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Abstract

A mesh accounting for the skin depth needs to be generated to perform a magnetic field
frequency response analysis. The time varying phenomenon of the magnetic flux
penetrating the heated workpiece using induction heating needs to be taken into
account when the temperature of the workpiece exceeds the Curie point.

This presentation indicates guidelines to generate optimal mesh by investigating the
effects of the mesh density on the heat generation using a workpiece and coil with
simple geometry. In addition, the analysis results using the guidelines for generating
mesh are compared to actual testing results.
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Objective D

In radio-frequency induction heating analyses:

* Mesh divisions account for the skin depth

* Magnetic flux has time varying phenomena when heating
penetrates to the inside of the workpiece

b @ Improves analysis accuracy

Generate a finer mes ) .
’ Increases calculation time

% What is the appropriate element size based on the
relationship between analysis accuracy and calculation
time? Y What is the relationship between the number of
elements and analysis error? ‘

Analysis error

The effects of the mesh density for the heat generation was
examined by performing analyses with various mesh
densities for the heating coil, workpiece, and air region.

Number of elements

Guidelines indicate the settings for dividing mesh
©2010 Denki Kogyo Co.,Ltd.
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Analysis Model D

g l \
g
A Coil (Cu)
S
Workpiece (S45C)
Model of analysis target 5 degree model

©2010 Denki Kogyo Co.,Ltd.

Examination and Guidelines for Mesh -Approach -

[ 4 4
STEP 1: Run a magnetic field analysis and investigate the effects
of the mesh divisions on the heat generation of the workpiece.
STEP 2: Run a coupled magnetic field and thermal analysis based
on the results obtained in STEP 1 and investigate the effects on the

heat generation.
STEP 3: Investigate the effects of the size for the air region on

the heat generation of the workpiece.

Air region —
e Specifications of the machine used \ )
for the calculation .— Element size
e Windows Server SP1 64-bit
e Xeon X5560 2.8GHz

* Memory 12 GByte Mesh modeling the
* 4 thread parallel computing skin effect

©2010 Denki Kogyo Co.,Ltd.
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STEP 1 Independent Magnetic Field Analysis
STEP 1-1 Divide Mesh for the Heating Coil Z )
EK
STEP 1-1: Specify the conditions
Heat transfer boundary
* Reference temperature 20
degrees Celsius \

» Heat transfer coefficient
10 W/m?/degrees Celsius

Workpiece
* Use temperature dependent

material properties

* Initial temperature 20 degrees
Celsius

* Mesh density

* Element size 0.15 mm

* Mesh modeling the skin effect
0.075 mm

* Divisions of mesh modeling the

i skin effect 1

Heating coil
* Use temperature dependent

material properties
* Specify an FEM conductor

condition, and then set the | i The analysis is performed by
excitation to 10 kHz and 5000 A | : changing the element size, mesh
- : modeling the skin effect, and
Air region : divisions of the mesh for the
" 2.5 times : heating coil.

©2010 Denki Kogyo Co.,Ltd.

STEP1-1 Divide Mesh for the Heating Coil
KK
% Mesh divisions for the heating coil
. Mesh modeling the Divisions of mesh
Model name|Element size (mm) skin effect (mm) modeling the skin effect
0A 0.15 0.075 1
0B 0.3 0.15 1
0C 0.6 0.3 1
0D 1.2 0.6 1
OE 1 0.5 2
0A OE
Mesh density
©2010 Denki Kogyo Co.,Ltd.
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STEPI1-1 Divide Mesh for the Heating Coil D

Number of elements/nodes
Heat generation (kW)

Number of elements
Number of nodes
Heating coil (kW)
Workpiece (kW)

» The difference in the heat generation of the workpiece is
minimal for different mesh densities of a ring coil.
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STEP1-2 Divide Mesh for the Workpiece D

STEP1-2: Specify the conditions .
Heat transfer boundary Workpiece

- Reference temperaturN‘ + Use temperature dependent
| magnetic/material properties

degrees Celsius Initial 204 Celsi
 Heat transfer coefficient nitial temperature egrees Celsius

10 W/mz/deng
Heating coil

* Use temperature dependent material
properties

* Specify an FEM conductor condition,
and then set the excitation to 10 kHz

Theoretical values for skin
depth at a 10 kHz frequency

1
nfouu

and 5000 A . , 5
* Mesh density mg_m i Frequency: f (Hz) :
Element size 1 mm * 2.5 times i Conductivity: 0 (1/Qm) i
Mesh modeling the skin effect 0.5 mm { Vacuum permeability:
..... Divisions of mesh modeling the skineffect2 . i Relative permeability: 4, :
The analysis is performed by changing the d=0.15 mm :

: element size, mesh modeling the skin effect, and
: divisions of mesh for the workpiece.

