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Who is MSC?

MSC.Software is the largest* supplier of functional virtual
prototyping software, systems, & services. We enable
manufacturers of mechanical systems to assess the
performance of their products on the computer, thus
reducing their reliance on physical prototyping.

ofr o

; Based on 2001 revenue of CAE companies. Source: Daratech

MS@RSGFTWAHE.
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Better Information Earlier
How this has helped Toyota

1st 2nd
prototypes prototypes

Toyota’s Front-Loaded
Development Initiatives

= Improved
Communication

B = Use of CAD
W = Use of CAE

||||||

2002 MSC.Software Corporation

Pre $1 S2 S3 S4 S5 S6 S7 S8
Stages of Development Process

@ Copyrighi

End Result: 65% fewer prototypes (!) Msﬁsgnmng.



Fuel Cell Simulation Tools

MSC.Software

MSC.Mentat — Graphical
Interface

MSC.Marc — Mulit-Physics solver
Easy5 — Fuel Cell Library

PNL Electro-Chemistry solver
Electrochemistry
Chemical Reaction
Heat Generation
Flow Solution

ight 2002 MSC.Software Corparation o < “neu = R B s

The MESC EASYS medel shown hore inclodes the SOFC feel coll stack the steam reformer, 2 systm berner, hoat exchangers, ol
a resistive inductive olectrical load, and & series of logic and PID costroBers.

eNT O b D .
® Pacific Northwest

NP National Laboratory MSF\\SDFTWAHE.



MSC/PNL Collaboration

Heat Transfer Solution

Conduction - through all solid and
fluid layers ~\S

Convection — Boundary layer heat
transfer between fluid and solids layers

Mass Flow S~
Convective energy transfer of moving fluid streams
Mechanical performance
Thermal Distortions — affect local flow

Thermal Stress/Strain — determines structural integrity of all fuel cell
components, especially seals and PEN layers

PNL Electro-Chemical performance of the PEN
Current Density — IV performance versus fuel utilization
Fuel Utilization — spatial distribution of species across cell

i, Heat Generation — spatial distribution versus local EC
N Pacific Northwest ~
National Laboratory MSC f\SUFT'ﬁﬁ“E-




MSC.Mentat

Tightly Integrated GUI for MSC.Marc
solver

Customized Interface for SOFC Fuel Cell
modeling
PNNL-NETL-MSC Collaborative Development

Automated Model Generation and
Analysis
Full 3D multi-stack model generation < 1min.
Allows for simulation by non-FEA experts

Parametric design and performance evaluation
Material and flow input evaluation

MSF\\SUFTWAHE.

SINSLATING REALIDY



SOFC Fuel Cell GUI

@ MSC.Marc Mentat 2003 (32bit) (OpenGL) - I:Ilil
FUEL CELL MAIN MENU

GEOMETRY SETUP 0 Parametric Geometry Options

NUMBER OF CELL STACKS 1
FUEL CELL DESIGN Cross-Flow

MODEL REFINEMENT Coarse Q CI‘OSS-, CO'; Counter FIOW

GEOMETRY SET UP

SRR o Multiple Inlet/Outlet Ports

BUILD 3D STACK GEOMETR SUMMARY

T e a Multiple Cell Stacks

EC OPERATION

OHMIC POLARIZATION 0 Bonded or CompreSSion (Contact)

ACTIVATION POLARIZATION

CONCENTRATION POLARIZATION Seals

o Material Data Base
a In Collaboration with PNL and ORNL

POST PROCESSING

MAIN MENTAT a EIeCtrOChemiStry Parameters
o I-V Relationships L
a Fuel and Air Composition ’

MSC X

BOUNDARY CONDITIONS

8
E' !
£\

reC

SELECT

RETURN FUEL CELL MAIN UNDO SAVE DRAW FILL RESET VIEW TX+ [ TY+ TZ+ RX+ RY+ RZ+ Z00M IN SHORTCUTS

UTILS FILES PLOT VIEW DYN. MOCDEL TX- TY- TZ- RX- RY- RZ- BOX ouT HELP

Command > xcolormap 2

Command > =set_font

Enter font name : ANSI_FIXED_FONT
Enter font name : SYSTEM_FONT
Enter font name : ]




