Fortgeschrittene multiphysikalische Simulation
mit System Coupling

Fokus auf Elektrisch-Thermisch

René Fuger, CADFEM (Austria) GmbH
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Motivation CADFEM

Multiphysics simulation allows engineers and designers to design and create virtual
prototypes of their products operating under real-world conditions where the interactions
between fluid dynamics, structural mechanics, and electromagnetics are key.

Multiphysics simulations are becoming increasingly important in modern industrial
Computer-Aided Engineering (CAE) Applications.

Due to the interactions between more than one physics disciplines, multiphysics problems
such as those encountered for example in aerospace, biomedical, civil, and car engineering
domains tend to be extremely challenging to simulate.

Complex problems in such industries involve physics (corresponding to different spatial as
well as temporal scales) from multiple disciplines such as electrical, electromagnetics and

fluid-mechanical.



Agenda CADFEM

Single Solver Architectures

Multiphysics within
Single Solver Solutions
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Multiphysics Workflows

Single Solver Solutions

« Multiphysics Methods

 Ansys System Coupling
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Field Mapping

« Example: Electric Motor Steady-State
(Maxwell-Fluent Coupling)

Two-Way Coupling

« Example: Inducting Heating of a H-Beam
(Maxwell-Mechanical Coupling)




Multiphysics Methods

CADFEM

There are primarily two different approaches that researchers have adopted to conduct
multiphysics simulations: monolithic and partitioned.

Multiphysics within
Single Solver Solutions
(monolithic)

Equations concerning all
physics involved in a problem
are solved together as a
single matrix system

Multiphysics Workflows
(partitioned)

Separate equations are
solved within different single-
physics software and coupled

with a suitable mapping

method.
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Multiphysics Methods

CADFEM

There are primarily two different approaches that researchers have adopted to conduct
multiphysics simulations: monolithic and partitioned.
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Multiphysics within
Single Solver Solutions
(monolithic)

Equations concerning all
physics involved in a problem
are solved together as a
single matrix system

Multiphysics Workflows
(partitioned)

System Coupling

Separate equations are
solved within different single-
physics software and coupled

with a suitable mapping

method.




Multiphysics Workflows

Integrate single solver solutions, 3rd party software or
experimental data, for high fidelity simulations

Data transfer: Transfer and map data from experiments
and other software packages for initial or boundary
conditions

One-way couplings: Automatic results transfer for
when one physics solution is dependent on another

Two-way couplings: Tight integration for when different
physics solutions heavily impact each other

CADFEM

Single Solver Architectures

Single Solver Solutions

Multiphysics within
Single Solver Solutions
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Multiphysics Workflows

Data Transfer

Field Mapping

Two-Way Coupling




Ansys Multiphysics CADFEM

V‘f Electromagnetic Cooling, ((( )))
Thermal Effects and magneto-fluid dynamics

Fluids Electronics

Structures
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Ansys Multiphysics

vw Electromagnetic Cooling, ((( )))
Thermal Effects and magneto-fluid dynamics
Fluids

Electronics

CADFEM

System Coupling

Structures



Ansys Multiphysics CADFEM

Maxwell 3D
¢ / : Transient
Electromagnetic Cooling,
V Thermal Effects and magneto-fluid dynamics Maxwe." 2D
Fluids Transient
Maxwell 3D
System Coupling Eddy Current

Structures



Ansys Multiphysics CADFEM

Fluent 3D Maxwell 3D
i Transient
Transient Electromagnetic Cooling, Maxwell 2D
Thermal Effects and magneto-fluid dynamics _
Fluent 3D Transient
Steady -
Maxwell 3D
System Coupling Eddy Current
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Ansys Multiphysics

CADFEM
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System Coupling Overview CADFEM

A Framework to Couple ANSYS Tools

System Coupling extend capabilities for coupling

- - - r 1
* Dissimilar mesh Fluent 3D
. . t
 Multiple time-scales Maxwell 3D | Steady
Eddy Current
° (oY) ( )
Scalable E T
) - o o
HPC-capable e 5 | Transient |
« Cross-platform Transient =
g [Mechanical]
(72
Maxwell 3D A 3D Steady
Transient
Mechanical
3D Transient




System Coupling Overview

System Coupling can integrate multiple individual
analyses, enabling you to leverage different physics
solvers and/or static external data sources in a single
multiphysics simulation.