©2010 Denki Kogyo Co.,Ltd.
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STEP1-2 Divide Mesh for the Workpiece D

% The theoretical skin depth for the divided mesh is 0.15 mm
Mesh modeling the skin effect (mm)

E
E
3
g
=
=
=
* (O: 1 to 4 divisions for the skin depth
Cut Mesh divisions of workpiece
: * Element size 0.15 mm
‘ 0.6 mm i * Mesh modeling the skin effect 0.6 mm

T 3 ~ .- Divisions of mesh modeling the skin cffect 4

The mesh modeling the skin effect
is set to 4 divisions, but the
specified mesh is not generated

©2010 Denki Kogyo Co.,Ltd.

STEP1-2 Divide Mesh for the Workpiece D

.Q Divided mesh for the heating coil :
= i * Element size 0.1 mm
5 0.3 mm i * Mesh modeling the skin effect 0.5 mm :
E ’ ! » Divisions of mesh modeling the skin effect 2
) Size of the air region 2.5 times i
.g -------------------------------------------------------------------------------
w2
e 0.6mm
o
=
=2
m

0.9 mm

1.2 mm

0.075 mm 0.15 mm 0.3 mm 0.6 mm
Skin depth of workpiece (1 division)

©2010 Denki Kogyo Co.,Ltd.
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STEP1-2 Divide Mesh for the Workpiece D

Number of elements/nodes

Elements
Nodes

©2010 Denki Kogyo Co.,Ltd.

STEP1-2 Divide Mesh for the Workpiece D

Mesh Mesh modeling the skin effect (mm)
modeling the

skin effect

1 division

- Calculation takes a long time

Element size (mm)

Larger element size
- larger error

Heat generation of workpiece (kW)
Error (%)

‘Workpiece (kW)

Error (%)

©2010 Denki Kogyo Co.,Ltd.
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STEP1-2 Divide Mesh for the Workpiece D

» Calculation takes a long time

The error increases as the element size of the mesh

1-E1 I:> modeling the skin effect gets larger because the eddy

Mesh Mesh modeling the skin effect (mm)
m?delingthe
skin effect 0.075| 0.15 | 0.3 | 045 | 0.6
z |05 [1-AT| - | - | - | -
S o3 [1-a21-B1| - | - | -
£ | 06 |1-A3[1-B2|1-C1| - -
£ [ o9 [1-Aa[1-B3|1-c2[1-D1| -
= 1.2 |1-A5|1-B4 |1-C3 | 1-D2

3

H

i

Workpiece (kW)

Error (%)

current distribution cannot be simulated.

Error (%)

©2010 Denki Kogyo Co.,Ltd.

STEP1-2 Divide Mesh for the Workpiece
KK
Mesh Mesh modeling the skin effect (mm)
modeling the
skin effect
n eftee 0075/ 015 | 0.3 | 045 | 06 . . ;
H STEP 2 is run with an element size 2
g 0I5 1AL - - 1 = 1~ | times larger for each mesh modeling
e 0.3 |[1-A2 | 1-B1 - - - :
2 the skin effect.
E 06 |1-A3|1-B2 |1-Cil - -
§ 09 |[1-A4|1-B3 |1-C2 |1-D1 -
1.2 |1-A5[1-B4 |1-C3 |1-D2 | 1-E1
3
‘Workpiece (kW)
Error (%)
©2010 Denki Kogyo Co.,Ltd.

24 - 8



December 9-10, 2010 JMAG Users Conference 2010

STEP1-2 Divide Mesh for the Workpiece

% Investigating the number of divisions for the mesh modeling the skin effect

Mesh Mesh modeling the skin effect (mm)
deling the
skin effect

1 division 0075|015 | 03 | 045 | 06

£ | 05 | Al

£

K 0.3

: | 06

g 0.9 Divisions for mesh modeling the

= - skin effect is set between 1 and4 |
1.2 | | | |

In this research, the results were not
affected by the number of divisions

Error (%)

—->STEP 2
Examine results using a coupled
magnetic field and thermal analysis

Heat generation of workpiece (kW)

Workpiece (kW)

Error (%)

©2010 Denki Kogyo Co.,Ltd.

