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Core Automotive Applications




TAI Toolbox

TAITherm

Exhaust

Complete 3D Thermal Modeling
Transient or Steady State
CFD/FEA/1D Coupling
Weather
Pre/post GUI & Report Generator

Parallelized
API

CoTherm




Coupling Process



Multiphysics Simulations

Electrical Network Model

=

1D System Model

Do I

TAITherm
Thermal Model




Coupling Tool
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- Couple multiple tools

- Real Time Monitoring

And Much More

Visual Scripting

Sub-Processes
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Python Journals
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OpenFOAM Coupling Process Overview

Tsurface

TAITherm OpenFOAM

HTC, Tﬂuid

Readily Available Coupling Processes depending on Applications
« Steady to steady
« Steady to transient
* Transient to transient




Thermal Management
Applications



Underhood Thermal
Protection



GOBRERD &~ &QLl ve e

Coupling with OpenFOAM

Key Properties | Document |
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Filter

* Files
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Ei ST - Pipe part avg temp
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~ Tools
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Running process item: Update coupling loop
Updated: Coupling loop count = 18

Running process item: Check convergence
Evaluated: 0.036965576528805735 < 0.05 = true




Underhood Thermal Protection
OpenFOAM Geometry

» Full underhood geometry is meshed in SnappyHexMesh
- 64GB machine ‘ |
» 12 hours machine time
- Elements

« 1O9M Volume PR

6M Surface

3
2

- Underhood cell size:

* 5mMm




Underhood Thermal Protection
TAITherm Geometry

» The snappyHexMesh geometry can be used directly for
simulation in TAITherm

- Elements
- 3.5M Triangles




Underhood Thermal Protection
OpenFOAM Set-up

Mountain uphill towing case
35 kph, 27°C

MRF: Fan, Wheels

PM with heat release:

- Radiator, CAC, Condensor
Steady State

Turbulence Model RAS k-g
TAITherm Exhaust Model
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- Runtime (coupled simulation):
5000 iterations in 24h on 20 procs (480 CPU-h



Underhood Thermal Protection
Results




Underhood Thermal Protection
Results

Temperature

Incoming radiation

Heat Rate Flux (W/m3)
Outgoing Net

Incident
Q Conduction 2.01996 12099.65 | -2007.63
Q Convection 0 |8224.65 | -8224.65 |
Q Radiation |16056.7 |5734.38 | 10322.3 |




Brake Cooling



Coupling with OpenFOAM

GOBRERD &~ &QLl ve e

Key Properties | Document |
Document
Filter
* Files
[ CFD convection output
() cFD model
() Thermal model
D Thermal surface temp output

Start E:g Run thermal
= 7 e

Run CFD
-+

= Monitors
b Average surface temp change
+ Coupling loop count
EnSight file name suffix
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E} Thermal model coupled parts

surface

-~
-

Update
coupling loop

Check max Check
loop count + convergence
Report all w Uy eport w
loops compl... results conw...

I
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|
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~ Tools | Journal Window = Notes
OpenFOAM solver ' Lo |
Bl TAITherm : -
Inspector = = —
- __——r patch 'body front' [walll]
OPe”FOAM Tool r patch 'pipe_front' [wall]
‘Fllter
Property Value ) .
Description OpenFOAM solver 1‘Eer? : lCheck export EnSight enabled
Icon %/ OpenFOAM - Talse
Notes The OpenFOAM solver tool is used to run the CFD simulatig item: Update coupling loop
Global Resource v ng lm.)p count = 10
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Additional Arguments RU q proce
Computational Options No Computational Options

item: Check convergence
Evaluated: 0.036965576528805735 < 0.05 = true




Brake Cooling
OpenFOAM Geometry

Do L i e e e e e e

+ Symmetry plane @ |
+ Meshed in SnappyHexMesh & B/<

+ 64GB machine

» 8 hours machine time

« Elements

- 20M Volume
- 4M Surface

- Brake disc cellsize:
 Tmm




Brake Cooling
TAITherm Geometry

- The Brake System is meshed with volume elements
- This represents the conduction accurately