System Coupling can be performed using:

» the System Coupling graphical user interface (GUI)

» the System Coupling command-line interface (CLI), or
* within ANSYS Workbench (WB).

System Coupling manages the execution of simulations
between coupling participants, which are the applications
or data sources that send and/or receive data in a
coupled analysis.

CADFEM



System Coupling Overview CADFEM

« System Coupling can integrate multiple individual
analyses, enabling you to leverage different physics
solvers and/or static external data sources in a single
multiphysics simulation.

« System Coupling can be performed using: :
« the System Coupling graphical user interface (GUI) ==l =
» the System Coupling command-line interface (CLI), or T
* within ANSYS Workbench (WB).

« System Coupling manages the execution of simulations
between coupling participants, which are the applications
or data sources that send and/or receive data in a
coupled analysis.
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Steps of a System Coupling Analysis CADFEM

1. Set up the physics for coupling participants

For each participant, set up data transfer variables and regions to be coupled, \s‘; Structures((( )))
as well as coupling-related settings that enable a coupled analysis.

2. Set up System Coupling
Set up the System Coupling part of the analysis, specifying analysis settings

Fluids Electronics

and defining data transfers. S

3. Run the coupled analysis —

Run the coupled analysis by starting System Coupling and each of the
participant solvers.

4. During the coupled analysis

ggggggggggg
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«  Monitor solution progress

nnnnnnnnnnnnnnn
aaaaaaaaaaaaaaa

Stop and resume the analysis ’ e

5. After the coupled analysis

« Extend and restart the analysis

555555555555555

» Debug your coupled analysis

zzzzzzzzzzzzzzz

6. Review the analysis output
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System Coupling Settings CADFEM

« Analysis settings

Define the type of analysis and controls for the initialization, duration, and steps of the analysis.
« Solution settings

Define analysis-level solution controls, such as simultaneous execution of participant solutions.
« Execution control settings

Define details about the execution of the coupled analysis.
« OQutput control settings

Define the frequency with which coupling output (specifically, restart points) is generated.
« Participant settings

Define a name for each participant, regions from and to which data can be transferred, the input and output
data transfer variables available for each region, and the frequency with which the participant is updated.

- Data transfer settings

Define a source and a target for each data transfer. Both source and target are defined by a coupling
participant, along with a region and variable defined for that participant. Additional data transfer settings
control how specified data transfers are executed. These can include convergence target, relaxation
factor, ramping, and Quasi-Newton solution stabilization options.

 Expert settings
Provide additional controls for the coupled analysis.



Coupling Interfaces and Data Transfers CADFEM

Coupling Interfaces

A coupling interface defines two sets of regions, each set belonging to one participant, between which
data can be transferred during the coupled analysis. A single coupling interface encompasses all
transfers in either direction between a given set of regions on the two sides of the interface.

Interfaces support two-way data transfers, so a given participant can be both a source and a target in
the same interface. Because of this, both the interface sides and their associated participants and
regions are referred to as "side One" and "side Two," instead of "source" and "target.”

Data Transfers

A data transfer is the transfer of a single quantity type in one direction between the two sides of the
interface.

Because data transfers go in only one direction, associated participants and regions may still be
referred to as "source" and "target" when discussed in relation to a data transfer.




Electric Motor

Task:

A steady electromagnetic-thermal co-simulation
of a permanent magnet electric motor.

®
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Electric Motor CADFEM

« Machine Type: Internal Permanent Magnet Machine

Rotor e—
« Maxwell 2D Design Shatt ——>
» It can be assumed a uniform power-loss distribution
along the axial direction. i—»
X

* Reduce Maxwell's computation time by simulating only
an axial slice.

* Fluent 3D Design

* Fluent simulates the thermal coupling between the rotor
and stator components. The rotor and stator are
separated by two air-like solid zones.
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Coupled Simulation Process CADFEM

Physics
« Electro-magnetic and CHT coupled physics

Time Scales

« Maxwell performs a 2D transient electromagnetic solution. The solution values
sent to System Coupling are time-averaged over the duration of the co-simulation.

« Fluent performs a 3D steady thermal solution. Based on this, the co-simulation
also has a steady analysis type.

