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Abstract – Technological developments in the pyrochemistry program are required to allow choices for a 
reprocessing experiment on 100 g of spent nuclear fuel. In this context, a special device must be designed 
for the solid/gas reaction phases followed by actinide extraction and stripping in molten salt. This paper 
discusses a modelling approach for designing an induction furnace. Using this numerical approach is a 
good way to improve thermal performance of the device in terms of magnetic/thermal coupling phenomena. 
The influence of current frequency is also studied to give another view of the possibilities of an induction 
furnace. Electromagnetic forces are taken into account in a computational fluid dynamics code derived 
from a specifically developed exchange library. Induction heating systems are an example of a typical 
multi-physics problem involving numerically coupled equations. 
 

 
 

INTRODUCTION 
 
The processes used in pyrometallurgical 
reprocessing show considerable potential for 
high burn up fuels reprocessing. The core of the 
process diagram is based on extraction and 
selective stripping of actinides through contact 
with molten salts and aluminium in a series of 
liquid phases. In terms of technology, the device 
will be designed to perform all the phases in the 
reprocessing process [1]. The crucible containing 
the aluminium is assumed to be porous to allow 
the chemical exchange to take place between the 
two liquid materials. The chosen approach aims 
to limit the size of the future pilot device in the 
hot cell and requires a wide operating 
temperature range, between 400°C and 1500°C. 
Under these conditions, induction heating offers 
the benefits of operational flexibility due to: 
- the low thermal inertia of the system 

(allowing the reprocessing phases to be 
performed in a rapid sequence); 

- the possibility of heating the material 
directly. 

The approach consists of using the modelling 
tool to understand the performance of the future 
“pyroreactor” and facilitate the design step. 
 
Computation requires previous reflection on the 
geometry of the device and the physics models to 
be applied.  
 
One aspect examined in detail consists in 
coupling two codes particularly well-suited to 
the physical phenomena involved in this study 

[2, 3]. The calculations performed using Flux-
Expert® solve the electromagnetic problem 
using the finite element method. The results are 
used to extract values such as power dissipated 
and Laplace electromagnetic forces in the bulk. 
The tool offers the possibility of coupling the 
electromagnetic problem with the heat equation 
and calculating temperature at any point in the 
domain. The computation results can be 
recovered and sent through the Fluent® code, 
designed for fluid mechanics computation, using 
the finite volume method. The power dissipated 
by the Joule effect provides the sources in the 
heat equation and the forces are the sources in 
the momentum equation.  
 
The calculations provide several values, 
including fluid temperature and velocity. The 
results contribute to understanding the 
phenomena characteristic of induction heating.  
 
TABLE I. Nomenclature 
A  Magnetic vector potential 
B  Magnetic induction 
V  Electrical scalar potential 

0µ  Magnetic permeability of vacuum 

rν  Magnetic relative reluctivity 
σ  Electrical conductivity 
Jex  Excitation current 
t  Time 
δ  Skin depth 
ω  Angular frequency 
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µ  Magnetic permeability 
k  Thermal conductivity 
Cp  Specific heat 

U  Velocity 
ρ  Volumic mass 
Q  Thermal source 

H  Magnetic field 

iJ  Induced current 

iF  Laplace force 

 
I. DESCRIPTION OF MODEL 
 
Mathematical model 
 
In numerical resolution of the Maxwell equations 
the vector potential is the unknown, defined as 
follows:  

AB
rrr

×∇=   (1) 
The local form of the equation solved in Flux-
Expert® is written: 

exr JV
t
AA 000 ....)( µσµσµν =∇+
∂
∂

+×∇×∇

     (2) 
A significant factor in the magnetodynamic 
phenomena is the skin depth, defined [4] as: 

σωµ
δ 2
=    (3)  

Skin depth "δ" characterises the exponential 
decrease of the magnetic field in the conducting 
material. 
To solve the thermal problem, the physics are 
resolved using the energy conservation equation: 

Q
t
TCTUCTk pp =
∂
∂
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rrrr

 

     (4) 
Where the thermal source is generated by the 
induced currents calculated using one of the 
Maxwell equations:  
 iJH

rrr
=×∇    (5)  

 
Geometry and Mesh 
 
Computation is performed using axisymmetric 
geometry. This option is based on a simplified 
formulation of the problem, thereby reducing the 
number of components in the unknown [5]. 
Computation time is thus reduced to a few 
minutes. Calculations are invariant in rotation 
around the Z-axis (red line). 

 

 
Fig. 1. Meshed geometry of the model. 
 
Figure 1 represents: 
- an induction heating system featuring four 
inductors with a radius of 8.2 cm, noted I-1, I-2, 
I-3 and I-4, 
- the salt bulk: radius 6 cm, height 15 cm 
(containing the fuel, shown in blue), 
- the aluminium bulk (grey): radius 4 cm, height 
10 cm. 
 
The crucibles are made of an electrically 
insulating ceramic material and therefore have 
not been shown or modelled. The thermal 
sources are generated directly in the aluminium, 
which is also used as a susceptor. 
 
The physical properties of the materials are 
summarized in Table II.  
 

TABLE II. Physical properties of model 
 Aluminium Molten salt 
σ (S/m) 3.34×106 900 
µ µ0 µ0

k (W/m/K) 100 2 
 
Boundary conditions 
 
The electromagnetic model needs to define an 
infinite region as the external boundary of the 
computation domain. A geometric 
transformation is used to simulate an infinite 
distance at the boundary of this region. 
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The models require two types of boundary 
limits: 
- Dirichlet conditions: the unknown is set; 
- Neumann conditions: the gradient of the 

unknown is set. 
 
