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Absiract - A method for the solution of high frequency three 
dimensional coupled magneto-thermal problems such as those 
of the induction hardening of steel is proposed The magnetic 
problem is treated first using the Boundary Element Method 
(BEM) to calculate magnetic parameters. From eddy-currents 
and Joule effects, source values are obtained to solve the 
thermal problem by the Finite Element Method (FEM). The 
two problems are then indirectly coupled to obtain a solution 
for the entire problem. 

curl H = J divE=O 

J = o E  B = POPp 

By separation of the variables we obtain the Reduced 
Scalar Potential in nonconducting regions: 

H = H, - grad i2 (2) 
H,, : magnetic field due to sou~ce currents, created Without 

grad R : "material reaction" magnetic field, created by 
I. INTRODUCTION any influence of fmomagnetic material; 

eddy-currents inside the fmomagnetic mated; In the modelling of high frequency induction-hardening 
problems by the Finite Element Method, special efforts are 

material. The higher the frequency, the finer the mesh 
made to have a fine mesh within the skin depth of the div B = div p, (H, + H,) = 0 (3) 

required in the skin depth region and the more costly in 
terms of computation time and memory space. Existing c=, div po H, = - div po grad 52 = - po A i2 = 0 (4) 
automatic meshing processors have hitherto proved to be 
prohibitive in such costs. It is also a tedious task to 
undertake a manual meshing of a 3D problem. 

It is for these reasons that we used the Boundary Element 
and Surface Impedance Methods implemented in the PHI3D 
software package developed at the Centre de Gtinie 

frequency magnetodynamic problem. By transfering all 
electromagnetic phenomena to the surface of the component 
to be hardened, we obtain the distribution of eddycurrents 
and the surface power densities on the surfaces of the 

The problem is solved in the nonconducting region (air : component. The surface power density is taken as the surface 
thermal source in the solution of the thermal problem using = 09 CL = 1) and the eddycument Phenomena inside the 
the software package FLUXEXPERT based on the Finite Skin depth region are Projected in a simple boundary 
Element Method [l]. An FEM-based treatment of the condition. The skin depth 6 is very thin compared with the 
thermal problem was chosen because we wish to study dimensions of the component. The eddycurrents are 
phenomena inside the material under consideration. assumed to flow parallel to the surface. 

The governing equation of the Boundary Element 
Method: 

CnP) = J[GP, Q) 
alti 

G : Green's function; 
Q : scalar potential. 

- WQ) -1 dS ( 5 )  

Electrique de Lyon (CEGELY) in France to solve the high 

By combining Maxwell's equations (1) we obtain: 

(6) 
1 aH 

curl (-curl H) = - p a t  
0 

11. FORMULATION 

A. Magnetoajmamics 

Maxwell's equations: 

aB curl E = -- at div B = 0 

which leads to an exponential solution inside the metal 
PI :  

l l + j ) z l  6 
H(z) = H, exp [ - (7) 
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Calculation of electmnagnetic coefficients 
depending on temperature 

H, = tangential magnetic field; 
jB = surface current density. 

j, = [ - 7 ] (n x H,) (9) 

From equations (6) and (9) we obtain the relationship 
between the surface current density and the normal 
component of the magnetic field [3], [4]: 

This leads to the relationship between the tangential Hs 
and normal H,, components of the magnetic field on the 
nonconducting side of the surface: 

(1 -j) 
H n = H . n =  6yd iv ,H ,  

This is taken as a boundary condition when solving the 
magnetic problem in the air by PHI3D : 

lap C2 = 0 (12) 

The coupling with the thermal problem is effected by 
thermal sources, which are the eddycurrents heating the 
material. Using the surface impedance [2] 

(1 +fi 
- 6 0  
Z =  

c : specific heat (J kg-' K-'), 
'f : temperature (K), 
h : thexmal conductivity (W m-l Kl), 
Wq : power density (Wm-3) 

The boundary condition for heat coIlvection and radiation 
is of the Fourier type: 

- qw= h (T, - T,) + S & (Tg - T,"> + qd (17) 

h : factor of heat-transmission (W m-z K'), 
s : B o l t "  constant, 
& : emission coefficient, 
Tw : ambient temperature (K), 
T, : material temperature (K), 
Q : surface power density (heat flux). 