Model Creation

i MSC.Marc Mentat 2003 (32bit) (OpenGL)
FUEL CELL MAIN MENU

GEOMETRY SETUP
NUMBER OF CELL STACKS 1

[ MSC.Marc MentatFUEL CE
FUEL CELL DESIGN Cross-Flow

DEFINE FUEL CELL DESIGN
MODEL REFINEMENT SV

GEOMETRY SET UP Cross-Flow MUItipIe DeSign

BUILD 2D FOOTPRINT “IMMARY Co-Flow

Opti
BUILD 3D STACK GEOMETRY SUMM-TY Counter-Flow p lons

ANALYSIS SETUP
IV RELATION
EC OPERATION
OHMIC POLARIZATION

MSC.Marc Mentat FUEL CELL DESIGN ] ]
AGTIVATION POLARIZATION _|ofx|

Select Stack Structure

oK

CONCENTRATION POLARIZATION

FLOW INPUT Planer Stack Structure

BOUNDARY CONDITIONS Vertical Stack Structure
Vertical PEN Stack Structure

UPDATE STACK MODEL

RUN MODEL Parametric
POST PROCESSING Geometry
2D & 3D

OK

MAIN MENTAT

SELECT

RETURN FUEL CELL MAIN UNDO SAVE DRAW FILL RESET VIEW RZ+ Z00M IN SHORTCUTS

UTILS FILES PLOT VIEW DYN. MODEL RZ- BO% ouT HELP




Planar Configuration - 2D Fooftprint

B MSC.Marc Mentat FUEL CELL DESIGN
INPUT PLANER STACKIPEN DIMENSIONS (Meters):

FUEL MANIFOLD

Inlet Length .03 Qutlet Length .03
Inlet Width .003 Outlet Width .005
Inlet Seal Width .005 Outlet Seal Width .005
No. of Inlet Channels 3 No. of Outlet Channels 3
Total Inlet Area (sq.meters 0.0003 Total Qutlet Area (sg.mete 0.0004
AIR MANIFOLD
Inlet Length .03 Outlet Length .03 e —
Inlet Width 003 Outlet Width 005 /ariable Flow
Inlet Seal Width .005 Qutlet Seal Width .005 Cfl./flf_/f_/ 9/5
No. of Inlet Channels ] No. of Outlet Channels 3
Total Inlet Area (sq. meter: 0.0003 Total Outlet Area (sq. mete 0.0004

PEN GEOMETRY

PEN Length 14 PEN Seal Width - air .005

PEN Width 116 PEN Seal Width - fuel .005

PEN Aspect Ratio 0.983 PEN Gap - air .003 arianhla DE
Variable PEN

PEN Area 0.013 PEN Gap - fuel .003 ~ )

PEN Active Area 0.011 seometry

OK

Dimensions Guide I

Detailed User Guides = MU _A DOFTWARE.

& CMELATING REALITY

=]




Multiple User Help Guides

INPUT PLANER STACKIPEN DIMENSIONS (Meters): Dimensions — Crossflow Manifold (Fuel)
AUEL LS ROLD _ JutletPortLength Outlet Rim Width o outlet Ports
Inlet Length .03
Inlet Width .003 Outlet Seal Width e e
Inlet Seal Width .005 v I I f I I ¥
No. of Inlet Channels 3 T
Total Inlet Area (sq.meters 0.0003
AIR MANIFOLD
Inlet Length .03
Inlet Width .003
Inlet Seal Width .005
No. of Inlet Channels ]
Total Inlet Area (sq. meter: 0.0003
PEN GEOMETRY
PEN Length
PEN Width
PEN Aspect Ratio
PEN Area i v ln:;tii:al
PEN Active Area P
'
§
Inlet Port Width t N e
Inlet Rim Width Inlet Port Length

No. Inlet Ports

Dimensions Guide

MSE\-\ SOFTWARE.

SINSLATING REALIDY



LR .

