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Abstract :

Simple characteristics such as a dense mesh and large scale analysis models are
required to handle phenomena caused by eddy currents on the heated bodies in
induction heating analyses. An analysis environment is finally available because of the
higher performance machines that are offered in recent years. However, work preparing
analyses, such as measuring the material properties and current value of the heating
coil, is necessary to run the analysis. Furthermore, many users have said they are
unsure how to evaluate results when comparing the analysis results and actual results.
This presentation proposes a flow for modeling and evaluating induction heating from
qualitative to quantitative evaluation.
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1. Preface

B n recent years, analyses in fields requiring large scale models, such as induction
heating, are being used more as the speed of calculation machines increase.
Furthermore, the evaluation of results is also moving from qualitative evaluation
to accurate evaluation. Therefore, this year's users conference introduces the
effects of magnetic characteristics on analysis accuracy.

B While the demand for higher accuracy and more complicated models grow, the
scale of a model that can be used is still limited by the same constraints of the

calculation machine as before.

B Cases which the final results are difficult to obtain only occur now occasionally
because, even if a large scale model is created inadvertently, the analysis time
simply increases.

B This session introduces the present trends and challenges of analyzing heating
with motion in JMAG. The combination of accuracy and calculation time can be
considered as guidelines. Furthermore, information about how to evaluate results

will be provided.
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1.1 Applied Field of Induction Heating

JMAG can be used in a variety of fields from product development to design.

r surfaces for metal parts
heating of metal sheets

coil design of cooking
etc

#rtaxt JSOL
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1.2 Structure of Induction Heating Analysis

Thermal Analysis
Physical properties change
by rising temperatures
The coil is excited
Maxwell's
equations Temperature rises at
Magnetic flux is the center of heating
: produced
Work .
oripiece Heat conduction
equation
ma%netig flux are Joule loss acts as the
roduce
P heat source Specific heat
Joule loss occurs Thermal conductivity
where the eddy Density
currents are
produced

1.Correctly model the flow/
1.Correctly Displacement dissipation of heat

of workpiece 2.Correctly handle variations in
temperature distribution

#a JSOL

2.Correctly handle
are produced

eddy currents
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1.2 Evaluation Items for Induction Heating Analyses

The fundamental characteristics and temperature distribution of induction heating can
be evaluated.

[ Surface ) ( )
temperature Leakage magnetic field
__ distribution ) L )
e . A e N
Interior
Magnetic
temperature .
distributi flux density
__ distribution ) L )
e A e ™
Speed the Inductance
temperature rises
J N\ J
e A\ e ™
Heat. generation Efficiency
density
N\ J - J
e A e N
Current density n
distribution Electromagnetic force
. Y . Y
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2. Handling Motion

B Presently, motion of heated bodies can be handled as follows:

Motion Simulating motion Generating mesh

Rotation  :eeeeseeees .Displacement Patch mesh
., <Update the coordinates

*
LR
(33
»

K . No displacement

Translation «<s«s«se-:-: . Slide mesh
Move the temperature distribution

Generate the mesh in

Stationary ! :
the air region before
the analysis
E=-3
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2.1 Motion With and Without Displacement

EMotion with displacement is simulating motion by changing the coordinates of
the analysis model.
EMotion without displacement is simulating relative motion by fixing the

coordinates and moving the temperature distribution.

Motion without displacement can only be used when the cross-section in the
displacement direction is uniform.

The temperature distribution expands while rotating

20°C 100°C
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Motion with displacement

Motion without displacement
Motion is simulated by the relative
Motion is simulated by moving
coordinates of nodes

motion of the temperature

Initial Stage

distribution without moving the
node coordinates.
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2.2 Patch Mesh and Slide Mesh

B Patch mesh is mesh that is regenerated at each motion position.
B Slide mesh is a mesh generated by equally dividing elements in the rotation
motion direction of the gap.

Can only be used when the gap is cylindrical for rotation motion

Can only used when the gap is horizontal for translation motion
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Patch mesh

: o Slide mesh
The mesh in the air region is

generated for each step during

the analysis.

