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A Study on the Magneto-Thermal Analysis of Induction

Heating Jar according to Input Frequency Variation
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1. Introduction
Induction heating processes for heating

provide significant technological, economic
and ecological advantages in comparison with
conventional oil or gas-fired furnace :@ fast
heating rate, instant controllability, high efficient
and minimal environment pollutic)n.[”'m
Therefore induction heating i1s widely used in
today’s industry, in operations such as metal
hardening, preheating for forging operations,
or cooking.
both electromagnetic and thermal phenomena.
Recently, induction heating Jar (IH-Jar) is very

interested for high efficiency, the quickness of

It i1s a complex process involving

heating time and the convenient regulation of
heating spot. The magnetic field intensity and
the heat source in the IH-Jar should be exactly
calculated to make temperature
distribution required on the surface of the
TH = 47,

been increased because the design method of

in order

But, the waste of time and cost has

the IH-Jar in the industry is depending on
the experience. Therefore, 1t 1s continuously
required that the development of precision
design method 1s based on the exact magnetic
field intensity and heat source. And, numerical
WO
and

heating. An efficient eddy current computation

simulation of IH-Jar clearly mnvolves

coupled phenomena electromagnetism
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has to be performed in order to obtain the
source term to be plugged into the heat
equatinn.[d]_m

[n this paper, the magneto-thermal analysis
of the IH-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(FEM) and the effectual heat
source was obtained by ohmic losses from
eddy currents induced in the IH-Jar. The
heat was calculated using the heat source
and heating equation. Also, it was represented
the temperature characteristics of the [H-Jar
according to input frequency and relative
permeability in stainless parts and in aluminum
parts.

2. The Three—-dimensional Axisymmetric
FEM of IH-Jar

The construction of the IH-Jar can apply to the
three-dimensional axisymmetric FEM because it 1s
the same form for circular direction. We can
summarize the Maxwell’s equation describing the
systems with eddy currents as follows equation
(1)~(5),

OxXH = f (1)

J = oF (2)
0A

E = Y V¢ (3)

B = vxA (4)

B = uH (5)

where H is the intensity of magnetic field, ] 1s
the sinusoidal exciting current density, o is the
electric conductivity of mass, E 1s the intensity of
electric field, A is the magnetic vector potential,
¢ is the scalar potential, B is the magnetic flux
density and p¢ is the permeability of mass. Ior

the system, we can set the V¢ in equation(3) to

zerol7], the final governing equation for A is the
equation(6).
Lowlx . _
p VA = jwoA J (6)
where @ represents the angular mput frequency
of the sinusoidal exciting current. The energy
functional whose FEuler-Lagrange equation is the

same as governing equation(6) can be expressed
as equation(7).

F=[ [(J— 2H 34

s 2u " 7

(L ~a-—-§’f )Z}ZHra’rdz
+ "%@- fSaAE 2nvdrdz

~ | JA 2mrardz (7)

After discretizing of the systern, nmummization
condition of the energy functional equation(7)
gives the system matrix equations(8).

[PI{A} + [QI{A} = (R} (8)

where [P] and [Q] are the coefficient matrices and
The coefficient matrices
and the forcing vector can be assembled with
element matrices written as equation(9) ~(11).

(R} is the forcing vector.

b + ¢ bb,+cc,, bib,+cc,
[P)* = — EM bby+cice bhtch  bub,+cue,
¢ | b;bu . i C1Cy bmbn + Cawi Cn bi +I£.'i |
(9)
o e e Lod
[Q]° = f“"{;‘ 1 2 1 (10)
1 1 2
e | 1]
[R]® = ]e,f" 1 (11)
) ]

where A ¢ is the area of that element.
It can be calculated the magnetic vector potential,
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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 shown below.

J.= oEk,= —'J“% = — jwoA (12)

‘The heat source per unit volume, ht,[ Wm®], is

written as equation(13).

2
ht, = U;' = w0l Al* = w’cAA" (13)

3. The Magnetic Analysis of IH-Jar

Table 1 and figure 1 are respectively the
three-dimensional axisymmetric FE-model of the
[H-Jar and the material constants of it.

Figs. 2, 3 and 4 are respectively the flux lines of

case 1(p,= 1), of case 2( u, = 100) and of
case 3(. 2, = 200). Here we know that the flux

lines cannot completely pass through the inner
[H-Jar because of the skin effect of the stainless
steel.

