total system                       Fig.2. Schematic view of  
                  of the experiments.                                                      electrolyte cell. 
 
 
2. Results and discussion 
 
2.1. Morphology of deposited surface 
 
 Many round shape deposited particles can be seen on the surface as ordinal deposition 
behavior. The formation of the deposited particles on Ni plated copper plate becomes denser 
and more uniform than that on the Ni plate. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. SEM images of electro-deposited surface of (a) Ni plate and (b) Ni plated Cu  
plate under the potential of -0.90V vs. Ag/AgCl. 
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2.2. Composition of deposited layer 
 
 Typical compositions of the deposited surface is analysed by XRF are shown in Tab.1. 
The composition was measured XRF analyser. ZnTe is line compound where the atomic ratio 
is 50% to 50%. In this table, the optimum pH value of the electrolyte is around 4. In the 
conditions of the Fig.3, the value of pH is also 4, so it is found the optimum value can be 
determined as 4. 
 
                    Tab. 1. The composition of deposited layer on Ni plate. 
 
 
 
 
 
 
 
 
 
  
 Because Te is noble element, deposited layer contains Te more than Zn nevertheless 
the concentration of Zn ion is 10 times as thick as Te ion in the electrolyte. The optimum 
condition of cathode potential is considered to be around -0.90 V vs. Ag/AgCl. 
 
2.3. Depositing electric current 
 
 Depositing electric current depends on the cathode potential and the surface 
morphology. The mechanism of electro-deposition is considered that the deviation from the 
equilibrium potential gives the driving force for deposition. As the deviation is larger in lower 
pH region, the current decreases as increase of pH values as shown in Fig.4. In case of large 
current, the depositing surface becomes unstable so that the depositing particle grows large. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                   Fig. 4. Effect of pH on the average current density of ZnTe  
                              electro-depositon in case of Ni substrate. 
 
 Figure 5 shows the relationship between the depositing current and the cathode 
potential. Low cathode potential means large deviation from the equilibrium potential, so the 
driving force becomes large in lower potential region , as mentioned above.  
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                   Fig. 5. Effect of cathode potential on the average current density  
                              of ZnTe electro-depositon in case of Ni substrate. 
 
2.4. Effect of magnetic field 
 
 Figure 6 shows the surface morphology of electro-deposited plate with andeithout 
magnetic field. In case of no magnetic field as shown in Fig.6 (a), the deposited particle is 
almost same as that in under magnetic field as shown (b).  
 
 
 
 
 
 
 
 
 
 
         Fig.6. SEM images of electro-deposited surface of (a) without magnetic field and 
                   (b) with magnetic field for Ni plated Cu plate.  
 
 It seems that the effect of imposed magnetic field is not significant. However the 
depositing current increases as in crease of magnetic field intensity as shown in Fig.7.  
 
 
 
 
 
 
 
 
 
 
 
 
 
           Fig. 7. Effect of magnetic field on the average current density for Ni plated Cu plate. 
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 As the result of Fig.6 and Fig.7, MHD effect and micro MHD can promote the mass 
transport and depositing reaction and it is found that the depositing particles becomes dense.  
 
Conclusions 
 
 In order to reveal the phenonema of ZnTe electro-deposition and the effect of 
magnetic field imposition, experimental work using Ni, Cu and Ni plated Cu plate were 
conducted, and benefittable results are obtained as follows. 

(1) Optimum deposition potential is between -0.85V and -0.90V and optimum electrolyte 
pH  is  4 - 5. 

(2) In the case of nickel plated copper substrate, the depositing rate is promoted and 
stoichiometry composition is improved. 

(3) Intense magnetic field imposition can improve deposition rate and surface morphology 
of ZnTe film.  
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Abstract 
 
 Need for development of new technology, new highly efficient technological 
processes and equipment, automation equipment, without which a technical progress has 
become unthinkable, requires the implementation of new and innovative discoveries. This 
paper deals with a new innovative technique for making wells using electric hydro-pulse 
drilling, which is based on a unique phenomenon that is the method of direct conversion of 
electrical energy into the mechanical energy of shock waves, effectively destroying rocks at a 
well bottom. This paper describes the results of a study of the electric hydro-pulse effect on 
hard and super hard rock minerals. It presents the dependency diagrams of the degree of 
natural minerals destruction on the change in the initial voltage and inter-electrode distance. 
The authors defined limits of the electro-physical parameters of the method, where the 
intensive destruction of solid rock i.e. natural stones begins. They determined optimal regimes 
of electric hydro-pulse plant operation for discharge energy effect on the intensity of 
destruction of natural minerals. 
 
Introduction 
 

Nowadays in many developed countries in the world, search for new alternative 
energy sources and their active use are accepted as vital and strategic resources supporting 
long-term development of these economies. 

Current energy development in the Republic of Kazakhstan is characterized by 
cardinal restructuring of fuel and energy sector. It is caused by the rise in prices for fossil fuel 
(particularly oil and gas) in the world market, and by worsening of environmental problems 
[1]. 

Under these conditions, measures to save energy resources are a priority in the long-
term energy policy. 

At current prices for fuels and electricity, as well as achieved heat conversion 
(transfer) coefficients, heat pump plants are effective means of energy saving. Heat pump 
plants as a low-grade heat sources can use industrial effluents and treated domestic waste 
water, service water; heat of groundwater, geothermal and artesian waters; ground and solar 
heat; heat of waste gases from industrial enterprises, etc. 

Electro-hydraulic effect is a high voltage electrical discharge in a liquid medium. 
During the formation of an electric discharge in a liquid energy release occurs within a 
relatively short period of time. A powerful high-voltage electric pulse with a steep leading 
front causes a variety of physical phenomena. Such as the emergence of ultra-high hydraulic 
pulse pressure, electromagnetic radiation in a wide range of frequencies up, under certain 
conditions, to x-rays, cavitations phenomena [2-4]. 
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One of efficient methods of the production of heat and groundwater by means of heat 
pump technology is the use of wells made by drilling to embed heat transfer elements. 
Fundamentally new and innovative way to make wells is electrohydraulic drilling. 

Compared with traditional technologies, the electohydropulse technology makes it 
possible more efficiently and in a short time to destroy obstacles like hard rock by means of 
shock waves under high-voltage discharge in water at well drilling to install heat exchangers. 

The main advantages of electrohydropulse method of drilling: 
– it is an economical and efficient method for drilling hard and super hard rocks; 
– there is no need for rotation of the drill, this fact eliminates energy losses due to 

friction; 
– it provides favorable conditions for the reduction of energy consumption of the process 

since tensile strength of natural minerals is 10-30 times less than their compression strength; 
– there is practically no wear of rock destruction tool. 

 
Experiment 
 

 Electrohydropulse method has the advantage that the forces generated in the discharge 
channel are provided by energy supply from an external capacitive storage, and their amount 
and application time can be controlled to optimize the destruction process in terms of physical 
and mechanical properties of natural minerals. In this case spending of energy on crushing 
rocks by electrohydroimpulse drilling is greatly reduced since the rocks are crushed to coarse 
particles [5,6]. 

To form a pulse with a short front of the voltage applied to the discharge gap in the liquid 
we used a discharge gap in the air that is an air discharger; and to generate a pulse of certain 
energy we used energy storage electrical capacitor. We developed and tested an electro-
hydraulic plant and a working cell for drilling (Figure 1). 

 

 
 

Fig.1. General view of electrohydraulic plant for well drilling 
 

In the laboratory we experimentally studied the impact of various factors on the 
efficiency of electrohydropulse destruction of natural minerals, including changes in the 
amount of the energy released at the beginning of the breakdown and converted into shock 
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waves energy, the time of energy arrival into the breakdown heat, variations in the 
interelectrode gap, properties of natural minerals. 

In order to determine the optimal operation regime of electrohydropulse plant, we  
made experiments on discharge energy effect on the efficiency of an electrodischarge method 
for the destruction of natural minerals. 

The experiments were performed as follows. We put stones of specified thickness into 
the bottom of a cylindrical vessel, modeling a bottom-hole of a real heat exchange well with a 
diameter of about 30 cm. The cylindrical vessel was filled with water and the electro-
hydraulic drill was plunged into it so as to reach the surface of the stone. Upon actuation of 
the plant we determined the number of discharges up to the destruction process began. 

Experiments were carried out for minerals of various structure and content. Figure 2 
shows the experimental results of the study of destruction degree of natural minerals, 
depending on the variation of the initial voltage U0 at constant capacitance of capacitor banks. 

 

 
 
Fig. 2. Dependence of destruction degree of natural minerals on the voltage 
 
The following figure 3 shows the results of experiments carried out at the following 

parameters of the discharge circuit: U0= 20kV, C=3 µF. The magnitude of the interelectrode 
gap varied within leg=8-12 mm. 

 

 
 

Fig. 3. Dependence of the degree of destruction of natural minerals on the 
interelectrode distance 
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The results of laboratory technological experiments lead to the following conclusion: the 
maximum benefit from the use of electrical discharges for the destruction of natural stones is 
observed at the following parameters of the discharge circuit of a high-voltage pulse 
generator: U0=35 kV, C=3 µF, leg=12 mm. 

On the basis of experimental studies we established limits for electrophysical parameters 
of the method, at which the intensive destruction of solid rock, i. e. natural stones starts. 

 

 
Fig. 4. Optimum energy of natural materials destruction depending on their thickness 

 
Optimum energy for breaking stones with a thickness of 50 to 70mm is 600 J, and for 

stones with a thickness of 70 to 80mm the energy discharge is 1350 J. When discharge energy 
increases up to 1350 J, a complete destruction of stones is observed (Fig. 4). This fact proves 
the existence of some optimum value of the electric discharge energy. 

 
Conclusions 
 

The authors carried out special studies to determine optimal operation regime of 
electrohydropulse plant and made experiments on discharge energy effect on the efficiency of 
an electric discharge method for the destruction of natural minerals. The values of the 
maximum allowable energy of discharge unit depending on the type and thickness of natural 
minerals were defined. The quantitative dependences characterizing the beginning of the 
process of destruction of rocks of different thickness depending on the amount of discharge 
energy were determined. 
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Abstract 
 
 The MHD instability in cylindrical Taylor-Couette flow with strong external axial 
magnetic field is simulated for narrow gap. The effect of a uniform magnetic field is studied 
for different cases of conducting or insulating walls. We present angular momentum and 
pressure evolution at the middle of the Ekman cell, at the middle of the first Taylor-votex 
flow (TVF) and between them.  
 
Introduction 
 
 Taylor-Couette flow is that which develops in the annular space between two coaxial 
relatively rotating cylinders. Velikhov (1959) [1] and Chandrasekhar (1960) [2] have studied 
the axial magnetic field applied to a Taylor-Couette flow. Balbus and Haley (1991) [3] have 
found that magnetohydrodynamics instability can play a role in wide of astrophysics. In this 
paper, some computational results on magnetic field effect on liquid metal Taylor-Couette 
flow are represented. Angular momentum and pressure field are compared in the cases 
without and with magnetic field in different situations of insulating and conducting 
boundaries. The finite volume method is used with MHD module. 
 
1. Main problem 
 
 The liquid sodium is contained in the gap between a stationary outer cylinder of radius 
Ro=28.5mm and an inner cylinder of radius Ri=23.65mm. H=155mm is the height of the 
device. The aspect ratio Γ =H/d, where d is the gap between the cylinders d= Ro-Ri. The 
inner cylinder is rotating at angular velocity Ω  corresponding a Taylor number Ta= Re.δ1/2 

with Re=RiΩd/ν and δ  is the gap ratio given by δ =d/Ri, ν is the kinematic viscosity. Two 
main cases are considered, the first one without magnetic fields, the second one with 
magnetic field B corresponding to a Hartmann number Ha= B.d/(μ0ρνη)1/2  where μ0  denotes 
vacuum permeability , ρ and η density and magnetic diffusivity of the fluid. Different cases 
are studied when magnetic field is applied for insulating and conducting walls as resumed in 
table1  

The governing equations for this problem are as follows,       

( ) 2V V V P V J B
t

∂ρ + ρ ⋅∇ = −∇ + ρν∇ + ×
∂

  

V 0∇ ⋅ =       0=⋅∇ J    
    

BVEJ ×+=
                  

Φ∇=E
                                                               

              
 

 Where B, J, E and Ф are magnetic flux density, electric current density, electric field 
and electric potential, respectively.  
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 Non-slip boundary conditions are used for radial and axial velocity components. The 
angular velocity matches the rotation rates of the inner cylinder.  

  2. Results and discussion 
 
 We consider the flow of an electrically conducting fluid as liquid sodium of density 
ρ=920kg/m2 between two finite cylinders. Let us start at Z=153.7 mm, the pressure increases 
exponentially from the inne rotating cylinder to the exterior fixed one. This radial pressure 
gradient is induced by the rotation of the inner cylinder and the shear stress induced close to 
the upper boundary. It is responsible of the appearance of Taylor-vortex flow TVF. Due to the 
weak rotation rate the pressure is almost uniform for small Taylor number values (Ta=14.7) 
with respect to the other Taylor numbers. All pressure plots have an intersection point at 
r=24.2 mm which can be taken as a critical radius. For Ta=47.5 a large radial pressure 
gradient is obtained indicating that the first critical instability is reached for this system. At 
Z=149 mm and at z=146.7 mm which corresponds to the middle of the first (TVF), we notice 
almost the same evolution of the pressure field. However the intersection point moves radially 
outward, as shown in Fig. 1c.  
 Computations were conducted for seven cases for insulating and conducting 
boundaries as shown in Table1. At z=146.7 (the middle of first TVF) the pressure field 
appears to be uniform for the case 1 compared to the presence of magnetic field, figure 2. For 
the case of insulating boundaries (case 1) pressure values are very close to the case 0. No 
great changes are noticed when only the inner cylinder is conducting (case 1). Whereas for 
the cases 3,4,5 and 6 the pressure changes considerably. 

Tab. 1. Different studied cases 
Case1 Without magnetic field  

With magnetic field 

 Inner cylinder Outer cylinder Upper and down boundaries 

Case 2 Insulating Insulating Insulating 
Case 3 Conducting  Insulating Insulating 
Case 4 Insulating conducting Insulating 

Case 5 Insulating Insulating Conducting 

Case 6 Conducting Conducting Conducting 
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(C) Z=146,7 mm 

Fig. 1. Pressure versus radius for different Taylor number values in the case 0 (without 
magnetic field) 
 
 At Z=153.7 mm corresponding to the middle of Ekman cell, the decrease of the radial 
angular momentum gradient is larger in the vicinity of the inner cylinder, than close to outer 
cylinder. 
 Away from the upper boundary and placing between the Ekman cell and TVF, at z = 
149 mm we note that the effect of the rotating inner cylinder relatively dominant over braking 
fixed boundary ∂Ω(r)/∂r and it decreases rapidly to become low in the vicinity of the inner 
cylinder, outwardly ∂Ω(r)/∂r it becomes relatively large due to the effect of the outer cylinder 
which is at rest. In the middle of the first TVF at Z=146.7mm, we note that all the curves tend 
to be linear, and then the profiles are centrifugally instable with angular momentum r2Ω(r) 
decreases radially outward. The radial angular momentum gradient in the middle of the 
Ekman cell at Z = 153.7 mm (case 6),  is the most important which means that the effect of 
magnetic fields is huge in the case with the conducting walls, also in the case 5 with 
conducting upper and down boundaries. 
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(C) Z =146.5mm 
 

Fig. 2. Pressure versus radius for Ta=Tc=47, 5 
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(C) Z=146,7 mm 

                                 
Fig. 3 Angular momentum versus radius for different Taylor numbers without magnetic field 
 
 The magnetic field does not have a remarkable effect for the case with insulating 
boundaries, thus destabilizes the flow field at the Ekman cell in the case when the upper and 
down conducting boundaries.  Between Ekman cell and the first TVF, we note that the 
magnetic field stabilizes the flow better when all walls are conductive, a lesser effect of 
stabilization in the case when the inner and outer cylinder are conducting. While, when just 
the boundaries are conducting the magnetic effect is relatively low. The effect of magnetic 
field does not appear in the case when all walls are insolating and even in the case when the 
inner cylinder is conducting. 
 While in case of the two inner and outer cylinders are conducting the magnetic fields 
effect is relatively large than effect in the case when only the outer cylinder is conducting. 
At the first TVF the case 6, 4 and 5, we notice a weak stabilization of the flow. 
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(c) Z=146,7 mm  

 
Fig. 4. Angular momentum versus radius for different cases of conducting walls for Ta=Tc1   
 
Concluding remarks 
 
 Numerical computations are conducted to study the magnetohydrodynamic instability 
with insulating and conducting walls. The main effect of axial magnetic field in Ekman cell is 
when upper and down boundaries are conducting. Also, we found that the magnetic field 
effect is not the same in all liquid metal annulus. Each region is affected differently, and it 
depends to conducting or insulating walls. Under the effect of a strong uniform vertical 
magnetic field (B=4 Tesla) corresponding to Hartmann number Ha=2400 the pressure field 
and angular momentum have been analyzed.  
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Abstract 
 

For more than a century, attempts have been made to overcome the diffraction limit. In 
the report we describe the results of numerical experiments based on FDTD methods on 
simulation of focusing properties of innovative 3D diffractive optical elements (DOE). It has 
been shown the "Abbe barrier" was completely broken by flat diffractive lenses with unique 3D 
super resolution: phase correcting Fresnel lenses with values of F/D < 0.2 and with F  2  has 
a spatial resolution of less than 0.5 . The focal spot in the DOE with high NA case is no 
longer an Airy pattern. For small focal distance at the first time it were demonstrated that in 
the near field of single flat diffractive lens without of the immersion medium a resolution of 
0.3-0.4  can be obtained. In contrast to the flat diffractive optic the curvilinear 3D diffractive 
optic allow to overcome the 3D diffractive Abby barrier with focal distance F more than F>2 λ. 
 
Introduction 
 
 In millimeter wave band in the papers [1-3] the focusing properties of flat diffractive 
lenses was for the first time investigated by means of FDTD simulation and the results of the 
focal fields of a phase correcting Fresnel lens examination were described for several small 
values of F/D<0.2 and withF  2 . It has been shown that a spatial resolution (focal spot 
diameter at half intensity equal to the FWHM) of less than 0.3…0.4  is achievable without 
the immersion medium (lenses). Moreover it has been shown that the focal intensity 
distribution is not circularly symmetric and thus the focal spot in the high numerical aperture 
(NA) case is no longer an Airy pattern. Also it was shown that with the exception of one case 
(F  2), the axial resolutions are all less than 2.0 , which is significantly finer than the axial 
resolution achieved from lenses with large values of F/D. So the "Abbe barrier" was thus 
completely broken by such flat diffractive lenses with unique 3D super resolution [1-3]. 

But subwavelength resolution beyond the Abbe barrier is possible for flat diffractive 
lens only with F< . The main aim of present paper is investigation and confirmation of the 
possibilities of subwavelength resolution focusing for 3D diffractive lens with F> . 
 
1. 3D diffractive conical lens 
 

It is well known [4], that a Fresnel zone plate can be produced conformable to some 
curvilinear formations. And curvilinear lens can be made on an arbitrary-shaped 3D surface, 
but the FZP-like lens with a rotational symmetry surface has better radiation characteristics and 
not only the phase function, but also the 3D surface shape are free parameters that can be used 
for focusing characteristics optimization, including resolution power both for operating with 
quasi-monochromatic radiations and femtosecond pulses [5].  
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The innovative radiating structures as conical millimeter wave FZP lens and lens 
antenna at were first proposed by the authors in 1991, described and studied both theoretically 
and experimentally in [4,6]. Like the plane phase-reversal flat FZP lens, the cone-shape zone 
plate lens transforms in a step-wise manner the incident plane wave into a spherical wave 
converged in geometrical-optic approximation to the primary focus F. This action is illustrated 
in Fig. 1(A). 

 

 

A)                           B) 
Fig.1. Diffractive conical lens: A) The ray-tracing technique, B) CAD model of conical lens.  
 

There: Rk are the ring zone radii, and Zk are the axial zone coordinates of a ring conical lens. 
Points O and F are the cone apex and primary focal points, or |OF|=F, where F is the focal 
length of lens, <x> - the maximum flexure of the diffractive lens surface. For the given design 
wavelength λ, cone half-opening angle  , and focal length F, the kth zone radius Rk and axial 
zone location Zk are calculated by [4]: 

2 2 2 1 2

2 2 1 2

2 2 1 2 2 2 1 2

cos 1 cos sin
1 cos 1 cos sin 2

/
k k k k

/

k / /

R (F z )/ tgα [(F z ) / tg α z F ]

h α[( - α / n ) α / n] hn hn kλZ F
( α / n ) tgα ( α / n ) α

      

 

      
,           (1) 

where h – the depth of dielectric supporting layer at the normal to conical surface; n – 
dielectric refractive index. The phase profile was machined on the inner surface of a shallow 
cone, and the phase step was calculated using the expression  

h = [0.5/(n-1)](1-cos2/n2)1/2.                                                            (2) 

 
2. Results of investigations  
 
 The parameters of the diffractive lens both binary and phase correcting (Fig.2) was 
selected as follows: F/D=1.26, D/λ=20 (the dimension of lens diameter was limited by the 
computer's capabilities), F/λ=25, 90<<20, the lens material was polystyrene (n = 1.59). The 
Fresnel number  FN of a lens with a lens diameter D is defined by FN=D2/4λF [8] and was 
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equal to FN=5. In the case of binary conical FZP the lens consists of several metal screens of 
different annular hole normal to optical axis and situated along the conical surface [7]. The 
results of FDTD simulation of different type of conical phase reversal zone plate with different 
cone angle are listed below in Fig.3 (we use the commercial software as Remcom XFDTD [9] 
with mesh grid size of λ/20 both in x- and y- directions). 
 

 
Fig. 2. FDTD simulation of conical lens focusing (left, red – air, green – dielectric) and experimental 

diffractive conical lens (right). 

 

 
Fig.3. FDTD simulation of resolution power of 3D conical diffractive lenses: blue – Δx, red – Δy, green – 

Δz, the purple curve indicate the asymmetry of focal spot Δx/Δy. The value of Δz is in the unit of classical depth 

of focus 
2

8 F
D

  
 
 

[8]. All other values are in the unit of Rayleigh radius [8]. At the horizontal axis the cone 

half-opening angle  is shown. 
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The results of simulations in the units of wavelength (to compare with data from Fig. 3) 
are shown in the Table. In approximation the focal spot is ellipse with the length of Δx/λ and 
Δy/λ in the Table the square of focal spot S are shown. Also the “value” of 3D focal spot V in 
FWHM on axial direction and lenses Gain are shown in the Table. 

Additional investigations and comparison with simulation of simple model of metal rings 
binary conical FZP, which consists of several metal screens of different annular hole situated 
along the conical surface and perpendicular to optical axis, showed that the resolution power 
of phase reversal conical diffractive lens is about 5-7% better than the amplitude binary lens. 
Moreover, the FZP lens is superior in axial resolution compared to the classical millimeter 
wave lens (plane-spherical or plane-hyperbolic lens). Also the comparison of FDTD 
simulations and simple approximate algorithm [7] has shown a good agreement.  

Table 

α, deg. Δx/λ Δy/λ Δz/λ ΔF/λ S/λ2,  V/λ3 G, dB 
90 1.31 1.32 9.2 23 1.36 12.49 11.8 
45 0.92 0.91 3.65 13 0.65 2.4 21.1 
35 0.67 0.70 2.47  0.37 0.91 21.7 
30 0.55 0.68 1.7 6.4 0.29 0.5 21.9 
25 0.42 0.67 0.90 2.45 0.22 0.2 22.4 

Focusing characteristics of dielectric diffractive conical lenses. 
 

It could be noted that the distance from the base of the cone to the focal point ΔF/λ is always 
ΔF>2λ (see Table). Therefore, the longitudinal resolving power (axial resolution) of the 
diffractive optical element can be controlled by choosing the flexure of the diffractive optical 
element surface and its spatial orientation and could be less than Abbe barrier. So the "Abbe 
barrier" was completely broken by such diffractive lenses with unique 3D super resolution 
[10]. 
 
Conclusions 
 

In contrast to the flat diffractive optics the curvilinear 3D diffractive conical optics 
allows for overcoming 3D Abbe barrier with focal distance F more than F>2λ. The focal 
intensity distribution for conical diffractive lens (as for phase reversal flat FZP lens [1,2]) is 
also not circularly symmetric and thus the focal spot in the high NA case is no longer an Airy 
pattern.  

These results may find useful applications in optical microscopes, including “reverse-
microscope”, nondestructive testing, microoptics, nanooptics, for manipulate the 3D focused 
field distribution flexibly by use of diffractive optical elements to some applications and so on. 
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Abstract 
 

The computations of electromagnetic (EM), hydrodynamic (HD) and thermal fields 
based on developed 3D models are performed for: i) almost axis-symmetrical MHD-device 
with bottom and submerged and non-submerged top electrodes with single phase alternating 
current (AC) and cylindrical coil around the melt; ii) MHD-device with three-phases current 
supplied over three submerged top electrodes as well as with EM stirrer, which is the side 
non-symmetrical inductor, the source of “travelling” magnetic field. Obtained flow patterns 
are the results of competition of electro-vortex convection (EVC) and electromagnetic 
convection (EMC), which appear due to conductive and inductive current supply accordingly. 
For axis-symmetrical MHD-device the melt rotation appears as the cross effect of interaction 
of inductive or conductive current with magnetic fields, produced by other type of power 
supply. For axis-symmetrical MHD-device with non-submerged top electrode the intensity of 
EVC is for an order greater then intensity of termogravitational convection (TGC). 
 
Introduction 
 

The popular types of industrial metallurgical equipment for melting and holding of 
ferrous and non-ferrous alloys (steel, ferrochrome, nichrome, etc.) uses power supply by 
conductive alternating or direct current AC or DC) over graphite electrodes. Electrodes may 
be unsubmerged or submerged into the melt and/or slag. The electrical contact of electrodes 
with the melt and/or slag is ensured through the arc. The heating of melt over its top surface 
may be performed also with plasma burner. In this case conductive current, produced by jet of 
ionized gas, is closed through the melt to its bottom. The examples of such devices are: 
electrical arc furnaces (EAF), ladle furnaces (LF), ore-melting furnaces, plasma furnaces, etc. 

The intensification of melt circulation may be archived with electromagnetic stirring 
(EMS). EMS may be produced with side inductor (in LF) [1] or with bottom inductor (in 
EAF) [2]. EMS in LF is the alternative to stirring with argon jet. 