The gap and air region around
Copyright © 2010 JSOL Corp. All Rights Reserved

the gap is modeled cylindrically.
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2.3 Rotation Motion

<

S

S

S

JMAG

Hole

S

Heated body Cylindrical | Not cylindrical Not cylindrical Not cylindrical | Not cylindrical
Cross-section in Uniform Not uniform Not uniform Uniform Not uniform

circumferential direction

Gap geometry Cylindrical Cylindrical Cylindrical Complex Complex
1. Axisymmetric © X X © X
Enalqglaisplacement (0] X X (0] X
3. Slide mesh ™ o] ) O X X
4. Patch mesh ™2 o] ] o O O

*1) Slide mesh is a feature to generate uniform mesh in the gap before the calculation.
*2) Patch mesh is a feature to regenerate mesh at each position of displacement during the analysis.
Patch mesh is specified by selecting the [Subdivide Automatically] check box. Induction heating

analyses use the Semi Auto Mesh feature.
Note) The features indicated are for IMAG-Designer Ver. 10.3

Copyright © 2010 JSOL Corp. All Rights Reserved
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2.4 Translation Motion

JMAG

Hole

Heated body Cylindrical Not cylindrical Not cylindrical | Not cylindrical | Not cylindrical
Cross-section in Uniform Not uniform Not uniform Uniform Not uniform
circumferential direction
Cross-section in axial Uniform Uniform Not uniform Not uniform Not uniform
direction
Gap geometry Cylindrical Cylindrical Cylindrical Complex Complex
1. Axisymmetric © X X © X
a.nalwglaisplacement (@) O X x X
3. Slide mesh X X X X X
4. Patch mesh (0] O (0] (0] (0]

Note) Translation slide mesh currently only supports a horizontal gap with a single mover.
Note) The features indicated are for IMAG-Designer Ver. 10.3

Copyright © 2010 JSOL Corp. All Rights Reserved
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2.5 Model Scale and Analysis Time
B Caution should be used when creating a model that has almost the same
calculation accuracy (heat generation) because the number of elements in the gap
increases if the slide mesh option is used.
B The slide mesh option is difficult to use in induction heating problems from a
calculation time perspective.
B0 g
1 Elements
s o7 —— Calculation time | 17
= 40t —
g ; 16,
S :
£ 30t 15 &
:
: 5 142
;g 20 t {3 g
. . Z 15
Generate uniform mesh every 5 degrees in the “ 1,7
circumferential direction. (Element size 0.86 mm) 10 i 1
. | 1
Set the air region to 5 times the model length o o
The heat generation he almost the same if the mesh No displacement 7 Cir;}ff;emial 7 ci@i}ffircmial
for the heated body is uniform and an adequate size (P amh{;zcsj;;z)a'm"s‘ s e ons
is used for the air region
-
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2.5 Example of a Slide Mesh Model

B There are more elements than necessary because the mesh is generated equally in
the circumferential direction between the mover and stator when slide mesh is

used.

D @
/

Generates a cylindrical air region around the heated body

#=24t JSOL
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2.5 Example of a Mesh model without Displacement

B The size/element size of the air region set around the heated body and coil should fill in
the mesh model without displacement. The number of elements stays within a reasonable
range because the equivalent of the analysis model is divided finely differing from the
slide mesh option.

Mesh divisions for the
cross-section of the heated body

Copyright © 2010 JSOL Corp. All Rights Reserved
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Heating coil
4th

1st

3rd

2nd

A
v

20
The temperature of the heated body
is measured by exciting the heating
coil with a 50 kHz current. The
rotation speed is set to 1 rps, and
then the relationship between the
rotation anagle for each step and the
analysis accuracy is confirmed.

The evaluation points of the
temperature progression were
measured at the four fixed
coordinates above.

JMAG

2.6 Motion without displacement

B Investigating the relationship between the rotation angle to specify for each
analysis step and the calculation accuracy

X

1/4 rotation

i

Heat generation density distribution
In this analysis, the heat 1/2 rotation
generation density distribution
is constant and the [Virtual
Movement] check box is
selected in the motion
condition of the thermal
analysis.