Table. 1 The material constants of the IllI-Jar
I

Stainless Steel | Aluminum
Relative 1(case 1)
permeability 100(case 2) 0.25x10 "
() 200(case 3)
Electric

conductivity 1.66667x10° 4.0x10’
(0

Thermal
conductivity 30 2
( k)
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Aluminum

Stainless Steel

Outer Exciting Coul

Inner Exciting Col

Fig. 1. The FE-model of the IH-Jar

(Input frequency=25lkHz], /2, = 1)
Fig. 2. The flux lines of the Il Jar

(Input frequency=25lkHz], x,=100)
Fig. 3. The flux lines of the IH-Jar
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(Input frequency=25lkHzl, s, = 200)

Fig. 4. The flux lines of the IH-Jar
4. The Heat Analysis of the IH-Jar

The three-dimensional axisymmetric heat

conduction equation in the steady state is
expressed as follow:

aT
kaz

ST), EP(

1 _a _
¥ ar(k?' 3 i 2z )— ht, (14)

where #t, is the heat sources and £ 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).

ol
on

k = WMT— Tw)

where h i1s the convective exchange

coefficient, 71 1s the temperature in the

boundary surfaces, T 1s the temperature of

the fluid and ai 1s the normal component

in  boundary surfaces.
Arranging equation (14),
(16).

of the temperature

we obtain equation

(15) -

z2)7) 9] AA-AA M| Wb A

( ) ( ) 5 |

(16)

The
obtained with the standard Galerkins method

heat conduction equation can be

as follows.

ff {r( Ly2y r( ) }Zfr?"d?’dz

—ff 2Tr(- onrdrdz  (17)

And the element matrix can be expressed
by the equations (18), (19) and (20).

KT =fF (18)
Ks = M, rﬂz(cc+d d;) (19)
fi = :frrgd s Qr; + r;+ ;) (20)

where 7y is (7 + 7y +74)/3.

Also, the element matrix equation in the
complex boundary is expressed as follows:

[K® + K°]1T°= [F* + F) (21)
where,
K= [ oN“N°dS (22)
= | gN"ds (23)
Ay

where o is hlk, g is hTw/k and A5 is

the elements on the boundary with the
complex boundary condition.

If o is constant inside an element and the

opposite side of node 17— th is the complex

boundary surface, the equations (22) and (23)
can be respectively expressed in terms of

equations (24) . d (25).
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M(sz 2 d£2)1!2

[KE]:'_

6

F32"k+?’j 0 ?’k’l‘?’j-
X 0 0 0 (24)

[ ?’k+?’j 0 ?’k+3?"j'

2 anN1/2 [ 27, + 7]

= ng(c;” + d; LIRS
7= e )T T )

R + 2?’_,‘_
Substituting equation (21) into equations

(24) and (25),
matrix with the complex boundary condition.

we can obtain the element

If the system matrix 1s constructed using the

above equations and 1t i1s solved, the

temperature in each node can be obtained.

5. Temperature Characteristics according
to Input Frequency Variation

Figs. 5
temperature characteristics of

and 6 represent respectively the
the IH-Jar
according to input frequency and relative
permeability in stainless steel parts and in

aluminum parts.

—&— near inner exciting coil(ur=1)
350 4 —&O— near outer exciting coil(ur=1)
—@&— near inner exciting coil(ur=100) E'
—O— near outer exciting coil(ur=100)
—@— near inner exciting coil(pur=200)
—— near outer exciting coil(ur=200)

Temperature[Deg.]

9 10 15 20 25 30 35

Input Frequency[kHz]

Fig. 5 The temperature curve of the IH-Jar in
stainless steel.

—&— near inner exciting coil(ur=1)
a50 | O near outer exciting coil(ur=1)
—&— near inner exciting coil(ur=100) |
—O— near outer exciting coil(ur=100)
—#— near inner exciting coil(ur=200)
—(— near outer exciting coil(ur=200)

Temperature[Deg.]
b
=

50 %
u ! ] L] 1 L
5 10 15 20 25 30 35
Input Frequency[kHz]
IFig. 6 The temperature curve of the IH-Jar in

aluminum.

we know that 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
Also we know
that the temperature of the IH-Jar 1s rapidly

than that of stainless steel.

reached its peak value as the value of
relative permeability and of mnput frequency
are high. The temperature of the IH-Jar at
near the outer exciting coil 1s larger than

that at its near inner exciting coil.
6. Conclusions
In this paper, the magneto-thermal of
[H-]Jar was analyzed using three-dimensional
axisymmetric finite element method(FEM).
And the heat was calculated using the heat
source and heating equation. Also, it was
represented the temperature characteristics of
the IH-Jar according to input frequency and
relative permeability in stainless parts and in

aluminum parts. The temperature of aluminum
is higher than that of stainless steel at point

= ST =



reached

listant from the

C
L
than that of stainless steel.
that the temperature of the IH-Jar is rapidly

¢l2Suss WM Bl ulE

heat source because the

hermal conductivity of aluminum 1s larger

Also we know

its peak value as the value of

relative permeability and of frequency are

high. The temperature of the IH-Jar near the

outer exciting coil 1s larger than that at its

near inner exciting coil.
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