Up to now 3D numerical modelling of such MHD devices is performed for several 
particular cases: study of interaction of EMS and TGC [2]; investigation of EM field and 
power consumption [3]; computation of EVC and mixture concentration field with LES 
model of turbulence [4]; simulation of heat transfer and gas flow over slag [5]. Brief overview 
of recent 2D and 3D modelling may be found in [6]. 

The purpose of current paper is 3D modelling of MHD devices with inductive and 
conductive power supply, taking into account the cross effect of interaction between electrical 
current and magnetic field, produced by different sources. Competition of all mentioned types 
of melt flow – EVC, EMC, TGC and MHD-rotation – is considered. 
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Resultant Lorentz force in the melt 
[7,8] takes into account: 

i) interaction of inductive or 
conductive currents with their generic 
magnetic fields; 

ii) cross effect of interaction of 
current and magnetic field produced by 
deferent types of power supply; 

iii) phase shift indel ααβ −=  
between inductive and conductive current. 

Cross effect of interaction may be 
found only in the case of equal frequency 
of inductive and conductive current – 

indω = elω . For direct current (DC) in 
electrodes as well as for elind ωω ≠  time-
averaged Lorentz force is equal zero. 

 
1. Parameters of developed models and peculiarities of numerical computations 

 
The geometries of developed 3D models of MHD devices with combined power 

supply are shown in Fig. 1, 7. The geometrical, physical and operation parameters are 
estimated using published for advertising purposes fragmentary data [1] for industry-size LF 
(capacity approximately 70 t): radius and height of the melt – meltr = 1.35 m, melth = 3 m; height 
of inductor – indh = 3 m; height of submerged part of electrodes – submerge

elh = 0.85 m. For melt 
nichrome (conductivity meltσ = 6.7·105 S/m) and equal values of current frequency in inductor 
and electrodes ( indf = elf = 50 Hz) non-dimensional frequency of melt is ind

meltω̂ = el
meltω̂ = 8·102. 

EM field is computed with ANSYS 14.0 in the melt, inductor and electrodes with 
geometries shown in Fig. 1, 7. The melt turbulent flow and thermal field is obtained using 
ANSYS CFX 14.0 with 3D transient LES approach. Initial distributions of fields are obtained 
with steady-state or transient Shear Stress Transport (SST) k-ω model of turbulence. 

 

Fig. 1. 3D geometry and zones of structured 
mesh for axis-symmetrical MHD device 

with submerged top and bottom AC electrodes 
and cylindrical single phase inductor 

Fig. 2. EM force vectors (left) and time-averaged velocity vectors (right) 
in vertical cross-section y = 0 (model in Fig. 1) 
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Structured mesh (Fig. 7) is built with hexahedral elements. For EM field skin layers 
and for HD and thermal boundary layers at solid walls the mesh with inflation is generated. 

During EM modelling ~ 2.5 millions of equations for complex variables are solved. 
Mesh for HD and thermal fields has ~ 2.8 millions of elements. The time step is 0.005 sec. 

 
2. 3D model of system with top and bottom electrodes and cylindrical inductor 

 
The main features of 3D model are the following (Fig. 1): 
i) Top electrode has submerged part; bottom electrode contacts the bottom of the melt. 

The electrodes’ axes coincide with symmetrical axis of melt vessel. Phases of current in top 
and bottom electrodes are equal el

topα = el
bottomα = elα . 

ii) Cylindrical inductor has azimuthal dimension ind
cylindrϕ = 359˚; to ensure the applying 

voltage drop in boundary conditions the every inductor turn has thin (1˚) vertical gap. The 
phases of current in inductor turns are equal indindindind αααα ==== 1221 ... . 

Fig. 3. Isolines of azumithal components of EM force (left) and time-averaged velocity (right) in 
vertical cross-section y = 0 (model in Fig. 1) 

 
Fig. 4. Time-averaged velocity vectors at 

melt top surface z = 3 m 
(model in Fig. 1) 

Fig. 5. Maximum of azimuthal component of 
velocity vφ max  at melt top (model in Fig. 1) 

as the function of phase shift β 
between currents in inductor and electrodes 
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Characteristic distribution of resultant EM force in vertical cross-section y=0 is shown 
in Fig. 2 (left). Because of noticeable skin-effect the EM force is concentrated in thin layer, 
which thickness is estimated with EM field penetration depth into the melt ind

meltδ = el
meltδ << meltr . 

EM force along cylindrical surface of melt has almost only radial component (except 
corner regions). The prevailing contribution to radial component rf , which is the main driver 
of EMC, gives the 1st term in upper expression, shown in Fig. 2 (left). Flow patterns for 
system with “pure” inductor (t.i. without current over the electrodes) are typical for induction 
furnaces. There is not melt rotation around z-axis. 

EM force along top and bottom horizontal surfaces of melt has almost only axial 
component (except corner regions). The prevailing contribution to axial component zf , 
which is the main driver of EVC, gives the 1st term in lower expression, shown in Fig. 2 (left). 
Flow circulation for system with “pure” electrodes (t.i. without current in inductor) has 
opposite directions in comparison to EMC. There is not rotation of the melt around z-axis. 

 The circulation of the melt for system with combined power supply (Fig. 2 (right)), is 
the result of competition of EMC, EVC and melt MHD-rotation around z-axis (Fig. 4); phase 
shift between inductive and conductive current is β = 112.5˚. 

 The melt rotation velocity vφ ~ 2.7–3.8 m/s (Fig. 3 (right)) is comparable with melt 
circulation velocity in meridional cross-section vy=0 ~ 4.2 m/s (Fig. 2 (right)), which, in its 
turn, is less than total velocity at melt top vtop ~ 5.9 m/s (Fig. 4). The high velocity values 
correspond to extreme current values in inductor and electrodes: indI =100 kA; elI =1000 kA. 

The directions of rotation in top and bottom zones of the melt are opposite (Fig. 3 
(right)), which coincide with directions of azimuthal component of EM force (Fig. 3 (left)). 
The variation of phase shift β in range from 0˚ to 180˚ makes it possible to control direction 
and velocity of melt rotation (Fig. 5).  

 
3. 3D model of system with non-submerged top and bottom electrodes 

 
This 3D model is the variation of axis-symmetrical model with only conductive power 

supply, when top electrode is non-submerged. In contrast to the models (Fig. 1,7) with 
isothermal melt the current model concerns with numerical 3D computations of melt flow 
patterns, which are the result of competition of EVC and TGC, taking into account non-
uniformity of thermal field in the melt. 
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Thermal field balance is reached at melt average temperature Taver ~ 1827 K with 
following conditions: heat flow at top surface of melt Qspot ~ 1.15 MW/m2 supplied over the 
spot of arc (square Sspot ~ 0.58 m2); thermal radiation is at the rest of top surface (square 
Srad ~ 5.2 m2); integral Joule heat in melt QJoule ~ 0.11 MW for conductive current effective 
value Iel ~ 100 kA; heat transfer coefficient at bottom and side surfaces αsolid ~ 1.2 W/(m2·K). 

The distributions of EM force and flow patterns (Fig. 6 (left)) are similar to base 
model. Distinctions for upper vortices are due to melt adhesion at surfaces of submerged 
electrode. Maximum velocity of EVC is vEVC ~ 0.5 m/s. The heat supplied over top surface is 
mixed up into the melt along symmetry axis with EVC as shown in Fig. 6 (right). Melt 
overheating value for EVC is θEVC ~ 70 K. 

When EVC is “switched off” by artificial setting Lorentz force to zero, the only TGC 
is obtained. TGC is noticeable along cooled surfaces. Direction of TGC is opposite to EVC. 
Maximum velocity of TGC is vTGC ~ 0.04 m/s, which is for an order less than vEVC, thus TGC 
is negligible in comparison with EVC. Melt overheating value for TGC is θTGC ~ 750 K. 

 
4. 3D model of system with three electrodes and side inductor 
 

The main features of 3D model of system are the following (Fig. 7): 
i) Three electrodes have submerged part with height submerge

elh . Radial positions of 
electrodes’ axes are elelel rrr 331 == =0.675 m; azimuthal positions – el

1ϕ =0˚; el
2ϕ =120˚; el

3ϕ =240˚. 
Phases of current in electrode are el

1α =0˚, el
2α =120˚, el

3α =240˚. 
ii) Side inductor with height indh  has azimuthal dimension ind

sideϕ = 60˚. Inductor 
produces “travelling” magnetic field. Phases of current in inductor turns: o041 === indind αα ... ; 

o01285 === indind αα ... ; o024129 === indind αα ...  (numbering from bottom to top). 
The 3D vectors of melt time-averaged velocity are presented in Fig. 8. Inductor is 

turned to observer; vertical symmetry plane of model (Fig. 7) is perpendicular to the page. 

Fig. 6.  LES time-averaged (flow time t = 180 sec) velocity vectors (left) and temperature 
contours (right) for axis-symmetrical MHD device with non-submerged top and bottom 

electrodes 
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The EM force, which appears due to conductive current supply, is noticeable in zone 

around the electrodes near top of the melt. The EM force, which appears due to inductive 
current supply, is noticeable along cylindrical surface of the melt strait opposite to inductor, 
magnetic field of inductor “travels” upwards.  

In the case of combine power supply the flow patterns, shown in Fig. 8, are the result 
of competition of EMC and EVF and appears due to superposition of EM forces, produced by 
both conductive and induced current supply. Asymmetry (with respect to above mentioned 
vertical plane of model geometrical symmetry) of two-vortex flow in horizontal cross-section 
is most noticeable near top surface of the melt, where symmetrical flow of EMC competes 
with rotational symmetrical electro-vortex flow. Maximum value of velocity is ~1.2 m/s. 
 
5. Conclusions 
 

The developed 3D models are universal enough for analysis of industry-size 
metallurgical MHD devices with conductive and inductive combined power supply in wide 
range of geometrical, physical and operational parameters. 

The cross effect of interaction between conductive current and induced magnetic field 
as well as interaction between induced current and magnetic field of conductive current is 
illustrated with melt rotation around symmetry axis in MHD device with top and bottom 
single phase electrodes and cylindrical inductor. 

The variation of phase shift between inductive and conductive current makes it 
possible to control direction and velocity of melt rotation. 

The intensity of electro-vortex convection is for an order greater then intensity of 
termogravitational convection. 
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Abstract 
 

 In paper the modelling of nonlinear process of electric discharge in heterogeneous 
fluid using system of dynamical equations is discussed. The results of computer analysis of 
the pulse current oscillograms, which have been obtained during electro-processing of various 
heterogeneous environments, are shown.  Using of the dynamic equations for simulation of 
nonlinear pulse pressure signals allows define the optimal parameters of the electrical circuit 
corresonding to effective conditions of electro pulse processing depending on the properties 
of technogenic raw materials. 

 
Introduction 

 
Study patterns of development of electric discharge in a multicomponent liquid medium 

is relevant due to the widespread use of electric technologies in the processing of raw 
materials and manufacturing of new materials. The electric discharge in a liquid medium is 
followed by formation of shock waves with a high pressure at the front which is used as a 
powerful source of mechanical energy with a high efficiency [1, 2]. The perturbations brought 
in the working medium by exterior radiants, in this particular case, by high-voltage electrical 
discharges, affect properties of the working medium. Some phase and structural 
transformations occur there. The working medium representing heterogeneous fluid, is 
turbulent, saturated with vapors, gas bubbles are formed and dissolve, disperse parts of hard 
rocks flaked off in the course of crushing and destruction are mixed in it. All these processes 
make an essential impact on the amplitude and frequency of powerful pulse pressures, which 
also depends on the parameters of the electric discharge and the properties of the processed 
technogenic raw materials [3]. The experience proves that hydrodynamic processes following 
from electric discharge affects in the heterogeneous fluid go with high gradient change in 
thermal parameters almost instantly s)1010(~ 64 −− ÷ [4]. It is practically impossible to 
investigate the details of manifestation of structural properties of turbulent mixing separately. 
Therefore it is necessary to carry out the modelling of nonlinear process at electric discharges 
effect in heterogeneous fluid depending on its properties. 
 

1. Power of energy of electric discharge process  
 

Expansion law border discharge cavity is completely determined by thermodynamic 
properties of the working environment and the characteristics of power emitted energy 
electrical discharge, which transforms into heat. Form of the function N (T) is determined by 
the nature of the working environment, where there is an electrical discharge. To calculate the 
power we use the equation of nonlinear oscillatory circuit 
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where L,C are the inductance and circuit capacitance, U (I) is the nonlinear voltage 

depending on an amperage I, α1, β  are the constants characterizing the electric resistance of a 
medium, t is  time. 

The expression (1) in initial approach presents an oscillating and damping forms of an 
impulse current quite well if a single electric discharge affecting in the heterogeneous fluid is 
considered. But in practice, when proceeding multicomponent medium the electrical 
discharges are repeated with certain frequency until the desirable effect is obtained, for 
example, granulating of dispersion particles to the given sizes. The examination of dynamics 
of impulse pressure is reduced to definition of evolution regularity of pulse current at 
electrohydraulic affecting in the heterogeneous fluid. According to the magnitude of the 
electrohydraulic affecting it is possible to calculate the power of the gated out energy )(tN . 
Depending on electrical parameters of a discharge circuit the duration of an electrical 
discharge in fluid can vary from 510− to s310− . Obtaining discharges with various time’s 
duration is connected with certain difficulties and sometimes demands application of special 
methods of making pulse pressure in various fluid media. In experiments [5] the operation of 
the oscillator of pulse currents is realized by means of an equivalent design of the oscillating 
circuit containing a pulse generator, a variable electrical capacitance C , resistance R and the 
inductive device L . Aqueous solutions of various natural minerals, coals, etc. were used as a 
working heterogeneous medium. They were exposed to electrohydraulic processing at various 
parameters of a discharge circuit.  

The range of variation of parameters in the made experiments includes: voltage 
VU 310)0.55.1(~ ×÷ , accumulator capacitance FC 610)75.025.0(~ −×÷ ; an interelectrode spatial 

interval ml 310)0.140.8(~ −×÷ ; frequency of passage of discharges Hz)0.25.1(~ ÷ν . During 
experiments the measuring technique of current pulses of duration s310)64.032.0(~ −×÷  by 
means of a digital oscilloscope Velleman PCS-500 has been developed. Software PC Lab-
2000 has allowed to observe single impulses or discharge current oscillograms, Fig.1. 
Pressure impulses in fluid with amplitude PaP 510)6050(~ ×÷  and short time’s duration 
∼0,001s have been measured by means of the piezometric sensor that has been tested for 
correlation in the installed state by a dynamic method. The relative spread of the experimental 
points amounts about 5-7 %. 

 

  
Fig. 1. Oscillograms of electric current at repeated electrodigit influences 

t*10-6, s 

I, mA 
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For the analysis of the measured meanings of the pulse current and voltage, obtained 
at electrohydraulic processing of various heterogeneous media, MatLab have been used. Data 
were loaded in the form of tables (Х1), then correlation factors and power energy spectrums 
were calculated using standard functions xcorr(X1) and fft(X1, 512), Fig. 2. 

 
 

Standard function fft (X1, 512) MatLab computes a power spectrum as a partition of 
energy according to frequencies, i.e. characterises the power of gated out energy at an 
electrical discharge. For exact definition of values and form of  N(t) time scans of current and 
voltage can be used.  

 
2. Modelling of the oscillator of chaotic oscillations  

 
The differential equation of the current i (t) in the chain of nonlinear oscillatory circuit 

has the form 
 

2
1 10

2

( ) ( )[( ) ] 0d i R T M S d i R T d TL C L i
d t L L C d t T d t

− −⋅ ∂⎡ ⎤+ − ⋅ + ⋅ + ⋅ ⋅ ⋅ =⎢ ⎥⋅ ∂⎣ ⎦ ,                       (2) 
 

where 0S  - steepness of the characteristic amplifier, which is assumed to be linear, M - 
mutual inductance of the feedback circuit, )(TR - the thermistor resistance.  

In the case of a linear dependence of resistance on temperature, it is possible to 
introduce dimensionless variables and to obtain for the specification statement of dynamics of 
current at the oscillating circuit the following system of the dynamic equations: 

 

2

( ) ;
;
( )

x m z x y
y x
z g x z

⎧ = − ⋅ +
⎪ = −⎨
⎪ = ⋅ −⎩

&

&

&

,                                                                                                     (3) 

 

    
a)                                                                       b) 

Fig.2. Statistical parameters of the pulse current: 
a) correlation factor k(t); b)  power energy spectrums N(t). 

k(t) N(t) 

373



where x characterizes the  current at an oscillating circuit, y is a feedback circuit current, 
z is the parameter of the nonlinear transformer providing  delaying of a signal, m is a 
parameter of the amplification of the selective device x(t), g value is an inertial parameter.  

The solution of system of the dynamic equations (3) at certain values of constants 
presents stochastic oscillations of the real oscillator with the inertial nonlinearity quite well 
[6,7]. The equivalent circuit does not contain nonlinear element, therefore the equations can 
be reduced by means of simple transformations to a system of equations of the modified 
oscillator with the inertial nonlinearity which in an extreme case degenerates to two-
dimensional, corresponding to the classic oscillator of Van der Paul.  

The real oscillator has inertial nonlinearity, the range of values of the inertial parameter 
g is limited by some spacing, and values of parameters can fluctuate. For the account of 
nonlinearity the system (3) is transformed as follows: 

 

2

( ) ;
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( ( ) );

x m z x y
y x
z g J x x z
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0,0
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)(
x
x

xJ ,                                               (4)  

                                                                             
where J(x) is a function of Heaviside. 

In the system (4) the parameter μ is introduced in the meaning of the coefficient of 
amplification and controlling the amount of voltage in a feedback circuit z. In the paper [6] it 
is pointed, that for the inertial oscillator a relative frequency of the nonlinear transformer at 

1<g . But in this case it is possible to provide a desirable condition at values 1>g , and then 
to estimate possible values of the rest of parameters of circuit. Then the system of the 
dynamic equations will be transformed as follows: 

 

0
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                                                                             (5) 

 
where mg ≥ - is the relation of frequency of the nonlinear receiver and the oscillating circuit. 

In [7] it is pointed, that low inertia of the nonlinear transformer ( 1>g ) can be 
immediately realized in practice. The particular characteristics of the system (5) is the 
function presenting dynamics of an impulse current in the form of obvious sinusoidal 
dependence that can also be understood as a condition of impulse voltage supply from the 
oscillator is introduced. The condition and shape of impulse signals can be controlled varying 
the values of constants m, g, D, μ that described the parameters of stimulation proportional to 
the difference of brought in and dispersed energies in the circuit, the parameter of inertia 
characteristics of the oscillator [8].  The high level development of up-to-date computer 
techniques allow to obtain fast and precise necessary information on the most difficult and 
sweepingly varying processes. The solution of the system of the dynamic equations (5) was 
obtained by a Runge-Kutt method of the fourth degree using MatLab 6/5 program.  

The solving results of dynamical equations system (5) are presented on fig. 4. There are 
shown depending of model of electric pulse current in the oscillatory circuit (X), of the 
current in the feedback circuit (Y), of the parameter of nonlinear transformer that provides the 
signal delay (Z) and phase portrait which shows the area of the simultaneous existence of the 
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general solution. On fig.5 are the pulse current dependencies and energy characteristics at the 
following values of parameters: m = 1.5; g = 2.3; ω = 0.95; D = 0.85; μ =1.5.  

 

      
 

         
   

Fig.4. Results of calculations at next parameters: m=1.7; g=0.3; A=0.8; μ = 3.0. 

  
Fig.5. Results of calculations: a) pulse current dependence; b) the phase portrait;           

c) correlation factor; d) a power energy spectrums. 
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Conclusions 
 

High-pressure impulses, which formed at electric discharge in liquid mediums, widely 
are used in many technological processes. Relevance and significance of the investigation of 
regularities of electric pulse discharges development in heterogeneous fluid are substantiated 
by the necessity of determination of the most optimal conditions of processing of aqueous 
solutions and suspensions of crushing various natural minerals. 

As a result of calculating the parameters the regularities of pulse pressure development 
in a heterogeneous flow at an electrical discharge taking into account changes of properties of 
the medium itself are revealed. The examination of pressure dynamics is reduced to defining 
of regularity of evolution of pulse current under electric discharge in the heterogeneous 
liquid.  

To describe the generator of chaotic self-oscillations can be used the "dynamic" 
equations whose solution lets you define a self-sustaining mode oscillation circuit and 
develop methods of managing of their physical characteristics. Then it is possible to count the 
power of gated out energy. The use of the system of the dynamic equations allows to embrace 
a more wide range of generators electric circuit by means of varying of parameters of the 
circuit and to reveal optimal conditions of electro hydraulic processing of heterogeneous fluid 
media. 
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Abstract 
 

The permittivity of different grades of concrete, different in composition and moisture 
content were measured within a temperature range from 25 °C up to 700 °C. During heating 
both, water and carbon dioxide escape from the concrete samples resulting in individual 
permittivity changes. Those changes in permittivity are irreversible and lead to a significant 
divergence of permittivity measured during heating and cooling scenarios. As a consequence 
of the difference in density and pore structure different concretes show different permittivity 
dynamics which is discussed in the paper.  
 
Introduction  
 

Microwave assisted ablation of concrete [1] provides an efficient removal of the 
concrete surface layer and may be used for radioactive decontamination of reactor 
containments. To develop a proper microwave applicator for concrete ablation and for 
simulation of the ablation process the dielectric properties of the concrete as a function of 
temperature have to be known precisely. In this paper we present the results on the 
permittivity measurements of different grades of concrete within the temperature interval 
from room temperature (RT) up to 700 C. Computer modelling is implemented for the 
interpretation of permittivity dynamics at the initial stage of heating RT<T<110 °C.  
 
1. Grades of Concrete  
 

The properties of concrete under investigation are summarized in Table 1. Because of 
different water-to-cement (w/c) ratios the samples differ in density and porosity. The blocks 
of concrete BK28 were cut from the nuclear power plant at Zwentendorf, Austria. The 
concrete materials M1-M3 were prepared by the Institute of Concrete Structures and Building 
Materials (IMB). Relative volumes of aggregates and cement paste for M1-M3 grades were 

kept the same, 70% and 30 % respectively. The weight representation of aggregates for 
concretes M1-M3 is as following: 36.6  % of sandstone, 23 % of granite, 18.2 % of limestone, 
14.9 % of quartzite, 7 % of sandstone with carbonite group. 

type cement mortar [Vol-%] aggregate [Vol-%] dry density [g/cm3] w/c ratio porosity [%]
M1 30 70 2.30 0.40 13.34 
M2 30 70 2.26 0.55 15.06  
M3 30 70 2.21 0.70 17.28 

BK28   2.34  11.48  

Tab. 1. Properties of concrete measured in the experiment.  
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2. Thermogravimetry  
 

The reactions occurring in the concrete 
when exposed to elevated temperatures are 
accompanied by corresponding mass 
variations. The analysis of these variations 
helps to identify the reactions proceeding in 
the concrete. For that thermogravimetry (TG) 
technique is used. TG measurements were 
performed within RT…800 °C using a heating 
rate of 3.5 °C/min. In Fig. 1 both TG and the 
time derivative of mass loss (DTG) are 
presented. Three main temperature regions 
with three prevalent reactions are 
distinguished.  

i) At RT…400 °C free and physically bound  
      water evaporates from concrete [2].  

ii) At 400…500 C calcium hydroxide  
      decomposes:  Ca(OH)2 → CaO + H2O [2].  

iii) At 500…800 °C calcium carbonate  
       decomposes: CaCO3 → CaO + CO2↑ [2].  

Note, a qualitative similar behavior of all 
concretes in full temperature range except the 
region T > 650 °C for which BK28 shows 
much higher DTG. This may be an indication 
of higher percentage of calcareous aggregates.  

 
3. Dielectric Measurements 
 

The samples (of 1 cm in height and 0.8 cm in diameter) were cut from the outer part of 
bigger concrete specimens. Before experiment all concrete samples were kept in the ambient 
in-house atmosphere with relative humidity (RH) 40…60% and T=21 °C for more than 30 
days and are considered as dried to equilibrium. 

The dielectric measurements were performed with the help of cavity perturbation 
method [3] at 2.45 GHz in two scenarios (see Fig. 2): i) temperature stepwise increase (solid 
thick lines) and ii) free cooling (dashed lines). The statistical error for ε′  and ε′′  amounts to 
6 % and 12 %, respectively. Next we consider the behavior of permittivity during heating 
scenario within the same temperature intervals as distinguished in TG analysis.  
1) RT<T<400 °C. Concrete permittivity is generally governed by the reactions of water which 
overlap with increase of permittivity of solid constituents. Theoretically, no liquid water may 
exist at T>374 °C. Note, different types of concrete show different dynamics within the 
RT…110 °C temperature range that will be discussed in the next section. From 110 °C on the 
water evaporation is a dominating process and all concretes reveal permittivity decrease 
which starts to be saturated at ~200 °C and thereafter reaches the minimum at ~250…300 °C. 
It agrees well with the mass variations measured with TG (Fig. 3). 

Fig. 1. a) Relative mass loss; 
b) differential mass loss. Labels I, II and 
III indicate the temperature regions (see 
the text). 
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2) 400<T<500 °C. Ca(OH)2 → CaO + H2O 
reaction occurs, and released water 
evaporates fast. In spite of water escape, 
only ε′′(T) data for BK28 show some 
decrease. All the rest ε′′  and ε′  data grow 
with a temperature. This may be explained 
by rather time than temperature localization 
of the reaction and by the fact that the 
effect is much less pronounced in M1…M3 
concretes (see Fig. 1). Moreover, the 
overall increase of permittivity in solid 
constituents may mask a small decrease in 
ε′  and ε′′  data. 
3) 500<T<800 °C. Limestone and 
sandstone with carbonate group dissociate 
into calcium oxide and carbon dioxide: 
CaCO3 → CaO + CO2↑. The release of of 
CO2 competes with an overall increase of 
permittivity in solid constituents. 
Additionally, dielectric constant of CaO 
(ε′ ~12) is higher as compared to CaCO3 
(ε′ ~9). The latter factors prevail and results 
into the growth of effective permittivity. 

After the irreversible moisture and 
gas release, permittivity of concrete during 
the cooling scenario is significantly 
smaller (see dashed curves ε′(T)  and ε′′(T)  
in Fig. 2) than those measured during 
heating stage.  
 

