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SIMULATION OF TEMPERATURE FIELD IN ULTRA-HIGH
FREQUENCY INDUCTION HEATING AND VERIFICATION
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Abstract; An experimental and numerical study on the temperature field induced in the ultra-high frequency induc-
tion heating is carried out. With an aim of predicting the thermal history of the workpiece, the influence factors of
temperature field, such as the induction frequency, the dimension of coil and the gap between coil and workpiece,
are investigated considering temperature-dependent material properties by using FLUX 2D software. The tempera-

ture field characteristic in ultra-high induction heating is obtained and discussed. The numerical values are com-
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pared with the experimental results. A good agreement between them is observed with 7. 9% errors.
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INTRODUCTION

Induction heating is one of the most widely
used methods for heating treatment of steel. It
provides faster and more precise heating of local
areas, consumes less energy and is considered
more environmentally friendly than other meth-

ods I,

5—10 times of the previous can be called ultra-

In general, the exciting frequency above

high frequency induction heating. According to
the skin effect, the induced current density main-
ly distributes on the surface along workpiece
thickness (radius). Approximately 86% of the
power will be concentrated in the surface layer of
workpiece, which is called skin depth ¢, and de-

scribed in meter ast"’

5=503 |- )
uef

where p is the electrical resistivity of the work-
piece, u, the relative magnetic permeability, and
f the current frequency.

When applying induction current with higher
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frequency, especially ultra-high frequency, the
Joule heat concentrates more likely on the surface
of workpiece. Therefore, much higher heating ef-
ficiency and faster temperature increase can be
achieved. Besides that, the deformation of work-
piece can decrease remarkably with localized heat-
ing.

Because of the dramatic advantages men-
tioned above, induction heating with ultra-high
frequency comes to industrial applications in re-
cent years. It is suitable for small workpiece trea-
ting or localized heating for large-scale work-
piece, such as razor blade impulse hardening.,
metallic spectacle frames brazing, etct .

On the other hand, induction heating is a
complex process including electromagnetic, ther-
mal and metallurgic phenomena. During the
process of induction heating, the temperature of
the heated material changes on such a large scale
that introduction of non-linear temperature-de-

[6-8]

pendent material properties is necessary

Therefore, the planning of induction heating sys-
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tem, including choosing the proper shape and po-
sition of the coil and adjusting the electric current
properties to attain a desired temperature profile
in the workpiece, is difficult. As a result, numer-
ical methods such as finite element method
through computer calculation are necessary and

[9-13]

have been used extensively However, the

previous research focused on the high frequency

04151 wwhile the characteristic of

induction heating
the temperature field induced in ultra-high fre-
quency induction heating is not involved yet.

In order to investigate the temperature distri-
bution characteristic in ultra-high induction heat-
ing, and with an aim of predicting the thermal
history of the workpiece, the numerical simula-
tion of temperature field in ultra-high frequency
induction heating is implemented by using FLUX
2D software. The experiment is carried out to
validate the numerical simulation result. Further-
more, the influence facts such as the induction
frequency, the gap between coil and workpiece
and the dimensions of coil on brazing temperature
field induced in the workpiece are investigated and

discussed.

1 PHYSICAL DESCRIPTION AND
EXPERIMENTAL SETUP

Fig. 1(a) shows the schematic of ultra-high
frequency induction heating, which consists of
50 mm X 50 mm X 10 mm ISO C45 plate, rectan-
gular-type oxygen-free high conductivity copper
coil and C-shaped ferrite core. Here the dimen-
sion of coil cross-section is rectangular 2 mm X
3 mm (the width of coil @=2 mm), which is sur-
rounded by C-shaped ferrite core. The gap be-
tween coil and workpiece A is 2 mm (Fig. 1(b)).
The ultra-high frequency induction heating power
supplies the power of 6 kW with the frequency of
1 MHz. The actual setup for experiment is shown
as Fig. 1(c). The temperature signal is collected
by a thermocouple which is placed on the surface
of metallic workpiece. The thermoelectric poten-

tial signal is input to the computer through a data

acquisition card. Since the thermocouple is con-
ductive and in the ultra-high frequency electro-
magnetic field, electromotive force will be in-
duced, which is the interference on the thermoe-
lectric signal. In order to minimize the induced e-
lectromotive force, the two of the thermocouple
wires are put in each side of the vertical direction
of the coil respectively. As a result, the magnetic
flux that passes through the thermocouple loop is
nearly zero, and the induced electromotive force

is negligible.

Ultra-high frequency induction

heating power supply A
Ferrite core
g Workpiece Coil
E %
= I 5
| 50 mm

(a) Schematic of induction heating

a

aE!