Data Transfer

« System Coupling coordinates the simultaneous execution of their solvers and the
data transfers between them.

« Data are transferred between planar surface (Maxwell) and volume (Fluent)
topologies.




Physics

Maxwell
» Transient Solver

* Movement of the rotor

+ (Power supply wave form)
* Materials

* Temperature dependent
properties

« Data transfer
* Import temperature
* Export average losses
« System Coupling Setup
* Averaging time period

«Include Temperature Dependence» and
«Enable Feedback» should be turned on

Average Losses

©)

Electronics

~

Fluids

Temperature

CADFEM

Fluent

« Steady-state
« Temperature (Solving Energy

Equations)
+ (Flow)
» Materials
» Temperature dependent
properties

« Data transfer
* Import heat rate
« Export temperature

Temperature dependent properties (permeability, el. conductivity, magnetic coercivity, core losses)

© CADFEM 2021
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Data Transfer | CADFEM

Several electromagnetic and
thermal simulations are
performed until the quantities

converge. N
[ Maxwell } \\ >
. <
o (Transient) @ x -
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. Iteration —
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Data Transfer

Several electromagnetic and
thermal simulations are
performed until the quantities
converge.

Maxwell :
[ (Transient) }

lteration

e

o Teroertae (e e [ v]

X -

Temperature

B &NSYS Electrerics Deskop. B Flid Flow (Fluert)
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Maxwell

CADFEM

2) Defining the Materials

/

1) Setting up the
electromagnetic analysis

3) Add system coupling

System Coupling Setup

[~ Cont:
Setup: E
Start tme: sms -
End time: | 10ms. A
- Quantities:
Quantity [ Type [ indude | Settings [ |
! | Temperature Input ~ Object temperature
2 |System Coupling Time  Input. r
2 |Loss Output 2

System coupling configuration files wil be generated when OK is pressed.

{1 ANSYS Electronics Desktop 2021 R1 - ElectricMotor2 - 2D_Transient - 3D Modeler - [ElectricMotor - 20_Transient - Modeler] - ul X
W7 File Edit View Project Draw Modeler Maxwell2D Tools Window Help - 8 X
I I 4 Cut 9 Undo | Select Object - % [@ 4 Pan @, Fit an = O\ 9 MiMove | fpp | (@ Unite  [m-Split | 3] | {3 Fillet 8- - E@Measure | Hf Grid @ Model b
S3copy (MRedo | (@SelectbyName | % B uRotate | @ Fit selected | @ 1, » | gFrotate | {{F | [ subtract @@ mprint | &) | £ chamfer | =>-| L | cmRuler InPlane ~ O [ vecwum -
Save Zoom )
[ Paste < Delete ® - [ orient - @ & | g Mirror | fly | (@ Intersect = | B - units ™ B material
Desktop  View | Draw | Model  Simulation  Results  Automation  Ansys Minera en
Project Manager 2 x i 5-gh Model
Electriclotor2* £ B3 Sheets
-] 2D_Transient (Transient, X¥)* &F copper
& 30 Components ¥ M19_26G_Te
i Model &F Ns21
P Boundaries AF steel_stainless
4 Excitations & vacuum
& Parameters l2. Coordinate Systems
B Mesh BB Planes
&P Analysis 99 Points
[EA Optimetrics & Lists
W\ systemCouplingSetup1
/‘ Results
T Field Overlays
-(Z0 Definitions
Properties 2 x
e 7 Temperature of Objects X
Name: SystemCoul
Enabled ¥ Include Temperatue Dependence ¥ Enable Feedback
SaveFields -
7 ObiectName | Material | Tempeiatuie Dependent | Temperatue | Unit | A
Band vacuum [m]
Duct vauum [F]
wen N5211 ~ 20 cel
/ aonet? Ns211 [l ] cel
- Phase, copper [m]
Phase_7 copper ]
PhaseB copper [m]
Phasefi comner — hd
_OM: Select By Name: Select
Temperat 2 ] - Set Set Defaull
Message Manager e - & S 7 x i Progress 2 x
D ElectrichMotor2_20_Transient_SystemCouplingSetupl.py

D ElectricMotor2_20_Transient_SystemCouplingSetupl.scp

Ok Gancel

Ready

[ Hide 0 Messages |[— Hide Progress
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luent

1) Setting up the

electromagnetic analysis

2) Export SCD File

n ElectricMotorSteadyStationary-0.cas Parallel Fluent@WIE-REF-LAP-18.cadfem-gmbh.cac

File
Read D
Write 4
Import ’
Export 4

Export to CFD-Post..