4. Discussion 
 

With regards to microwave ablation the initial phase of heating is of most interest 
because concrete ablation happens at T<300°C [4]. At this phase the water transport is one of 
the main factors defining both the permittivity (and therefore microwave heating efficiency) 
and internal gas pressure. In spite of rather good correlation between general behavior of 
concrete permittivity with the reactions and mechanisms described above, the versatile ε 
dynamics within RT<T<110°C is left not explained. The reason of such different dynamics 
may originate from different pore structures within the concretes which originate from 
different w/c ratios. At room temperature most of concrete moisture is concentrated in the 
cement mortar, though the aggregates are almost empty because of their much higher porosity 
[5]. However, in the case of dry concrete a water contained in cement mortar capillaries 
(transverse size >100 nm) is also mostly evaporated and it is left only so called interlayer 
water confined in mesopores (3…30 nm) and micropores or gel pores (<3nm). The 
distribution of cement mortar pore size and their structure depends on w/c ratio [6]. The 
cement pastes made with lower w/c ratio have a higher representation of meso- and 
micropores, higher capillary tortuosity and as a consequence a lower hydraulic permeability 
[6]. Therefore dry concretes with the lower w/c ratio may confine more water than ones with 
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higher w/c ratio. It explains the difference we 
observe for ε′′ (T) data within RT…300 °C 
(see Fig. 2b) since a water influences 
strongly effective loss factor.  

In the vicinity of hydrophobic 
surfaces (pore and capillary inner walls) 
water molecules lose the mobility. Thereby 
the relaxation time of bound water (τbw) is 
increased as compared with free water (τw). 
The permittivity of water, according to 
Debye equation for ensemble of dipolar 
molecules [7] reads  = ∞ + .  (1) 

ω, εw(0) and εw(∞) are the angular frequency 
of the external field (ω=2πf), the static 
permittivity of water (ω=0) and its 
permittivity at ω→∞. At room temperature 
the relaxation time of bulk water, τw is about 
8 ps, and the loss maximum is at ∼20 GHz 
[8]. For bound water this maximum may be 
shifted to significantly lower frequencies [8]. 
With temperature increase the relaxation 
time of water decreases and results in the 
evolution of both ε′  and ε′′  [8]. 
Consequently, at 2.45 GHz the temperature 
dynamics ε′′ (T), ε′ (T) for bound and bulk 

water is different. In Fig. 3 the permittivities of water according to equation (2) for different 
relaxation times and 2.45 GHz are given versus temperature. One sees that for bound water 
both ε′′  and ε′ always shows increase dynamics in the initial phase of heating. Qualitatively 
this may explain positive derivations in ε′′(T)  and ε′(T) observed for BK28 and M1 types of 
concrete. For lighter concretes, M2 and M3, made with higher w/c ratio effective ε′′(T)  and 
ε′(T) decrease from the very beginning of the heating scenario. That can be an evidence for 
the fact that the evaporation of water for these concretes dominates the temperature effect 
discussed above. 
 
5. Summary and Conclusions  
 

In support of microwave assisted ablation of concrete several grades of concrete 
including different densities and porosities were measured within a temperature range from 25 
°C up to 700 °C. The obtained data agree well with some of measurements reported in the 
literature for room temperature [9].  

The investigated samples were cut from outer part of concrete blocks and the results 
presented in this paper are relevant to the outer layers of in-house, dry concrete which is 
influenced by environment atmosphere leading to moisture depletion and carbonating. With 
regards to ablation with microwaves, this outer layer of concrete is exposed to microwave 
first. However, in the case of repetitive ablation (layer by layer) the inner layers of concrete 
may show different dielectric response.  

Fig. 3. Water permittivity calculated from 
equation (1) for different relaxation times 
(indicated on the graph). 
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The amount of adsorbed water in dry concretes under investigation is the higher the 
lower the w/c ratio. Consequently, the concretes with lower w/c ratio and higher 
representation of micropores contain more water and the adhesion of this water is supposed to 
be higher as compared to concretes with higher w/c ratios. 

Following Debye model at 2,45 GHz the permittivity of strongly bound water 
confined in the concrete nano- and micropores is increasing with temperature at initial stage 
of heating if the relaxation time is more than 20 time larger than for free water. This may 
explain the observed growth in ε′′(T)  and ε′(T) for BK28 and M1 concretes.  

As a result of heating, both water and a carbon dioxide escape from concrete samples 
resulting in the irreversible permittivity changes. This effect is documented in a visible 
divergence of the dielectric data measured during heating and cooling scenarios. This 
difference is especially noticeable within a temperature range of 25…400 °C where the 
moisture loss is a dominating process. 

With respect to the design of the microwave power launching system (antenna) for the 
ablation of concrete, a significant variation in its permittivity with a temperature has to be 
taken into account. 
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Abstract 
 
 The present work presents an experimental study on innovative concrete solar still 
with energy storage system that was designed and realized in UDES center. It aims to develop 
efficient desalination equipment with increasing the production rate of distilled water and 
improve the heat transfer in the evaporator. It deals with some geometry effects of the 
equipment and energy storage during the daytime and in nocturnal period. We have studied 
the effects of the energy storage system which is placed in tow specific areas on the yield of 
distillation process with and without energy storage. The dual heat exchanger system has been 
used connecting it between the desalination chamber and the concrete heat exchanger to 
provide the heat to the water in the distillation basin. The heat exchanger system provides the 
energy to the water to be treated at the daytime while the concrete part provides the energy 
storage in the desalination evaporator at the night time. The experimental test results showed 
that, the increase of distilled water through the heater system is very important in comparison 
with the productivity of the conventional solar still. A significant improvement of the 
productivity rate is achieved. We note from the obtained results that the use of energy storage 
increases the productivity by 50% in the nocturnal period. Indeed, the daily productivity of 
the concrete solar still is strongly affected by the heat transfer produced from concrete to the 
evaporator water are presented in this study. It was found that the average daily distillate 
output of concrete solar still with energy storage is more significant than a solar still without 
energy storage.  
 
Introduction 
 
 The Water is an essential substance for the survival and development of humanity and 
his position in the world becomes increasingly unfortunately very complicated. It responds to 
the basic needs in particular to maintain prosperity through agriculture, fisheries, energy 
production and industry. The lack of potable water is a major problem encountered in the arid 
and remote regions. Most of the ground and surface water are saline waters and contain some 
bacteria that depend on the nature of regional geological structures, topography as well as the 
existence and sustainability of charging process. 
The development of desalination technologies combined with the use of renewable energies is 
a very attractive and promising prospect especially for the remote regions that have greatest 
water shortages and higher solar radiation availability [1-3]. Solar distillation is one of the 
simple techniques for the supply of fresh water to rural areas. It is widely used in the water and 
desalination treatment. In the world many solar stills are developed to increase them efficient 
[4-6]. Solar still is more designed and experimented due to its simplicity and easy operation 
with low cost. Different geometries and conceptions have been developed to overcome lack of 
water [7-9]. It was found that these developments create additional costs for the system 
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realization [10-11]. B.A. Akash et al [12] investigated experimentally the efficiency of a solar 
still for various inclination angles of the cover glass. They found that the maximum water 
production is obtained for an inclination angle of 35°. Mathematical model is used by H. Al-
Hinai et al [13] to calculate the rate productivity of a simple solar still under various climatic 
parameters of Oman region and. They noted that the optimum design conditions of the solar 
still gives average annual solar yield of 4, 15 kg/m2 per day.  
B.B. Sahooa et al [14] presented an attempt based on solar energy for the extraction of fluoride 
in drinking water using a solar still. Tests were conducted to determine the amount of fluoride 
extracted from the samples, the rate of hourly output and efficiency of the distiller. They 
observed a decrease in the rate of fluoride 92 % to 96 %. Furthermore , it was found that the 
efficiency of the distiller 11% when increasing the amount of water introduced into the basin 
ranges from 10L to 20L are efficiencies of 7.28 % , 7.78 % and 8.1 % for a basin filled 10, 15 
and 20 L, respectively . They noted that the effectiveness of the distiller increases 4.69 % using 
a blackened absorber only, whereas it is of the order of 6.05 % if adding a polystyrene 
insulation. Hiroshi Tanaka [15] conducted an experimental study to examine the effectiveness 
of a solar distiller basin modified by internal and external reflectors. The experimental results 
and theoretical predictions of the daily productivity of the still are in good agreement, 
especially for clear days. The daily productivity of a conventional distiller obtained in this 
model is consistent well with the experimental results of Cooper [16] [17]. He concluded that 
the integration of two interior and the outer reflector reflectors can increase the daily 
productivity of 70% to 100%. Other studies related to stills equipped with internal and external 
reflectors were carried out [18-20]. 
Three dimensional two phase model was developed for one-stage basin solar still by using 
computational fluid dynamics (CFD) software which based on the finite volume method by N. 
Setoodeh et al [21]. Convective and evaporative heat transfer coefficients based on Dunkle's 
correlation and Kumar and Tiwari model were calculated.  It seems that the solar water heater 
is the best option for increasing the basin water temperature according to K.Sampathkumar 
[22] work. He showed that coupling a vacuum tube collector  with solar energy has increased 
system efficiency up to 49.7%. Likewise, Kargar Sharif Abad et al [23] integrated a pulsed 
heat pipe (PHP) in a solar still. They found a remarkable increase in the production rate of 
desalted water production with a maximum of 875 mL/m2h. It has been found that tube solar 
collectors have improved performance for high temperature operations compared to the 
distiller greenhouse. An extensive review paper of solar stills has been published by K. 
Sampathkumar, [24]. Attempts have been made to develop and optimize a basin solar still by 
adding a magnetic treatment unit (0.12 Tesla) and double glass cover provided with water [25]. 
In this paper, concrete solar still coupled with flat plate solar collector was developed and 
tested under the climatic conditions of  Bou-Ismail .The main advantages of this system which 
is important for water desalination applications and the wastewater treatment by using solar 
energy are very economic, with low maintenance, no operation requirements and solar energy 
use. The aims are to develop efficient desalination equipment with increasing the production 
rate of distilled water and improve the heat transfer in the evaporator. Design parameters 
effects can be affected considerably the performance of the concrete solar still such as the 
geometry, water depth in the evaporator, temperature difference between the water in the boiler 
and bottom side of the glass, material of the evaporator and the energy storage system. Two 
flat plate solar collectors are used for water heating and energy storage in the concrete mass. 
This technique is more advantageous due to its greater reduction in heat losses and large 
heating surface area. They have improved performance compared to solar still (distiller 
greenhouse) because they provide temperature operations relatively high therefore heat transfer 
is increased. The experimental results showed a significant improvement of the system yield 
due to coupling of system with solar thermal collector which increases temperature in the solar 
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still basin in the day and the heat stored in the concrete is used during the night.  Physical and 
chemical properties of distilled water produced by equipment were evaluated. 
 
1. Experiments  
 
1.1 Experimental Device 
 The experiments were carried out through concrete solar single slope still coupled with 
thermal collector that was designed and realized by our team in the Development Unit of Solar 
Equipments UDES/ Algeria. The distillation equipment consists of two components which are 
the distillation basin and a lower part realized in concrete mass. Experimental set up of the 
solar distillation is shown in Figure 1. All outside walls of the distillation unit and basin still 
are made of galvanized steel sheet of 2mm. The basin of the solar still is rectangular in shape 
with an area of 1.08m2 and the total capacity of saline water to be treated is estimated to 
110Liters. The parameters of the concrete solar still prototype are given in table 1. 

 
A mentioned above, the sides of the still are used 
with the same material and are closed in order to 
make the still airtight. The solar still is enclosed 
by a transparent top glass cover with a 5mm 
thick which allows incident solar radiation to 
pass through. The cover glass is disposed by 
inclined at an angle of 13° with respect to the 
horizontal plane to increase the solar radiation 
by catching it head on. In the present study, the 
inner surface of the basin is not blackened in 
order to study the efficiency of the solar 
collector on the productivity of the system by 
enhancing heat transfer in the saline water. To 
increase the heat transfer in the basin of the solar 

still we have surmount this last one on a slab of 7cm height realized in concrete where heat 
exchanger is embedded in it. This system is intended in order to recover the energy stored 
during sunshine. Figure 2 shows the copper serpentine exchanger resting on the plate before 
casting of the slab. 
 

Tab. 1. Main design parameters of the 
solar still prototype 

Parameter  Dimension  
Lenght  1.95 m 
Widht 0.6 m 
Area of basin 1.08m2 
Height of backside 0.41m 
Height of front wall 0.2m 
Basin depth 0.1m 
Tilt angle of cover glass 13° 
Thickness of cover glass 0.005m 
Height of concrete slab 0.07m 

 

Fig.2. Lower part made with concrete slab 
and heat exchanger 

 

 

 

 

 
 

Fig.1. Experimental device integrated with 
flat plate solar collector 
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1.2. Measurement system and data acquisition 
 The global solar radiation on the ground is measured by the pyranometer type CMP11 
« Kipp & ZONEN/ 7 - 14 μV/W/m² » of unit development of solar equipment (UDES) 
situated in city of Bou-Ismail with an altitude of 33 mètres which is located at Latitude 36 ° 
38 '33'' North and Longitude 2 ° 41 '24'' East.  Thermocouples type K (Chromel / Alumel) are 
used for measuring temperatures because of their good stability over time, good sensitivity 
(40 μV/°C) and good linearity of temperatures considered in the range 0°C to -100°C.                    
We also placed thermocouples at various points of the slab located in the same horizontal 
plane Ts and in the basin solar still namely the temperature of the: saline water Tw , basin still 
Tb, interior and exterior glass cover Tig ,Teg and ambient temperature Tamb. Data acquisition 
and data processing the datalogger allows data acquisition. It is controlled by a PC running 
the software for data logger Hydra with a data acquisition card. To limit the size of storage 
files during 24 hours, we selected measurement intervals of a quarter of an hour. The data are 
processed in Origin to plot curves. The measurements of the distilled water characteristics that 
determined water quality (salinity, electrical conductivity, oxygen dissolved in water, pH, 
TDS) were performed using Inolab laboratory conductivity meter  (Cond level 1) . 
 
1.3. Distillation principle 

The principle of operation of a solar still greenhouse used to desalinate all waters type 
involves change phase water - steam. The process can separate the constituents of water in the 
salts deposits form and distilled water. The solar flux transmitted through the glass cover 
reaches the bottom basin which is in turn emits thermal radiation, which heats the water by 
greenhouse. In addition the heat exchanger integrated in basin still provided amount energy 
by convection. 
Heat evaporated part of this water or only water molecules escape, leaving the salts dissolved 

as deposit and all other residues in 
seawater salts. The obtained steam is 
condensed on the inclined glass surface 
and the distillate trickles runs down into 
a gutter from where it is fed to a storage 
tank Fig.3 . Furthermore, the amount of 
solar heat which received during the 
day is stored in the concrete mass than 
is transferred to the still chamber by 
conduction. This energy storage is used 
to hold the production of continuous of 
the equipment during nocturne period. 

 
 

 
 
 

2. Results and discussion 
 
In this work, the objective is to study the dual heat exchanger system effects which 

provide heat energy via solar collector either in concrete slab or in the basin of still on 
performance of the distillation equipment. We attempt to quantify the temperature effect of 
the water to be distilled in the basin still using heat exchanger driven by flat plate solar 
collector during the day and nocturnal period. In our experiment we used the Bou-Ismail well 
water of electrical conductivity 2085 µS / cm, salinity 0.9g/l and pH = 7.43 at T = 22.1°C.  

 

 

Fig.3. Schematic of solar distillation system 
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Firstly, the quantity of water in the basin of the solar still was maintained at 35 kg. The 
experiments were carried out for different days under climatic conditions of Bou-Ismail city. 
The single basin solar still was coupled with a flat plate collector; commercialized water was 
supplied to the solar collectors for their operations in natural circulation mode “thermosiphon 
circulation” by checking their working temperatures and heat transfer. For each experiment, 
the glass cover was cleaned to avoid dust deposition over the outer layer of the glass. All 
Temperatures values were recorded during 24 hours. 
The experimental apparatus was studied during the sunshine and night period through a 
series of tests. The performance tests were conducted from July to September 2013 in order 
to determine experimental parameters conditions and to find the effect of coupling between 
solar collector and the solar still.  
 
2.1 Temperatures and distillate Productivity 

In this investigation, we evaluate the performance system that driven by solar energy 
during two times in order to enhance daily productivity. To improve the global efficiency of 
the distillation system, a heat exchanger has been used to accelerate the heating process in the 
morning and second heat exchanger has been bended in the concrete slab to storage amount of 
energy which is transferred in the nocturnal period to enhance heat transfer.  
 

Experiments were conducted to 
understand the performance of the solar still 
coupled with the flat plate solar collector by 
comparing with the conventional solar still. 
For all experiment days, we have measure 
different temperatures as mentioned below 
were the most influential parameters on the 
system yield. The experimental system is 
conducted in a summer where daytime 
working of the system is long in comparison 
with the winter period. It is very important 
to measure the evolution of temperature in 
the concrete slab and different temperature 
inside distillation chamber specifically water 
temperature to be desalinate, basin 
temperature, glass cover temperature and 
ambient temperature. It is well known in 
distillation process that the water 
temperature and the inner glass cover 
temperature were the most influential 
parameters on the system yield. Figure.4 
shows different temperature profiles for 
three thermal energies used in the present 
work namely greenhouse solar effect, 
heating of basin water and stored energy in 
concrete base. 
It presents the results the experimental data 
in a 24 h time period. It can be observed 
that the temperatures increase versus time 
till maximum value at about 16 PM and 
then decrease again. Temperature difference 
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Fig.4. Evolution of temperature for different 
case studies versus times during  24 hours 
Schematic of solar distillation system  
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between the glass and the water is relatively important and it kept up to 18 PM. This 
temperature difference (25°C) helps the vapor to condensate on the lower glass surface and 
hence condensing more vapors and hence the collected water increases during the daytime. In 
these profiles it is noted that as the process begins at 10 A.M by passing time water in the 
distiller warms up due to solar. We observe that the water temperature obtained using the 
combined effect of energy storage and water heating system is greater than system with 
greenhouse solar effect. In addition, interior glass temperature is more important that water 
temperature which explains the low rate of production during the daytime. After 18PM this 
difference of temperature becomes reversed and by consequence the night production was 
considerable for all case studies.  

The variation of the received by an 
inclined surface of 13 º during the 
experimental tested glass solar radiation is 
shown in Figure 5.  For example we give 
three solar radiations as function of time 
04/08/2013, 26/08/ 2013 and 03/09/2013. It 
can be noted from Fig. 5 that the variation in 
solar radiation incident values during the 
three days of the testing is insignificant. For 
example, the maximum values of solar 
incident radiation around midday were 
around, 885, 875 and 783W/m2 for the three 
days. Observations show that the solar 
radiation becomes dominant and most 
intense between 10 AM to 15h whereas it 
decreased from 16h that represents a long 
time exposure during the month of July and 
August.  

 
Measurements of solar radiation 

obtained record a slightly significant 
difference between 03/09/2013, 26/08/ 
2013 and 04/08/2013 days during 11h and 
15h which explain the increase in the daily 
production. It has been found that the 
production of distilled water strongly 
depends on the incident solar energy. In 
Figure.6, the results obtained by the 
experiment were presented and illustrate 
the impact of operating parameters which 
are greenhouse solar distillation, distillation 
by water heating and storage energy 
production of fresh water and the 
performance of the distillation system are 
represented through the following figures. 
In this purpose we compare the production 
of daytime and that of the overnight 
production that were recorded for fixed 
volume and different energy sources. It is 
clearly noticeable that the total daily 
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production is higher using the two solar collectors with respect to the production obtained by 
greenhouse solar effect. The excess of the 
estimated production rate is about three times 
more. 

For different energy sources, we 
observe that the night production is more 
important than production recorded during 
the daytime. For example, the day of 
04/08/2013, the night production is equal to 
four times the daily production using water 
heating and storage energy. This is due to 
weak values of interior glass temperatures in 
the time range 18 PM-24 PM where it 
exceeded 55 ° C in 14h-17h. By cons, basin 
temperature becomes higher than to the 
temperature of the lower surface glass from 
18PM.  

Figure.7 display the total output 
recorded during four days for each case 
study. Can be summarized that the 
performance of the equipment is more 
significant when two solar collectors were 
used simultaneously. In general, the water 
quality is determined by the planned use. 
Physical and chemical testing of source 

waters is required to determine the level of treatment in order to supply the necessary water 
quality.  

In our work, the physical characteristics 

of the raw water source were evaluated 
before water desalination. The quality control 
of distillat was ensured by measuring 
electrical conductivity and pH for each 
distilled water collection. Figure.8 shows the 
evaluation of the physical and chemical 
properties of distilled water produced by 
concrete solar still for different days. The 
measured electrical conductivities were lower 
than 45μS/cm which shows good quality 
water according to the international norms 
and the pH values are averaged about 6. 
Following the results and evaluation of these 
parameters, distillation process proved a great 
option for water treatment. 
 

 
 
 
 

 

 

 

Fig.6. Daily production for different energy 
sources effects 

 
Fig.7.Total output recorded during four days 
for each case study. 
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Conclusions 
 

Solar water distillation is a very simple and effective technology that can be used to 
provide fresh water in many remote areas of arid and semi-arid developing 
countries.Therefore, solution such as water desalination of salt water, which represents the 
greater part of the water available on earth becoming key solutions responding to the 
requirements of sustainable development.  In the present work, the experimental test results 
showed that the increase of distilled water through the heater system is very important in 
comparison with the productivity of the conventional solar still using greenhouse effect.             
A significant improvement of the productivity rate is achieved. We note from the obtained 
results that the use of energy storage increases the productivity by 50% in the nocturnal 
period. Indeed, the daily productivity of the concrete solar still is strongly affected by the heat 
transfer produced from concrete to the evaporator water are presented in this study. It was 
found that the average daily distillate output of concrete solar still with energy storage is more 
significant than a solar still without energy storage.  
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Abstract 
 
 This work addresses the development and testing of an innovative reactor for 
continuous flow synthesis of metallic nanoparticles, in aqueous suspension, at temperature 
below 90°C. Permittivity of the precursor solution was optimized in order to increase its 
microwave absorption at 2.45GHz, and dielectric properties as a function of temperature were 
measured and used as input for a two-way coupled thermal and electromagnetic model of the 
reactor. The model was used to maximize energy efficiency of the process, by minimizing 
reflections and crosscoupling between the ports of the microwave applicator designed. The 
optimized geometry of the microwave applicator was realized and tested, allowing the 
continuous production of 1000 litres/day of water-based diluted nanoparticles suspension.  
 
Introduction 
 
 During last decades, microwaves have been used in a variety of processes to produce 
controlled-size nanoparticles. Most of the synthetic routes currently available for metallic 
nanoparticels production are based on wet chemical techniques, like polyol processes, 
chemical reduction, sonochemical reduction and solvent-extraction reduction [1]. Microwave 
processing is a new promising technique for preparation of size controlled metallic 
nanostructures [2]. The acknowledged advantages of this synthetic route over the 
conventional methods are the improved kinetics of the reaction and a more uniform heating, 
generally resulting in a narrower particle size distribution, a more homogeneous nucleation, 
short thermal induction period and high purity of the products [3]. Most of the scientific 
works use small batch systems, often in pressurized environments, to synthesise the desired 
nanoparticles. However, atmospheric pressure wet-based synthetic procedures can be used as 
well, with the advantage of allowing an easier scale up of the process.  
 Starting from these premises, a new microwave applicator, dedicated to the continuous 
flow synthesis of silver and gold nanoparticles, has been designed and tested. The chemical 
approach is based on an innovative microwave-assisted synthetic route, involving water-based 
solutions containing a reducing agent and a chelating agent, at ambient pressure and relatively 
low temperature (70-90°C) [4]. By using eco- and bio-compatible reagents such as water 
(solvent), glucose (reducing agent), starch (chelating agent), the reaction presents a lower 
environmental impact compared to most of the existing organic-solvent or high-temperature 
based routes. 
 
1. Materials and methods 
 
 Dielectric properties of the nanoparticles precursors solution, before and after the 
addition of metal salt (Ag or Au) have been measured as a function of temperature in the 1-3 
GHz range by means of an Agilent 85070E dielectric properties kit connected to an HP 
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851907B Vector Network Analyser. Temperature of the solution has been monitored using a 
non-perturbative Neoptix fibre optic system immersed in the solution near the measuring 
zone. Permittivity measurements were performed both during heating and cooling of the 
different solutions, with isothermal permanence for 10 minutes every 10°C in the 40-90°C 
range. Further measurements have been conducted on the suspension of the metal 
nanoparticles, after the synthesis. Fig. 1 shows the measured properties, near the expected 
ISM 2.45±0.05 GHz operating frequency range of the microwave applicator to be designed. 
 

  
Fig. 1. Loss tangent of the solution before (left) and after (right) the nanoparticles synthesis 
 
 In both cases, measurements show a pronounced temperature dependence of the 
dielectric properties, ascribable to their water-based nature and to reactions occurring as 
heating proceeds. This must be taken into account when designing the applicator, since this 
variation will affect the field distribution in the applicator and the impedance matching. The 
measured dielectric properties have been used to simulate the microwave heating of the 
precursor solution, using the FDTD commercial software Concerto 4.0 (Vector Fields, U.K.) 
and the FEM commercial software COMSOL Multiphysics 3.3a (Comsol AB, Sweden). In 
the latter case, a two-way coupling between the predefined RF and heat transfer application 
modes is required, to account for temperature dependence of the dielectric properties.  
 
2. Model 
 
 Due to the extremely different dielectric properties before and after nanoparticles 
synthesis occurrence, and to the fact that a certain holding time is required to achieve the 
desired particle size distribution, a two-stage applicator has been devised. It consists of two 
applicators, one dedicated to the pre-heating of the precursors solution until the required 
temperature level is reached, and a second one to be used to maintain such temperature after 

the nanoparticles synthesis is induced by the injection of 
the salts solution. A sketch of the first applicator, 
dedicated to the pre-heating, is shown in Fig. 2. The 
second applicator is identical except for the feeding 
ports, which are limited to the WG2, WG4 and WG6 
ones. 
 For both applicators, the prismatic hexagonal 
shape was chosen, since it allows to easily fix the 
feeding waveguides (WG) and to maintain small the 
overall applicator dimensions. The two applicators, 
though presenting similar shape, present a different 
number of ports (86x43 mm inner section WR340 
waveguides) deriving from the different power 
requirements (heating or holding station) and required 
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temperature control accuracy. The load is composed of PTFE pipes, forming a helical winding 
on six pillars.  
 The geometry is parameterized in terms of applicator dimensions, walls curvature and 
load position in the applicator (distance of load from side walls and height of the load), 
keeping constant the required load volume of 10 litres. Pipes, containing the solution to be 
processed, are considered with possible diameters of 0.25, 0.5 and 1 inch. The pillar material 
was varied as well, considering two options, i.e. metal and PTFE. 
  