111. COUPLING 

In induction heating the material characteristics are 
strongly interdependent. In magnetodynamics the electric 
conductivity at every point depends on the temperature. The 
magnetic permeability varies with the temperature and also 
with the magnetic field H. In addition, all physical 
properties of the thermal problem are dependent on the 
temperature. The strong variation of the properties with the 
temperature makes the system non-linear. That is why the 
problems must be solved in a coupled manner. 

we obtain 

E = z (  n x H s )  (14) 

The surface power density is calculated by the Poynting 
vector S = ExH. 

2 
H - -> q,, = 
6 0  

Using this method PHI3D is able to treat either problems 
with solid inductors and problems with field concentrators. 
One can choose whether eddycurrents have to be calculated 
on the inductor-surface or not. 

B. Thermodynamics 

The general formulation of thermal conduction is: 

Y C P  !&& - div [h grad T(x,t)] = W,(x,t) (16) 

A 

Fig. 1, Solution algorithm. 
6 where: 

y : mass density (kg mS3), 
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Because of the strong non-linearities, especially at the 
Curie-temperature (TC=76O0C), we couple by iterations, 
called weak or indirect coupling [5].  At each time step the 
result is checked for convergence. Then a decision is made to 
continue or terminate the computation. This coupling 
assures a reasonable compromise between the accufacy of the 
results and the time of computation as well as memory space. 

We couple two completely Merent sohare packages 
working separately, which would not be possible by a direct 
coupling. The meshing of the magnetic problem is only 
defined on the electrically active parts of the piece (BEM). 
For the thermal problem only the interior of the piece is 
meshed (FEM). Thus the calculated values of one meshing 
must be interpolated on the points of the other meshing and 
vice versa. 

IV. APPLICATION 

The described coupling method has been developed for 
induction hardening problems. The proposed method is 
applied to the test problem shown in Fig.2. 

Fig.2. Test problem. 

A. Test parameters 
Load material: steel. 
Inductor material: copper (solid). 
Inductor current: IO00 A. 
Frequency: 10 kH2. 
Convection coefficient: 
Radiation coefficient: 

10 W m-2 K-l . 
1.5 W m-2 K4. 

Fig.3 shows the physical properties of the ferromagnetic 
material which are approximated and used iteratively by the 
presented coupling method. 

c - 2 
f t  t 

Fig.3. Physical Properties. 

B. Test cases 
Two cases have been treated. Test 1 is an axisymmetric 

problem (Fig.4 and Fig.5). It is a metal barrel with two 
diameters (40" and 60") and a solenoid inductor 
orthogonal to the barrel axis. 

Fig.4. Magnetodynamic result of TESTl. 

The results can be compared easily to those obtained by 
2D magneto-thermal packages already used in industry. Test 
2 consists of the same barrel as TEST 1 but the inductor is 
no longer centered. It has been moved 2 mm orthogonally to 
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the barrel axis, so the problem is not axisymmetric (Fig.6 
and Fig.7). 

Fig.7. Thermal result of TEST2. 

FigS. Thermal resuItofTEST1. 

Fig.6. Magnetodynamic result of TEST2. 

C. Results 
Modelling a complete heating process takes much CPU- 

time and usually much inter action. To reduce the user's 
operating time a supervisor package has been developed to 
carry out the automatic data transfer and the iterative process 
control. Fig.4 to Fig.7 show the influence of the distance 
between the inductor and the load on the form and position 
of the heated areas. Also the power density values are higher 
where the inductor is situated nearer to the load. 

V. CONCLUSION 

The presented magneto-thermal coupling method is well 
adapted to 3 dimensional induction hardening problems with 
complex shapes. The results for the presented test problem 
are close to those obtained by calculating a cross-section 
with an established 2D magneto-thermal package. Slite 
differences are evident because the electromagnetic part of 
the problem is calculated with linear physical properties. 
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