3D - Vertical Stack

& Seal and Layer Configuratio
by ] Ny

J
|
|
5

I}
j
,’I

| [ MSC.Marc Mentat FUEL CELL DESIGN = ||:|| X
INPUT VERTICAL STACK COMPONENT DIMENSIONS (meters):

I
J
J

INTERCONNECT (TOP)
Thickness 0.0012 Material 55-430

g COMPOSITE SEAL 1

Seal Thickness 0.001 Seal Material Glass Seal
Spacer Thickness 0.00055 55-430

PICTURE FRAME
Thickness 0.0005 Material $5-430

COMPOSITE SEAL 2
Seal Thickness 0.0003 Seal Material Glass Seal

Spacer Thickness  0.0002 Spacer Material 55-430

INTERCONNECT (BOTTOM)
Thickness 0.0012 Material 55-430

OK

Multiple Seal/Spacer
Layers/Materials

|



i MSC.Marc Mentat FUEL CELL DESIGN = | |

Al x| .
INPUT VERTICAL PEN COMPONENT DIMENSIONS (meters): 3D — vert’cal StaCk

PEN Design Opti
esign Options

Anode Thickness 0.0006 Material Anode

Electrolyte Thickness  0.00002 Material Electrolyte

Cathode Thickness 0.00005 Material Cathode

PEN ATTACHMENT TO PICTURE FRAME
PEN Layer Cathode
Picture Frame Layer ~ Top

Attachment Method Bonded

COMPOSITE SEAL 3
Seal Thickness 0.0002 Material Glass Seal
Spacer Thickness 0.0 Material 55-430
(4] 4

Dimensions Guide

PEN Attachment Options

 Bonded
» Sliding



Material Database Options

PNL/ORNL- 5]

SELECT FUEL CELL MATERIALS

Thermal
FUEL CELL MATERIALS DATABASE

* Temp Depend HT UNITS: Length [m], Mass [Kg]
.MeChan’cal Time [s]. Temp. [K]. Force [N]

Temp Depend 59430

" Crofer 22 APU

Nonlinear —

* CI’ eep Cathode

Viscoelastic Electrolyte

*Elastic Plastic Anode

PNL - Fuel |
.EC Materials User Defined

OK

User Defined

@ Copyright 2002 MSC.5oftware Corporation s e

MS‘C}'\SGFMAHE.

INSLATING DERLITY



...[Final 3D SOFC Cell Model

MSCX

Interconnect
Electro_flux_elements
e Anode Spacer/Seal
Fuel Flow
anode
anode_spacer Anode
cathode
cathode_spacer
lectrolyte Electrolyte
fuel_flow
el in Cathode/PEN Seal
fuel_out

Air Flow

interconnect_bottom
interconnect_top

Picture Frame
pen_seal

picture_frame

none

Cathode §pager/SeaI

X

Interconnect

1 |SOFTWARE.

F SIMELATING REALITY




Analysis Options - Select |-V Relations

[ MSC.Marc Mentat 2003 (32bit) (OpenGL) - D'Al
FUEL CELL MAIN MENU

GEROMETRY SETUP
NUMBER OF CELL STACKS 1
FUEL CELL DESIGN Cross-Flow
MCDEL REFINEMENT Coarse
GEOMETRY SET UP
BUILD 2D FOOTPRINT SUMMARY
BUILD 3D STACK GEOMETRY SUMMARY

[ MSC.Marc MentatFUEL CELL DESIGN = ||:| il

DEFINE |-V RELATION

Tafel-Virkar
Butler-Volmer
ANALYSIS SETUP None
IV RELATION Tafel-Virkar
EC OPERATION

OHMIC POLARIZATION

ACTIVATION POLARIZATION
CONCENTRATION POLARIZATION

FLOW INPUT

BOUNDARY CONDITIONS

UPDATE STACK MODEL Tafel:
RONWODEL V(i) = Eopen—iRet—(4C/ @)sinh ™' (i/ 2i0) + Cln(1~i/io2) + 2CIn(1 =i /in) — 2C In(1 +i / in-0)

POST PROCESSING Butler-
MAIN MENTAT
V(i) = Eopn— i Re1— (4C/ @)sinh™ (i /2i0) + CIn(1 — i /ioz) + 2CIn(1—i, /i) < 2C In(1+, / ine0)

OK

SELECT
RETURN FUEL CELL MAIN UNDO SAVE DRAW FILL RESET VIEW IN SHORTCUTS
UTILS FILES PLOT VIEW DYN. MODEL ouT HELP

ERRQR: Couldn't find parameter "con_bv_cattor"!
Error on receive... closing connection

Command > #colormap

Enter colormap number: 2

\ SOFTWARE.