// T

Thermocouple junction

(b) Cross-sectional view of induction heating

Thermocouple junction

(c) Experimental setup

Fig. 1 Physical description of induction heating

2 FINITE ELEMENT MODEL AND
CALCULATION

2.1 Magnetic-thermal coupling method

Since the material properties of the ISO C45
steel are temperature dependent, the finite ele-

ment calculation is performed using the magnetic
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coupled to transient thermal module. Since the e-
lectrical and magnetic property laws depend on
temperature, a high coupling grade between ther-
mal and electromagnetic equations arises. In fact,
the heat source consists of the eddy currents in-
duced by the magnetic field variations (Joule
effect). Fig. 2 shows the flowchart of coupled e-
lectromagnetic thermal analysis of induction heat-
ing for steel workpiece. The time axis of the
thermal calculation is divided into micro step, At.
When the initial temperature is known, the inten-
sity of the eddy current value can be calculated by
electromagnetic analysis. This value is then used
to compute the heat generated by the Joule effect.
According to the specific heat capacity C, of the
C45 steel, the temperature can be determined
through thermal analysis. For each magnetic sub-
step, the temperature value is recalculated until a
steady state between the heat generated by the
Joule effect and the temperature field, resulting

from the thermal analysis, is reached™™.

G

HA(T),(T,C)

| Electromagnetic analysis |

C(T),(T,C)

| Thermal analysis |

Update
electromagnetic
situation

Fig. 2 Flowchart of coupled electromagnetic thermal

analysis

2.2 Geometry model and mesh

Finite element analysis is carried out using
commercial FLUX 2D software. Finite element
models are shown as Fig. 3. For the axisymmet-
rical conditions, only a half section of the whole
geometry is modeled.

There are at least two meshes in the skin

depth to ensure the calculation accuracy in view of

Coil

Workpiece

4.5 mm

Fig.3 Geometry model

the noticeable skin effect of the ultra-high fre-
quency electromagnetic field in workpiece and
coil?,

magnetic field is 1 MHz, so according to Eq. (1),

In this study, the frequency of electro-

the skin depth of coil and workpiece is 8§ X 10~ *
mm and 2 X 10"? mm respectively. Correspond-
ingly, the finest meshes of the skin layer of coil
and workpiece are 2>X10% mm and 6 X10* mm.
Although the meshes can be further refined, the
numerical accuracy cannot be further improved.
The mesh scheme is shown in Fig. 4. To improve
the numerical accuracy, the surface layer of metal
and the air domain close to the exciting source of
electromagnetic field must be finely meshed. On
the contrary, the meshes of the inner part of
workpiece and the air domain, far from the excit-
ing source of electromagnetic field, where the
gradient is small, should be enlarged for the pur-

pose of enhancing the computational efficiency.

Fig.4 Mesh scheme

2.3 Magnetical properties of workpiece

Thermal and magnetic properties of the ISO
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C45 steel are temperature dependent. Specific

heat C,
AW/ (m « K)), electric resistivity p (Q * m), and

(J/Ckg » K)), thermal conductivity

relative permeability, are functions of temperature T

and their values are shown in Fig. 5.

—=— Electric resistivity / (10° Q * m)

—e— Relative permeability
220 —a— Specific heat / (10'J + (kg * K)™)
200 —v— Thermal conductivity / (W * (m * K)™)
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Fig.5 Material properties of ISO C45 steel

3 SIMULATION RESULTS AND
DISCUSSION

3.1 Experimental verification

The surface temperature history of workpiece
at different exciting currents of ultra-high fre-
quency ( f=1 MHz) induction heating using tem-
perature-dependent material properties is shown
in Fig. 6. The workpiece is heated for 15 s and
then cooled down in the air. Moreover, a compar-
ison between experimental and simulation results
is also illustrated, and a relatively good agree-
ment between them can be observed. The maxi-
mum error is about 7.9% which occurs at ¢t =
2.5 s and I=30 A, where the simulation and ex-
perimental values are 1 001,1 087 °C respectively.
There may be minor measurement errors due to
strong electromagnetic interferences caused by ul-
tra-high frequency electric currents in the induc-
tion coil. However, these interferences are negli-
gible comparing with thermoelectric signal. It can
be drawn the conclusion that the numerical model

and simulation results are both reliable.

3.2 Influence of induction frequency on tempera-

ture

According to Eq. (1), with the induction fre-

1200
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800(:

' imulati
600l I=30 A simulation

i — I=30 A experiment

T/°C

400 l* —— I=25 A simulation
200 f - -+ I=25 A experiment ~==
0 . A L . )
0 4 8 12 16 20
t/s

Fig. 6  Surface temperature of workpiece at different

exciting currents

quency f increasing, the skin depth decreases,
and the heat source concentrates on the surface of
workpiece. The simulation result demonstrates
the influence of induction frequency on surface
temperature, and is illustrated in Fig. 7. Here the
dimension of coil cross-section is rectangular
2mmX3 mm, h=2 mm, and [ =30 A. It is
shown that the increase of surface temperature
becomes slow when the induction frequency de-
creases. Besides that, the surface temperature
has nonlinear relationship with the induction fre-
quency. It can be seen that the temperature rises
very slowly and reaches about 600 °C at the end of
heating when f=100 kHz. While in the other ca-
ses, the surface temperature is in the range from
about 900 °C to 1 100 °C at the end. The surface
temperature increases slowly at the beginning
when the frequency f is less than 500 kHz. On
the contrary, when the frequency f is more than
500 kHz, the surface temperature raises very fast
and reaches above 900 °C within 0.4 s. As a re-

sult, ultra-high frequency induction heating has
12001

1000

800

600

T/°C

400 .