N

3/4 rotation

Variation of temperature
distribution for 1 rotation per step 1 rotation

Copyright © 2010 JSOL Corp. All Rights Reserved
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2.6 Motion Without Displacement
B The calculation accuracy worsens as the amount of rotation increases if 1 rotation
per step is positive Approximately 5 rotations are estimated in this example
250
—o— st = @ T 200
- t Z
Er-ld ) O e s e S S 10/ g 150
) E 2
—i—3rd | T e b 5 3
3 g. g 100
——dth g & £
E.‘ 50
[2 EQ o
Q 02 04 08 08 1 Q 0z 04 08 08 1
’ o o2 04 08 08 1 Time (sec) ,  Time (sec) .
Time (sec) 2.5 rotations per analysis step 10 rotations per analysis step
1 rotation per analysis ste 50 250
P Y P M"MWM
B T T B o0 Tt
An approximate resolution in the direction g %“ [ __________________________
of motion that can simulate the expanding E e g ™ /
heat generation and temperature g 100 E o
distribution is required if "virtual £ g / f /KHHH
movement" is used. T T A
Red dotted line indicates the temperature °, 0;2 0:4 0:6 O;B ] ‘. OiQ Oi . Oie Oiﬁ ;
after half a rotation for the 1st evaluation Time (sec) Time (sec)
point when rotating 1 rotation per analysis 5 rotations per analysis step 20 rotations per analysis step
step.
-
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2.7 Translation Motion
B Determining the analysis space

1. Confirm the saturation of magnetic flux in a
magnetic field analysis, and then determine the range
of modeling. The validity is confirmed by the amount
of heat generation, etc.

Flux lines for a model with a length of 40 mm

2. The heated body is modeled including the above N
range of modeling, and a translation periodic
boundary is set.

3. An axisymmetric boundary or virtual movement is

used if possible to reduce the calculation time.
600

500 [oongomerdeoneooed AN H—
400

200 [ s ST S

Heat generation (W)

200 fo-oeeee- oo g oo

TR E— S S

20 200 200 400 . i
D Flux lines for a model with a length of 100 mm|
Length (mm)
In this example, a model that has a length of 100 mm handles the saturation
of magnetic flux and maintains a small model scale.
Copyright © 2010 JSOL Corp. All Rights Reserved http:/lwww.jmag-international.com/ **it%*IJSOL
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3.2 Evaluating Results

BEWhat do I do when there is 'a discrepancy between the measured and analysis results?

What is related to the physical quantity A "Physical quantity A
with discrepancy
What is the discrepancy? v
» Itis a little small/ large. Setting X —— Physical quantity B
* The digits are wrong. Physical Physical
* The size of the time variations is wrong. quantity C1 quantity C2
The priority of items to check changes by v v
the degree of discrepancy : .
Physical quantity b
What physical quantity B does physical quantity A occur? Physical Phys‘ical
What are the settings X handling physical quantity B? (JMAG) quantity cl quanfity’c?
What is the physical quantity C confirming the validity of physical v v
quantity C?

The modeling of physical phenomena causing the discrepancy may be missing depending on the analysis.

k=24t JSOL

Copyright © 2010 JSOL Corp. All Rights Reserved http://www.jmag-international.com/

: JMAG
3. Evaluating Results

Causal relation

Voltage Physical quantities to confirm when questioning
Qs rosistance the analysis results

Induced voltage - Inductance

I

Frequency I

|

‘ Thermal conductivity H Radiation ‘

y

Coil current

»( Magnetic flux

Joule loss v
Eddy current v Temperature
> . y. . = (heat source) 4 distribution
distribution
’ Magnetic properties (HB-curve) ‘ Specific heat ‘ ‘ Thermal conductivity

’ Electric properties ‘ \ <

#a JSOL
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3.1 Case 1 (Evaluating Results)

B Case 1: The temperature is much lower

than the actual temperature —> Cause: The heat generation is too low

K _o—o0— Actual Temperature
O
5 .
%.o |_——Analysis
E W l? w
g
g Y Current (I) of the
heating coil
Eg Time (sec) £

The heat generation (Joule loss) is not obtained correctly if the temperature in the analysis results is
calculated extremely low for the amount of time of heating. The heat generation is proportional to 2
times the current and frequency of the coil. Special attention should be paid to whether the current of
the heating coil is specified correctly.

The following items should be compared when confirming the validity of results:
1. Input power (product of current and voltage)
2. Output power (heat generation of heated body: Joule loss)

3. Estimated necessary power for approximation from the size of the heated region and heatir§ time

OL

R EL
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3.1 Case 1 (Supplementary Information)

B Confirming the validity of the input and output power
Approximately estimating the necessary power

» What is the necessary output power (P, to raise the temperature from 20 to 900 degrees Celsius
when heating the side of a workpiece that has cylindrical geometry?