SINSLATING REALIDY




Analysis Options — EC Operation

[ MSC.Marc Mentat 2003 (32bit) (OpenGL)

FUEL CELL MAIN MENU

GEOMETRY SETUP

NUMBER OF CELL STACKS 1

FUEL CELL DESIGN Cross-Flow = MSC.Marc MentatFUEL CELL DESIGN

MODEL REFINEMENT Coarse SELECT OPERATION OPTION

GEOMETRY SET UP Total Voltage

BUILD 2D FOOTPRINT SUMMARY Total Current

BUILD 3D STACK GEOMETRY SUMMARY P
Fuel Utilization

ANALYSIS SETUP
IV RELATION Tafel-Virkar oK
EC OPERATION Total Voltage
OHMIC POLARIZATION
ACTIVATION POLARIZATION
CONCENTRATION POLARIZATION
FLOW INPUT

BOUNDARY CONDITIONS
UPDATE STACK MODEL
RUN MODEL
POST PROCESSING

MAIN MENTAT

SELECT

RETURN FUEL CELL MAIN UNDO SAVE DRAW FILL RESET VIEW ZOOM IN SHORTCUTS
UTILS FILES PLOT VIEW DYN. MODEL ouT HELP

MSC \ SOFTWARE.

& cimsianine ananiny




EC Parameters — Ohmic Polarization

[ MSC.Marc Mentat 2003 (32bit) (OpenGL)
FUEL CELL MAIN MENU

o GEOMETRY SETUP

= M5C.Marc MentatFUEL CELL DESIGN

NUMBER OF CELL STACKS 1

R OHMIC POLARIZATION OPTIONS
FUEL CELL DESIGN Cross-Flow
MODEL REFINEMENT Coarse For TAFEL-VIRKAR Relation

Electrolyte Conductivity (k=tT#prefactor=exp(eff
Effective Activation Ene 0.007355

GEOMETRY SET UP
BUILD 2D FOOTPRINT SUMMARY

Prefactor b.87e-7

BUILD 3D STACK GEOMETRY SUMMARY

ANALYSIS SETUP

Anode Parameters: Cathode Parameter: Interconnect Param

IV RELATION Tafel-Virkar Temperature (K) 1273 1273 1273

EC OPERATION Total Voltage

Chmic Resistance 3.33e-5 7.69e-5 4.0e-5

OHMIC POLARIZATION
ACTIVATION POLARIZATION
CONCENTRATION POLARIZATION

For BUTLER-VOLMER Relation
Electrolyte Conductivity (k=AT 3+BT 2+CT+D):

FLOW INPUT
BOUNDARY CONDITIONS

UPDATE STACK MODEL

RUN MODEL

Anode Conductivity: Cathode Conductivit Interconnect Condu

POST PROCESSING Activation Energy

MAIN MENTAT Fre-factor

Porosity

Conductivity

SELECT

12002 MSC.Software Corporation ¢

FUEL CELL MAIN ZO0OM

BOX

IN
ouT

SHORTCUTS
HELP

1| RETURN RESET VIEW TR+ TY+ TZ+ Rx+ RY+ RZ+

DYN. MODEL

UNDO
UTILS

SAVE
FILES

DRAW
PLOT

FILL
VIEW

Command > *colormap

Read
Enter colormap number: 2 y
Command > #py_file_run cimsc_appsimentat2003bintpniipnl_ecop1.py
Error on receive... closing connection




EC Parameters - Activation Polarization

SC.Marc Mentat 2003 (32bit) enGL)