STEP 2 Coupled magnetic field and thermal analysis

KK
STEP 2: Specifying the conditions (frequency 10 kHz/heating time 3.0 seconds)

Heating coil
* Use temperature dependent\’

I
material properties I

* Setting the FEM conductor |
I

I

e Heat transfer boundary

* Reference temperature
20 degrees Celsius

* Heat transfer coefficient
10 W/m?/degrees Celsius

= The current value of the coil is calculated

Air region
from the actual measured value. - 5 times
6000 .

JI‘ . . Workpiece

< 4000 /I/ » Use magnetic/material

£ 2000 | properties accounting for

I I z 0 | the temperature

0 ) ’ 3 dependency

Coil current waveform Heating time (scconds) * Initial temperature 20

Coil current data

* Mesh density

: The analysis is performed by changing
Element size | mm :

: ] : the element size, mesh modeling the
M‘es'h'modehng the skin e?ffect 0.5 mm : skin effect, and divisions of the mesh
Divisions of mesh modeling the skin effect 2 ! for the workpiece

©2010 Denki Kogyo Co.,Ltd. ' ’

24 -9



December 9-10, 2010

JMAG Users Conference 2010

Element size (mm)

STEP 2 Coupled magnetic field and thermal analysis
KK
% Mesh divisions of the workpiece
Theoretical skin depth 0.15(mm)
Model name | Element size | Skin depth Divisions

Mesh modeling the skin effect (mm) 2-B1 0.3 0.15 2

3-B1 0.3 0.15 3

4-B1 0.3 0.15 4

2-C1 0.6 0.3 2

3-C1 0.6 0.3 3

4-C1 0.6 0.3 4

2-D1 0.9 0.45 2

3-D1 0.9 0.45 3

4-D1 0.9 0.45 4

2-E1 1.2 0.6 2

3-E1 1.2 0.6 3

4-E1 1.2 0.6 4

©2010 Denki Kogyo Co.,Ltd.

STEP 2 Coupled magnetic field and thermal analysis

4-B1

+ Element size 0.3 mm
+ Skin depth 0.15 mm
* Divisions 4

4-C1

* Element size 0.6 mm
» Skin depth 0.3 mm

+ Divisions 4

4-D1

+ Element size 0.9 mm
+ Skin depth 0.45 mm
* Divisions 4

4-E1l

= Element size 1.2 mm
= Skin depth 0.6 mm

= Divisions 4

©2010 Denki Kogyo Co.,Ltd.

NN AN RN AR EEEEEEEEssEsINEEEEEEEssssEEEEEEEEEERssssy

Divided mesh for the heating coil

* Element size 0.1 mm

: + Mesh modeling the skin effect 0.5 mm

i » Divisions of mesh modeling the skin effect 2
5 times the size of the air region :
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STEP 2 Coupled magnetic field and thermal analysis

1.5E+05

1.OE+05 ‘ | |

Elements (Magnetic)

Number of elements/nodes

Nodes (Magnetic)

Elements (Thermal)

Nodes (Thermal)

©2010 Denki Kogyo Co.,Ltd.

STEP 3 Size of Air region 0

STEP 3: Specifying the conditions (frequency 10 kHz/heating time 3.0 seconds)

Heat transfer boundary Workpiece
» Reference temperature\ » Use temperature dependent
20 degrees Celsius magnetic/material properties
- Heat transfer coefficient * Initial temperature 20 degrees
Celsius

10 W/mz/deW'

Heating coil
* Use temperature dependent

material properties
* Setting the FEM conductor
* The current value of the coil is
calculated from the actual measured value.

I
! * Mesh density

! Element size 0.6 mm

| Mesh modeling the skin effect
i 0.3 mm

: Divisions of mesh modeling

| the skin effect 4

I

* Mesh density  Size of air region

Element size 1 mm : + Run analyses by

Mesh modeling the skin effect 0.5 mm i changing the size to 1.05,
Divisions of mesh modeling the skin effect 2 i 2.3,4,5,and 10times

©2010 Denki Kogyo Co.,Ltd.
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STEP 3 Size of Air region

Element size of
mesh divisions at 1.05 time

©2010 Denki Kogyo Co.,Ltd.