Center axis of cylinder pC 8_T _v. (kVT) _ Q ~0 Density 0 (kg/m?)
ot Specific heat C(J/kg°C)

Q _ ,OC 90020 Thermal conductivity k(W/m°C)
10 Heat generation density Q(W/m?)

v =(R*-(R-D) )L
Heating coil P =0

Range L

Depth D

Radius of the heated body R

— The settings of the analysis model need to be re-evaluated if the digits are different when
comparing the input and output power from the calculation results in JMAG and the values
estimated above.

et JSOL
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B Determining the cause of discrepancies from the actual measurements is difficult if an
analysis uses a voltage source.

3.1 Case 1 (Determining Causes of Discrepancies)

B This is because the magnetic and electric properties largely change with raising temperatures
and the inductance largely varies.

B First, the analysis is confirmed from the validity of the current (input power) by running
an analysis using a current source.

Causal relation

w ‘ Thermal conductivity H Radiation H Cooling
w ' > w
Joule loss T
il emperature
— w — (heat source) I distribution

’ Magnetic properties (HB-curve) ‘

‘ Specific heat ‘ ‘ Thermal conductivity ‘

’ Electric properties ‘\ D a—

t=24t JSOL
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3.2 Case 2 (Evaluating Results)

B Case 2: The time to reach the

) —> Cause: A problem related to heat transfer
final temperature differs

Heat generation

Analysis

Heat transfer?

. § Actual

Current of heating coil

Time (sec)

Temperature (degrees Celsius)

A problem that is not caused by the total heat generation of physical properties may be the problem if
the final temperature and the actual measurements as well as the speed of temperature rise match.

The following items should be compared when confirming the validity of results:

1. A problem preventing the temperature from rising for the initial time interval in the
prototype/measuring environment may be the cause

2. A problem limiting the heat generation at the measuring point may be the cause.
Confirm the motion condition settings to displace the heat generation areas

#=24t JSOL
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3.3 Case 3 (Evaluating Results)

B Case 3: The analysis under calculates  —, Cause: The heat generation is

the final temperature a little low.
There are many reasons the heat generation is a little low, such as
those that follow:
[ 1. Generating the heat is difficult because the electric
Actual _ conductivity is set higher than the actual conductivity.
Analysis

2. The current of the heating coil is slightly smaller than the
actual current.

3. The frequency is slightly lower than actual frequency.

s 4. The eddy currents on the surface of the heated body is not

Temperature (degrees Celsius)

Time (sec) simulated because the mesh modeling the skin effect has not been
generated.
Properties Mesh 5. The magnetic flux is reduced by magnetic resistance because
N / modeling some of the mesh in the magnetic is too coarse.
Error 6. The air region is less than 5 times the analysis model trapping
Current settings™ I~ the magnetic flux in this area.

Analysis space 7.The prototype includes magnetic properties, such as jigs, that

Machine structure are not taken into account in the analysis.
8. Other o
Copyright © 2010 JSOL Corp. All Rights Reserved http://lwww.jmag-international.com/ ﬁﬂﬂ*j: SOL
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3.4 Case 4 (Evaluating Results)

B Case 4: The final temperature is almost the same, C=> Cause: Is it the physical
but the raising speed differs properties?

If the final temperature equals the measured temperature,
the total heat generation (magnetic field analysis results)
are probably correct.

Actual Analysis

The specific heat and thermal conductivity as well as the
density settings should be confirmed If the heat generation
is correct because a problem exists in the heat transfer.

Temperature (degrees Celsius)

Time (sec) Joule loss Temperature
(heat source) I distribution

Specific heat | | Thermal conductivity

\Y% -(kVT)— 0=0 Density

et JSOL
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3.5 Case 5 (Evaluating Results)

B Case 5 A jump occurs in the analysis results when the curie point is exceeded.

A\ Cause: Relative permeability/constant

[ Analysis voltage that is used.
A sudden jump appears around the point the curie point is exceeded
for an induction analysis using simple settings for the temperature
Actual dependent relative permeability in the magnetization properties. The
areas generating heat in the heated body has a sudden variation
because the magnetic saturation is not taken into account if the
relative permeability is used.