FUIiL CELL MAIN MENU

GEOMETRY SETUP
NUMBER OF CELL STACKS 1
FUEL CELL DESIGN Cross-Flow
MCDEL REFINEMENT Coarse

GEOMETRY SET UP MSC.Marc MentatFUEL CELL DESI

ACTIVATION POLARIZATION OPTIONS
SUMMARY

SUMMARY For TAFEL-VIRKAR Relation

AL STl Temperature (K): Exchange Current (¢ Tafel Prefact

IV RELATION Tafel-Virkar 923 0.05Te-4 0.031
EC OPERATION Total Voltage
OHMIC POLARIZATION

ACTIVATION POLARIZATION
CONCENTRATION POLARIZATION

FLOW INPUT

BOUNDARY CONDITIONS

973 0.107e-4 0.028
0.113e-4 0.0248
0.132e-4 0.0247

For BUTLER-VOLMER Relation
Exchange Current (i=prefactor=exp(-act. energyl
Activation Energ
Prefactor

RUN MODEL Symmetry Factol

MAIN MENTAT

SELECT

RETURN FUEL CELL MAIN SHORTCUTS
FILES PLOT HELP

Command > #colormap

Enter colormap number: 2

Command > #py_file_run cimsc_appsimentat2003bin\pniipnl_ecopl.py
Error on receive... closing connection

Command >

SINSLATING REALIDY




[ MSC.Marc Mentat 2003 (32bit) (OpenGL) O

FUE‘( CELL MAIN MENU

GEOMETRY SETUP

NUMBER OF CELL STACKS 1

FUEL CELL DESIGN Cross-Flow @ MSC.Marc MentatFUEL CELL DESIGN

CONCENTRATION POLARIZATION OPTIONS
MODEL REFINEMENT Coarse
GEOMETRY SET UP For TAFEL-VIRKAR Relation
SUMMARY Testing Fuel Pressure (atm):
H2 0.96
SUMMARY
H20 0.04

ANALYSIS SETUP co 0.0

IV RELATION Tafel-Virkar co2 0.0

ECOPERATION Total Voltage Temperature (K): Anode Current Density

OHMIC POLARIZATION 973 3.184c-4

ACTIVATION POLARIZATION 973 4.7de-4

CONCENTRATION POLARIZATION 1023 4.953e-4

FLOW INPUT 1073 5.65e-4

BOUNDARY CONDITIONS

For BUTLER-VCLMER Relation
Concentration Polarization Paramaters:
Anode Cathode:
RUN MODEL Porasity
Tortuosity

MAIN MENTAT
SELECT
RETURN FUEL CELL MAIN SHORTCUTS

UTILS FILES PLOT VIEW HELP

Command > #colormap

Enter colormap number : 2
Command > #py_file_run cimsc_appsimentat2003binipnlipni_ecop1.py
Error on receive... closing connection




Flow Input Parameters

= MSC.Marc Mentat 2003 (32bit) (OpenGL)
FUEL CELL MAIN MENU

GMOMETRY SETUP

CIUTEIEAETR @fF GELL SEise L & MSC.Marc Mentat FUEL CELL DEST
FUEL CELL DESIGN Cross-Flow DEFINE FLOW PARAMETERS

s
MODEL REFINEMENT Coarse

FUEL
GEOMETRY SET UP

Pressure (atm) 1.0 Composition (Molar %)
BUILD 2D FOOTPRINT SUMMARY

Temperature (K) 915 H2 0.95
BUILD 3D STACK GEOMETRY SUMMARY

Film Coefficient () 1345.05 H20 0.05
Effective Viscosity ()

ANALYSIS SETUP

2.11319e-005 Co ]

IV RELATION None
EC OPERATION

Density () 0.0224259 Cco2 0
Thermal Conductivity ()

0.449992 CH4 ]

OHMIC POLARIZATION
ACTIVATION POLARIZATION

Specific Heat () 15156.2

CONCENTRATIGN POLARIZATION OXIDANT

FLOW INPUT

Pressure (atm) 1.0 Composition (Molar %)