Element size of
mesh divisions at 5 times

A

STEP 3 Size of Air region

Number of elements/nodes

1.05 times 2 times 3 times 4 times
Elements (Magnetic)
Nodes (Magnetic)

Elements (Thermal)

Nodes (Thermal)

Calculation time (minutes)

1.05 times 2 times

Calculation
Time

Total heat

generation

©2010 Denki Kogyo Co.,Ltd.

3 times 4 times 5 times

5 times 10 times
—~
g
=
2
=4
<
£
=
£
<
=
-
3
<
=
=
£
=]
=
10 times
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Comparing the Actual Results and Analysis Results

Specifying the conditions (frequency 10 kHz/heating time 3.0 seconds)

Workpiece
Heat transfer boundary

2

1

* Reference temperature\'
0 degrees Celsius

» Heat transfer coefficient

0 W/mZ/deng'

Heating coil
* Use temperature dependent

material properties

» Setting the FEM conductor
* The current value of the coil is

calculated from the actual measured value. |

* Mesh density

Element size Imm

Air region

* 5 times

Mesh modeling the skin effect 0.5 mm
Divisions of mesh modeling the skin effect 2

©2010 Denki Kogyo Co.,Ltd.

* Initial temperature 20 degrees

* Mesh divisions (1) (4-B1)

* Mesh divisions (2) (4-C1)

Use temperature dependent
magnetic/material properties

Celsius

Element size 0.3 mm

Mesh modeling the skin
effect 0.15 mm

Divisions of mesh modeling
the skin effect 4

Element size 0.6 mm

Mesh modeling the skin
effect 0.3 mm

Divisions of mesh modeling
the skin effect 4

Position temperature

Comparing the Actual Results and Analysis Results

A

Mesh
modeling the
skin effect

1 division

Mesh

deling the skin effect (mm)

0.075 | 0.15

0.3

0.45

0.6

Element size (mm)

0.15

0.3

4-B1

0.8

0.9

1.2

1s measured

50

Temperature (degrees Celsius

q

Coil

| Film

©2010 Denki Kogyo Co.,Ltd.

Measured

Heating time (seconds)
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Reducing the Analysis Time

% Examination of the workpiece divisions

Heat transfer boundary

* Reference temperature
20 degrees Celsius

* Heat transfer coefficient
10 W/m?/degrees Celsius

Heating coil

- Use temperatuN‘
dependent material properties

* Set the FEM conductor

* The current value of the coil is

calculated from the actual
measured value.

Element size 1 mm

* Mesh density
: Thickness of dense mesh

4 EK
Workpiece

Use temperature dependent
magnetic/material properties

* Initial temperature 20 degrees
Celsius

* Dense mesh divisions
Element size 0.6 mm
Mesh modeling the skin effect
0.3 mm
Divisions of mesh modeling
the skin effect 4

* Coarse mesh divisions
Not specified

Mesh modeling the skin effect 5 times the size

: *Run the analysis changing the
i density to 1.25, 2.5 (optimal
depth), 5, 7.5, and 9 mm

0.5 mm of the air region
Divisions of mesh modeling the
skin effect 2 ©2010 Denki Kogyo Co.Ltd.

Reducing the Analysis Time

Number of elements/nodes

1.25 2.5
Elements (Magnetic)
Nodes (Magnetic)

Elements (Thermal)

Nodes (Thermal)

No difference for the
5 degree model

—_—

50

|| /

Thickness of The mesh automatically
dense mesh  becomes finer toward the
center of the features.

Calculation time (minutes)

Calculation
Time

Total heat
generation

©2010 Denki Kogyo Co.,Ltd.

The entire model needs to be
examined

All dense

Heat generation (W)

All dense
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Conclusion D

1. The analysis accuracy is maintained by having a thickness of mesh
modeling the skin effect 2 times the theoretical skin depth, 2 divisions, and
an element size of 2 times the mesh modeling the skin effect.

2. The mesh modeling the skin effect affects the analysis accuracy minimally
even if the number of divisions is higher than 2.

3. The air region should be set to more than 3 times the size of the model.

4. The analysis results using the mesh divisions described in (1) can analyze
the induction heating with a -1.6% accuracy when compared to the actual
maximum temperature that is measured.

5. The mesh density will be further investigated in the future because
advantages of methods for establishing the density of mesh for the
workpiece in this model could not be determined.

©2010 Denki Kogyo Co.,Ltd.
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