3. Results 
 
 Ports were sinusoidally excited at 2.45 GHz for calculation of power density 
distribution in the load, and with 3 pulses in the 2.2-2.8 GHz range for scattering matrix 
calculation. Optimization of the applicator was performed minimizing the scattering matrix 
coefficients, i.e. minimizing reflections and crosscoupling. In particular, the sum of the 
squares of the scattering matrix elements was assumed as the goal function to be minimized.  
 Based on these assumptions, Fig. 3a shows the electric field strength distribution in a 
horizontal cross section of the applicator, with PTFE pillars, at 300K and as a function of the 
curvature parameter (indicated in each sub-figure: 250= hexagonal; 350= circular). Fig. 3b 
shows the corresponding results in case of metal pillars. 
 

a) 
 

 b) 
 
Fig. 3. |E| as a function of walls curvature, calculated in case of: a) PTFE; b) metallic pillars 
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 Fig. 4 summarizes the results in 
terms of the normalized goal function 
(1= complete reflection; 0= complete 
energy transfer to the load) for the 
above shown configurations. It is 
evident a strong dependence on the 
wall curvature, for a given applicator 
volume, with minimum of the function 
in case of concave cross sections, with 
curvature parameter in the 150-200 
range. Considering a single port, like 

WG1, Fig. 5 shows the good impedance matching at 2.45 GHz, for a load heated from 5 to 
almost 100°C.  
 
 

 
Fig. 5. Reflection coefficient in port 1 (WG1) as a function of temperature; right: electric field 
strength and temperature profile in a horizontal cross section of the load after 90 s of heating. 
 
4. Optimized geometry and prototype 
 
 The optimized geometry of the two applicators is shown in Fig. 6, comprehensive of 
the metallic frame holding the applicators and a closed view to the load (pipes) during 
inspection operations. 
 

                         
 
Fig. 6. Continuous flow system and load extracted from the applicator (courtesy of CMS and 
Colorobbia Italia) 

Fig. 4. Goal function as a function of the walls 
curvature and pillars material 
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 The prototype of the optimized twin applicator system has been constructed by CMS 
(Marano, Italy), using 2 kW magnetrons, 2.45 GHz frequency (MKS-Alter, Italy) connected 
to the applicator by means of WR340 waveguides. The microwave generators include 
isolators, to provide protection of the microwave sources from the reflected power and to 
allow measurement of reflected power. Measurements of reflected power were compared to 
the numerically simulated ones and the prototype has been subjected to intensive testing to 
verify its capabilities of effectively producing suspensions containing metal nanoparticles.  
 The optimized geometry of the microwave applicator was realized and tested, allowing 
the continuous production of 1000 litres/day of water-based diluted nanoparticles suspension. 
In case of monodispersed silver nanoparticles having less than 25 nm particle size, used as a 
reference material, the measured specific energy consumption amounted to 260 kJ/litres [5]. 
 
Conclusions 
 
 Numerical simulation of a multi-port applicator allowed to maximize the energy 
efficiency of an innovative continuous flow system for the production of water-based 
suspensions of metallic nanoparticles (Ag and Au). The temperature dependence of the load 
permittivity, and its abrupt change when adding the salt of the metal precursor required the 
use of a fully coupled EM-thermal model and suggested the use of two separate applicators, 
one dedicated to heating and the other one to holding the temperature to achieve the desired 
particle size. Based on the numerical simulation optimization results, a fully functioning twin 
applicators system was realized and tested, with an average output of 1000 litres of 
suspension per day. 
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Abstract  

 
The paper devoted to taking into consideration influence on resistance of current-lead 

of electrotechnological installation from neighboring metal structures. There are discussed 
characteristics of an available at present time method for accounting of influence of 
ferromagnetic metal structures on active resistance of the current-leads. There is presented 
results comparison obtained from experimental studying of power losses in metal structures of 
arc steel furnaces and from numerical simulation of ASF current-lead with consideration of 
steel electrode-holder arms. At the end are given recommendations for designing of powerful 
electrotechnological installations.  

 
Introduction  

 
Arc steel-smelting furnace (ASF) is bright representative of powerful 

electrotechnological installations (PETIs), working current of which can reach value 100 kA. 
And high magnetic field intensity around ASF current-leading elements causes a heating up 
of neighboring metal structures by induced eddy currents. Therefore additional losses of 
active power of furnace supply are occurred.  

For evaluation of electrical, performance, operational characteristics if designed ASF 
it is necessary to know parameters of equivalent electrical circuit of furnace – active and 
reactive resistances of current-lead. But consuming active and reactive energy metal 
structures are changing the impedance of the equivalent circuit.  

So evaluation of active power losses and reactive energy in the metal structures, as 
well as calculation of resistances in equivalent electrical circuit from these structures are 
actual problems for precise designing of powerful electrotechnological installations.  

 
State of the problem  

 
There is well known engineering method for calculation of PETIs active current-lead 

resistances with taking into account the additional losses in neighboring metal structures by so 
called Coefficient of Additional Losses (CAL) [1], which is a ratio of active power losses in 
current-lead abtaind without metal structures to ones abtaind with metal structures. The 
coefficient is introduced only for ferromagnetic metal structures located closly to current-
leading conducters. The coefficient in the method is constant and its preferred value is 1.15.  

The losses investigation and creation of method [1] were made when weren’t in 
operation super high power PETIs and, thererfore, problems of metal structures heating and 
evalation their influence on electrcal parameters were not so actual as at present time.  

It is obvious that active losses in metal structure should have dependencies on 
remoteness from current-lead and on current value, but in the method they have not [1]. 
Moreover from operation practice of PETIs is known that heated are not only ferromagnetic 
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structures but and non-magnetic too, so there are also noticeable losses of active power of 
furnace supply are occurred.  

When metal structure is closely located to current-lead not only consumption of active 
power is changes, but also a usage and distribution of reactive energy, and this fact in not 
covered by the known engineering method. And this phenomenon could be taken into account 
by introducing in the equivalent electrical circuit of furnace a reactive resistance with 
coefficient of neighboring metal-ware defined similarly to CAL for active resistance.  

At present time there are no any precise engineering methods for calculation of active 
resistance of current-lead with accounting of neighboring metal structures. However 
investigative works in this field have been carried out for a long time. In 1960 – 1970 in 
Union Scientific and Research Institute of electrothermal equipment under leadership of 
Bartnichuk N. I. were created physical models of electrode-holder arms and legs (support 
columns), made from magnetic structural and non-magnetic steel, for arc steel-smelting 
furnaces of capacities 100 and 200 tons, ASF-100 and ASF-200 consequently, and were 
measured electrical losses in this structural elements. Models were made in scales 7.1 and 
12.7, model currents hade frequencies 2500 Hz and 8000 Hz. The research has shown that 
losses in arms and legs made from magnetic steel in ASF-100 reaches 35% of electrical losses 
in cupper tubular busses, and in ASF-200 – 15%. Meanwhile, it was found that usage of non-
magnetic steel for the structures not gives noticeable decreasing of losses [2, 3].  

Physical simulation is reliable well-established research method. But it needs building, 
in smaller scale, of object researched. In case of arc steel furnaces, or generally for any high 
powerful electrotechnological installation, cost of such work is very high.  

 
Numerical model of current-lead partition  

 
Research like described can be performed at present time by means of numerical 

simulation methods. In the paper are presented results of calculations for tubular-bus partition 
of current-lead of 100 ton arc steel-smelting furnace ASF-100 I6 (fig. 1) for different designs 
of the partition. There were created in FEM program package ANSYS a computer model on 
basis of engineering drawings of real installation [4].  

Two tubular-busses of one phase were substituted for one of rectangular cross-section, 
which width and height are boundary dimensions of two tubular-busses, and wall thickness of 
rectangular conductor is equal to wall thickness of tubular-bus (fig. 2). 

1 2 

Fig. 1. Overall view of tubular-buss partition of 
current-lead of ASF-100 I6: 1 – tubular-busses, 2 
– steel electrode-holders arms.  

Fig. 2. Computation model of tubular-busses 
partition of ASF-100I6: 1 – substituted tubular-
busses, 2 – arms of electrode-holders.  

 1

1 

1

1

1

2

h2

h1
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This modeling substitution for system of parallel tubular conductors of one phase was 
proposed in [4] for ASF conductors. It is well-founded because configurations of magnetic 
field, created by one rectangular cross-section conductor and by two parallel connected 
tubular-busses are same.  

Variable parameters of the model are distance from outside tubular-bus to outside 
electrode-holder arm – h1, and distance from middle tubular-bus to middle electrode-holder 
arm – h2 (fig. 2). Range of parameters: h1 = 500÷1500 mm and h2 = 500÷2500 mm.  

Different sets of values of the parameters considered as different designs of the 
tubular-bus partition of the ASF current-lead while location of arms always the same.  

The arms of electrode-holders are modelled like made from magnetic steel (μr=f(H), 
ρ=20·10-8 Ohm m) and from non-magnetic steel (μr=1, ρ=80·10-8 Ohm m).  

 
Results of computations  

 
As a result of solution electromagnetic problem in elements of model of tubular-bus 

partition and in ambient space there are obtained distributions of specific active and reactive 
power in calculation domain, from which it’s easy to find active and reactive resistances of 
current-lead elements regarding to supply current R and X:  

 
 / , 2 / , 2 ,  (1) 

 
where  – integral active power in element,  – magnetic field energy in volume of 

the element,  – RMS-value of power supply current. Obtained results shown as dependency 
graphs in fir. 4.  

After calculating same electrical parameters obtained from the model without the arms 
it is possible to define coefficients of neighboring metalware (CNM) for different sets of 
values h1 and h2 and arms materials by formula:  

 
 . . /NM R ph m phk R R= ,  (2) 

 
Where .ph mR , phR  – resistances of phase of current-lead partition with and without 

neighboring metalware, respectively.  
By analogy can be calculated CNM for inductive resistance .NM Xk .  

From paper of Bartnichuk N. I. [2] 
it can be easy fined a value of average 
CAL for active resistance 1.35, which 
obtained by physical simulation of 100 ton 
ASF while h1 = 1400 mm and h2 = 2400 
mm.  

Graphs on fig. 3 show dependencies 
of phase-averaged CNM to active 
resistance on geometrical parameters h1 
and h2 and arms materials.  

The difference of our numerical 
simulation results is not exceeding 4%. 
Moreover our simulation results obtained 
for magnetic and non-magnetic steel are 
differ one from another less than on 9%. 
And this corresponds to findings of 

3 

Fig. 3. Phase-averaged CNM to active resistance 
for ASF-100: 1 – h1 = 500 mm; 2 – 
h1 = 1000 mm; 3 – h1 = 1500 mm; solid lines – 
magnetic steel, dashed lines – non-magnetic; Х –
 experimental result [2]. 
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Bartnichuk. So accuracy of our model of tubular-bus partition of current-lead of ASF-100 I6 
is proven by experiment with adequate for engineering computations accuracy.  

4 

а b 
Fig 4. Active (a) and inductive (b) resistances of the current-lead partition phases: 1, 2, 3 – 
outside phase; 4, 5, 6 – middle phase; 1, 4 – h1 = 500 mm; 2, 5 – h1 = 1000 mm; 3, 6 – h1 = 
1500 mm; solid lines – magnetic steel, dashed lines – non-magnetic.  

 
From graphs of fig. 4 a it is obvious that active resistance of tubular-bus partition 

middle phase is depend weakly on location of outside phase’s busses, and vice versa. It is also 
evident that resistance of the phase is greatly depends on distance between busses and 
electrode-holder arm of this phase.  

From graphs of fig. 4 b it is obvious that, in contrast to active resistance, effective 
inductive resistance of the phase is greatly depends on distance between own busses and 
electrode-holder arm as well as on distance between own busses and electrode-holder arms of 
other phases.  

There were calculated CNMs for outside and middle phases of tubular-bus partition, 
which dependency graphs are shown in fig. 5. The coefficients for active resistance can vary 
in range 1.2 ÷ 2.6, and for inductive ones the coefficients are almost constant – variation 
range is less than 0.1.  

5 

 
а 

 
b 

Fig. 5. Coefficients of neighboring metalware for active (a) and inductive (b) resistances: 1, 2, 
3 – outside phase; 4, 5, 6 – middle phase; 1, 4 – h1 = 500 mm; 2, 5 – h1 = 1000 mm; 3, 6 – 
h1 = 1500 mm; solid lines – magnetic steel, dashed lines – non-magnetic.  

Material of the electrode-holder arms is have very small influence on active resistance 
and completely not effects on effective inductive resistance.  
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Thereby in range of variable geometric parameters h1 = 500÷1500 mm and h2 = 

500÷2500 mm resistance of outside phase of tubular-bus partition ASF-100 I6 current-lead 
changes in ~1.8 times, and for middle phase – in ~2.3 times; effective inductive resistance of 
outside phase changes in ~1.4 times, and of middle one – in ~1.9 times.  

 
Conclusions  

 
Obtained dependencies of neighboring metalware coefficients could be recommend 

for usage in development of analogous arc steel-smelting furnaces, having geometrical 
parameters in range of presented research. Meanwhile influence of metal structures on 
inductive resistance of tubular-bus partition of ASF current-lead can be ignored.  

 
References  
[1] Dancys, Y. B. Current-leads and electrical parameters of arc furnaces. Moscow: Metallurgy, 1987, pp.320. 

(in Russian)  
[2] Bortnichuk, N. I. Work in modelling of current-leads in VNIIETO. Collected papers of Curernt-leads 

modeling. Moscow: CINTIEL, 1963. (in Russian) 
[3] Bortnichuk, N. I., Safronov, L. A, Yurygin, O. V. Methods of evaluation and improvement electrical 

parameters of electric arc furnaces. Elecrtothermia, vol. 31, 1964, pp. 41-43. (in Russian) 
[4] Orlov, G. I., and others. Album of constructions of arc steel-smelting furnaces. Novosibirsk: NETI, 1991.  
[5] Aliferov, A. I, Bikeev, R. A, Vlasov, D. S. and others. Modelling of electromagnetic fields of interleaved 

conductor packages in electrotechnological installations. Novocherkassk: News of higher education 
institutions. Electromechanics, vol. 6, 2013, pp. 45-47. (in Russian) 

[6] Aliferov, A. I, Bikeev, R. A, Vlasov, D. S. and others. Investigation of influence of metal structures of 
electrical furnaces on their electrical parameters. Novocherkassk: News of higher education institutions. 
Electromechanics, vol. 6, 2013, pp. 36-40. (in Russian) 

 
Authors  
Engineer, Cand. of Eng. D. S. Vlasov  
Department of Automated electrotechnological 
installations  
Novosibirsk State Technical University  
Prospekt K. Marksa 20  
630073, Novosibirsk, Russia  
e-mail: wlasow.david@gmail.com  

Professor, Doct. of Eng. A. I. Aliferov  
Department of Automated electrotechnological 
installations  
Novosibirsk State Technical University  
Prospekt K. Marksa 20  
630073, Novosibirsk, Russia  
e-mail: alif@ngs.ru 

Associate professor, Cand. of Eng. R. A. Bikeev  
Department of Automated electrotechnological 
installations  
Novosibirsk State Technical University  
Prospekt K. Marksa 20  
630073, Novosibirsk, Russia 
e-mail: bikeev@ngs.ru  

Undergraduate student A. N. Dobrov  
Department of Automated electrotechnological 
installations  
Novosibirsk State Technical University  
Prospekt K. Marksa 20  
630073, Novosibirsk, Russia 
e-mail: antdobrov@mail.ru 

PhD student V. A. Serikov  
Department of Automated electrotechnological 
installations  
Novosibirsk State Technical University  
Prospekt K. Marksa 20  
630073, Novosibirsk, Russia 
e-mail: victorserikov@yandex.ru 

 

 
  

403



 

404



International Scientific Colloquium 
Modelling for Electromagnetic Processing 

Hannover, September 16-19, 2014 
 
 
Development of a heating sequence for a new Resource Efficient 
Forging process Chain - REForCh - with 2D and 3D FEM 
numerical simulation 
 
S. Wipprecht, E. Baake  
 
Abstract 
 
 To stay competitive European Small and Medium Enterprises (SME’s) need to reduce 
production costs. In the frame of the European funded project REForCh a new process chain 
with a new forging and induction heating sequence is developed. By reducing the input 
material and changing the forging and heating steps asset costs and energy consumption can 
be reduced and with it the CO2 emission to the environment. With the help of two 
dimensional (2D) and three dimensional (3D) FEM numerical simulation the heating steps 
were configured and optimized. Existing equipment will be implemented in the preheating 
step and a new reheating system was build up and tested at ETP. 
 
Introduction 
 
 The global competition in metal forging is becoming more and more increasing within 
the last years. Especially for SME’s, which are building the main part of the European forging 
industry with around 68 thousand employees in 2011 [1]. Therefore it is necessary to reduce 
costs to stay competitive. Material and energy costs represents the main costs components at 
forging operations. About 50 % of the total production costs are caused by material costs [2]. 
For complicated geometries like crankshafts the waste of material at die forging can reach up 
to 40 % and more [3]. Subsequently there is a big saving potential in reducing the use of 
material not only by the material itself but also by the amount of energy needed for the 
heating process. Based on the scientific results in the field of flashless forging [4] done at IPH 
– Institut für Integrierte Produktion Hannover gGmbH, this process chain will be adapted for 
the production of a two-cylinder crankshaft within the project “Resource Efficient Forging of 
complicated high duty parts” (REForCh) by funding under the Seventh Framework 
Programme of the European Union. 
 As shown in 
Fig. 1 the task of the 
ETP at the REForCh 
project will be the 
preheating of the 
billets at the beginning 
of the forming process 
and the new reheating 
procedure after the 
first two flashless pre-
forming steps. More 
detailed information Fig. 1. New developed process chain for the two-cylinder 

crankshaft 
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about the development and the forging process itself are given in [5]. 
 
1. Numerical Modelling for the Preheating and Reheating Process 
 
 With the help of the FEM numerical 
simulation the further development and optimization 
of the heating sequence of the new process chain 
should be realized and cost-effective parameter 
studies will be performed. Existing heating 
installations at the shop floor of the Turkish project 
partner OMTAS Otomotiv Transmisyon A. S. should 
be integrated into the process. 
 All numerical simulation are realized with the 
commercial software package ANSYS®. The 
optimization procedure is done with the help of 
genetic algorithms integrated into the ANSYS 
program routine. Fig. 2 demonstrates the flow chart 
of the program procedure. 
 From the viewpoint of simulation, the heating 
process represents a coupled problem characterized 
by the interaction of electromagnetic and temperature 
field. The simulation models allow performing the 
simulation of the electromagnetic field that induces 
Joule losses in the work piece and the consequent 
transient thermal analysis during the whole heating 
process. As results the model provides the knowledge 
on temperature distribution within the work piece as 
well as the information on electrical parameters of 
the process. Electromagnetic and thermal material 
properties used in the model are temperature 
dependent and ensure the correct behavior of the 
model in the whole investigated temperature range. 
The material properties are adapted for each time 
step of the transient thermal analysis at each position 
in the work piece. 
 The simulation of the preheating process of 
cylindrical billets will be done in a 2D axially 
symmetric model the reheating process has to 
modelled done in 3D, because of the complicated 
work piece geometry. 
 The simulation procedure starts with the 
genetic algorithm and the generation of the first 
population [6]. Then an electromagnetic calculation 
providing the distribution of induced power in the 
work piece as well as the electrical parameters of the 
heating system (inductor voltage, total power of the 
installation etc.). The consequent thermal analysis takes into account the actual distribution of 
the induced power and calculates the temperature distribution in the work piece until the end 
of the current time step. Heat losses by radiation and thermal convection as thermal boundary 

Fig. 2. Flow chart of 2D and 
3D numerical program 
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conditions are taken into account. After that the next electromagnetic analysis is performed 
and the material properties are updated according to the previously calculated temperature 
distribution. Subsequent it follows the next step of the thermal analysis and the loop repeats 
until either control abort criteria’s or the target function are reached. At the end of each 
generation the genetic algorithm selects the fittest individuals of the actual generation and 
applies recombination and mutation parameter to the next generation. 
 Finally, after the fixed amount of generation is reached, the fittest individual with the 
best target function will be selected. In this case the target function has the purpose to 
establish the most uniform temperature distribution inside the work piece. Due to the multiple 
forging steps and the real reheating sequence it is impossible to measure the temperature 
distribution inside the work piece, so the 3D calculation will also be used to increase the 
quality of the temperature distribution and obtain more information about the physical 
processes during the heating sequence. 
 
2. The Preheating Process – Numerical Simulation and Optimization 
 
 In the first steps the existing heating equipment at OMTAS (Elind Compact Type 
EHFF 1200K1/S; power: 1200 kW; frequency: 1000 Hz; two coil section individually voltage 
feed) should be integrated into the preheating sequence [7]. Therefore the first part of 
optimization of the heating sequence was concentrate on the following given parameter: 
voltage inductor coil section 1 “U1”, section 2 “U2” and time per heating step “t”. In the 
following optimization steps different frequencies for both section are also taken into account. 
The results of optimization for the energy consumption is given in Tab. 1. For comparable 
heating operation with this heating equipment an energy amount of 440 kWh/t according to 
the experience at OMTAS are needed. 
 
Tab. 1 Results of 2D preheating optimization procedure 

 Were f1 and f2 is the 
oscillating circuit frequency 
for inductor coil 1 and 2 
respectively. Based on the 
available equipment and 
boundary condition of the 

forge shop the heating time per step is equal t = 35 s and frequency is f1 = 1 kHz, if this 
parameter are not part of the optimization procedure. 
 
3. The Reheating Process – Numerical Simulation and Design and Manufacturing of the 
Heating Equipment 
 
 The numerical simulation and the design and manufacturing of the reheating 
equipment were done in collaboration between ETP Hannover and EMA-TEC GmbH 
Induktions-Erwärmungs-Technologien Sondershausen. Based on preliminary forging 
calculation according to the 2nd flashless preforming geometry (see Fig. 3, and 4 for 
information about work piece geometry) done by IPH and experimental testing’s at EMA-
TEC, the design of the inductor coils and the properties of the reheating systems were done. 
Fig. 3 shows the geometry of the 3D model (without air box). 
 The 3D model itself is reduced by its half due to mirror symmetry. Even there are no 
direct hardware limitations today the reduction of the numerical models are of biggest 
interests to reduce calculation time. Especially for optimization and 3D calculations 
procedures. With the help of symmetry and mesh adaption it is possible, even for a relative 

Optimization parameter Power consumption [kWh/t] 
U1, U2, 425 
U1, U2, t / U1, U2, f1 405 / 410 
U1, U2, f1, f2 395 
U1, U2, f1, f2, t 389 
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complex model like the shown two cylindrical crankshaft, to run a complete optimization 
procedure within weeks at a normal desktop 4 core Intel® i7 system. 
 

Fig. 3. Geometry of the 3D reheating numerical 
model 
 

Fig. 4. Cross section (longitudinal cut) of the 
two-section inductor coil system 
 

 Fig. 4 shows the cross section of the induction heating system. Due to the complicated 
work piece geometry maximum attention has to be paid to the work piece handling in order to 
assure a stable, reliable and economic production process. The shape of the induction coils 
had to be designed in a way, that an easy and quick loading and unloading at the induction 
reheating system can be realized with a contour fitting shape of the coils. Therefore the 
reheating system consist of two inductor coils. The first coil is fixed and the work piece can 
be brought in the right heating position via movable water-cooled slide bars. The second coil 
is also movable and will be pushed over the open end of the crankshaft. Then the heating 
procedure will be controlled via modulator unit for repeatable results according to the results 
of the FEM calculation. 
 
4. The Reheating Process – Experimental Set-up and Results 
 
 For verification and for 
parameter testing’s the complete 
reheating system was build up at ETP 
before shipping to OMTAS. Fig. 5 
shows the set-up of the system. 
 A testing sample of the 
crankshaft after the 2nd preforming step 
was prepared with thermo couples at 
different positions. Tab. 2. shows the 
positions of the thermo couples and if 
there are related to the surface or to the 
core of the work piece. To simulate the 
real conditions at the shop floor the 
crankshaft has to undergo a full heating 
procedure from ambient temperature, 
following by a cooling sequence and 
afterward the designated reheating 

 
Fig. 5. Complete set-up of reheating unit at ETP 
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sequence (Fig. 6c). 
 The results of the experimental set-up 
are given at Fig. 6a to c. There is a good 
qualitative accordance between the simulated 
results and the experimental measurements. In 
any case some deviations related to small 
simplifications on the model can be found (e.g. 
material properties, convection boundary 
conditions, ascent of coil windings). These 
variations have to be adapted at the final 
process set-up. The energy consumption for the 

reheating process was optimized to 125 kWh/t. 
 

Tab. 2. Position of thermo couples 
channel depth 

[mm] 
name 

1 4 balance weight 
2 4 crank pin 
3 20 journal 
4 20 journal 
6 13 crank pin 
7 20 balance weight 

 
 

Fig. 6a. End of reheating process (coil 
section 2 half open) 

Fig. 6b. Infrared picture (FLIR A325sc) at 
the end of reheating process (coil section 2 
completely open) 

Fig. 6c. Thermal distribution of FEM 3D numerical simulation and results of the 
experimental reheating procedure 
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Conclusions 
 
 In the frame of the public funded research project REForCh a new flash reduced 
forging chain with a new heating sequence was achieved. With the help of 2D and 3D 
numerical simulation models in combination with genetic algorithm an optimization 
procedure was realized. It could be shown, in comparison to the older existing production 
chain, that the total energy consumption of the whole heating process can be reduced by up to 
12% with available equipment and even more with new equipment. Together with the lesser 
acquisition costs for steel it is obvious that SME’s can reduce production costs significantly 
and stay more competitive at the global market. In addition there is also a big impact at 
growing European environmental protection specifications. If material and energy input can 
be reduced also CO2 emission will be prevent. 
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Abstract 
 
 The article introduces the numerical experiment results of the temperature field 
homogenization in the melt volume in induction crucible furnace. The process of melt mixing 
was simulated under condition of steady and pulsed force of electromagnetic (EM) field. The 
range of the impulses frequency was fpuls = [0-1] Hz. The rate of the field homogenization was 
measured through the variation coefficient of the melt temperature, which was obtained for 
the steady and unsteady cases. 
 