Temperature (K) 915 02 0.21

BOUNDARY CONDITIONS

Film Coefficient ()
Effective Viscosity () 4.46448e-005

131.356 N2 0.79

UPDATE STACK MODEL
RUN MODEL

Density () 3.23574
Thermal Conductivity ()

0.0692296

POST PROCESSING

Specific Heat () 1117.88

MAIN MENTAT
OK

SELECT

RETURN FUEL CELL MAIN

UND O
UTILS

SAVE
FILES

DRAW
PLOT

FILL
VIEW

RESET VIEW
DYN. MODEL

SHORTCUTS
HELP

Command > #py_file_run cimsc_appsimentat2003ibintpnipnl_flowinp.py
#py_echo off

Error on receive... closing connection

Command > ¥colormap 2

Command > |

MS‘C\\\ SOFTWARE.

SINSLATING REALIDY




Initial Boundary Conditions

B MSC.Marc Mentat 2003 (32bit) (OpenGL)
FUEL CELL MAIN MENU

GERMETRY SETUP
NUMBER OF CELL STACKS 1

b B MSC.Marc Mentat FUEL CELL DESIGN
[FVIEL CIELIL DIESIFE CreEE AT INPUT BOUNDARY CONDITIONS
MODEL REFINEMENT Coarse UNITS: Temp [K]. Flow [molisec]
CEGRIETRY SET UP THERMAL Adiabatic
BUILD 2D FOOTPRINT SUMMARY
BUILD 30 STACK GECMETRY SUMMARY AL@

Fuel Flow Rate
ANALYSIS SETUP
Fuel Inlet Temp
IV RELATION None
Oxidant Flow Rate
EC OPERATION
Oxidant Inlet Temp
OHMIC POLARIZATION

ACTIVATION POLARIZATION INITIAL CONDITION

CONCENTRATION POLARIZATION
FLOW INPUT

Stack Initial Temp

BOUNDARY CONDITIONS

UPDATE STACK MODEL

Help Guide
RUN MODEL

POST PROCESSING

MAIN MENTAT

SELECT

RETURN FUEL CELL MAIN

UNDO SAVE DRAW FILL RESET VIEW TZ+
UTILS FILES PLOT VIEW DYN. MODEL TX- |TY— TZ-

RX+ RY+ RZ+ ZO0OM

BOX

SHORTCUTS
ouT HELP

| TY+

RX- RY- RZ-

Command > #py_file_run cimsc_appsimentat2003ibinipniipnl_flowinp.py
=py_echo off

Error on receive... closing connection

| Command > #colormap 2

Command > ]

ay

' MSE\\SUFTWAHE.

Ready

SINSLATING REALIDY




...Complete 3D Multiple
Stack Cell Model

MSC.Software Corporation o

3 Cell Cross Flow Stack Model

© Copyrigh 2002

IVMIdL 7\ JUrIWANE.
mllﬂllﬂ BERLITY



...Ready to Run Transient Heat
Transfer with Electrochemistry
Solution...

MARC
Mechanical
Model Geometry, Temperature,
Current Distribution
T i
Heat Flux > PPO)
Bl
\ PLOTV
3 #
.‘; Cell Voltage
g Update EC
a FLUX P «
u < Gas, Chemistry,
z State Variables ELEVAR Heat Generation
3 —
u
.
-

CPU Time: .
1 Cell Model = 45 min. Analysis Results...

lapt t J
(laptop computer) MSC X SOFTWARE.

© Copyrigh 2002



| Copyright 2002 MSC.Software Cmpw&hgn . -

Fuel Cell Analysis Output

Temperature Distributions

Stress & Strain Distributions

Thermal
Mechanical
Compressive (contact)

3D Displacement Distribution

Species Concentration

Degradation Mechanisms
Fracture
Creep
Relaxation
Damage

999999999

333333333

222222222

000000000

444444444

444444444

7777777777

7777777777

7777777777

7777777777

2222222222

nnnnnnnnnnnnnn

L.

MSE\-'\ SOFTWARE.

INSLATING DERLITY



pyFight 2002 MSC.Software Corporation o

Temperature Distribution in PEN

Ine:

Time:

w

[}

[}

[¥=}

[}

.232e+002

.205e+002

i

0.000e+000

.241e+002

.196e+002

.187e+002

L177e+002

.168e+002

.159+002

.150e+002

MSC X

il

Temperature (Integration Point)

MSE\\SDFTWAHE.