- Elements
- 0./M Volume
- 0.TM Surface




Brake Cooling
OpenFOAM Set-up

- Brake duct
- 100 kph, 20°C dl
. MRF: Brake, Wheels |
- Steady State

- Turbulence Model RAS k-¢
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- Runtime (coupled simulation):
» 4000 iterations in 22h on 20 procs (440 CPU-h)



Brake Cooling
Results

The duct is providing cooling air to the brake system

Surface T Surface HTC

Fluid
Velocity

3.0e+01

[ 25
" | - ,8
— 20 o=




Brake Cooling
Braking Cycle Example

- TAITherm Stand-alone
- Brake from 100km/h to Okm/h in 5 sec

- Accelerate from Okm/h to T00km/h in 25 sec
- Repeat 20 times

» HTC's from CFD linearly interpolated

800

with vehicle speed

600

Brake disc duty cycle (t)

500

Temperature [degC]

&5
[=]
(=]
@
=
=

» Runtime:

HTC (t) /J 8h on 8 procs

A

300

200

Brake Power (t) £ m

0.0 100.0  200.0  300.0  400.0 _ 500.0 _ 600.0 0 1 2 3 4 5 6 7 8 9 10
[ o —




Cabin Cooling



Pseudo-Transient Coupling with OpenFOAM
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Cabin Coolin
OpenFOAM Geometry
» Polyhedral mesh +  Boundary layer thickness: 6 mm

- Base size: 20 mm - 1,944 323 cells
 MIn size: 5 mm

Cut-plane through human




Cabin Cooling
Set-up AC Cooldown, base case scenario

- Vehicle preconditioning — Hot Soak
- Natural weather: Phoenix, Arizona (8/16)

- Human preconditioning - Office
- 2 hours transient in office setting (25 °C)

» 30 minute AC cooldown (10:30-11:00 AM)
- Constant vehicle speed = 50 mph
- Vehicle heading: 0° North

- Max AC cooldown

« Airinlet temperature =7 °C
-+ Total mass flow = .25 kg/s
« 4 dash vents

- 2 rear console vents
Geometry TAITherm

31



Cabin Cooling
Near wall air temperatures

10:31 AM - 1 minute 10:45 AM - 15 minutes 11:00 AM - 30 minutes

Temperature (°C)

200 225 25.0 27.5 30.0 32.5




Temperature (°C)

60 1

55 A

50 ~

45 A

40 A

35

Cabin Cooling

Surface Temperature

Average Seat Temperature

10 20

Elapsed Time (min)

30

Temperature (°C)

20.0

225

25.0

27.5

30.0

32.5

Aug 16, 2004 10:30:01
Temperature




Cabin Cooling

Human Sensation & Comfort

Sensation
4 Very Hot
3 Hot 4 -~
2 Warm ":
1 Slightly Warm 3
0 Neutral ".‘
-1 Slightly Cool ‘
-2 Cool
-3 Cold
-4 Very Cold
S
Comfort 8
_— v
Very Comfortable 4
3
2
Just Comfortable | 1
0
Just Uncomfortable -1
e,
3

Very Uncomfortable

Berkeley Comfort & Sensation Scales 1]

Face

Time [min]

----- Sensation

——Comfort

34



Battery Cooling



Coupling with Open

06:51:28.6762
Temperature

GOBRERD &~ &QLl ve e

Key Properties | Document |

Document

Filter

* Files
[ CFD convection output
() cFD model
() Thermal model
D Thermal surface temp output
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b Average surface temp change
+ Coupling loop count
EnSight file name suffix
Maximum number of coupling loops
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El ST - Pipe - top - front
Ei ST - Pipe - top - middle
El sT- Pipe - top - rear
Ei ST - Pipe part avg temp
El sT - Pipe part max temp
Target surface temperature change
~ Selections
[3 CFD model coupled parts
Q Thermal model coupled parts
~ Tools

