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ABSTRACT

Induction heating is widely used in today’s industry, in operations such as metal hardening, pre-
heating for forging operations, melting or cooking. In this paper, the magneto-thermal analysis of
an induction heating jar(lH-JAR) was presented as an efficient design. The magnetic field intensity
inside the axisymmetric shaped cooker was analyzed using three-dimensional axisymmetric finite
element method(FLUX2D) and the effectual heat source was obtained by ohmic losses from eddy
currents induced in the jar. The heat was calculated using the heat source and heating equation.
Also, it was presented the temperature characteristics of the IH-JAR according to time and rela-
tive permeability in stainless parts and in aluminum parts.

2 ¢

5719 71ee @34, 9xE AT 99, 8§ 28z 89 T3 e A v AN o &
WA AHEEE 71golth £ =Rt HJARY &332 AAS A3t AA 2 € di4S sk
HJARS] WRAHE 339 S04 f384WS At sjXaion], 992 [HJAR WHolM =
B Rl osled BT, G dd3} DUAHAE AHsH Aot E9, HJARY] 2ERE
& A7t BAgel wet A s

Keywords : Magneto-thermal, Induction Heating, Finite element method, Heat-diffusion prediction,

Three-dimensional axisymmetric, I[H-JAR

1. Introduction

Induction heating describes the thermal conductivity
problem in which the heat is generated by ohmic
losses from eddy currents induced in conducting
media, such as stainless steel and aluminum, by a
varying magnetic field."” Recently, induction heating
jar (TH-JAR) is very interesting for high efficiency, the
low heating time and the convenient regulation of
heating spot. The magnetic field intensity and the heat
source in the TH-JAR should be exactly calculated in

'E-mail: ohhong@dreamwiz.com

order to make uniform temperature distribution
required on the surface of the IH-JAR. But, the waste
of time and cost has been increased because the
design method of the IH-JAR in the industry is
depending on the experience. Therefore, it is
continuously required that the development of
precision design method is based on the exact
magnetic field intensity and heat source®” In this
paper, the magneto-thermal analysis of the IH-JAR
was presented as an efficient design. And the
magnetic field intensity inside the axisymmetric
shaped cooker was analyzed using three-dimensional
axisymmetric finite element method (FLUX2D), and



the effective heat source was obtained by the
calculation of the induction current in the IH-JAR. The
heat-diffusion prediction was calculated using the heat
source and heating equation.

2. The Eddy Current Problem

The construction of the IH-JAR can be applied to
the three-dimensional axisymmetric finite element
method because it has the same form for circular
direction. The governing equation of the eddy
currents problem is described by the following
equation (1). Here we assume that the sources of the
magnetic field have sinusoidal time dependence.
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where A is the magnetic vector potential, p is the
permeability of mass, ¢ is the electric conductivity of
mass, J, is the sinusoidal exciting current density and
o represents the angular frequency of the sinusoidal
exciting current. The finite element equation can be
expressed with the standard Galerkin's method, the
vector equations and the boundary condition's as
follow:
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where W, is the weight function. The current density,
the magnetic vector potential and the weight function
can be expressed with the cylindrical coordinate
system as shown by equation (3) because of three-
dimensional axisymmetric problem.

Jo=J8,A=A0,W,=W0 3)

Substituting equation (2) into equation (3), we
obtain equation (4).
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Substituting Ax = rA and N; = rW; into the equation
(4), we get for the finite element equation as follows:
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where Ag is the state variable and N; is the shape
functions. To make the element matrix, the shape
functions in the triangular element can be
approximated as the equation (6).
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where A° is the area of the triangular element. And the
state variable in the triangular element can be
expressed by the equation (7) with the help of equa-
tion (6)

Ag = iNjARj )
i=1
where Ag; is the state variable values in the each node
of the triangular element.
Substituting equation (5) into equation (6) and (7),
we can obtain the element matrix equation (8) with
the equations (9) and (10).

K°A® = f° ®
Kj = (cc +dd)+]mo’A (1+8y) )
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where §;is the Kronecker-Delta.
The system matrix equation (11) can be obtained by
applying equation (8) to every element.

[KI[A] = [f] an

where [K] is the coefficient matrix and [f] is the driving
vector.
It can be calculated the magnetic vector potential,

the eddy current and the heat source in each node by
solving the system matrix equation. And the eddy
current, J., is the equation (12) from ohms law as
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shown below.
J.=oE, = —G%‘% = —jwcA 12)

where 9dA/9t is vector potential to time.
The heat source per unit volume, ht;, is written as
equation (13).

2
ht, = U;' = 0’clAl’= w’cAA (13)

3. The FE-model of the IH-JAR

Figure 1 and table 1 are respectively the three-
dimensional axisymmetric FE-model of the IH-JAR
and the material constants of it. Figs. 2 and 3 are
respectively the flux lines of case 1(u, = 1) and of case

Aluminum =

Stainless Steel

Outer Exciting Coil

Tnner Exciting Coil

Fig. 1. The FE-model of the TH-JAR.

Table 1. The material constants of the TH-JAR

Stainless Steel | Aluminum
Relative permeability(,) 10})((222 g 0.25X107
Electric conductivity(s) | 1.66667X10° | 4.0x10’
Thermal conductivity(k) 30 204
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2(i, = 100). Here we know that the flux lines cannot
completely pass through the inner IH-JAR because of
the skin effect of the stainless steel.