SINSLATING REALIDY



i Leeod @Mperature Distribution in Solids s

1.052e+003

Corporation o

9. 706e+002

@ Copyright 2002 MSC.Software

MSCJ’}\SOFTNAHE.



Stress in Electrolyte

Inc:

Time:

1
1.000e+03

.7B5e+07
.B6Ze+07
.570e+07
.47 3e+07
L370e+07
L278e+07
L180e+07
L083e+07
.438e+05
LA112e+07

L209e+07

lcase

Comp 11 of Stress 1
-9.82%+06
-2.166e+07

e+03

case
Comp 22 of Stress

MSC »,

MSC X SOFTWARE.

SINSLATING REALIDY




Shear stress in electrolyte

I : 1
Tri-ﬁe 1 1.0002+03 «— MSC A,
Sxy )

2.,038=+07

1.633=+07

1.227e+07

8.207=+06

4.1462+06

&.490e+04

-3.976e+06

-8.037=e+0b

-1.210e+07

-1.616e+07

-2.022e+07

case

@ Copyright 2002 MSC.Software Corporation

Comp 12 of Stress 1 \SOFTNAHE.

& CINBLATING RERLITY




Orporatmnn

(-

pre C

1 Copyright 2002 MSC.S5of

pecies Concentration

Inc

5O
ik

MSEA,

H2

Tnc
Time

MSCA

120

Inc
Tine

msE,

<

Tac
Time

MSCH

02

MSC O\ SOFTWARE.

SINSLATING REALIDY



Seal Stress

Time: 1.000s+00 MSCA

‘

7.03%9e+06

5.425e+06

|| 3.812e+06 SN
2 199+08 Seals between Anode
5. 535501 0- G Spacer and Interconnect
-1.028e+06 N\ x %Qgé: %.OOOE+OO MSC
-2.641e+086 —
-4 .255e+06 L Z.080e+07

-5.868e+06 1.655e+07

e / = i
-9.0952+06 SX §.052e+06 =
I\Jiﬁd?x B ;

locasel -4, 49 2
Comp 11 of Stress 1

=4, 700e+06
Seals between picture frame -5.951e+06
and cathode side of PEN ~1.320e+07

-1.7459e+07

-2.170e+07
g\fi,ax

lcasel
Comp 22 of Stress 1




Potential SOFC Degradation Mechanisms

Fracture
Electrolyte, anode, rigid seals, interfacial separations

Thermal/mechanical loading

Loading includes thermal gradient, thermal shock, mechanical
acceleration (mobile applications)

Compositional changes affect mechanical response
Thermal cycling affects mechanical response

Fatigue
Creep/relaxation

Continuum damage
PEN, rigid seals

IIIIIIIIIIIII



Failure Models

~ * Creep/Relaxation

* Viscoelastic

“ Viscoplastic

* User Defined - CRPLAW
~ = Damage

' = Gurson

= Gasket

= User Defined

MSC.Software Corporation o

© Copyrigh 2002

MSQ{SGFTNAHE.



Gasket Material Model

TABLE

TABLE

TABLE

TABLE

TABLE 1

TABLE 2

TABLE 3

TABLE4

TABLE &

TABLE &

TABLE 7

TABLE &

TABLES

TABLE 10

TRANSVERSE SHEAR BEHAVIOR

WBRAMNE/HEAT TRANSFER BEHAYIOR

MATERIAL

. Can be used to model compression
= glass compression seals

Models complex
material behavior with
single thickness layer

Ino: 25
Time: 3.000e+00

MSC )\ SOFTWARE.

& SINELATING REALITY



Fracture Analysis

Progressive Failure
Cracking

COPY

D e a Ct i Vate E I e m e n ts RIGID REGION METHOD

ALTTOMA

J-Integral
Stress Intensity Factors

RIGID REGIONS

Mode Separation =

LENGTH

CRACE TIP WODE PATH

SET

+ AUTOMATIC (GEOMETRY SEARCH)

MSE\\SUFTW%E.