OpenFOAM solver
El TATherm

Inspector

TAITherm

Start

Run thermal
> &3

Run CFD
> &3
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OpenFOAM

HTC, Tﬂuid

Check max
loop count

~)  Update
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-4 e convergence

Report all
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|Filter
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OpenFOAM Tool
‘ Filter

Property Value
Description OpenFOAM solver
Icon %/ OpenFOAM
Notes The OpenFOAM solver tool is used to run the CFD simul
Global Resource v
Executable bueyantSimpleFoam
Additional Arguments
Computational Optiens No

: Check export EnSight enabled

: Update coupling loop
Slop count = 10

: Check convergence
765288605735 < 0.05 = true

omputational Options




Battery Cooling
Set' U p Battery Electrical Model

NTG Equivalent Circuit Model:

« Geometry and materials
« 4P12S prismatic cells
* Cell capacity 25.036 Amp-hrs
» Cooling plate with U-Shape liquid cooling channels
« TIM material between cooling plate and cells
* Plastic cover and steel casing
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Battery Cooling
Boundary Conditions

* Drive cycle
« 24h, starting at SAM
« Driving during the day, charging at night
« Coolantinlet 20°C

0.1 kg/s Coolant massflow
« Running only when driving or charging

e 24h Ambient temperature curve

Ambient temperature

‘ —Ambient Temperature [degC] ‘

Ambient Temperature [degC]
N
o

o [5,]

0 5 10 Time [hr] 15 20 25

400

200

-200

-400

Current [A]

-600

-800

-1000

-1200

0.12

Coolant Massflow [kg/s]
o [=] o
o = = o
- [ co -

o
o
N

o

Battery drive cycle current profile

—curren t [A]

— 1
5 10 15 20

Time [hr]

Coolant Massflow

—Coolant Massflow [kg/s]

5 10 15 20

Time [hr]

25

25



Battery Cooling
Results Drive Cycle

Battery pack 24h drive cycle

1000

90 ——With Cooling
o 80 ——No Cooling 800
%‘n 70 Ambient T 600
. . E' 60 —5oC
» Liquid Cooled case o
[=%

200

m

= N W

o O O o
o

e 24Nr time animation

» Cooling applied during driving o s 1w 15w
and charging et

Te

-200

00:00:00 00:00:00
Temperature

Temperature

Runtime:
2h on 8 procs

L L,

20.0 21.2 225 23.8 25.0 26.2 27.5 28.8 30.0 20.0 21.2 22.5 23.8 25.0 26.2 27.5 28.8 30.0
[ S . [ S o

Current x 10 [A]



Battery Cooling
Results Drive Cycle

Battery pack 24h drive cycle

1000

800

* Liquid Cooled case
 Results after /hr
- Strong temperature gradientsinpack o -
 Should be uniform temperature rime ]
ki Fomvarins

20.0 2%.2 2%.5 23.8 25.0 26.2 27.5 28.8 30.0 - 20.0 21.2 2%.5 23.8 25.0 26.2 27.5 28.8 30.0
| ]

Current x 10 [A]



Advanced Process
Customization



Advanced Process Customization

- CoTherm allows advanced process customization

» The following shows an example for:

- Mesh generation using snappyHexMesh and automated
OpenFOAM base setup from thermal model

- Customization/Control of Mesh Refinement based on
assembly naming in TAITherm model

- Method could be extended to other OpenFOAM parameters



TAI-OpenFOAM Template

Surface
temp

ﬁ
TAITherm | «g— CFD
Convection

coefficients
& fluid temp

| Start Two-way steady-state

* ————————————————— I R N R BN S R
Mesh flow f E:g Run thermal ’ : E:g Run CFD
geometry m m =

3
)  Update
A o coupling loop

Two-way pseudo-transient

Check max Check

loop count —q o convergence

- G
Report all rReport
loops compl... results conv...