Introduction 
 
 A lot of researches directed on the problem of ingot growth control solving with 
different methods and the question of influence of pulsed interaction with solidifying metal 
structure is still topical today. As it was shown with investigations [1-3] use of pulsed EM 
field can lead to significant effect of respread of grains in melt and as consequence more 
homogeneous structure after solidification. But all researches demonstrate grate influence of 
the impulses frequency – the solidifying metal can be sensitive to the oscillations or they 
might have not any effect. The paper introduces the search of the most influence of the EM 
field force impulses frequency on the melt motion in the induction furnace with cylindrical 
crucible. 
 
1. Presentation of the problem 
 
 In considered case pulsating force of EM was created by interruption of the sinusoidal 
current in inductors with different frequencies (fpulse). Each period of the impulse consists with 
two half-periods: the first – a period of EM force in action Тact (current in inductors); the 
second – a period without any current in inductors and no forces from EM field in the melt Т0. 
The frequency of the impulses is estimated as (1): 
 

,1 Tf puls =  0TTT act += .     (1) 
 

In the active period for the EM field force the commuted current force is equal to 
2000 A and has the frequency fac=400 Hz [4]. 

In the unsteady regime the influence of two frequencies were investigated: fpuls= 
0.1; 0.2 Hz. 
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The force causing the melt motion is the Lorenz force which can be as (2): 
 

 B j  FEM ×= ,     (2) 
 

where j – is the electric current density, B – EM field density [4]. 
 The mathematical model was verified by comparison with data from the experimental 
research of the melt flow under condition of steady force of EM field [5]. 

In this paper under consideration was the symmetrical impulses (Тact = Т0). The 
investigation of the asymmetrical impulses influence was described in previous work [6]. 

As a model fluid the melt of Wood’s metal with the physical properties, represented in 
the Table 1, was taken for the investigation. 

 
An experiment of temperature 

field mixing in melt with use of LES 
(Large Eddy Simulation) turbulence 
model was made to measure the effect 
of mixing intensification in 
consequence of EM field force 
pulsations use. The range of 
temperatures in the field was 100 K – 

the melt volume was divided on two equal halves – the cold part with temperature 350 K and 
the hot half (450 K) (Fig. 1). 

Under the action of convection and impact of impulses the time of temperature field 
homogenization was considering. 

 
2. Simulation results 

 
The impact of the oscillations 

with different frequencies was 
measured through the variation 
coefficient which shows the deviation 
of temperature in the melt from the 
average temperature (400 K) on 
different time steps and it was 
estimated as (3): 

 

( )

aver

N

i
averi

T

TT
CV

∑
=

−
= 1

2

.  (3) 

 
The variation coefficient shows 

the rate of temperature in the volume 
fitting to the average temperature. 

The average temperature of the 
volume was defined as (4): 
 
 

Tab. 1. The Wood’s metal physical properties 
Parameter Value 

Temperature of melting Tmelt=333 K 
Density ρ=9400 kg/m3 
Dynamic viscosity µ=0.0042 Ns/m2 
Resistivity 1/σ=10-6 Om/m 

 

 
 

Fig. 1. The initial temperature distribution in the 
melt volume 
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As the end of 

each experiment was 
taken the time step 
when the 
temperature field of 
the melt became 
homogeneous and 
the temperature in 
the different points 
in the volume was 
not change any more 
and was equal to the 
value of the average 
temperature (Fig. 2). 
The Figure 2 

demonstrates 
changing of the 
temperature in the 
melt in the point, 

localized in the near 
wall area on the tree-

quarter of the cylinders height, where intensive heat transfer takes place [5]. 
The simulation showed that the most influence on that parameter had the impulses 

with frequency 0.1 Hz (Fig. 3) – here the deviation of the temperature less than in other cases 
during the process. 

 
Conclusions 
 

The 
numerical 

simulation showed 
that the impulses of 
the EM field force 
with frequency 
fpulse = 0.1 Hz coerce 
the more intensive 
melt mixing in 
comparison to the 
steady case and the 
pulses frequency 
equalled to 0.2 Hz.  

It is expected 
that with more 
intensive melt 

mixing can be reached finer distribution of grains during the solidification process and 
homogeneous temperature field might stabilize the crystal growth with required size. 

 

Fig. 2. Temperature stabilization in the melt 

  
Fig. 3. The variation coefficient changing through the simulation time 
(stf – steady EM field force) 
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The further investigations will be governed to recognition of lower frequencies 
influence with mathematical modelling and analyse of the metal structure formed under 
condition of pulsed EM field force trough the physical experiment. 
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Abstract 
 
 Permanent Magnet Heaters, PMH, have been recently proposed as a possible high 
efficiency solution for heating high conductive metals. The design of a Permanent Magnet 
Heater is presented with reference to a real industrial case. The design has been carried out by 
means of transient magnetic and thermal 2D and 3D Finite Element Models, supported by 
electric and thermal measurements on a small scale prototype. 
 
Introduction 
 
 Induction heating is a proven technology which is widely used for its well-known 
advantages. It is fast, efficient, controllable and clean. Magnetic steel billets can be heated 
with efficiency greater than 90% with a precise control of temperature distribution [1].  

Induction heating technology is extensively used also for heating aluminum billets 
before extrusion, forging or moulding. The electrical efficiency of heating high conductive 
metals is generally poor, lower than the one achievable with magnetic materials. The 
maximum theoretical efficiency that can be obtained during the heating of a cylindrical load 
(billet) inside a solenoidal inductor is given by (1) [2]:  
 =	 	 	       (1) 

 
where ρi/ρμ is the ratio between the resistivity of copper (the material used for inductors) and 
the product of resistivity and permeability of the material to be heated. α is the ratio between 
the radius of the inductor and the radius of the billet which is usually equal to 1.2 for through 
heating application. As a consequence, for magnetic steels the efficiency can reach 90-93 %, 
for stainless steel 70 %, but for highly conductive materials like copper, brass and aluminum 
the efficiency decreases to 40-45%.  

To improve electric performance, several solutions have been tested in the past, e.g. 
the multiturn inductor which can reach efficiency of about 55%. In 2003 Magnusson and 
Runde presented an original and innovative approach: a superconductive magnet produce a 
strong DC magnetic field in a region where the billet is forced to rotate at a certain velocity 
[3]. The heating occurs because of the eddy current induced by the motion. In this way the 
efficiency of the process increases because the losses are only due to the cryostat of the 
superconductive coil and the electrical motor. The high cost of superconductive coils and the 
difficulty to rotate a billet at high speed are the main limiting factors of the approach proposed 
by Norwegian researchers and only few installations in industry apply this principle [4-6]. 

Recently, LEP (the Laboratory for Electroheat Padova University) proposed a rotating 
system of permanent magnets as sketched in Fig.1 [7]. This solution looks very promising 
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because it allows for high efficiency that depends mostly upon the efficiency of the motor 
drive, without using an expensive superconductive system [8]. An industrial scale prototype 
has been realized and several tests have been carried out by heating a 200 mm in diameter, 
500 mm long, 42 kg heavy aluminum billet. The motor drive has a rated power of 55 kW at a 
rated speed of 2500 rpm, and the magnetic field is produced by SmCo, rare earth permanent 
magnets. 
 

 
Fig. 1. Schematic of the model of a Permanent Magnet Heater. 
 
 
1. Electrical and thermal measurements on the 55 kW prototype 

Electrical measurements have been performed by means of a three phase power analyser 
and four current probes. Thermal measurements at the end of the heating process were 
performed by means of an IR camera: the billet was blackened by means of a high 
temperature resistant paint to control the emissivity. Also thermocouples have been used to 
monitor the billet surface after the thermal transient. K-type thermocouples have been 
connected to a data logger unit. 

 

Fig. 2. Layout of thermal and electrical measuring system 
 
In a previous work [13], we presented experimental results limited temporarily by the 

maximum electrical power (i.e. the rotational velocity) available in the laboratory (40 kW or a 
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rotational speed 750 rpm of the rotor), so presented results were limited to 500 rpm and 750 
rpm. In this paper we present results also for 900 rpm – 52 kW maximum adsorbed power 
(rated power for the induction motor installed in the system) and for 1000 rpm – 57 kW.  

In Fig. 3, experimental and FE results are compared. Results are in good accordance: the 
almost constant difference between computed and measured power is related to power losses 
in the real system (mostly, losses in the inverter that drives the motor, in the induction motor, 
in the mechanical transmission), that are, of course, not taken into account in the 
electromagnetic transient FE analysis.  

Fig. 4 shows measurements of the adsorbed power from the network at different rotor 
velocities. The corresponding temperature transients are presented in Fig. 5.  

Thermal transients have been measured in two different configurations of the clampers that 
hold the billet. All the experiments have been carried out realizing only one heating of the 
billet and consequently with clamps, that are made of steel, not previously heated. In the first 
case, the clamps are in direct contact with the billet and consequently they are strongly heated 
due to thermal conduction, in the second case clamps are thermally insulated by a thin layer of 
fiberglass. This simple insulation allows for higher thermal efficiency. 
 

 
Fig. 3. Experimental and numerical results for 2 different velocities: 500 rpm (upper) and 750 
rpm (bottom). Measured values, continuous lines. Computed quantities: dashed lines. 
 
 

Fig. 4. Active Power adsorbed by the system for 
various rotational speed, measured at the power 
supply. In each test, the same energy is provided 
to the system. 

Fig. 5. Thermal transient corresponding  
to Fig. 4. No insulation (continuous line), 
thin insulation layer (dashed line). 

 
 

The global efficiency of PMH prototype has been computed according to (3) where the 
value of the transferred energy has been estimated by means of the thermal energy (2), 
expressed in kWh, of the billet after a short equalization period, 45 s, to measure the final 
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average temperature Tave. The value of the adsorbed energy has been measured accordingly to 
the scheme presented in Fig. 2. 

The efficiency is consequently computed in a conservative way, underestimating the actual 
energy transferred to the billet and taking into account all the losses of the system. It is 
expected to achieve higher values of efficiency when the system is working continuously, i.e. 
when the clamps are in a steady state temperature. 

 

 [kWh]   
10 6.3

)T (T M cE 6
ambave

tranf
−=  (2) 

 
M, mass of the heated billet, 42.5 [kg] 
c, aluminium specific heat, 900 [J/(kg K)] 
 

 100   
E

E

ele

transf=η  (3) 

 
Eele, electrical energy consumption [kWh]. Measured efficiency of the PMH prototype with 
and without the fiberglass thermal insulating layer between the clamps and billet is reported in 
Fig. 6. The efficiency has been measured according to (3).  

 

 

Fig. 6. Global system efficiency 
for different rotational speed, 
computed wit and without 
thermal insulator. 
 

 
2. Design of a four rotor system 
 

A taper temperature profile along the billet length is often required to guarantee a constant 
quality of extrusion processes. To obtain a differential heating, a new device, based on the 
PMH concept has been studied. The system comprises several rotors, which rotational 
velocity is independently controlled in order to induce different power and obtain a precise 
control of longitudinal temperature profile. Furthermore, each rotor can rotate in opposite 
direction to significantly reduce the net torque acting on the billet. In the present paper the 
design of a 200 kW machine will be presented and discussed. 

Both 2D and 3D, transient magnetic and thermal, numerical models have been developed 
in order to evaluate the performance of each configuration, with the aim of realizing a 
prescribed temperature distribution in the billet at the end of the process: zone 1 (billet head) - 
500 °C, zone 2 – 470°C, zone 3 – 450 °C, zone 4 (billet end) 430°C. The process is 
subdivided into 2 heating stages, applying the recipes presented in Tab. 1 and 2. The duration 
of the first heating stage is 45 s, then the second heating stage continues for 13 s, followed by 
an equalization stage of 22 s. The contribution of each rotor to the torque acting on the billet 
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depends on the different rotational speed and direction of motion. The net torque acting on the 
billet is the sum of the four values and it is very small. This finding supports the choice of 
rotating the magnets with opposite directions. The evolution of temperature distribution 
during the process is reported in Fig. 7-9.  
 

Table 1. Heating recipe for the first stage 
Rotor 

n. 

Rotational 
Velocity 

Equivalent 
frequency 

Induced 
Power Torque 

[rpm] [Hz] [kW] [Nm] 

1 + 1500 150.0 40.0 245.0 
2 - 1200 120.0 36.0 -256.0 
3 + 1000 100.0 30.1 265.0 
4 - 800 80.0 22.1 -256.0 

 
Table 2. Heating recipe for the second stage 

Rotor 
n. 

Rotational 
Velocity 

Equivalent 
frequency 

Induced 
Power Torque 

[rpm] [Hz] [W] [Nm] 

1 800 80.0 20.2 256.0 
2 600 60.0 15.5 -235.0 
3 0 0.0 0.0 0.0 
4 0 0.0 0.0 0.0 

 
 

 
Fig. 7. Temperature distribution after 
the first heating stage. Maximum 
temperature 508.7 °C, minimum 
temperature 428.4 °C. 

 
Fig. 8. Temperature distribution after 
the second heating stage. Maximum 
temperature 509.1 °C, minimum 
temperature 438.2 °C. 

 
Fig. 9. Temperature distribution after 
the final equalization period. 
Maximum temperature 494.4 °C, 
minimum temperature 440.9 °C. 
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Conclusions  
In the paper a novel technology, based on the use of permanent magnets rotors, for 

efficient heating of aluminum billets has been presented and discussed. The design method is 
based on 2D and 3D FEM models. The designed machine is able to reach an overall 
efficiency higher than 80%, which depends mostly on the efficiency of the motor drive. 
Results prove that a taper temperature distribution, suitable for extrusion processes, can be 
achieved by using several rotors with permanent magnets that are able to rotate at different 
speeds. Thermal conduction allows for a uniform heating after a short equalization time, thus 
compensating the lack of induced power between rotors. 

In future works, the numerical results here presented will be compared with 
measurements on a large-scale prototype, currently under construction, that will be installed 
in an industrial production line. 
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Abstract 
 

The paper presents the challenges for single-shot coils applied at rotating workpieces 
due to high current density. First, it starts with a description of the problem and the 
importance of this topic. Then, different previous workouts are presented which visualize the 
issue with the help of 2D/3D-models. Several former elaborations also include suggestions 
how to improve the coil profile to increase lifetime. Finally, some new ideas of what has not 
been done regarding construction and optimization of the coil are exposed and methods how 
to implement them. 
 
Introduction 
 

In many areas of industry, heating of electric conductive materials are ensued by 
induction. Basically, two different heating methods can be distinguished in these applications: 
scanning and single-shot (Fig. 1.). If the workpiece is warmed up by scanning, either the coil 
moves along the workpiece or the process is reversed. Thus, the component is heated step by 

step in this method. Depending on the 
workpiece and its length, this process 
can take a long time to complete. In the 
second method (single-shot), the 
workpiece or the zone to be warmed is 
located in or below the inductor 
(depending on the design). Hence, the 
entire region that shall be heated is 
warmed up at once. Therefore, 
depending on the workpiece, it needs to 
be distinguished which method is more 
suitable.  

In many inductive heating 
applications (in particular hardening 
applications), the workpiece has a 
rotationally symmetrical shape (e.g., 
drive shaft, piston rod). In this case, 
both types of coils can be used (Fig. 1.).                         

Only single-shot coils will be 
considered in this elaboration (Fig. 2.). 

This type of coil and its process owns several significant advantages in comparison to 
scanning coils and applications: On the one hand, the geometrically larger inductor can absorb 
or emit a bigger amount of power. On the other hand, a better heat flow into the deeper layers 
of the workpiece due to the continuous heating process is accomplished, which is a big 

Fig. 1. Coils for single-shot and scanning processes 
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advantage especially for workpieces, where a high hardening depth is required. The 
consequences are shorter cycle times which constitute very important aspects in many areas of 
industry. Another  advantage  in  comparison  to  the  scanning  coil  is  the  adaptability to the 

workpiece. Many rota-
tionally symmetrical 
components have 
different diameters 
along its longitudinal 
axis, notches and bulges. 
These challenges are 
often hard to accomplish 
for the classic ring 
inductor (e.g., due to 
high coupling at a notch, 
the power cannot attain 
deep enough into the 
workpiece). For a 

single-shot coil, the right heating results can be achieved by reduction of the distance of the 
two long active coil sides or by addition of concentrators in the appropriate place. Anyway, 
this is often not necessary because the current direction of the single-shot coil is axial 
orientated so it is easier to warm tangential oriented notches (Fig. 2.). Certainly, axial oriented 
notches like splines are easier to heat with a ring coil because then the current has to pass the 
notch and, therefore, it also heats in the bottom of the notch.  

The single-shot coil also owns many disadvantages, especially regarding the lifetime. 
First of all at this process, the cylindrical workpiece is set in rotation to achieve homogenous 
heating of the surface. Since the area of the active part of the coil is often much smaller than 
of the workpiece, the current density in the inductor needs to be correspondingly high. This 
causes temperature differences in the coil cross section that - due to uneven thermal expansion 
- leads to mechanical stress and strain in the material. Since the power is switched on and off 
for every part, too high cyclic mechanical stress leads to crack initiation in the copper and 
crack propagation until the coil fails (thermal induced fatigue failure). 

Furthermore, controlling the process of a single-shot application is much more 
difficult. Especially for the edges of the workpiece, the coil often requires a special 
construction (different coupling, field-guiding elements) at the ends of the two active coil 
sides (Fig. 2.) to allow the right amount of heat flowing into the workpiece. 

Additionally, in contrast to scanning applications, each change of a parameter (current, 
voltage) always relate to the heating of the entire workpiece so there can be no control of the 
segment-specific process by the converter. Thus, design and construction of this type of coils, 
wherein the heat distribution and cooling are important features with regard to service life, is 
a complex process. 
 
Previous Work 
 

A study of aging and thermal fatigue of coils (Fig. 3.) was performed in [1]. For this 
purpose, a two-dimensional model has been designed by which the temperature distribution of 
three different inductors could be modeled. The considered coils consist of two adjacent, 
parallel conductors and distinguish in the different cross section of the profile. Using a further  

 
 

 

Fig. 2. Parts of the single-shot coil with a workpiece 
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model, a study of temperature differences in the inductor was carried out. Then, an estimation 
of the mechanical stresses occurring in the inductor has been ensued, whereas a lifetime 
prediction  could be  realized by  using the  Wöhler-curve. With  regard to  the optimization of 

inductors, an investigation 
on triangular cross 
sections at different angles 
took place. 

In a different study, 
an examination on the 
heating of a worm gear 
with a single-shot coil was 
ensued [2]. The coil has 
been equipped with 
concentrators to increase 
the efficiency. For 
reaching an accurate view 
on this setup, a three-
dimensional model has 
been mapped, while the 
focus was on the heat 
distribution of the 
workpiece. By using 
symmetry properties of 
inductor and workpiece, 
the mapped model results 

in the mesh shown in Fig. 4. Regarding the optimization of the process, an adjustment of the 
heating time and converter parameters (frequency, power) took place.  

Thermal fatigue of coils due to improper cooling and associated consequences has 
been studied in another paper [3]. Besides the consequences of insufficient cooling (steam 

barrier [Fig. 5.] vapor lock), the effect of completely failed cooling was also described. In 
addition to these effects which lead to material fatigue or destruction of the coil, optimization  
 
 
 

Fig. 5. Coil damage due to steam barrier [3]

Fig. 3. Aspects of thermal fatigue [1]

Fig. 4. Mesh of a single-shot coil warming up a worm gear 
(symmetrical extract) [2] 
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approaches such as changing cooling water 
pressure or temperature have been proposed.  

The process improvement of a single-
shot model (Fig. 6) due to a change of the 
coil construction has been carried out at a 
presentation of Flux 2D, a two-dimensional 
simulation tool [4]. In this work, a 
simulation of the heat distribution was 
examined in the two active conductors of the 
inductor (Fig. 7). There, enhancing cooling 
performance by using copper profiles with a 
lower wall thickness could be proved. As 
part of this, the electrical efficiency reduces 
so an optimum needs to be found. In 
addition, the influence of the radiation heat 
of   the   workpiece   on   the   coil  has  been   
considered. 

 
Ambition 
 
The investigation of single-shot coils with the aim on optimizing the design is an extremely 
challenging task. Often high current density inside the inductor means a high load on the 
material and shortens the lifetime. Especially at the ends of the two active conductors, 
overheating occurs at the edges of the side connections. The question how far this transition 
still has an influence on the heating process is also an important issue. Therefore, this edge 
region of the coil needs to be examined in detail and requires a three-dimensional viewing.  
This has been done so far in a single-shot application only in the workpiece to establish the 
desired heat distribution [2]. 

Of course the simulation of the heat distribution in the inductor includes the 
involvement of cooling and thus, the study of fluid dynamics. For the realization of the model, 
the 3D-simulation tool "Ansys" is qualified due to its many functions. Based on the 
temperature gradient, conclusions on the material load may be drawn and can give a 
predication about the service life. A good base of this is provided by [1]. Many researches 
towards the influence of high current on the life of coils in this work form a good reference 
for this elaboration. Furthermore, for verification of simulation results with respect to the heat 
distribution in the inductor, an experimental setup is planned, wherein a thermal imager is 
going to be used. 

Fig. 6. Coil construction and cross-section [4] 

Fig. 7. Warming results with Flux 2D [4]    

424



Once a model has been developed by which a good heat distribution is displayed, the 
next step consists in a practical optimization of the design of these coils. The most important 
criterion is the maximization of lifetime. Various adjustments of the coil in previous 
elaborations did relate to the cross section of the coil and not to the whole inductor 
construction. Such a simulation of various wall thicknesses and different heat distributions, 
which aims at optimizing cooling, is carried out in the work of [4]. In another examination, 
triangular profiles have been studied [1]. Optimization of these profiles by changing the 
angles has been ensued there also under the premise of minimizing thermal fatigue. 

Another important parameter regarding the improvement of these coils is the 
efficiency which may be determined by the heat contributed into the workpiece. Concerning 
the optimization of the process, this has been implemented in an elaboration by changing the 
process parameters (heating time, current, frequency) but not by adjusting the inductor [2]. In 
the context of efficiency, also the use and study of field-guiding elements may be observed. 

Nevertheless, the practical implementation of the single-shot coil is a parameter to be 
considered. The optimized inductor shall not be too complex and costly to manufacture. Also 
with respect to the electrical parameters (inductance, electrical resistance), a good adaptability 
to the frequency converter needs to be ensued. 
 
Conclusions 
 
Single shot coils as components in induction heating devices are widely used but have rarely 
been investigated, even though they often have the lowest lifetime. In this paper, the 
importance of the study was highlighted and various factors to be considered were presented.  
A rough plan about the tasks to be done and the appropriated methods has also been 
demonstrated. The next step is to create a model of a single-shot coil and to depict the heat 
distribution especially at the critical points. Finally, the knowledge gained from the model and 
derived optimizations shall essentially affect the future production of these types of coils.   
 
References 
 
[1] K. Svendsen, Thermal Fatigue in High Current Density Induction Coils, Trondheim, 2012.  
[2] E. Wrona, Numerische Simulation des Erwärmungsprozesses für das induktive Randschichthärten komplexer 

Geometrien, Hannover: Cuvillier Verlag, 2005.  
[3] D. C. L. William I. Stuehr, „How to improve inductor life,“ in ASM Heat Treating SocietyConference and 

Exposition, North Royalton, Ohio, 2005.  
[4] K. Kreter, R. Goldstein, C. Yakey und V. Nemkov, „Enhancing Induction Coil Reliability,“ Auburn Hills, 

MI USA, 2013.  
 
 
Author 
Dipl.-Wirtsch.-Ing. Stefan Schubotz 
EFD Induction GmbH 
Lehener Str. 91 
D-79004 Freiburg im Breisgau 
szs@de.efdgroup.net 
  

425



 

426



International Scientific Colloquium 
Modelling for Electromagnetic Processing 

Hannover, September 16-19, 2014 
  
Anisotropy of flow and transition between mixing regimes in 
physical model of directional solidification 

V. Geza, B. Nacke, E. Baake, A. Jakovics 
 

Abstract 

 In directional solidification (DS) method the melt flow is usually stratified due to 
strong temperature gradients and this leads to anisotropy of the flow and turbulence. This 
work is devoted to numerical and experimental investigation of the Lorentz force generated 
turbulent melt motion at moderate Reynolds numbers (2000-10000) in a model of DS 
crucible.  

Introduction 

 As fossil energy resources are getting exhausted, demand for alternative energy 
sources is growing.  In 2011 in Germany the renewable energy part was 12.5%, which is 
almost doubled since 2005 [1]. Photovoltaic solar energy still has small fraction of the total 
power production – only around 2% - but it is still growing. Directional solidification (DS) is 
widely used for the production of photovoltaic materials for convenient and material-loss 
effective wafer production. The production process of the polycrystalline material influences 
the quality of the wafers significantly and for this reason design of DS furnaces has to be 
proceeded with care. One of aspects influencing the successful material production is the melt 
flow in the crucible during solidification stage [2]. 
 Investigations of fluid dynamics in DS systems imply both physical models [3] and 
numerical simulations [4]. Special attention is often paid to distribution of admixtures and 
solidification front shape. However, there are many aspects of turbulence which are not 
analyzed. Several aspects of anisotropy will be discussed in this paper. 
 