Table File Manager...
Solution Files...

Interpolate...

FSI Mapping 4

Save Picture...

Data File Quantities...

Phy: User-Defined

Yy Graphics
© ughts...

I : Colormap...

t . ¥ Lighting
% Automatic

Solution Data...

Particle History Data...

_" Annotate...

System Coupling.. *
» Write SCP File...

Auto-write SCP File...

During Calculation
p—————
ernal (wall, id:% | Mesh
ernal (wall, id= ]
[ Scale... ” Check

aft-rotor-shaft

aft-rotor-shaft [ Display.. |[ units..

aft-rotor-shaft

7, compos

&

CADFEM

2] Dynamic Mesh
[5] Reference Values
+) 17, Reference Frames
f+ Named Expressions
-/ Solution

¢ Absolute
Relative

® Pressure-Based
Density-Based

° Time
"5 Methods
Controls & Steady
%] Report Definitions Transient
+) @ Monitors
@ Cell Registers
£ Initialization Gravity

+) # Calculation Activities
© Run Calculation
+ Results
+ Parameters & Customization
- Simulation Reports
[ Report Outline

| | ElectricMotorSteadyStationary.cas.h3
|=| ElectricMotorSteadyStationary.scp

O separate . g Deactivate... '} Replace Mesh...

<

B Erectric y-O.cas Parallel
Domain User-Defined Solution
Mesh Zones
Display... @ éa Seale... & Combine . g Delete...
o . o B i Transorm
{# units...  Checkw Qualty ~ 4 yake polyhedra | o~ Adjacency... [ Activate...
Outline View < Task Page
Filter Text General @‘
=) Setup Mesh
@ General
D ® Models [ scale.. |[ check |[Report quaty]
*) & Materials Display... | Units... ‘
+) [ Cell Zone Conditions ——
+ E Boundary Conditions Solver
+) €3 Mesh Interfaces T Velodity Formulation

REF-LAP-12.cadfem-gmbh.cadfem.de [3d, dp, pbns, ske, single-process]

Results

Interfaces

[ Append . | B Mesh...

[ overset...

O Replace Zone...

Console

Lreating empty surrace.
Note: zone-surface:
Creating empty surface.
Note: zons-surface:
Creating empty surface.

Parallel

Mesh Models

] bynamic Mesh. ..

~ Mixing Planes...

Turbo Model
Enable

@ Turbo Topology...
Turbo Create...

Mesh

Adapt
{1 Refine / Coarsen...

00 More S

0 selected  all

cannot create surface from sliding interface zone.

cannot create surface from sliding interface zone.

: cannot create surface from sliding interface zone.

Surface
+ Create .

%, Manage...




System Coupling

CADFEM

1) Add Coupling Participants

2) Set Coupling Control Settings

3) Add Coupling Interfaces

3b) Add Data Transfer

S¥E System Coupling
File Help

~ Setup
Coupling Control

~ Coupling Participant
> ANSYS Electronics Desktop
> Fluid Flow (Fluent)

> Solution Control

Chart

| Stator Temperature (Weighted Average)

4) Solve the Co-Simulation

5) Postprocessing System
Coupling Results

v Coupling Interface 474.0
> Rotor
> Stator
> Magnet
v i Output Control
v Results 423.0
Type
Solution
37a0
Option CoSimulation v
321.0
270.0

Ready

Coupling Steps

B ANSYS Electronics Desktop B Fluid Flow (Fluent)

System coupling run completed successfully.