Transient coupling / Drive-cycle



Automatic Mesh Generation From Thermal Model

Start I CFD case L ¥ Create case
a e exists? |} Q Create case * Create case 0 'Q constant

¥ Export geom t& Create case Lk Create case
£ toobj < system |.¢¢- tnSurface

&
¥ Getgeom

* extents

!

) Update case
- files

I Run

'}_Q blockMesh
V

3x
Q Upﬁ%te CFD 2:8 Set BCs run_snappy |
selection '__‘_Q v =




File gt View Jools Unts Window Help

D& &8 Lot am- B8]

dodel Browser
Geometry | Editor | Analyze | Post Process
Part Selector

poe o= e
Toat pats 15 o

Parts | Assambly | Curves Envion | Conduct  Proparties | Scenario

Assembly Uist D O rartsin Assembly o0
o Shsabyne e 1D~ PartName___Type

e
3 l.mw cate  Standard
4 m beatshield  Standard

Curront Assambly Properties

Property. vae
+ Local Coordinate System

TATTherm - pipe-and-box.tdf *

L ARER H- HBOPHBES o ARG =EMBO

Edit File Contents

1

& WN

Assembly List
# ~ Assembly Name

Type

RFS assl Standard
RF6_ Standard
RF7_ Standard
RF4 Standard

€ © Parts in Assembly

ID ~ Part Name
p pipe

21 pipe_Front
22 Pipe Back

f,
Parts Assemkol,y Curves Envuron Conduct Propemes Scenano

Standard
Standard
Standard

A
Fi2 file "geom.eMesh”;

i level 4;
#f dilevels (0.9 3) (1.8 2));
1

1

/i Surface based refinement
/

/1 Specifies two levels for every surface. The first is the minimus level,
/{ every cell intersecting a surface gets refined up to the minimum level.

/7 The second level is the maximum level. Cells that 'see’ multiple
// intersections where the intersections make an X
/1 angle > resolveFeatureAngle get refined up to the maximum level.

//level (13 14); //KKR

level (4 5);

// Optional region-wise level specification

r————

ﬁ_#ﬁetpa ramet...] .

1{?

ﬂ_# Addrefinem...
Vv

I
—

e
{
$thermalGaom0bjBasenane
1
// Surface-wise min and max refinement Llevel
Jevel | inRetine 'inel; //KKR
level (4 5);
// Optional region-wise level specification
// s=ssss=s== TAI_ADD nSurfacelayers For PIDs START ssssassda!
/*regions
secondSolid
level (3 3);
} A
}/ ========== TAI_ADD_nSurfaceLayers_For PIDs_END
/¢ Optional specification of patch type (default is wall). N
™ T ” Y
//patchInfo

TAI_ADD nSurfacelayers For PIDs START

level ( 6 6); patchInfo { type wall; }

// s=========
regions
{
body
}
pipe
{
le
}

vel ( 5 5); patchInfo { type wall; }

Box3 Bottom

level ( 4 4); patchInfo { type wall; }

}
Box3 Fron

le

Box3 Back

t

vel ( 4 4); patchInfo { type wall; }

level ( 4 4); patchInfo { type wall; }

shappyHexMeshDict ‘

Define snappyHexMesh
refinement levels from
TAITherm assembly names



TATTherm - pipe-and-boxtdf *

JWEI '« & ul: ol by w1 BB [:| B ALETR G- INOPHOSS Py AR CEE O
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Messages

Parts Assembly | Curves Environ @ Conduct  Properties = Scenario

Assembly List © © Parts in Assembly %

# ~ Assembly Name Type ID ~ Part Name Type

2 pipe Standard
2 RF6_ Standard 21  pipe Front Standard
3 RF7_ Standard 22 Pipe_Back Standard
4 RF4__ Standard
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/
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/
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Advanced Process Customization

This method could be extended to other OpenFOAM parameters like
Boundary layer refinement, volume mesh controls etc.