1. Experimental model 

 Experimental results were obtained using physical model (Figure 1), which consisted 
of square crucible, placed on aluminium plate with constant temperature and covered by 
heater-lid, which allowed obtaining vertical temperature gradient in melt. Wood’s alloy (50% 
Bi, 25% Pb, 12.5% Sn, 12.5% Cd, melting temperature 72°C) was used as working liquid.  
 The radiation heater is used as lid on the crucible, which allows obtaining vertical 
temperature gradient in the alloy. However, the emissivity of the Wood’s alloy is low 
(ε≈0.15) and the radiative heat flux on the free surface is low, thus significant part of heat flux 
on the free surface is ensured by the heated air in the space between alloy and lid. In this set-
up steady temperature difference between top and bottom surface up to 80°C was obtained in 
liquid at rest. Vertical temperature profile was measured using 6 thermocouples (TC); their 
vertical coordinate z (origin z = 0) shown in Figure 1. Experimental set-up allows also 
measuring velocity field in the crucible using Ultrasound Doppler Velocimetry (UDV). 
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2. Transition between regimes in experiment 
 
 In stratified flow the damping of vertical motion takes place. This phenomena was 
observed in the following experiment - at constant top heater power, EM forcing was turned 
on with different intensity (current in windings), every time from the same initial conditions 
(fluid at rest, fixed initial ΔT). Fehler! Verweisquelle konnte nicht gefunden werden. 
shows vertical temperature difference dependence on total current I in the windings. Some 
critical current ICR exists at which Richardson number becomes smaller than unity and 
turbulent mixing prevail, thus change of flow structure is possible. At the ICR shear generated 
vertical turbulent motion is damped by buoyancy forces. Here flow structure changes from 
stratified quasi-two dimensional, wave dominated structure to three dimensional, chaotic, 
strongly turbulent regime [5].   
 
 

 

Figure 1. Sketch of experimental model. Left - isometric view. Right - middle cross section. 
 

 In these experimental results transition 
appears at Richardson numbers RiCR~5..10. As Ri 
increases any vertical motion of fluid becomes 
more damped by buoyancy forces and 2D 
turbulence takes place. However, 2D turbulence 
appears at reasonably higher Ri than transition to 
2D flow, Ri~103, which is not possible to realize 
in this experimental set-up.  
 UDV velocity measurements also showed 
differences between flow character in isothermal 
and stratified flow. Figure 3 shows x component 
of velocity distribution in vertical cross section 
of crucible. Both measurements performed at 

ITOT=1500A, average temperature gradient in stratified case was 660K/m. It can be seen that 
maximal velocity in stratified case is by 30% lower than in isothermal case and structure of 
flow differs - one large vortex is present in isothermal case, while in stratified case no fluid is 
moving away from the wall and there are no resolved vertices in vertical plane.  
 The results of this model experiment can be partly transferred to silicon growth 
equipment with similar electromagnetic forcing. Relations between velocity and average 
temperature gradients G are calculated for physical model and G5 silicon furnace: UG5=0.37 
UMODEL, GG5=0.03GMODEL. Highest temperature gradients which can be obtained in this model 
are G=750K/m, which corresponds to GG5=22.5K/m. Typical numbers for silicon furnaces are 
one order of magnitude higher. 
  

Figure 2. Temperature difference 
dependence on total current in windings at 

different heater powers. 
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3. Numerical simulations 

 Electromagnetic (EM) simulations are performed using GetDP general finite element 
solver using − Ω (electric vector potential and magnetic scalar potential) formulation. EM 
calculation is done once and force density distribution is imported in fluid dynamic simulation 
as sources. Inductive heating is negligibly small comparing to other heat fluxes existing in 
system (vertical heat flux, constant temperature heating of bottom) due to low frequency used 
(50 Hz). 
 

 
Figure 3. UDV results in vertical cross section. Part of crucible width is shown - x=0 is center, 

wall is placed at x=-1.75L. Left - isothermal case, right - stratified case. U0=12mm/s. 
 
 The incompressible flow is described by Navier-Stokes equation in dimensionless 
form 
 = − 1 ∆ − ∙  

 
 Here u – dimensionless velocity, p – dimensionless pressure, θ – dimensionless 
temperature, Re – Reynolds number, Gr – Grashoff number, F0 – electromagnetic forcing 
parameter which is dimensionless number giving the measure of the ratio of electromagnetic 
forces to viscous forces in flow: 
 =  

 
 For characterization of stratified flow Richardson number is frequently used: 
 = = Δ

 
 
 Critical Richardson number RiCR is criteria for transition between strong and weak 
mixing regimes. Strong mixing regime is similar to 3D turbulence with possible anisotropy of 
flow due to buoyancy forces. Weak regime, on the other hand, is inefficient in transport of 
heat, thus leading to growth of the turbulent Prandtl number PrT. [5] 
Thermal processes in melt are described by heat transfer equation: 
 = 1 ∆  

 

 Here Peclet number Pe=LU/α, α - thermal diffusivity. Constant temperature boundary 
condition was used at bottom, walls are treated as adiabatic and convective type condition at 
top surface. Heat transfer coefficient at top surface was found experimentally and it varies in 
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range (50-130) depending on heater power. In simulations these variation were neglected (see 
coefficient h values in table 1). 
Anisotropy of flow is characterized by anisotropy coefficients [6]  = 2 〈 〉〈 〉; = 2 〈 〉〈 〉; = 2 〈 〉〈 〉;  = 2 〈 〉〈 〉 

 

 Angle brackets indicate volume average. All cases are scaled with respect to 
coefficient  in A1 case (see table 1): 

 = 1
 

 
 Then corresponding normalized coefficients are  
 ∗ = . 

 
 Another way to evaluate velocity anisotropy is use of tensor defined by [7]: 
 , = 〈 〉〈 〉 − . 

 
 It has two invariants - =  and = . II is positively defined and its 
value represents degree of anisotropy. Sign of III points to nature of anisotropy - at positive 
III flow tends to be "prolate" or "rod-like" (with one component dominate), while at negative 
III flow is "oblate" or "disk-like" with two components dominating. 
 
4. LES results 
 
 Large Eddy Simulations were performed for different heating and EM forcing 
parameters. The simulation parameters are summarized in table 1. 
 
Table 1. Parameters of LES simulations. I - total current in both windings, TBOT - bottom wall 

temperature, TTOP, h - reference temperature and heat transfer coefficient at top surface. 
Case Current I, kA TBOT, °C TTOP, °C h, W/m2K Re Ri 
A1 2.5 80 80 100 10400 - 
A2 3.0 80 150 100 6133 17,1 
A3 3.0 80 230 70 5813 40,1 
A4 4.2 80 150 100 12373 3,0 
A5 6.0 80 150 100 24347 0,6 
A6 2.1 80 150 100 4027 40,9 
A7 3.0 80 130 100 6347 11,1 
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Figure 4. Development of anisotropy coefficients K1-4 over time for simulations A1 (top-left), 

A7 (top-right), A2 (bottom-left) and A6 (bottom-right). 
 
 Development of anisotropy is compared for four cases - without buoyancy forces 
(A1), intermediate Richardson number (A7 and A2) and stratified flow (A6). Results are 
presented in Figure 4. General tendency is visible that anisotropy coefficient decreases with 
increase of Richardson number. Coefficients K2 and K4, which both include derivative of uz 
are always lower than K1 and K3 which is due to damped pulsations of velocity in z direction. 
However, even at Ri=40.9 anisotropy coefficients are still in range of 0.25-0.50 and therefore 
flow is not fully two-dimensional. 

 For more detailed analysis of flow anisotropy 
invariants of bi,j tensor are used, results are plotted in 
Fehler! Verweisquelle konnte nicht gefunden werden.. 
Lumley [7] showed that invariants II and III are 
limited in their values and plane of these values form 
turbulence triangle, values outside of triangle are not 
allowed. The (0,0) point corresponds to three-
dimensional turbulence, leftmost point - isotropic 2D 
turbulence and rightmost point - 1D turbulence. The 
upper line of triangle represents 2D turbulence which 
by moving from left to right transforms from oblate to 
prolate. Results obtained in LES simulations at 
different time steps (every 200 seconds) are plotted 
on this triangle for cases A1-5. Two cases with 
highest Richardson number have points in most upper 
left corner of turbulence triangle. Other cases have 

Figure 5. LES results plotted on 
turbulence triangle 
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points closer to 3D turbulence. As shown in experiment, transition to strong mixing regime in 
this system appears at RiCR~5..10, and A4 case is then also below this threshold. However, it 
is unclear why both cases within strong mixing regime (A1 and A5) are further away from 3D 
turbulence point than A4 case.  

Conclusions 

 In experimental results it is shown that in directional solidification system transition 
between two dimensional weak mixing and three-dimensional strong mixing regimes is 
present at Richardson numbers ~5..10. Two different regimes were also observed in LES 
simulations and it is shown that turbulence character is disk-like and is getting closer to 2D 
isotropic turbulence as Richardson number increases.  
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Abstract 
 
 This paper describes the experience of the authors in numerical modelling of 
electromagnetic and thermal processes in the induction heating systems for strip and slab 
heating. Four kinds of the numerical systems have been developed and investigated to 
describe the dynamic changing of electromagnetic and thermal environments with various 
geometrical parameters [1]. The induction systems have similar geometry, excluding 
dimensions of the workpiece, to provide as maximum as possible compatibility of the analysis 
in different environments of the modelling. The received results give deeper understanding of 
dynamic behaviour of induction heating systems. 
 
Introduction 
 
 Induction installations for heating of strip or thin slab are wide spread in the industry 
because of their numerous advantages against gas fired furnaces [2]. Usually the induction 
heating of the strip and slabs is used for the technological processes, where induction heating 
gives advantages in problems like receiving of high specific power in the different parts of the 
metal workpiece. This distributed power can provide the needed temperature profile for 
various technologies and processes. 

The purpose of this article is to describe the dynamic operating modes of induction 
through-heaters for metal strip and slabs based on longitudinal and transverse flux [3] 
concepts. Different kinds of numerical models have been created to make research of the 
dynamic characteristics for the induction heating of metal strip and slabs. The investigations 
have been done to analyze the dynamic characteristics of starting process in longitudinal and 
transverse flux heaters for the different kinds of strip and slabs. For each kind of the strip or 
slab, three types of the models have been used: the model with the constant value of the 
current; the model with the constant value of the voltage; and the model with the constant 
value of the inductor voltage and with the variable value of frequency. The third model is the 
closest to the real processes in the installations where the resonant frequency is generated by 
the loaded power supply. The investigations were made for various values of the thickness 
and width of the workpieces.  
 
1. Starting of the strip heating process in longitudinal and transverse flux systems 
 

The half of numerical model for the induction heating of the strip in the longitudinal 
flux is presented in Figure 1 (above). In this Figure the location of the inductor at the middle 
step of the numerical simulation is shown. The currents of the longitudinal induction heating 
coils flow to the one direction in the upper part of the coil and to opposite direction in the 
lower one. The main results for the model will be presented with the strip width of 1200 mm, 
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thickness of the strip of 15 mm and with the constant value of the voltage on the coil and 
variable value of the frequency. Frequency in the steady-state mode is of 10 kHz. 

The Figure 1 (bellow) shows the Joule Heat 
distribution in the heated strip, when the beginning of 
the strip is located in the middle of the inductor. The 
maximal value of the Joule Heat is located at the 
front edge of the workpiece. It takes place because of 
two windings of the induction coil are located before 
the edge and these windings influence mainly to the 
front part of the workpiece. 
 The Figure 2 describes the changing of the 
power in the longitudinal flux induction systems with 
the constant value of the strip thickness and variable 
values of the strip width. For three kind of strip 
width, the Figure 2 presents three curves of the power 
in the system. The first curve shows the power in the 
system with the constant value of current in the 
inductor. The second one shows the power with the 
constant value of voltage on the inductor. The third 
curve shows the power in this induction system with 
the constant value of the voltage on the inductor and 
variable frequency. Changing of the frequency 
influences to the matching characteristic of the empty 
inductor. The power is constant when the front edge 
of the strip passed over the inductor. 
 The thermal dynamic characteristics of the 
induction system are very important also. The 
Figure 3 describes the temperature distribution in the 
strip on the last calculation step: the strip is already 
coming out from the inductor. Edges of the strip are 
seriously colder than it’s middle part. It makes a bad 
influence to the rolling mill process. But the 
temperature in the edges is higher than the starting 
temperature (800°C) of the process. The temperature 
in the front edge is still in the range of the maximal 
temperature for the strip, in spite of this temperature 
is shown after the cooling by thermal losses. 
 The changing of the temperature distribution 
for the front edge on each calculation step is 
presented in Figure 4. The maximal temperature in 
the strip is received at calculation step number 38. At 
this step the last winding of the inductor is located 
approximately above the front edge of the workpiece. 
The temperature in the corner of the strip is higher 
than the starting temperature (close to 850°C). 

 

 

Fig. 1. 3D model of the longitudinal 
flux system for the start of the strip 
heating (above) and Joule Heat 
distribution in the strip (below) 

 

Fig. 2. The changing of the power in 
the longitudinal flux system for 
different values of the strip thickness 

Fig. 3. Temperature distribution in the 
strip after the last calculation step 
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 The Figure 5 (above) shows the half of the 
transverse flux induction heating system on the 30th 
calculation step. As distinct from the longitudinal 
flux concept, in the transverse flux system the strip is 
moved between two pairs of the inductors on the 
upper and lower side. Besides the inductor geometry, 
all dimensions of the induction system are the same 
like for the longitudinal flux concept. 
 The Joule Heat distribution on the same 
simulation step is shown in Figure 5 (bellow). The 
middle of the induction system is also located above 

the front edge of the strip. 
 The curves of the power in the systems with 
the different width are shown in Figure 6. 
Qualitatively the power is changed in five stages. 
The first stage comes when the front edge of the strip 
is moved from the electromagnetic shield to the first 
windings of the coil. The small decreasing of the 
power is coming on the second stage when the front 
edge of the strip is moved through the first parts of 
the coil. Then the front edge of the strip is moved 
through the air gap between the first and the second 
parts of the coil and the power is increased few times 
faster than on the first stage. The small cavity of the 
curves appears when the front edge of the strip is 
moved out from the inductor. When the front edge 
finishes influencing on the inductor, the process is 
starting to be electromagnetic steady-state. 
 The strip temperature distribution in the half 
of induction system after the calculation is shown in 
Figure 7. The maximal temperature is located on the 
strip edges. The corners of the strip are cooled down 
by the radiation additionally. The temperature in the 
corners is smaller than the starting temperature of the 
strip. This can lead to damaging the rolling mills. 
 The Figure 8 presents the temperature profile 
on the front edge of the strip. At first the strip is 
cooled down but after this the temperature in the 
front edge of the strip starts to fast increasing and 
then again cooling down. This process happens in the 
time when the front edge of the strip is moved 
through the induction coil. The maximal temperature 
of the front edge is located in the middle of the strip. 
 

 
Fig. 4. Dynamics of the temperature 
distribution in the half of the front 
edge of the strip 

 
Fig. 5. 3D model of the transverse flux 
system for the start of the strip heating 
(above) and Joule Heat distribution in 
the strip (bellow) 

 
Fig. 6. The changing of the power in 
systems for the different strip 
thickness 
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2. Starting of the slab heating process in longitudinal and transverse flux systems 
 

 Figure 9 (above) presents the modelled 
induction system for the longitudinal flux heating of 
the slab. The size of numerical elements in the 
workpiece is decreased to the edges of the slab 
because of local eddy current concentration. The 
numerical system has the width of the slab of 
1200 mm, the slab thickness of 100 mm, constant 
value of the voltage on the inductor and variable 
value of the frequency. Frequency in the steady-state 
mode is of 500 Hz. 
 The Figure 9 (bellow) shows the Joule Heat 
distribution in the middle of the calculated heating 
process which means that the front edge of the slab is 
located in the middle part of the induction coil. The 
maximal value of the Joule Heat locates on the front 
edge of the slab. Joule Heat generation in the centre 
of the workpiece cros-section is tends to zero what is 
typical for the longitudinal flux heating process. 
 Figure 10 presents the changing of power for 
the induction systems with three values of the slab 
width. Also for the each width of the slab, the power 
is shown for different electrical excitations. The 
power of the system is changed uniformly and then 
coming to the steady-state mode. 
 The temperature distribution after the last 
calculation step is shown in Figure 11. The minimal 
values of the temperature are located in the middle of 
the front surface of the slab because of minimal Joule 
Heat generation. The corners of the slab are cold too. 
The maximal value of temperature is located on the 
slab surface close to the centre of the front edge. 

  

Fig. 8. Changing of the temperature 
profile on the front edge of the strip 

Fig. 7. Temperature distribution in the 
strip after the last calculation step 

 
Fig. 9. 3D model of the longitudinal 
flux system for the start of the slab 
heating (above) and Joule Heat 
distribution for this system (bellow) 

 
Fig. 10. The changing of the power of 
the system during the process of the 
heating start 
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 The dynamics of the temperature distribution 
is presented in Figure 12. The maximal value of 
temperature on the front edge was reached on the 
38th calculation step. At this moment the front edge 
of the slab passed through the inductor. After this 
calculation step the front edge of the slab starts to be 
cooled down. The process of the cooling proceeds 
almost uniformly. Unfortunately the value of the 
temperature in the corner of the slab is less than 
790°C. 
 The numerical model of transverse flux 
induction heating system for slab is shown in 
Figure 13 (above). The currents in the coil are 
directed like in the system for the transverse flux 
induction heating of the strip. This numerical system 
has width of the slab of 1200 mm, the slab thickness 
of 100 mm, and steady-state frequency of the 
induction system of 500 Hz. 
 The Joule Heat distribution at the moment 
when the front edge of the slab is located in the 
middle part of the inductor is shown in 
Figure 13 (below). The highest value of the Joule 
Heat is located on the front edge of the slab. It will 
lead to sure overheating of this zone during the 
heating process. 
 The dynamics of power in the investigated 
systems is shown in Figure 14. Like in the case of 
induction heating of the strip in transverse flux, the 
changing of power could be qualitatively divided 
onto the similar five stages. 
 Figure 15 presents the temperature 
distribution in the slab after the last calculation step. 
The maximal temperature in the slab is located on 
the edges. Also the front edge of the slab has high 
values of the temperature. Opposite, middle parts of 
the edge surfaces are the coldest parts of the slab 
where the temperature is lower than the starting 
temperature of the process. The minimal temperature 
is located in the corners of the slab and the value of it 
is less than 800°C. 
 The Figure 16 shows the changing of 
temperature profile in the front edge of the slab 
during the induction heating process. The maximal 
temperature is received on the 38th calculation step. 
The minimal temperature in the corner of the slab is 
received at the moment when the front edge is out 
from the induction coils. This minimum of 
temperature is a result of convection and radiation 
losses. 

 
Fig. 11. The temperature distribution 
in the slab after the last calculation 
step in the basic longitudinal flux 
system 

 
Fig. 12. The temperature distribution 
on the front edge of the slab on the 
different calculation steps 

 

Fig. 13. 3D model of the transverse 
flux system for the start of the slab 
heating (above) and Joule Heat 
distribution for this system (below) 
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Conclusions 
 

Numerical simulation has been chosen as the 
method for investigation because any experimental 
approaches imply extremely high cost and time 
procedures with limited monitoring ability. The 
commercial package ANSYS® [4] based on the 
Finite-Element Method has been used as a basis for 
the developed numerical models. To make numerical 
simulation of the through-heaters in their transient 
operation, a row of advanced algorithms has been 

created. Several three-dimensional numerical models have been built with coupled 
electromagnetic and thermal analyses because of temperature dependent material properties. 
Thermal losses from the workpiece surface are taken into account by convection and radiation 
with three-dimensional view angle. The models have been created for both main concepts 
used for induction heating of strip and slabs: in the longitudinal and in the transverse 
magnetic flux. Dynamic behaviour of complete tree-dimensional temperature field in the strip 
and in the slabs has been simulated and analysed. Additionally the end effect in the strip and 
in the slabs appeared during the heating are displayed by corresponding temperature profiles. 
Also main electrical parameters of the heaters have been calculated and analysed in dynamics 
as well. 
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Fig. 15. Temperature distribution in 
the slab after the last calculation step 

Fig. 14. The changing of the power in 
the induction system during the 
starting process 

 
Fig. 16. Dynamics of the temperature 
profile on the front edge of the slab 
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induction heaters 
 
S. Galunin, Yu. Blinov 
 
Abstract 
 

The automatic optimal design can be applied for different applications of induction 
heating. Successful approaches have been done for the transverse flux heating of metal flat 
products like strips and disks where a proper shape of induction coils could not be found by 
another way. The coupling approach of the numerical model and Genetic Algorithms has been 
successfully applied to induction heaters for hardening of leading gear wheel. 

Extremely homogeneous temperature distribution and high energy parameters like 
efficiency and power factor have been provided by using the developed tools of optimal 
design and the results are presented in the paper. 
 
Introduction 
 

A lot of modern technologies require providing different processes running under high 
temperature conditions. The processes could be oriented to mechanical or metallurgical 
treatment of products, chemical reactions, crystal growth etc. Induction concept offers many 
advantages in intensity of the heating process and its flexibility because of contactless method 
to transfer the energy. 

Nowadays application of the optimization based on advanced numerical models in 
combination with mathematical search algorithms is only the way to design new generation of 
installations. Global optimisation techniques based on stochastic rules, like Genetic 
Algorithms, are the most applicable for optimal design of induction heating installation. They 
search the design space through the use of simulated evolution, i.e. strategy of survival of the 
fittest individuals. 
 
1. Numerical simulation 
 

The induction heating is extremely effective because of its contactless energy transfer, 
unlimited power densities and the controlled temperature field in the workpiece. However, 
high potential of induction heating can be fully realized on the basis of numerical simulation 
only. 

In general a heating system should be designed so that the required temperature 
distribution in the workpiece is provided. In induction heaters the temperature field in the 
workpiece is formed by the distributed Joule heat, the temperature equalization by thermal 
conduction of the workpiece material, convection and radiation heat losses from the 
workpiece surface. 

439



The induction heating includes electromagnetic and thermal processes with the heat 
exchange inside and outside the workpiece. Electromagnetic and thermal regularities are 
described by differential equations with non-linear coefficients. The non-linear behaviour of 
the electromagnetic process is mainly conditioned by electro-physical material properties 
which depend on the temperature and the magnetic field intensity. The non-linear regularities 
of the thermal process are the result of the temperature dependent thermo-physical material 
properties and intensity of the heat exchange by convection and radiation. The 

electromagnetic and thermal non-linearity can 
have a significant influence on the temperature 
distribution in the workpiece. 

The temperature distribution in the 
workpiece is under significant influence of the 
heat losses from the workpiece surface. This 
effect is also non-linear because of both 
convection and radiation heat fluxes strongly 
depend on the temperature. 

Only numerical techniques such as 
Finite-Different Method (FDM), Boundary-
Element Method (BEM) and Finite-Element 
Method (FEM) allow a user to obtain the 
coupled solution of electromagnetic and thermal 
problems taking into account non-linear 
material properties. Commercial packages based 
for example on FEM are the tools to simulate 
the induction systems with different level of 
skin-effect and non-linear properties of the 
materials. Iterative or time-step loops are 
included in numerical models to correct electro- 
and thermo-physical properties of the heated 
material according to actual temperature 
distribution. An example of such model 
structure is shown in Fig. 1. The commercial 
package ANSYS based on FEM has been used 
to develop numerical models. The developed 
models allow the user to carry out two-
dimensional (2D) analysis of electromagnetic 

and thermal processes in induction systems. If the simulated system is of rotational symmetry 
for both electromagnetic and thermal processes, 2D numerical code describes the behaviour 
of the system with high accuracy and integral and distributed parameters of the induction 
system can be obtained at the short computation time. It is important for the automatic 
optimization procedure because the goal function has to be computed many times during the 
procedure. 

 
2. Numerical optimization techniques 
 

General optimization strategy consists of several steps which are common for all 
engineering problems. They involve transcribing an engineering description of the problem 
into well-defined mathematical statement. At the same time the practical realization of the 
strategy is significantly problem-specified because the number of tasks which are necessary to 
solve for the particular process is unique. These tasks are to define the design variables, to 
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Fig. 1. The algorithm of coupling between 
electromagnetic and thermal analyses 

440



identify and to impose constraints, to formulate the objective function and to limit the design 
space. From the other hand experience in the optimal design obtained for a certain induction 
system can be effectively spread for other applications such as induction hardening and the 
precise heating in chemical reactors. 

Different optimization tools have been tested to search the optimum design. Finally, 
the most robust and effective algorithm have been chosen for further investigation and 
optimization of the system. The authors experience shows that genetic algorithms (GA) are 
the most effective tools for optimization of complicated multi-physical systems such as 
induction heating installations. GA are very robust and stable in search, independently on 
complicated shape of the goal function [1]. A universal library of optimization programs with 
different numbers of independent variables has been created to be used for optimal design of 
induction heating systems. 

Another important step is to combine the optimization program with the routine for 
computation of the goal function. A special approach has been developed to overcome this 
problem [2]. The optimization search and the goal function computation are running one by 
one in a loop so that exchange of data is organized via data files (see Fig. 2). The optimization 
preprocessor transforms the current set of independent variables created by optimization 
algorithm to the input data file for the process model. After the goal function computation the 
set of variables and the corresponding value of the goal function are written together into the 
history file. This history file, transformed by special post-processor, is available for 
optimization program that creates a next set of independent variables. 

optimum solutionoptimization
algorithm

postprocessor

commercial
package
ANSYS

independent
variables

preprocessor

goal function
 

Fig. 2. Structure of the optimization procedure combined 
with commercial package ANSYS 

The described approach of optimization and numerical codes of the heating process 
have been applied for the parametrical optimization of the strip induction heating in the 
transverse magnetic flux (TFH) and for induction through heaters for hardening of leading 
gear wheel. 
 
3. Optimization search for transverse flux induction heating of the strip 
 

One of the main tasks for optimal design is to provide high energetic parameters of the 
induction system. During the induction heating it is necessary to protect the parts of the 
equipment, for instances, stainless steel strip centring rollers from the heating in stray field. 
The sketch of the investigated induction TFH system is shown in Fig. 3. The system consists 
of TFH coils, stainless steel strip with thickness of 3 mm, copper shield and stainless steel 
rollers centring the strip. The operating frequency of 1 kHz has been chosen as an optimum 
value to provide the high electrical efficiency of the heater. It is clearly seen that eddy 
currents induced in the rollers increase the losses in system and shorten the life time of the 
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rollers. 
Symmetry of the 

system allows solving 2D 
electromagnetic problem in a 
quarter of the induction 
system. Coordinates described 
the copper shield geometry 
have been chosen as 
optimization variables. They 
are: shift of the shield from 
the strip (dy), shift of the 
shield from the rollers (dx) 
and the shield thickness (d) 
(see Fig. 4). The range of the 
optimization search for each 
parameter is shown in Tab. 1. 
Electrical efficiency has been 
chosen as a goal function. 

All the variables and 
corresponding optimum 
values of the goal function are 
shown in Tab.1. The 
maximum electrical efficiency 
of the heater obtained by the 
expert solution was 86 %. The 
best value of electrical 
efficiency obtained by the 

optimization search is 92 %. The initial and optimal geometries of the copper shield are 
shown in Fig. 4 (dashed lines are for the result of expert solution, full lines are for the result 
of optimization search).  