Postprocessing System Coupling’s Results CADFEM

« Evaluate Mapping Quality
* Review Mapping in the Transcript
» Visualize Temperature Mapping Quality in EnSight

Magnet

Magnet Losses
Mapped Area/Volume [%]
Mapped Elements [%]
Mapped Nodes [%]

Magnet Temperature
Mapped Area/Volume [%]
Mapped Elements [%]
Mapped Nodes [%]

100 100
100 100
100 100

100 100
100 100
100 100

+ +
| MAPPING SUMMARY |
+ +
| | Source Target |
+ +
| Rotor | |
| Rotor Losses | |
| Mapped Area/Volume [%] | 100 100 |
| Mapped Elements [%] | 100 100 |
] Mapped Nodes [%] | 100 100 |
] Rotor Temperature | |
| Mapped Area/Volume [%] | 91 100 |
| Mapped Elements [%] | 84 100 |
| Mapped Nodes [%] | 60 98 |
| Stator | |
| Stator Losses | |
| Mapped Area/Volume [%] | 100 100 |
| Mapped Elements [%] | 100 100 |
| Mapped Nodes [%] | 100 100 |
| Stator Temperature | |
] Mapped Area/vVolume [%] | 90 >89 |
] Mapped Elements [%] | 72 >89 |
| Mapped Nodes [%] | 51 80 |
| | |
| | |
| | |
| | |
| | |
| | |
| | |
| | |
| | |
+ +




Postprocessing System Coupling’s Results

« Evaluate Mapping Quality
* Review Mapping in the Transcript
* Visualize Temperature Mapping Quality in EnSight

 Verify the Application of Fluent-Generated Temperatures

© CADFEM 2021

COUPLING ITERATION

=4

ANSYS Electronics Desktop
Interface: Rotor
Rotor Temperature
RMS Change
Weighted Average
Interface: Stator
Stator Temperature
RMS Change
Weighted Average
Interface: Magnet
Magnet Temperature
RMS Change
Weighted Average

-

~

-

converged

.56E-06
. 65E+02

converged

.10E-06
.58E+02

converged

.48E-06
.65E+02

-

-

.55E-06
.65E+02

.70E-0€
.58E+02

.38E-06
L65E+02

Fluid Flow (Fluent
Interface: Rotor
Rotor Losses
RMS Change

Sum
Interface: Stator
stator Losses
RMS Change

Sum
Interface: Magnet
Magnet Losses
RMS Change
Sum

w =

[

.

converged

.46E-03
.57E+00

converged

.19E-08
.96E+01

converged

.00E-14
.51E-01

w w

oS

.

.95E-04
.57E+00

.58E-08
.96E+01

.00E-14
.51E-01

Participant solution status
ANSYS Electronics Desktop
Fluid Flow (Fluent

Complete
converged

CADFEM

s
| MAPRING SUMMARY
.
1 1 source Target
- +
| Rotor | |
| Rotor Losses |
| Mapped Area/volume (3] 1 100 100
| Mapped Elements [%] | 100 100
| Mapped Nodes [%] | 100 100
| Rotor Temperature |
| Mapped Area/Volume [3] 1 o1 100
| Mapped Elements [%] ] 81 100
| Mapped Nodes [%] | &0 o
| stator | |
| stator Losses 1
| Mapped Area/Volume [%] ] 100 100
| Mapped Elements (2] | 100 100
| Mepped Nodes (%] | 100 100
| stator Temperature 1
| Mapped Area/Volume (%] ] 0 28
| Mapped Elements (2] | 72 28
| Mapped Nodes (%] 1 51 80
| Magnet 1 |
| Magnet Losses |
| Mapped Area/Volume (%] | 100 100
| Mapped Blements (%] 1 100 100
| Mapped Nodes [%] 1 100 100
| Magnet Temperature |
| Mapped Area/Volume (%] | 100 100
| Mapped Elements [] 1 100 100
| Mapped Nodes [%] | 100 100
.

Fluent (source)

temperature__NS

6.593e+02
6.583e+02
6.573e+02
6.564e+02
6.554e+02

Maxwell (target)

N o
K%A?Aﬂg‘f

Temperature__ES

6.588e+02
6.582e+02
6.577e+02
6.571e+02
6.566e+02
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Postprocessing System Coupling’s Results CADFEM

* Evaluate Mapping Quality -
« Review Mapping in the Transcript LEEET w8

» Visualize Temperature Mapping Quality in EnSight R

Fluent (source) ° Maxwell (target) e !