Advanced Process Customization

Fle Edit View Process Melp

GEBRELRLD «~» ©Qn

Koy froparties  Document

Document a®

of -
) Thermal model Q-
[) ™eemat surtacs bemp output
* Manitors
§ Average surtace temp changs
% Coupling loop count
[ EnSught fde name sulfix
(=3 Maximum number of eoupling kops
8 Maximum swiface temp change
[ Target surface temperanice change
= Selections
[} CFD mode! coupled parts
[ Thermal model coupled paits
v Toals
V OpenrOaM sobvar
o T Therm
' decomposePar
U foamDictionary
W foamToensight
* variabks
(V] Export EnSight rasuts for every coupling lo.
(/] Export EnSight results?
) Paraliel processing optians {OpenFOAM)
Parallel processing options (TAMherm)
(] Fun tharmal before CFD?
* Basic Tasks
@ Check convergence
8 Check max loap count
Report all loops completed
O report resuits converges
3] Start
& Upaate coupling loop
mpound Tasks

2

22222 22

* Col

Inspector
CoThern Sub-Process
Property Value
Description Muosh flow ges...
Kkon 33 CoThenn P
Notes
Coter W Automatic
onnection Run tharmal
~ SatBCs
* Flow velocity magntude (nvs}
Enpresson 5
* Flow inlet temperature [deg C)
Expression 2855
= Flow direction
Chaice X
* Vertical dwection
o .z

~ Bounding box spacing - front
Expression 5
~ Bounding box spacing - rear

Expression - 5 .

CoTherm™ - CoTherm

v IR

Process Cawas

Start

[l

-

k

-

R:flhe |
29 nnerma

ig Run CFD

L

Check max
loop count

Report all w
loops compl.

4

Update
% coupling laop

Check

o convergence

R ——

Report "

”resul(s coNnv..

Message Window  journal Window  Notes

S Message Window

Q search
Relaxation: 1

Ruaning the thermal selution in distributed node using 4 Total threads
Using 4 dastributed processes
Using 1 thread/process

Invoking Tharmal Salutfen...

Time spent computing themal results (sec): 1

Thermal Solution Complate

The Therwal Selution succesifully completed

TALThern vephried: Run conplete. Statyus: €

< {ten: Update thermal varfable
Updated: Average surface teap change - 9.005074595847325019
Updated: Maxieun surface tewp change - 9.036865224375

Running process item: Export surface tesperatures

[

Iy -

I

Monitors  Plots
Monitors

Average surface temp change

Maximum surface tomp chan

8 I xrr@promatheu - WORK/01 _opa

CoTherm® - CaTherm

{~/WORK/O1. .

7 sneppiexMeshOl

1

This method could be extended to other OpenFOAM parameters like
Boundary layer refinement, volume mesh controls etc.

Further Customization
and Automation
capabilities:

+ Add New Physics
- Add Controls
- Couple with other tools

Include Optimization



Conclusions



Conclusions

- ThermoAnalytics provides a robust and easy to use coupling
process between TAITherm and OpenFOAM.

+ Templates for common automotive applications are readily
available within CoTherm.

- Customization capabilities allow for further automation of setup
and solution.



Questions?

." . P ’ - o
; ' - N T S 4

: N e : 4 US Locations
, ' 3 AN . -
: B X ThermoeAnalytics Inc
P L, . S | 23440 Airpark Blvd
\ ‘ : : ’ - Calumet, M1 49913 = USA
SEII

*ThermoAnalytics Detroit Office
— ' 39555 Orchard Hill
PlaceSuite 460 .

Schopent;auerStr 71 g
80807 I\/Iumch Germahy

(. }
- _ U TS

» -. ‘\v

‘ suppert@theﬁméan T:‘E.‘s%om