R Results are obtained for an extremely large f the analysis is run with
a constant power voltage because a large reduction of the inductance

Temperature (degrees Celsius)

Tim . o ) )
€ (sec) occur after exceeding the curie point. Therefore, a large jump in
temperature
Example of a temperature
o/ jump at the center of the coil's
surface
Sample model Temperature distribution Time (sec)
-
Copyright © 2010 JSOL Corp. All Rights Reserved http://www.jmag-international.coml ﬁﬂE*I]SOL
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3.6 Pointers for Induction Heating Models

EModeling the heated body
Material properties
»The correct settings for material properties accounting for their temperature within range.
@ Nonlinear magnetization properties < Affects of magnetic saturation and flow of magnetic flux

@ Electric properties (conductivity/resistivity) € Using heat generation areas and total heat generation
@ Specific heat C € Using speed of temperature rise oT

@ Density 0 € Using speed of temperature rise pC — V.- (kVT) — Q =0

@ Thermal conductivity € Define the temperature distribution

Mesh modeling

»Mesh modeling the skin effect is generated focusing around the range of heating based on
the estimated depth of heating and the range.

»The highest heat generated on the surface of the metal just after heating has a slope, but the
areas generating heat change to the surrounding areas as the heating time progresses.
Therefore, a finer mesh needs to be generated in the areas around the heating depth

» Generate finer mesh following the magnetic circuit the magnetic flux flows

Heating with motion

» As described earlier, use caution simulating the motion and maintaining accuracy

21 ]SO
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3.6 Pointers for Induction Heating Models

L S e '1- T
e e e Tt e e e i

B Modeling the heating coil
B Material properties

B Simply enter characteristics
such as copper

B A constant value can be used for

! sy

e =
Pl A Vv A

LT
=

i
' =]
NN

temperatures that don't rise such ATeviv
. = A Eddy current
as cooling “aﬁag;aaEiJE‘gi‘ 14y cutt
et et distribution
: %y o 1=
B Mesh modeling A e
e

B Mesh modeling the skin effect is generated
because the heating coil produces eddy Mesh cross-section
currents in areas of the heated body near the heated coil.  for copper heating coil

B Evaluate the current distribution using the (Mesh modeling the skin effect is
FEM conductor condition only generated in the necessary areas)
B Excitation condition
B Specify the current and frequency flowing in the actual heating coil.
B These settings need to be set carefully because they affect the heating temperature and accuracy.

B The amplitude is specified for the current rather than the absolute value in JIMAG.

k=24t JSOL
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3.6 Pointers for Induction Heating Models

B Modeling around the heating equipment
Magnetic properties need to be modeled if parts have magnetic properties.
»The magnetic flux intensifies if there are magnetic materials in the magnetic circuit
produced by the heating coil.
»However, the increased magnetic flux is only several percent in cases that have a large
portion of the magnetic circuit that is air.
The air region should be generated at 5 times the size of the model.

»The air region is determined by the range of the magnetic flux saturation. The
magnetic flux is weakened if the air region is small because the magnetic flux is
trapped in that area. Be aware that he heat generation is reduced 10% if the default

value of 2.5 times the length of the model is used in JIMAG.

A
I Y
% An air region 5 to 10 times
2 the model is sufficient
=
v
2.5 5.0

Size of air region

Confirm the size of the air region using the Joule loss produced in the heated body by exciting the heating coil.

#a JSOL
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Engineering and Technology Division JSOL Corporation

ETokyo
Harumi Center Bldg., 7F, 2-5-24 Harumi, Chuo-ku, Tokyo, 104-0053, Japan
TEL:03-5859-6020 FAX:03-5859-6035

M(Osaka
Tosabori Daibiru Bldg. 2-2-4 Tosabori, Nishi-ku, Osaka 550-0001,Japan
TEL:052-202-8181 FAX:052-202-8172

BNagoya
Marunouchi KS Building 17F 2-18-25 Marunouchi, Naka-ku, Nagoya, 460-0002, Japan
TEL:06-4803-5820 FAX:06-6225-3517

E-mail : cae-info@sci.jsol.co.jp
URL : http://www.jmag-international.com/

*JMAG is the registered trademark of the JSOL Corporation
*The products and services referred to throughout this document are the trademarks or registered trademarks held by the copyright owners.
*No part of this document may be duplicated or distributed without the prior approval of the JSOL Corporation.

*The contents in this document are current as of November, 2009. The information in this document is subject to change without notice.
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