 
Tab.1. Results of the optimization search 

 range expert solution GA 
dy, cm -6.2 … 9.3 0 9.24 
dx, cm -6.2 … 4.9 0 4.89 
d, cm 0.1 … 0.5 0.3 0.44 

Electrical 
efficiency  0.86 0.92 

 
4. Optimization search for induction heating of leading gear wheel before hardening  
 

Induction hardening is a most effective process to improve the quality of mechanical 
components and to increase the production rate of industrial lines. The main advantages of the 
process are very short heating time, high power density, controlled temperature distribution in 
the workpiece and low space requirement. Designing the induction hardening devices to 
provide the required hardening profile by using only experience and experiments can be very 
expensive and time consuming, but still not really informative and successful, because only 
the final metallurgical results are there to be evaluated. However with computer simulation, 
the process developer gets all the information on what is happening in the system and can 

direction 
of motion

heating strip

strain and suspensory roller

upper induction coil

copper shieldlower induction coil  

Fig. 3. Configuration of transverse flux induction heater 

dy

y0

d

dx

x0  

Fig. 4. Numerical system used for optimization
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study the influence of diverse parameters [3]. 
Application of optimization 

strategy based on simulation will be 
demonstrated on an example of a leading 
wheel gear for trucks to be hardened by 
induction shown in Fig. 5. Length of the 
gear is of 260 mm, maximum diameter – 
100 mm, weight – 7 kg. The hardening 
profile should follow the contour of the 
leading wheel gear, excluding the right 

cylinder (which will be threaded after the hardening), with hardening depth up to 4 mm. 
Maximum temperature during the process should not exceed 900°C. One 3D coupled electro- 
thermal numerical model has been developed to investigate the process of the induction 

hardening of gear. The gear is rotated during the hardening 
process for better homogenization of temperature distribution. 
This rotation has been taken into account in the numerical 
model. The model allows the user also to investigate the time 
dependent cooling behaviour and can provide information 
about the hardened layer as a result of the structure analysis. 
The model has been connected with GA by the technique 
described above. 

The investigated system consists of the hardened 
leading gear and a single-shot inductor. The single-shot 
inductor consists of two line-conductors (with magnetic 
cores), which are oriented along the axis of the leading wheel 
gear (see Fig. 6). The operating frequency is of 2.4 kHz. 
Thickness of the coil profile has been chosen of 2 mm, 
because it is optimal for the frequency of 2.4 kHz from the 
power losses point of view. The winding is made from a 
copper profile with cross-section of 40x15 mm. Size of the 
copper profile has been found by preliminary investigation of 

energy efficiency of the considered induction system. 
Designing the induction coil is very difficult task because of the complex geometry of 

the heated gear. After numerous numerical calculations, an acceptable geometry of the 
induction coil has been finally obtained to meet all main requirements of hardening process of 
the leading wheel gear. Nevertheless, in the case of this geometry the root of gear between the 
teeth is not heated well. To solve this problem, the found shape of induction coil was 

optimized future. The geometrical 
parameters of induction coil have 
been chosen as optimization 
variables. The aim of the 
optimization search is to obtain the 
homogeneous temperature profile 
along the gear tooth. 

During the optimization 
search the optimum set of 
independent variables providing the 
required temperature profile along 
the gear tooth has been found. The 
temperature profile along at the 

 

Fig. 5. Hardened leading gear wheel 

 

Fig. 6. The investigated 
inductor 

Fig. 7. Temperature profiles along the gear tooth 
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corners on the top of the tooth is shown in Fig. 7. In this figure the tooth length is presented 
by a number of points where the temperature is defined. The profiles 1 and 2 have been 
received for the acceptable inductor, the profiles 3 and 4 – for the optimal inductor. The line-
conductors were bent along the curling direction of the leading wheel gear teeth. In 
comparison to the previous inductor, the optimal one improves the temperature distribution in 
the gear teeth. It has been reached due to the change of the induced current flow direction. 
Main direction of the current flow coincides with the curling direction of the leading wheel 
gear teeth. One can see significant improvement of temperature profiles along the teeth. 

To validate the results of numerical simulation, they have been compared with the 
temperature distribution measured by infrared camera at the experimental set-up. Correlation 
between numerical and experimental temperature distributions is very good [4]. 
 
Conclusion and outlook 
 

The concept of the coupled electromagnetic and thermal modelling of the induction 
heating system is established and can be used for analysis and numerical optimization of the 
temperature distribution in the workpieces. The developed process models are combined with 
the optimization search procedure based on Genetic Algorithm. Two examples have 
demonstrated the results of optimal shape design for different kind of induction systems. The 
described approach has been successfully used for the optimal design of the industrial 
induction coils. 

Genetic Algorithms together with problem oriented software can be recommended as 
an effective tool for optimal shape design of inductors. The further prospects of development 
of methods offered in the present paper are connected first of all to the following problems: 

- use of the developed models and tools of optimization search for automated design of 
induction strip heating systems; 

- extension of the developed methods and approaches to other electro-technological 
processes and installations; 

- development of models for operative optimization and on-line control of industrial 
technological processes, installations and lines. 
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Abstract 
 

Welding processes and installations used nowadays are mainly developed on practical 
experience and analytical calculations. Nevertheless, high frequency induction tube welding is 
a very complex three-dimensional dynamic process, where the electromagnetic and thermal 
characteristics are distributed not only in space but in time as well. A more profound detailed 
investigation of the induction tube welding process can be only done by numerical modelling. 
Full and local three-dimensional transient numerical models of induction tube welding 
process with continuous movement of the welded tube have been developed and tested. 
Coupled electromagnetic and thermal analyses are carried out at each time step of simulation 
for correction of temperature dependent material properties. Voltage or current of the 
induction coil can be individually input into electromagnetic analysis at each time step. This 
approach allows simulating “quasi” steady-state and transient operation modes. 
 
Introduction 

 
For the production of tubes made of steel (ferritic or austenitic) or steel coated with 

zinc or aluminium as well as made of aluminium, brass, copper or zinc various conduction or 
induction welding technologies are used in industry. The longitudinal seam welding of the 
tube can be done by the use of high-frequency (HF) resistance heating (conductive heating) or 
inductive heating. 

The HF induction welding process is executed with the application of a high frequency 
parallel or series resonant circuit converter for the energy supply. The welding is effected by a 
ring shaped or profiled inductor, which includes the tube and induces a high frequency current 
into it. The current passing the strip edges heats the material with an increasing temperature 
towards the welding spot. The welding itself is now here effected without any additional 
material by pure pressure from upsetting rolls. The welding beads are trimmed in hot 
condition behind the upsetting rolls on the outside and on the inside if necessary. 

Contrary to other methods of induction heating where the heating is affected directly 
next to the inductor, the heated area is mainly outside the inductor loop area at longitudinal 
seam welding. The currents induced under the inductor are passing the back of the tube, 
then the edges of the strip and meet at the welding spot. There then the required 
welding temperature of about e.g. 1400°C is achieved. 

 
High frequency applications for the tube production 

 
Today conduction or induction welding and various induction heating technologies are 

used in industry for the production of tubes made of steel or other metals. 
The longitudinal seam welding of the tube can be done by the use of high-frequency 

(HF) resistance heating (conductive heating) or inductive heating as explained more in detail 
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in following chapter. Due to high cooling rates during the welding process, a different 
metallurgical structure and different mechanical properties compared to the base material 
occurs in the seam and in the heat affected zone. 

An induction seam annealing installation can be integrated in the welding line to 
achieve a homogeneous grain structure on the whole circumference. If the annealing of the 
complete tube is necessary from metallurgical point of view an induction tube heating system 
can be used. A cutting installation is arranged at the end of the tube production line in order to 
cut the tubes into conventional lengths. This unit can be operated mechanically, e.g. as a 
travelling saw, or in certain cases even by induction. In this latter case, the tube is heated by a 
short one turn inductor and then separated by a tension pulse in axial direction. 

The high frequency tube welding involves the application of a high-frequency 
alternating current in the range 100 - 500 kHz, with the tube forming and energy input 
operations being performed by separate units. This welding method simultaneously utilizes 
pressure and heat in order to join the strip edges of the open-seam tube together without the 
addition of a filler metal. Squeeze and pressure rolls in double- or multi-roll weld stands bring 
the edges of the open-seam tube gradually together and apply the pressure necessary for 
welding (see Fig. 1 and 2). High-frequency alternating current offers a number of benefits as 
energy source for generating the heat required for the welding process. Due to the skin and 
proximity effect the current thus flows along the strip edges of the open-seam tube to the 
point at which the strip edges abut (welding point), and the ensuing concentration. Below the 
Curie point, the depth of current penetration only amounts to a few hundredths of a 
millimetre. Once the steel is heated above this temperature, it becomes non-magnetic and the 
current penetration depth rises to several tenths of a millimetre at frequencies in the region of 
450 kHz. 

 

 

 
Fig. 1. Schematic of the longitudinal high 

frequency seam welding of tubes using 
inductive welding 

 
Fig. 2. Example of the high frequency 

induction welding of tubes 

 
The welding current can be introduced into the open-seam tube both by conductive 

means using sliding contacts and by inductive means using single or multi-wind coils. 
Consequently, a distinction is made in the nomenclature between high-frequency induction 
(HFI) welding and high-frequency conduction welding. 

Welding processes and installations used nowadays are mainly developed on practical 
experience and analytical calculations because suitable numerical simulation approaches are 
developed not enough. 

Work coil 

Weld rolls 
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High frequency induction tube welding is a very complex multi-physical three-
dimensional process. Additionally, the induced current and temperature are distributed not 
only in space but in time as well. The electromagnetic-thermal process parameters are 
depending on the geometry of the inductor, impeder and in particular on the tube (e.g. wall 
thickness, incoming angle etc.), the operation parameter, like total power, inductor current, 
frequency, welding feed etc. and finally also on the material data like electrical conductivity 
and other, which are temperature dependent or in case of magnetic permeability temperature 
and magnetic field strength dependent. 

All of these influence factors and physical correlations have to be taken into account 
for the design and optimization of the HF induction tube welding process. Therefore a more 
profound detailed investigation of the physical relations of the process can be only done by 

numerical modelling. In order to 
simulate the three-dimensional (3D) 
“quasi” steady state and if necessary 
transient mode of an induction tube 
welding system, special numerical 
models are required. The models must 
simulate the heating process distributed 
in space and in time. That is why the 
models of induction tube welding must 
be based on special algorithm providing 
a time loop additionally to coupling 
between electromagnetic and thermal 
analysis. 

Geometry of the welded edges 
and their position in the welding angle 
should be precisely input into the model 
because of their strong influence to the 
process. Any simplification in 
geometrical description of the welded 
edges made like in [1] distorts the 
results of simulation. 

 
Numerical models of induction tube 
welding process 

 
The developed numerical 

models of induction tube welding 
process with continuous movement of 
the tube are based on one specially 
created algorithm shown in Fig. 3. 

For numerical simulation the 
continuously running physical heating 
process is replaced by big enough 
number of time steps. Electromagnetic 
and thermal analyses are carried out at 
each time step of simulation. The Joule 
heat distribution in the tube, calculated 
in the electromagnetic analysis, is used 
as an excitation for the thermal one at 
the running time step. Temperature Fig. 3. Algorithm of transient coupled 

electromagnetic-thermal analysis with the tube 
movement 
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dependent electro-physical material properties are corrected for electromagnetic analysis at 
the running time step according to temperature distribution in the tube after the previous time 
step. Thermal analysis with temperature dependent properties of steel includes also simulation 
of thermal losses by convection and radiation from all open surfaces of the calculated system. 
Heat flux by radiation is calculated taking into account view angles. 

Input of voltage or current of the induction coil is individually input in 
electromagnetic analysis at each time step. This approach allows simulating various kinds of 
transient modes. The “quasi” steady-state operation mode can be reached as well via transient 
one after long enough time. 

One robust way to implement movement of the workpiece is based on shifting the 
temperature field before each time step of thermal analysis [2]. It is very effective for 
simulation of induction heating systems with continuously moved endless workpiece of 
constant cross-section. However, uniform numerical mesh in the workpiece in the direction of 
motion is required for this approach. Speed of the workpiece is taken into account via values 
of simulation time steps. This approach was modified for the tube welding process to run with 
non-uniform mesh in the tube which is very important for tube welding simulation. Arbitrary 
simulation time steps can be applied in this case as well.  

Two 3D transient numerical models of the induction tube welding process with 
continuous movement of the tube have been developed according to the created algorithm. 
The models are realized using Finite Element Method on the basis of commercial program 
package ANSYS. 

Full model of the welding system includes the welded tube with V-angle, the induction 
coil, impeder (see Fig. 4) and the surrounded air which is necessary for spreading of magnetic 
field. FEM element mesh in the tube has to be very fine because of small electromagnetic 
penetration depth at high frequency. Only a proper chosen non-homogeneous mesh allows 
reaching an acceptable compromise between the total amount of elements and the computer 
runtime needed for simulation. 

 

  
Fig. 4. Geometry and FEM mesh in the 

tube in the full model 
Fig. 5. “Quasi” steady-state temperature field in 

the tube received by the full model 
 

In the presented approach the tube edges are of fixed shape even above the melting 
temperature. That is why the numerical prediction of temperature can exceed the melting 
point. One example of temperature distribution in the welded tube edge is shown in Fig. 5. 
Temperature distribution in the second welded edge is symmetric to the shown one. Before 
the welding point temperature grows because of eddy currents induced in the pipe. After the 
welding point no currents are running, so temperature drops down as a result of thermal 
equalization. 
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The full model is absolutely necessary for parametrical study and optimization of the 
induction system geometry and electrical parameters of the induction coil and the other 
process improvements. 

  
Fig. 6. Geometry and FEM mesh in the tube 

in the local model 
Fig. 7. “Quasi” steady-state temperature field 

in the tube received by the local model  
 

The second model, which is called local, includes the welded tube and the air 
surrounding only (see Fig. 6). In spite of the full model, the current is implemented directly 
into the welded edges of the tube like it is made in HF conduction welding process. 

The local model approach allows increasing the element amount in the tube without 
rising of the runtime. It is necessary for deeper analysis of electromagnetic and thermal effects 
directly in the region of welding point. One example of temperature distribution in the welded 
tube edge received by the local model is shown in Fig. 7. 

 

 
Fig. 8. Relative temperature profiles over the tube wall thickness in the welding point 

received by the full and the local models 
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Temperature distribution is very similar to the results from the full model if the 
distance from the current implementation to the welding point is chosen in a proper way. In 
front of the welding point temperature grows because of eddy currents induced in the pipe. 
Like in the previous case, no currents are running after the welding point, so temperature 
drops down as a result of thermal equalization. 

The local model is very effective for investigation of electromagnetic, thermal and 
other effects around the welding point. 

To compare the both developed full and local models, relative temperature profiles 
over the tube wall thickness in the welding point are shown in Fig. 8. 

The temperature level at the welding point depends on power which is defined by the 
given induction coil current or voltage. This current or voltage should be tuned to reach the 
reference temperature given for the certain point of the tube. 

Difference between the temperature curves does not exceed 20 K in the middle part of 
the tube edge. Because of the welded edges in the V-angle are not parallel to each other, the 
temperature profile is of small asymmetry. 

 
Conclusions 

 
High frequency tube welding is a very complex process with various physical 

phenomena. Detailed investigation and optimization of the induction tube welding process 
can be only done by numerical modelling. Full and local three-dimensional transient 
numerical models of induction tube welding process with continuous movement of the welded 
tube have been developed. They are based on coupled electromagnetic and thermal analyses 
with temperature dependent electro- and thermo-physical material properties. The full model 
is absolutely necessary for parametrical study and optimization of the induction system 
geometry and electrical parameters of the induction coil. The local model is very effective for 
investigation of electromagnetic, thermal and other effects around the welding point. 
Temperature profiles over the tube wall thickness in the welding point received by full and 
local models are very similar if the distance from the current implementation to the welding 
point is chosen in a proper way. 
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Abstract 

 The focus of this work is first experimental test of induction heating of SINQ 
spallation targets zirconium alloy - lead rods. Numerical simulations were used to design the 
inductor and electromagnetic parameters of the system and corresponding temperature 
regimes. Expected temperature regimes with rod temperatures up to 400-500°C and melting 
of the lead were achieved in experiment. 

Introduction. 

 The Swiss Spallation Neutron Source (SINQ) - is a large scale facility, which is 
operating for neutron matter scattering at Paul Scherrer Institute in Switzerland. 
 The main part of SINQ is the spallation target. The target is composed of a bundle of 
c.a. 300 rods. The rods consist of zirconium alloy pipes (outer diameter is 10.75mm, inner – 
9.25mm) filled with lead. 
 When the high speed protons (at ~80% of the speed of light) fed to the target from a 
proton accelerator hit the nuclei of lead in the rods, the spallation reaction happens producing 
neutrons and large amounts of thermal power. Total thermal power at proton beam current 
1.5mA reaches 600 kW. Distribution of thermal power is not uniform. Volume average heat 
release in the target rods is 173W/cm3 in the lead and 128W/cm3 in the zirconium alloy. 
Maximum values are observed in the lower – central area of the rod bundle: 765W/cm3 in the 
lead and 557W/cm3 in the zirconium alloy (see [1]). 
 The rod bundle is cooled with heavy water flowing through gaps between the rods. 
Distributions of the water velocity and turbulence parameters are not uniform as well [2]. 
 All this causes considerable non-uniformity in temperature field. For instance in the 
centers of the rods lead temperature reaches 340°C - 400°C what conducts to its partial 
melting. At the same time lead temperature at the ends of the rods on bundle periphery is 
comparatively low, 70°C – 100°C. Temperatures of the zirconium pipes outer surfaces are 
close to the cooling water temperature, 50°C – 72°C. During the proton beam trips (6 – 10 
trips pro hour) the rods and the water temperatures sharply drop to ca. 40°C. All this conducts 
to considerable thermal and mechanical stress and fatigue in the zirconium alloy pipes. 
Additional risk factors are interaction of inner surface of the zirconium pipe with solid – 
liquid led and probable boiling of cooling water on the rods outer surfaces.  
 Goal of the temperature cycling experiment (and parallel theoretical analysis) is to find 
answers to the following questions: Do operation conditions described above conduct to 
destruction of zirconium alloy pipes? If so, what is the mechanism of destruction? What 
resources (life span) zirconium alloy pipes have? 
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 Very important part of this experiment is development of induction heater which is 
able to ensure conditions for rod thermal cycling close to the real target. 
 
1. Numerical simulations 
 Several designs for inductor were proposed. The chosen design (figure 2)  offers 
uniform angular distribution of the Joule heat and non-uniform distribution along length of 
the rod, with maxima in the middle. This distribution is similar to real heating profile in SINQ 
rods. Drawback of this design is flow, which is directed along the rod axis.  
 Electric conductivity of lead is temperature dependent and change almost 6 times in 
the temperature range 20°C-400°C. Therefore amount of heat induced in lead changes with 
temperature. To reduce this effect, C45 steel wire with 3mm diameter was added in the center 
of the rod. This changes distribution of magnetic field in the way that more heat is induced in 
lead and steel. 

Figure 1. Temperature distribution in rod for inductor current 1600A and 15cm3/s flow rate. 
 
 Simulations were performed using ANSYS software. Non-axisymmetric parts of 
model were simplified (holders of steel wire, fill level of lead in rod). 2D axisymmetric 
numerical model includes harmonic electromagnetic calculation from where the EM sources 
are taken and loaded into thermal model. Simple fluid flow calculations were performed to 
estimate heat transfer coefficients due to lack of data for annular flow heat transfer 
coefficients at such low Reynolds numbers (<3600) and low diameter ratios (Dout/Din=1.19). 
Furthermore local boiling near rod wall appeared often which can change heat transfer 
coefficient dramatically. 
 For all materials (zirconium, lead and steel) material temperature dependence was 
taken into account for properties (el. conductivity, magnetic permeability, thermal 
conductivity, specific heat, density). Optimal frequency (5kHz) was chosen to obtain heat 
ratio (ε=PZr/(PPb+PC45)) near 0.25, which corresponds to real conditions in SINQ.  
 

�

Figure 2. Left - temperature in the points of thermocouples 1.1, 1.2, 1.3 and 1.4 in experiment 
and ANSYS simulations. Right - power distribution in simulations compared with power 
distribution in SINQ 3rd row at 1mA current. Inductor current 1600A and 15cm3/s flow rate. 
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 To validate the simulation procedure, temperatures measured in experiment were 
compared with numerical model data. Temperature distribution in the rod is shown in Figure 
1. Pronounced maximum is located in the middle of the rod, near the axis, with strong radial 
and axial temperature gradients. Spacers of steel rod play a role in temperature field while 
they are decreasing induced power density. 
 The comparison of calculation results with experimental data (Figure 2, left) show 
some differences in time evolution of temperatures and also in steady state temperatures. 
Main cause of differences is assumption of axial symmetry. Additional differences come from 
unknown and temperature dependent thermal contact of lead with steel and zirconium. Third 
important reason is assumption of uniform heat transfer coefficient along the rod - in reality 
local boiling cause changes in heat transfer rate. Figure 2 (right) also shows that the 
distribution of power (integrated over cross section, i.e. neglecting skin effect) along the 
length of the rod has similar shape to real power distribution in SINQ, except effects of steel 
spacers. On the other hand - this power distribution is very dependent on thermal conditions 
in case of induction heating. 
 
2. Experimental installation and procedure 

 Schematic diagram of the 
experimental installation is shown in 
Figure 3. A water cooled inductor (pos.1) 
fabricated from copper pipe of cross-
section 10×10mm2. Electrical current in 
the inductor was measured with 
Rogowsky coil. A plastic water channel 
(pos.2) is fixed in the inductor.  
 A specially designed test rod is 
placed in the center of water channel. The 
test rod design is similar to the standard 
rod used in SINQ target. However, a 
ferromagnetic core of ∅4mm (see Figure 
4, pos.4) is fixed in the center of test rod. 
The channel is connected to cooling 
water (T is ca. 25°C) loop through inlet 

and outlet manifolds (pos.3 and 4). There is a precise water flowmeter in the loop. The 
cooling water is flowing in a very thin annular gap (1mm) between the rods outer surface and 
inner surface of the channel. 
 The test installation is instrumented with 15 thermocouples: 3 of them (Tc1.1, Tc.1.2 
and Tc.1.3) measure temperature of the ferromagnetic core; 1 thermocouple (Tc.1.4) measures 
temperature of lead; other 11 thermocouples (Tc.2.1 – Tc2.11) measure water temperatures. 
 All instruments are connected to a National Instruments data acquisition system (PXI-
8135 and SCXI-1000). Sampling rate was 4 measurements per second.  
 The experimental procedure was following: adjust water flow rate (Q); adjust inductor 
current (I); start measurements and data acquisition; operate the experimental installation 
several minutes without the induction heating;  start the heating and operate several minutes 
till the temperatures stabilize; stop the heating and operate several minutes; stop the 
measurements and the data acquisition.  

  

Figure 3. Schematic diagram of the experimental
installation: 1 – inductor; 2 – water channel; 3 and
4 inlet and outlet water manifolds; 5 and 6 –
thermocouples.	
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3. Experimental results 

 The measurements have been done for the water flow rates in the range of 5 – 67cm3/s 
and for inductor currents in range of 338 – 2304A. A typical record of the ferromagnetic core 
and lead temperatures is shown in Figure 5 (top): the initial temperature in rod (without the 
induction heating) is near 25°C (cooling water temperature); when heating starts the 
temperatures sharply rise and stabilize; when the heating stops the temperatures return to the 
ca. 25°C.    
 During the induction heater operation most of rod thermal power is being released in 
the core and evacuated by cooling water. Therefore the rod temperatures go down in radial 
direction from core axis to zirconium pipes outer surface. Temperature in center of the core 
(see thermocouple Tc.1.3) is ca. 340°C. Temperature of lead nearby zirconium pipe (see 
thermocouple Tc.1.4) is lower, ca 270°C. 
 Heat release sharply decreases with moving off of the rods center along z axis, 
correspondingly the core temperatures decreases (compare indication of the thermocouples 
Tc.1.3, Tc.1.2 and Tc.1.1: 340°C; 140°C and 60°C). 

�

Figure 4. The water channel design: 1 – test rod; 2 – plugs; 3 – lead; 4 – ferromagnetic core 
(∅4mm); 5 and 8 – thermocouples cables; 6 – plastic pipe; 7 – ring shape water gap; r, z and 
θ - cylindrical system of coordinates 

 Increase of the inductor current leads to corresponding increase in the rods 
temperatures (see Figure 5 middle). In this case temperature in the middle of the core is in 
range of ca. 450°C - 550°C (Tc.1.3); temperature of lead nearby zirconium pipe fluctuates 
around melting point (326°C, Tc.1.4). It is clear that lead temperature nearby ferromagnetic 
core is above melting point.  
 However, considerable fluctuations of temperature are observed in cores center 
(Tc.1.3). Apparently it is connected with changes in physical properties of core material at 
high temperatures. As we see from the graph - temperature of lead (Tc.1.4) is not stable as 
well. There is no visible correlation with core temperature fluctuations. Evidently temperature 
fluctuations in lead are connected not only with fluctuations of the core temperature but with 
periodical changes in lead – zirconium wall heat resistance caused by melting and 
solidification of lead.  Temperatures far from the middle of the core (Tc.1.2 and Tc.1.1) are 
lower. Small fluctuations of thermocouple indications are connected with electrical noise.  
 Further increase of the inductor current still leads to increase in rods temperature (see 
Figure 5 bottom). However when temperature in the middle of the rod (Tc.1.3) reaches ca. 
640°C physical properties of the core material change, what causes decrease of temperatures 
in rods core and lead filling (Tc. 1.3 and 1.4). At the same time the thermocouples placed in 
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the core further from the middle (Tc. 1.1 and 1.2) indicate much lower (below 500°C) and 
comparatively stable temperatures. 
 The rod is cooled with water which flows through the ring – shaped channel around 
the rods outer surface. Eleven thermocouples (Tc. 2.1 – Tc.2.11) measure distribution of the 
water temperatures along the channel length (axis z). Two other thermocouples (Tc.21 and 
Tc.2.2) are placed in water collectors connected to the manifolds with plastic pipes. 