200,

Fig. 7 Surface temperature of workpiece at different

induction frequencies
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the advantage of faster heating rate and tempera-

ture.
3.3 Influence of gap on temperature

The maximum surface temperature on work-
piece after heating for 6 s is shown in Fig. 8.
Here the dimension of coil cross-section is rectan-
gular 2 mm X 3 mm with f=1 MHz and [ =
25 A. The maximum surface temperature decrea-
ses from 1 600 °C to 760 °C with the gap h becom-
ing wider. Fig. 8 also indicates a fact that the in-
fluence of gap on maximum temperature is non-
linear. With the gap becoming wider, the tem-
perature decreases significantly at the beginning,
and then decreases slowly down. The curve fit-
ting equation of the simulation results can be ex-

pressed as

- 346
T*701+h,—o. 42

(2)
where T is the maximum surface temperature.
Eq. (2) demonstrates that the maximum surface
temperature is in inverse proportion to the gap

between coil and workpiece.

1600 0O Maximum temperature on
workpiece
1400 —— Fitting curve
1200
S
& 1000}
800 -
60—
h/mm

Fig. 8 Maximum temperature versus gap

Color shade results
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(a) a=1 mm

778.3125/847.25
847.25/916.187 5
916.187 5/985.125
985.125 / 1.054 06X 10*
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Time(s.): 6

Scale / Color
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(d) a=4 mm

In order to simplify the problem, the dimen-
sion of coil in single-pass induction heating can be
ignored. And the current passes through the coil.
Therefore, the total power P generated by induc-
tion in workpiece is in inverse proportion to the
gap between coil and workpiece h, and is deter-

mined as"
P = . — (3)

where § is the skin depth in workpiece, and I the
current in coil.

The total power P transforms mostly to
Joule heat causing the temperature of the work-
piece increasing. In this sense, it can be qualita-
tively concluded that the higher power P in the
workpiece means higher surface temperature. As
a result, with the gap between coil and workpiece
h becoming wider, the surface temperature de-

creases rapidly.

3.4 Influence of dimension of coil section on tem-

perature distribution

Fig. 9 shows the simulation result of temper-
ature distribution cloud chart with varying width
of coil a. Here h=1.5 mm, f=1 MHz and I=
25 A. It can be seen that with the width of coil a
increasing, the width of heated area in workpiece
increases slightly. The width of main heated area
is about 2 mm in all cases. The maximum tem-
perature in workpiece decreases from 1 080 °C to
850 °C with the width of coil a increasing (Fig.

10). It indicates that the dimension of coil section

(b) a=2 mm (¢) =3 mm

(e) =5 mm

Fig.9 Temperature distribution cloud chart with varying width of coil
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Fig. 10 Maximum temperature versus width of coil

have small influence on temperature distribution
in this study. The coil structure mainly has influ-
ence on the maximum temperature in workpiece.

During induction heating, the eddy current
distribution is considered approximately as the
projection of coil geometry on workpiece sur-

L) The smaller the size of coil section is,

face
the narrower the width of the projection of coil
geometry on workpiece surface is. Therefore, the
density of eddy current is stronger under the con-
dition of the same heating power supply. Conse-
quently, much higher heating rate and tempera-

ture can be achieved.

4 CONCLUSIONS

(1) The numerical model of induction heat-
ing solving the temperature field is described tak-
ing temperature-dependent material properties in-
to account. The experiment is carried out to veri-
{y the numerical simulation result. A good agree-
ment is observed between experimental result and
numerical value with 7. 9% errors. The numerical
model and simulation results are both reliable.

(2) Numerical simulation results indicate
that the increase of surface temperature becomes
faster when the induction frequency f increases.
Ultra-high frequency induction heating has the
advantage of lower skin depth, and faster heating
rate, when the {requency f is more than
500 kHz.

(3) The maximum surface temperature of

workpiece is in inverse proportion to the gap be-

tween coil and workpiece h. With the gap h be-
coming wider, the maximum surface temperature
decreases rapidly.

(4) The dimension of coil section a has small
influence on temperature distribution in this stud-
y. And it mainly has influence on the maximum

surface temperature of workpiece.
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