« Verify the Application of Fluent-Generated Temperatures

S

PSR
KIS

SZA)

« Verify the Application of Maxwell-Generated Losses

temperature__NS Temperature__ES

6.593e+02 6.588e+02

Maxwell (source) Fluent (target) 6.583¢+02 6.5820+02
6.573e+02 6.577e+02

6.564e+02 6.571e+02

6.554e+02 6.566e+02

Loss_per_unit_area__ES heatrate_per_unit_volume__ES
1.067e+05 1.319e+06
8.006e+04 9.891e+05
5.338e+04 6.597e+05
2.670e+04 3.302e+05
2.152e+01 7.146e+02
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Inducting Heating of a H-Beam

Task:

An electrically conductive H-beam is moved
through an excitation coil which induced eddy
currents in the beam. The eddy currents leads to
a heating process in the beam.

®
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Background — Induction Heating CADFEM

Use of high frequency AC currents to induce eddy current losses
In conducting objects

» For industrial applications, typical frequency is in the range of kHz (up
to few hundreds).

« Several advantages vs. conventional heating sources:
« Fast and selective heating cycles
« Energy savings
« Reduced oxidation and cleaning
* Process repeatability fdiscior carvetts

« The process works only with conductive materials (usually metals) /
« Materials with high permeability (i. e. ferromagnetic materials) are
easier to heat \
* Frequency used depends on the workpiece size, desired \ \ \ \  Induced currents
penetration depth and material type

ANSYS, Induction Heating Coupled Simulation
Workflow, Davide Frigerio, Senior Engineer




Coupled Simulation Process CADFEM

Physics
« Electro-magnetic and Thermo-mechanics must be considered as coupled physics

Time Scales

« Since the time scale of the phenomena is order of magnitudes different among
physics, the most effective approach is to consider each of them as quasi-static

Data Transfer

« Massive data transfer and synchronization are required in order to complete
successfully the analysis




Physics

Average Losses

Maxwell Mechanical

Quasi-static (Eddy Current Transient thermal
Solver) Convection boundary
«  Sinus excitation Materials

Materials - Temperature dependent
* Temperature dependent properties

properties (( )) Enable data transfer
* Linear magnetic properties  Import Losses

Data transfer Electronics Structures - Export Temperature
* Import temperature « Time Step
« Export average losses

« System Coupling Setup

« Steady results
Temperature

«Include Temperature Dependence» and
«Enable Feedback» should be turned on

Temperature dependent properties (permeability, el. conductivity, thermal properties)

© CADFEM 2021
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Time Scales

Electromagnetic

» Electric period in the
range of us

Electrical Frequency
1.5

Amplitude
e
o w -

o
w»

-1

-1.5
0.00E+00 2.00E-06 4.00E-06 6.00E-06 8.00E-06 1.00E-05
Time [s]

© CADFEM 2021

Thermal

« Warm-up rate of a few
°C per 100ms

Warming
36

34

— 32
o
|2

w 30

2

& 28

226

=24
22

20
0 0.1 0.2 0.3 0.4 05
Time [s]

CADFEM

Motion

 Speed afew mm pers

Motion

Position [mm]

0 5 10 15 20
Time [s]



Data Transfer CADFEM

Losses

© CADFEM 2021 36



Data Transfer

e

Losses

Temperature

Losses

il

Temperature

Losses

CADFEM

- » Mechanical » - » Mechanical » - » Mechanical ®® @

Stop

Stop

Stop

TStart

© CADFEM 2021
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interrupt 1

Tinterrupt 1

Tinterrupt 2

Tinterrupt 2

V
Tinterrupt 3
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Losses vs. Time Steps Babnazal ANSYS

esults -

CADFEM

Carve Info
SobdLoss|
1007 Temperatur
fcel]
7721694
080 7220250
§ 6718807
= 6217363
« Maxwell
3 5715020
3 521.4476
4713032
040
421.1589
371.0145
020 320.8702
2707258
208815
000 T T T T T T 170.4371
0 250 500 750 1000 1250 1500 1750 2000
Time ] 1202028
70.1484
Average Temperature Barknoca ANSYS 200041
00,00
40000
P ]
3
H
] ‘
0 20 40 (mm)
Mechanical
! T T T T
0.00 250 500 750 1000 1250 15.00 1750 2000
Tme fs]
7.1032e+6
6,846
S.e=6
"E 846
z
36
2.e+6
1e=6
1.9046e+3 T T T T T T T
0. 2.5 5. 75 10. 12,5 15. 17.5 20,
[s]
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Summary & Outlook CADFEM



CADFEM

Simulation i1s more than Software

www.cadfem.net
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