�

�

�

Figure 5. Record of the ferromagnetic core and lead temperatures. Top - water flow rate 
6cm3/s and inductor current 774A. Middle - water flow rate 5.2cm3/s and inductor current 
1106A. Bottom - water flow rate 6cm3/s and inductor current 1446A. 

455



 In channel inlet the water temperature is in range of 22°C – 25°C. As expected the 
water temperature grows in downstream direction. In the channel outlet water temperature is 
in range of 44°C – 87°C depending on the inductor current and water flow rate. 
 Total thermal power released in the rod can be estimated from the water thermal 
balance: p = C·Q· ΔT, where C – heat capacity of water; Q – water flow rate; ΔT – inlet – 
outlet water temperatures difference (Tc.2.11 and Tc.2.1). Another possibility is to estimate 
the thermal power on the basis of indications of thermocouples placed in the collectors 
(Tc.2.22 and Tc.2.21). Results of the calculations are shown in Figure 9 (see “water channel” 
and “water collectors”). 

Results of the water 
temperature measurements and 
thermal power calculations 
leave room for questions 
because some temperature 
distributions along the channel 
have unexpected shape - the 
water temperature not always 
grows smoothly in the flow 
direction. At several operation 
regimes local decrease in 
temperature in downstream 
direction is observed. 
Furthermore there is 
considerable spread and 

differences in thermal power values calculated with both approaches (see  Figure 9).  
 Main problem is that due to bad mixing in the annular channel, only local 
temperatures are measured and not the mean temperatures in cross section. Furthermore 
0.5mm thermocouples in 2mm thick channel are large obstacles and change flow and 
temperature field. Judging by Reynolds number values (Re<3600) the water flow is not fully 
developed therefore its structure should depend on flow rate. At low flow rates and high 
current values it appears that the water is slightly boiling on the rods surface, which influence 
heat transfer rate from the rod surface. Additionally, air bubbles time to time penetrated to the 
channel from inlet manifold, which influence heat transfer as well.  
 Water is mixed rather well on the way from channel outlet to collector therefore the 
values of thermal power calculated from the water collector temperatures are more reliable. 

Conclusions 

 Basically design of the induction heater fits the requirements. It ensures heating of the 
ferromagnetic core in the middle of the rod up to 400°C – 500°C and melting of lead. 
Temperatures of the core and correspondingly of the lead reduce in the direction away from 
the middle of the rod.  
 However there are possibilities of heater optimization: First, escape spacer in the 
middle of the rod and in general make the spacers less massive. Second, replace the 
ferromagnetic core with short cylinder (diameter 4mm, length 20mm) placed in the middle of 
the rod. Fixation of the cylinder can be done with use of elements fabricated from austenitic 
non-magnetic steel. These measures will lead to small increase of temperatures in the middle 
area and sharp reduction of heat release on the rod ends.  
  

Figure 6. Thermal power in the rod calculated from the water 
thermal balance. 
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Introduction 

 
The important part of working cycle of the majority of the technological devices is the 

supplying system including power source and the matching system with the capacity. In the 
cases when the loading of the system runs from complicated processes, the optimality of the 
calculation of the power source and the matching system determines the system functions 
performance. In the systems with impulsive energy input where momentum currents reach 
104...106 A , the mistakes in calculation of power source and the matching system can lead to 
inefficient energy use and can even damage the system. 

That’s why such an attention is paid to the processes occurring in the powering system 
of the impulsive technological device. Different mathematical models describing processes in 
equivalent to a device circuits are used for these purposes. In the heart of these models there 
are the systems of differential equations describing the processes running in the equivalent to 
a device circuit. The reliability of the mathematical model depends on the accuracy of the 
parameters of the exact part of circuit. As the result, one of the most important problems to be 
solved during the mathematical modeling the powering systems in the impulsive 
technological devices is finding the exact value of each element of circuit. 

The parameters of the equivalent circuits of such systems are the resistances, 
inductances and sometimes the capacitance of the conductive elements and the capacities are 
often found according to the methods used for systems with direct current or harmonic active 
current. However it is well known that the parameters of conductors often depend on the 
shape of the flowing current. 

As the result, well known calculating methods for systems with DC or harmonic AC 
can’t be used directly for the impulsive systems, because of resistances and inductances 
values are considered constant and might differ from the real ones significantly. All of this 
leads to huge calculating mistakes. In order to avoid such mistakes, finding the values of the 
elements of the equivalent circuit should be based on deeper theoretical researches of 
interacting of the impulsive magnetic field with conductive units of the system. 
 
1. Theoretical conception of the interacting of the complicated shaped impulsive 
magnetic field with conductors 
 

Random single impulse of magnetic (and concerned with it electric) field H(t) lasting 
for Tp might be introduced as number of harmonic components using Fourier transforming.

( ) ( )( )0
0

1( ) cos
2

H t A A t dω ω ϕ ω ω
π

∞

+
= + +∫ , (1) 

 
Where 0A  is constant component of the impulse; ( )A ω  and ( )ϕ ω is the amplitude of 
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spectral density of the impulse and its initial phase. The nature of the impulse of the magnetic 
field has no matter: it might be either result of the current flow in the conductor or created by 
off-site current. In order to simplify the solution we’ll make some assumptions: 
- the electromagnetic wave, situated normally to the surface of the conductor, is static; 
- the conductor is considered semi-infinite. 

But for the practical calculations the border might be taken at the point where the 
magnetic field strength reduces to a lower-order value comparing to a primary one: 
electromagnetic properties are static. First two assumptions simplify the solution to one-
dimensional approach. The third one restricts the use of the described below mathematics to 
linear and isotropic approaches. Let’s change the considered single impulse to a periodical 
sequence of the same shaped impulses with relative pulse duration of PTTQ /= , where T-is 
a period of sequence. This allows us to move from the equation (1) to a Fourier series, and 
from the infinite small amplitudes of spectral density to a finite number of harmonics with 
amplitudes kA , which is easy for practical calculations. 
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Where k in a number of a harmonics, PQT/21 πω =  is the frequency of the first 

harmonics, kϕ  is initial phase of the k harmonic. According to a familiar understanding about 
spreading of the harmonic magnetic field in the conductor [1], each k harmonics interacts with 
the medium reducing of its amplitude e times on the depth which is equal to the penetration 
depth kΔ . On a random depth b in the linear isotropic substance the value of the magnetic 
field strength of k harmonics is equal  

kh
keA Δ− / ,      (3) 

 
and the initial phase is 

2
1ωμγϕ khk + ,     (4) 

where μ  and γ are the absolute permeability and conductivity correspondingly. The 
penetration depth kΔ  is defined as 

μω
ρ
k

k

2=Δ ,      (5) 

where ρ is the medium resistivity. 
In consequence of the linearity of the medium and considering (2)-(4) on the same 

depth h the strength of the magnetic field of the initial impulse might be represented as a 
segment of the Fourier transforming: 
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The equations (2) and (6) represent the segments of the Fourier series with the finite 
number of elements N. The accuracy of the calculation using the upper equations is concerned 
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with the quantity of chosen N and can be defined by the ratio of Q/ωΔ , where ωΔ  is the 
width of the spectrum of single sequence impulse. 

In order to eliminate the influences between the impulses, change of a single impulse 
to a sequence is possible when the period of impulses is longer than the group delay time of 
electromagnetic wave in the medium. For the practical calculations the Q value should be 
chosen based on the amplitude of reaction on the previous impulse in the beginning of the 
next impulse on the observed depth, which should be 2..3% from the maximum. Having finite 
N the group impulse delay time is defined by the kΔ values. That’s why ωΔ  should be 
chosen first of all. 

All the practical criteria defining ωΔ  demand pre-calculations of the amplitude 
spectrum of the impulse during all the segment 0>ω  which is impossible for numerical 
calculation in order of random impulse shape. The shown problem is solved by analytic 
solution of the sum of higher rating of the spectrum width of random physical impulse:

( ) ( )
0 0

T T
f t dt n f t dtω ′Δ ≤ ∫ ∫ , 

where ( )f t  is the function, describing the impulse and ( )0;1n∈  is a fraction of the 
maximal amplitude of spectrum. The fewer values are considered as insignificant [2]. 
 
2. The numeric calculation of the magnetic field impulse form evolution while diffusion 
into the conductor using spectral method 
 

Described above method which allows describing the change of the form in any depth 
relying on the initial form of the magnetic impulse and the conductor properties has been 
realized in MATHLAB environment as a numeric algorithm. The reliability of the suggested 
mathematical model and the program was demonstrated while calculating the penetration for 
the sine formed impulse. It appeared to be that the calculated value for the impulse having 10 
periods of sine formed signal differs from the known value on 3%. 

As an example of the application using the described above method magnetic field 
impulse lasting 510−=PT sec form evolution is shown depending on its penetration with 
initial form of rectangle and fading exponential. 

 
 
 a b 

Fig.1. The evolution of the form of rectangular (a) and fading exponential (b) magnetic field impulse 
depending on the depth of penetration (graph 1 matches the impulse form on the surface of the conductor. The 

depth increases matching the number of graph 
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The potential range of relative pulse duration Q was defined calculating the related to 
its delay time gτ  of the rectangular formed impulse while N=100 on a definite depth. The 

calculating shown that gτ  stops changing significantly at Q>25. So the impulse form can be 
calculated accurately enough for practice using such Q value. 

 
3. The method of calculating the effective penetration depth of the magnetic field into 
the conductor. 
 

Described above method allows to widespread the familiar mathematics of the high 
frequency systems calculating with the random formed harmonic impacts. One of the very 
main parameters used while calculating high frequency systems is the depth of the penetration 
of the harmonic magnetic field and concerned with it current Δ . The modification of the 
existing method must include the determination of the of the effective penetration of the 
magnetic field impulse of an arbitrary form effΔ  into the conductor. The mean value of the 
magnetic field strength and matched with it current density of the conductance reduced e 
times. 

Knowing effΔ allows calculating with enough for practice accuracy such an important 
for technological devices parameters as effective inductance and active resistance of the 
burden and conductors for impulsive loads. The below method is used for calculating of effΔ . 

Using (2) allows calculating the mean value of the magnetic field strength on the 
surface of the conductor 
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Let us find the penetration of the magnetic field kΔ  into the conductor for each k 
harmonics. Knowing kΔ , the amplitude of the penetration of the k harmonics on the depth h 
might be calculated using (3). The mean value of the magnetic field strength might be 
calculated relying on this depth:  
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Knowing the mean value of the magnetic field strength on the surface or on the certain 
depth allows finding the equation for calculating the effective penetration effΔ  matching (5) 

( )( ) 1
1001

/ /ln/ −Δ− =Δ⇒= HHhHHe eff
h eff . 

It’s obvious that after performing the limiting transition to a harmonic influence effΔ  
would be equal Δ  on the frequency calculated using (5). 
 
4. Calculating the active resistance of the conductor considering effective penetration of 
the magnetic field 

 
Let’s analyze the change of the resistance of the real conductor calculated considering 

effΔ  while flowing the rectangular impulse in it. In the Table 1 the values of effΔ  in cooper 

for different moments t with the impulse length 410−=PT  sec are shown. Also the values of 
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the specific resistance per length unit Pρ  for the rounded cooper conductor with the diameter 
of 5mm for the same moments of time calculated using effΔ are given. 

 

Table 1 Dynamics of the effective penetration of the rectangular impulse of current into 
the conductor 

t, sec 10-7 10-6 10-5 10-4 
310−⋅Δeff , mm 0,26 0,37 0,64 1,50 

310−⋅Pρ , Ohm/m 4,60 3,33 2,04 1,09 

 
The table shows that the resistance of the conductor while the impulse is flowing is 

changed several times. Comparing the received values of the specific resistance with the 
values for the same conductor calculated for the DC influence ( 41017,9 −⋅=DCρ  Ohms/m) 

and the first harmonic of the same impulse ( 31096,1 −⋅=ACρ  Ohms/m) unveils the 
difference of several times. This difference becomes critical because it influences strongly on 
the power distribution between the elements when currents amplitude reaches 104...106 A, 
which is a typical value for the impulsive systems. 

The suggested method of finding effΔ  is used for calculating the parameters of power 
supplying conductors during developing the nonlinear mathematical model of the supplying 
system of the impulsive electrotechnical installation [2]. 
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Abstract 
 
 Si crystal growth from a melt situated in a Si granular bed is a novel concept to obtain 
dislocation-free crystals with a quality comparable to that achievable by the FZ method, at 
lower feedstock costs and the potential for diameters larger than 200mm.  
In first experiments a crystal diameter of 40 mm was already achieved. For further 
development of the concept for crystals with larger, industrially-relevant diameter, a 
numerical model was created to identify basic parameters of a suitable growth set-up. In this 
paper we outline the modeling approach and present first results from the calculation of the 
electromagnetic field, the temperature field and the s/l interfaces. The simulation results 
support the possibility that the concept is applicable for the growth of crystals with large 
diameter.   
 
Introduction 
 
 The industrial established methods for the growth of dislocation-free Si crystals with 
large diameter, the Czochralski (Cz) and the Floating Zone (FZ) method, have some crucial 
disadvantages with regard to the application of the material for high-efficiency solar cells or 
high power semiconductor devices.  In Cz growth the material is contaminated e.g. by O,C, 
Cu, Fe due to the use of a crucible, whereas in FZ growth feed rods of high quality and 
sufficiently large diameter are required. The feed 
rod is a main cost factor in FZ Si. The Cz process 
is more stable and the diameter of the crystal is not 
limited by a feed rod. 

The growth set-up shown in Fig. 1 has the 
potential to avoid the disadvantages and combine 
the advantages of the former in a single process. 
The feasibility has been experimentally proven on 
the laboratory scale, using a simpler set-up than 
described in [1].  

The crystal is pulled upwards from a melt 
pool through the central hole of a high frequency 
(HF) pancake coil, which is the primary heat 
source. The feed material is electronic grade Si 
fluidized bed granulate, which is continuously 
replenished through a second hole in the HF 
pancake coil. The melt is not in contact to any 
contaminant and is situated in a packed bed of Si 
granulate. Between the granular bed and the melt Fig. 1. Si single crystal growth from a 

melt in a granular bed 
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stabilizes a layer of solid Si, forming an inherent crucible for the melt. For the growth of 
crystals with large diameter, the depth of the melt pool is controlled by a multiturn ring coil 
located below granular bed and quartz vessel.  
 
1. Mathematical Model 
 
1.1 General Modelling aspects 

For the numerical simulations the FEM-based, commercial software package 
COMSOL Multiphysics was used in conjunction with the computing environment MATLAB. 
An axisymmetric model geometry (see Fig. 2) and steady-state growth conditions were 
assumed. Convective heat transfer in the melt or gas atmosphere is neglected. Heat transfer by 
radiation is considered using the view factor method for diffuse emitting and reflecting 
surfaces. The material properties of liquid and solid silicon were taken from [2], since theses 
values are well justified e.g. for FZ Si growth. For the calculation of heat transfer by radiation 
and conduction in the granular bed, the Zehner-Schlünder effective medium theory was 
applied as given in [3], assuming a packed bed of Si pebbles in Ar gas. The effective thermal 
conductivity is a function of the temperature dependent thermal conductivities of solid Si and 
Ar gas (λAr = 0.01+2.5E-5·T [W/(m·K)]), Si emissivity, packed bed porosity ψ and Si pebble 
diameter pD. For the considered values of ψ = 0.4 and pD = 1mm, the effective thermal 
conductivity of the bed is more than 20 times lower than the thermal conductivity of solid Si 
near melting temperature. The granular bed is thermally isolating and, furthermore, 
transmissive to the low frequency (LF) EM field generated by the lower ring coil.  

 
1.2 Free melt surface shape 
 The free melt surface shape is assumed to be 
determined only by hydrostatic pressure and surface 
tension. In the current state of the model the 
electromagnetic pressure and the second curvature radius 
are neglected. For Cz growth modelling it has been shown 
that the latter is a good approximation for values larger 
50 mm of the radial coordinate of the meniscus triple point 
(MTP) [4]. In this case the Laplace-Young equation can be 
written as [5]: 
 

( )3 221

z gz
z

γ ρ
′′

=
′+

 ,    (1.1)  

 
which has the analytical solution [5]: 
 

2

02

2acosh 4c
c c

c

l zx l l x
z l

= − + − +  ,  (1.2) 

 
where γ is surface tension, ρ density, g gravitational 
acceleration, x(z) a local coordinate in r direction and 
lc=(γ/(ρg))1/2 the capillary constant. The constant x0 is found 
from the condition z(x=0) = lc(2-2sinθMTP)1/2 ≈ 7 mm, 
which is the meniscus height. For constant crystal radius the 
growth angle is θMTP=11°. 
 

Fig. 2. Sketch of the model geometry 
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The radial position of the external triple point (ETP) at z=0 is set to an initial value below 
the outer edge of the HF coil and iteratively corrected in the algorithm for the calculation of 
the lower s/l interface shape, after solving the electromagnetic and heat transfer equations. 
 
1.3 Electromagnetic  

The electromagnetic fields generated by the HF coil and the LF ring coil are calculated to 
find the Joule heat distributions. In Comsol Multiphysics the vector potential method for time 
harmonic fields is used. The equation solved can be written as: 

 
0 (gradV+i ) 0μ σ ωΔ − =A A ,        (1.3) 

 
where V is the scalar potential, σ the electric conductivity of solid and liquid Si, ω=2пf and A 
is the vector potential, which has only one azimuthal component in the axisymmetric 
approximation. Equation (1.3) is solved separately for each frequency f and EM field 
generated by HF coil or ring coil. To account for the negligible small penetration depth of the 
EM field in the HF case, the impedance boundary condition is used, considering surface 
currents only. The scalar potential V is solved for using an additional equation, which 
constrains the integrated current to be equal to a specified total current value I01 for the HF 
coil and I02 for the ring coil, respectively.    
 

 
1.4 Global Heat Transfer 
 For the calculation of the global temperature field the heat transfer equation is solved 
in the following form:  
 

( )( )p cc v T T Tρ λ⋅∇ = ∇ ⋅ ∇ ,        (1.4) 
 

where cp is the heat capacity, λ(T) thermal conductivity and vc the crystal pull speed, which 
differs from zero only in the crystal domain. The Joule heat distributions obtained in the 
electromagnetic model are considered as volume heat sources or surface heat sources in the 
HF case, respectively. The surface power density generated by the HF coil is scaled to ensure 
the temperature at the fixed position of the MTP is equal melting temperature. The EM power 
of the lower ring coil is adjusted to reach a given depth zmp in the center of the melt pool.  

To calculate the shape of the crystallization and lower s/l interface, the corresponding 
mesh boundaries are displaced from an initial shape in normal direction to be aligned with the 
melting point isotherm. After each displacement the EM fields and T field are recalculated 
until good precision is reached. 
 A simple approach is used to simulate the melting of granulate, which is replenished to 
the melt pool. The power density to heat the granulate from room temperature to melting 
temperature and the consumed latent heat is assumed  to be uniformly distributed over a ring-
shaped part with diameter dring of the free melt surface and considered as a heat sink. The total 
power consumed at the free melt surface due to the melting of granulate is: 
 

( )2
g c c pQ v R h c Tρ π= + Δ ,        (1.5) 

 
where Rc is the crystal radius and h is the latent heat of fusion of Si.  

The temperature at the chamber walls, the outer edge of the HF coil and the ring coil 
are set to cooling water temperature T= 293K.  
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2.  Calculation example for 4 inch process 
 

As a calculation example a conceivable process for crystals with 4 inch diameter is 
considered. The process parameter and several basic geometry parameters chosen are shown 
in Tab.1.  

 The primary heat source is the HF 
coil. It generates the main part of the EM 
power to maintain the melt pool and heat 
and melt the replenished granulate. The 
power consumed to heat and melt the 
replenished granulate is Qg  = 2.6 kW. The 
total Joule heat generated in the Si by the HF 
coil amounts to P1 = 7.4 KW (I01 = 1.1 kA), 
whereas the Joule heat generated by the 
lower ring coil is only P2 = 0.5 kW. The 
voltage across the HF coil at f1 = 1MHz is 
U = 320 V.  

As the granular bed is thermally 
isolating and the radiation emitted from the 
free melt surface is mainly reflected by the 
HF coil above, the majority of the heat is 
dissipated at the crystal surface. 
 

The result obtained for the EM field, temperature field and phase boundaries are 
shown in Fig.3 and Fig. 4 respectively. At a crystal pull speed of 2.6 mm/min an almost flat 
crystallization interface can be achieved in the calculation, which is favourable to avoid high 
thermal stress in the crystal during growth. However, melt motion is not considered yet. 

   

Tab. 1. Parameter set for calculation example 
Parameter Value 

crystal radius Rc  51 mm 
crystal pull speed vc  2.6 mm/min 
HF coil frequency f1 1 MHz 
ring coil frequency f2 100 kHz 
depth of melt pool zmp 63 mm 
granular bed porosity  ψ 0.4 
granulate mean diameter  1 mm 
HF coil hole radius Rh1 59 mm 
HF coil outer radius Ro1 105 mm 
distance HF coil melt zd 5.2 mm 
ring coil hole radius  Rh2 28 mm 
ring coil outer radius  Ro2 80 mm 
quartz vessel height Hqv 92 mm 
quartz vessel radius Rqv 130 mm 

Fig. 3. Streamlines of the magnetic field 
generated by HF coil and lower ring coil 

Fig. 4. Isotherms of the temperature field 
(∆T = 2 K in the melt, ∆T = 50 K elsewhere) 
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Conclusions 
 

A numerical model for the concept of Si crystal growth from a melt situated in a Si 
granular bed was developed and applied to calculate the EM field, temperature field and 
phase boundaries for a possible 4 inch process. Basic process and geometry parameters for 
future experiments were identified. The findings support the possibility that a process for the 
growth of Si single crystals, with industrially relevant diameter and purity at the level of FZ 
Si at lower feedstock costs, is realizable.  
 
References 
 [1] Riemann, H., Abrosimov, N., Fischer, J., Renner, M.: Method and apparatus for producing single crystals 

composed of semiconductor material. International Patent, WO2011063795 A1, 2011.   
[2] Mühlbauer, A., Muižnieks, A., Virbulis, J., Lüdge, A., Riemann, H.: Interface shape, heat transfer and fluid 

flow in the floating zone growth of large silicon crystals with needle-eye technique. Journal of Crystal 
Growth, Vol. 151, 1995, pp. 66-79. 

[3] VDI Gesellschaft.: VDI-Wärmeatlas (11. Auflage). Springer-Verlag, Berlin Heidelberg, 2013, 651 pp.  
[4] Sabanskis, A., Bergfelds, K., Muižnieks, A., Schröck, Th., Krauze, A.: Crystal shape 2D modeling. Journal 

of Crystal Growth, Vol. 377, 2013, pp. 9-16. 
[5] Landau, L.; Lifschitz, EM., Lehrbuch der theoretischen Physik (Hydrodynamik). Akademie-Verlag, Berlin, 

1966, 266 pp. 
  
Authors 
Dr. Menzel, Robert    Dr. Riemann, Helge    
Leibniz Institute for Crystal Growth  Leibniz Institute for Crystal Growth   
Max-Born Str. 2     Max-Born Str. 2  
D - 12489 Berlin     D - 12489 Berlin  
E-mail: robert.menzel@ikz-berlin.de  E-mail: helge.riemann@ikz-berlin.de  
 
Dr. Abrosimov, Nikolay  
Leibniz Institute for Crystal Growth 
Max-Born Str. 2 
D - 12489 Berlin  
E-mail: nikolay.abrosimov@ikz-berlin.de  

469



 

470



International Scientific Colloquium 
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Hannover, September 16-19, 2014 
 
 

3D simulation of feed rod and melt shapes in FZ silicon crystal 
growth 

M. Plāte, A. Krauze, J. Virbulis 

 

 The specialized software FZone for modeling the FZ crystal growth uses 2D axisymmetric 
models for temperature, free surface shape, radiation exchange, and crystallization interface changes. 
Due distinctively asymmetric form of the HF inductor, the EM field distribution is modeled with a 3D 
model. However, the EM field distribution is sensitive to the shapes of the free surface and feed rod, 
which cannot be modeled precisely with 2D models. Therefore the FZone model can be improved by 
implementing 3D models for the free surface and feed rod shapes. 

 The FZ crystal growth process is modeled in quasi-stationary approximation. 3D free surface 
shape is modeled with fixed positions of the three-phase lines and by requiring that all forces acting on 
the melt (surface tension, gravity, EM pressure, and average melt pressure) are in equilibrium and that 
an average meniscus angle value at the crystal equal to growth angle of 11 degrees. 

 The shape of a feed rod is determined by a balance between the rates with which the feed rod 
is pushed down and with which it melts on the surface. The melting rate is determined from 3D 
temperature distribution in the feed rod and 3D distributions of the EM power and the thickness of the 
liquid melt layer on the feed rod surface. The latter is obtained from a model for the melt flow on the 
feed rod surface, based on the shallow water approach. The equations for the 3D EM field, and free 
surface and feed rod shapes are solved iteratively until a stable configuration is found. The modified 
program was applied for several inductor geometries to examine their influence on the shape of 
interfaces. 
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Hydrodynamic of the melt on the base of aluminum oxide in cold 
crucible at continuous melting and discharging 

 

V. Geza, V. Kichigin, B. Nacke, I. Poznyak 
 
Abstract 
 A distinctive feature of induction furnaces with cold crucible is skull melting without 
introduction any impurities in the melt and overheating of the melt over 3000°C at air. 
Therefore the technology of induction melting in cold crucible is suitable for high temperature 
synthesis of oxide materials. However, the dispersion of synthesized oxide material as 
monolithic ingot is not always technically advantageous. This paper describes a new 
technology for continuous melting and pouring of oxide melts. The results of hydrodynamics 
of the melt flow and the temperature field during pouring based on the numerical simulation 
are presented in the article. The simulation takes into account forced and free convection. 
Apart from the melt flow inside the cold crucible special attention is also paid to behavior of 
the pouring stream. The numerical results are compared with experimental data of melting 
and pouring experiments in the skull melting installation at the Institute of Electrotechnology 
in Hannover. 
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Power losses in cold crucible furnace with different segments 
shape 

I. Poznyak, J. Kozeny, D. Rot, S. Jirinec, M. Kresina 
 

Abstract 

 The article is devoted to the influence of the shape of the cold crucible segments on 
the amount of power lost in the segments. The three different shapes (cylinder, rectangle and 
trapezoid) of the cold crucible segments were considered. The multi-physic software ANSYS 
was used to create numerical model. 
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