1) Magnetodynamic problem:  
- Dirichlet is zero (A=0) at infinity; 
- Dirichlet is zero (A=0) on the axis of 

symmetry. 
These conditions reflect eq. (1) wherein the 
magnetic field lines are tangent to the boundary 
of the computation domain. 
 
2) Thermal problem: 
- Dirichlet (T=300K) at infinity; 
- Homogeneous Neumann (T grad = 0) on the 

axis of symmetry. 
The homogeneous Neumann condition reflects 
the symmetry of the system. 
 
3) Fluid mechanics problem: 
- Dirichlet is zero (U=0) at the walls. 
 
II. RESULTS 
 
Flux-Expert® resolution, magnetodynamic 
and thermal problems 
 
The problems are resolved using Flux-Expert® 
based on equations (2) and (3) with a current of 
1200 A generated by inductors oscillating at 
20 kHz. 
 

 
Fig. 2. Isovalues of A (equivalent to magnetic 
field lines). 
 
Figure 2 shows the field lines pushed back due to 
the skin effect in the aluminium. The magnetic 
field decreases exponentially in the conducting 
material (aluminium), so the characteristic 
magnitude is the skin depth (eq. 3). In this 
instance, δ is equal to 1.9 mm. The Joule loss 

density, which is a function of the square of the 
current density, decreases exponentially when 
skin depth is δ/2 (Fig. 3). 
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Fig. 3. Joule loss density at mid-height of 
aluminium bulk, a function of radius. 
 
Resolving eq. 4 provides the temperature map 
shown in Fig. 4 below: 
 

  
Fig. 4. Temperature in Celsius degrees. 
 
Note that temperature is homogeneous in the 
aluminium (high thermal conductivity) while 
gradients are significant in the salt (low thermal 
conductivity). The model used here is therefore 
limited by the absence of movement in the salt, 
where heat transfers are only diffusive.  
This result demonstrates the benefits of coupling 
the model with a computational fluid dynamics 
code to take into account the convective aspect.  
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Influence of frequency 
 
The influence of frequency on the skin effect is 
described by eq. 3. Since the electrical 
conductivity of molten salt is very low in 
comparison to aluminium (Tab. II), the 
frequency must be higher to induce currents. But 
given the geometry, when the salt is heated, 
injected power is taken away from the 
aluminium and it is then possible to partially or 
completely screen out the metal. To demonstrate 
this phenomenon, several simulations were 
conducted at different frequencies to show the 
power injected in the salt and aluminium. 
 

TABLE III. Percentage of power injected 
in the conducting material 
Frequency 

(kHz) 
Aluminium Molten salt 

20 97.07 3.93 
50 87.76 12.24 
80 78.91 21.09 

120 67.95 32.05 
200 50.72 49.28 
250 42.82 57.18 
300 36.59 63.41 

 
The results given in Table III show the flexibility 
provided by induction heating, where coupling 
can be achieved with aluminium or salt, or even 
both (at 200 kHz). 
 
III. BENEFITS OF MAGNETIC, 
HYDRODYNAMIC AND THERMAL 
COUPLING 
 
Up to this point, the model has not taken into 
account fluid dynamics. It is therefore 
incomplete and does not give the convective 
term in eq. 4. It may be of significant interest to 
calculate stirring speeds in order to predict the 
influence of inductive heating on the kinematics 
of the reaction. Coupling the model with the 
Fluent® CFD code was conceived in this intent 
[6]. 
 
The Flux-Expert® model is then used to solve 
the magnetodynamic problem while the 
thermohydraulic part is solved by the Fluent® 
code. By coupling the models the source terms 
can be defined in the heat and Navier-Stokes 
equations with Joule losses and Laplace forces 
computed by Flux-Expert®. Laplace forces are 
written as follows: 

 BJF il

rrr
×=   (6) 

At 10 kHz, the calculated flow velocity in 
aluminium is illustrated in Fig. 5 below: 
 

 
Fig. 5 Flow velocity in aluminium (m/s) for a 
10 kHz current. 
 
The Laplace forces are oriented radially, since 
they are orthogonal to the magnetic field lines 
and induced currents. The graph shows two 
vortices explained by the existence of greater 
forces in the middle of the bulk [7]. This results 
from the manner in which the inductors are 
positioned (Fig. 1). 
 
Work is still in progress on coupling these two 
codes, with focus placed on resolving problems 
at the walls, where the boundary conditions 
impose zero velocity while Laplace forces are at 
their maximum in this region. The coexistence of 
these two opposing phenomena means the 
current model must be improved. 
 
The model will also be supplemented by 
enhanced coupling between the two codes so that 
two resolutions can be executed alternately and 
thereby vary thermal conductivity as a function 
of temperature. 
 
CONCLUSION AND OUTLOOK 
 
The model currently under study can be used to 
design the electrical system for a furnace and 
reactor assembly dedicated to studying 
pyrometallurgical processes. Development of the 
induction part in particular will require studying 
the impedance of the system consisting of the 
inductors, salt and aluminium. This work can be 
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used to adapt the generator impedance and set 
the operating frequency.  
 
The modelling work will also help define 
injected power as a function of the temperatures 
required by the process chemistry. It will provide 
useful information on geometry modifications 
made to improve electromagnetic stirring and 
control the system’s thermal reactions. 
 
Modelling work is a necessary complement to 
experimentation, since it provides a better 
comprehension of the furnace physics and how 
to determine the best parameter settings.  It 
would also be of interest to couple simulations 
with experiments to predict the operating 
characteristics of the facility. Conversely, 
temperature and velocity measurements could 
serve to validate or refine the model to align 
experimental results and numerical simulations. 
 
Lastly, the aspects of thermal radiation multi-
reflection will soon be taken into account to 
correctly describe the physics of this device. 
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