Fig. 2. The flux lines of the [H-JAR (ur = 1).

Fig. 3. The flux lines of the IH-JAR (ur == 100).
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4. The FE-equations for the Heat
Analysis of the IH-JAR

The three-dimensional axisymmetric heat conduction
equation in the steady state is expressed as follow:

19, 9Ty, K 9/, 9T\ _
where ht, is the heat sources and k is the thermal
conductivity. The complex boundary condition
between the surface of the IH-JAR and the area
around it is described by equation (15).
oT _

k5= = h(T-T.) 15)
where h is the convective exchange coefficient, T is
the temperature in the boundary surfaces, T. is the
temperature of the fluid and 0T/0n is the normal
component of the temperature in boundary surfaces.
Arranging equation (14), we obtain equation (16).

d( oT\ 9/ aT)_ ht
5% mlE) 1o
The heat conduction equation can be obtained with
the standard Galerkin's method as follows.

I (G (3B femoane
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And the element matrix can be expressed by the
equations (18), (19) and (20).

K°T® = f° (18)
K = —r(cic; + did) 19
2A
nr,A°ht
£ = 5 f(Zri+rj+rk) (20)

where 1o is (r;+ 1, +13)/3.
Also, the element matrix equation in the complex
boundary is expressed as follows:

[K®+ KT = [+ £] @1

where,
K° = ], oN“N'dS 22)
2
P _ et
£ = jA;gN ds ©23)

where 6 is b/k, g is hT./k and A} is the elements on
the boundary with the complex boundary condition.

If ¢ is constant inside an element and the opposite
side of node i-th is the complex boundary surface, the
equations (22) and (23) can be respectively expressed
in terms of equations (24) and (25).

2 212 (3r,+1; 0 1 47
= no(cy +d; L R
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Substituting equation (21) into equations (24) and
(25), we can obtain the element matrix with the
complex boundary condition. If the system matrix is
constructed using the above equations and it is solved,
the temperature in each node can be obtained.

5. The Results of Heat-Diffused
Prediction

5.1 Case 1(p,=1)

Fig. 4 is shown the temperature curve of the inner
surface of it in 5 second. Here we know that the
temperature of the IH-JAR near the outer exciting coil
is maximum and the temperature of it near the inner

degrees Celsius
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Fig. 4. The temperature curve of the TH-JAR (5 sec).
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Fig. 5. The temperature curve of the IH-JAR (82 sec).
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Fig. 6. The temperature curve of the IH-JAR (final time).

exciting coil is the next value. The temperature of
aluminum is higher than that of stainless steel at point
distant from the heat source because the thermal
conductivity of aluminum is larger than that of
stainless steel.

Fig. 5 is shown the temperature curve of the inner
surface of it in 82 second.

Fig. 6 is shown the temperature curve of the inner
surface of it in the final time.

5.2 Case 2(u,=100)

Fig. 7 is shown the temperature curve of the inner
surface of it in 5 second.

Fig. 8 is shown the temperature curve of the inner
surface of it in 56 second.
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Fig. 7. The temperature curve of the IH-JAR (5 sec).
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Fig. 8. The temperature curve of the TH-JAR (56 sec).
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Fig. 9. The temperature curve of the IH-JAR (final time).

Fig. 9 is shown the temperature curve of the inner
surface of it in the final time.

Here we know that the temperature of the 1H-JAR
is rapidly reached its peak as the value of relative
permeability is high.

5.3 The temperature characteristics

Figs. 10 and 11 is shown respectively the
temperature characteristics of the IH-JAR according
to time and relative permeability in stainless steel
parts and in aluminum parts.

300

200 -
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100 4 —v— near outer exciting coil(ur = 1)
—0O— near inner exciting coil{ur = 100)
—v— near outer exciting codl(ur = 100)

The temperature[degree]
g

T :
0 500 1000 1500 2000
Time[second]

Fig. 10. The temperature curve of the IH-JAR according
to time and relative permeability in stainless steel.
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Fig. 11. The temperature curve of the IH-JAR according
to time and relative permeability in aluminum.

Here we know that the temperature of the IH-JAR
near the outer exciting coil is larger than that at its
near inner exciting coil at the initial time, and the
temperature of it near the inner exciting coil is
maximum at final time.

The temperature of aluminum is higher than that of
stainless steel at point distant from the heat source
because the thermal conductivity of aluminum is
larger than that of stainless steel. Also we know that
the temperature of the IH-JAR is rapidly reached its
peak value as the value of relative permeability is
high.

6. Conclusions

In this paper, the magneto-thermal analysis of the
TH-JAR was presented as an efficient design. And the
magnetic field intensity inside the axisymmetric
shaped cooker was analyzed using three-dimensional
axisymmetric finite element method (FLUX2D), and
the effectual heat source was obtained by the
calculation of the induction current in the IH-JAR. The
temperature of the IH-JAR near the outer exciting coil
is larger than that at near the inner exciting coil at the

initial time, and the temperature near the mner
exciting coil is maximum at final time. The
temperature of aluminum is higher than that of
stainless steel at point distant from the heat source
because the thermal conductivity of aluminum is
larger than that of stainless steel. The temperature of
the IH-JAR rapidly reaches its peak value as the value
of relative permeability is high.
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