Global-Local Analysis

MSC X SOFTWARE.

SINSLATING REALIDY



Parallel Processing — DDM Method

MSC X

i
...’..%

A
I

\ SOFTWARE.

SINSLATING REALIDY

/

C
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Current and Planned Work

Finalize modeling of multi-cell stacks.
Finalize material database.

Further enhance routines for parallel processing of
EC routings

User solid model import capability

Estimated Release for use 30 days (possibly included in
SECA software training at PNNL).

Looking into providing MSC/PNL utility on SECA
computer at PNNL.

MSF\\SUFTWAHE.

SINSLATING REALIDY



t
5
"5

MSC.Easy 5 Simulation

Controllers

CNTR SUBMODEL

Steam Supply

=)

Methane Supply

Methane Header

BC3
P=2bar

T = 30eaC

NGIN

Air Supply

Alr Cnfrl Valve

BEE
P=2bar

T =30eC

|

ANDY

Fuel / Water
Mixer

120 Cntrl Valve

NOG

|

v

Burner Subsystem

[
L

Reformer

¥ TH2ov

%)

Anode Exhaust

| P=1.5bar
>

Pl

I'=30eC
v

REF

ATRY BLIRN

J—b q
The MSC.EASY5 model shown here includes the SOFC fuel cell stack, the steam reformer, a system burner, heat exchangers, control valves,
a resistive/inductive electrical load, and a series of logic and PID controllers.

gL =

Cathode Exhaust

BC2
P =1 bar

Electrical Load

» Graphical Based
Simulation Tool

Open Architecture —
links to many CAE
software/hardware
tools (Simulink,
ADAMS, DADS...)

User Defined
Libraries

*Ricardo Fuel Cell
Library

MSE\\SDFTWAHE.
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Thank You !

Please visit our booth for more information

M3C.Software Corporation o

2002

:  Pacific Northwest
National Laboratory
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Analysis Capabilities

Structural (Nastran, Marc, Dytran)
Thermal (Nastran, Marc, Thermal)
Pore-Pressure (Marc)
Hydrodynamic bearing (Marc)

Fluids (Nastran (added mass), Marc,
Dytran)

Acoustics (Nastran, Marc)
Electrostatics (Marc)
Magnetostatics (Marc)
Electro-magnetics (Marc)

|||||||||||||



Marc Multi-Physics

Thermal- Mechanical (loosely)
Thermal- Electric — Joule (loosely)
Thermal-Joule-Structural (Loosely)
Poro-elasticity — Soil ( tightly)
Electro-Magnetic (tightly)
Piezo-Electric (Tightly)
Acoustic-Structural (tightly)
Fluid-Thermal (tightly)
Fluid-Structural (loosely)

||||||||||||||



Thermal — Mechanica
Manufacturing

Inc: B05
Time: £.3252-001 MS
Angle: 3.600e+002

Vi

| 4534

| 4183

L1 3781

3375

2968

25862

A o i e
2156

1.749

Corporation

re

1.342

0337

0530

stufeb

Total Equirvalent Plastic Strain

MSC X SOFTWARE.
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Thermal Contact Examples

Catia Assembly Fir tree

MSE\\SDFTWAHE.
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Fluid Capabilities

2-D, Axisymmetric , 3-D

Navier Stokes

Newtonian and Non-Newtonian Fluid
Coupled Thermal-Fluid Capabilities
Coupled Fluid-Structural

MSE\\SUFTWﬁHE.



Fluid Capabilities

l — 2 S O e T e s — T = = —
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== = = _..’/.r& =l =
S T = == 4 ;

Velocity of Fluid in
Heat Exchanger

5
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E' |
:
£
2
g
2
i
.~ Temperature in Flow Over Chips
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Coupled Electrical-Thermal-
Mechanical Analysis

Multi-physics functionality couples
electrical, thermal and mechanical

behavior

Applications:

MEMS actuators, high voltage switches
and electronic circuits.

MSE\\SUFTW%E.



MEMS Micro-actuator

MSE\\SUFTWHE.



MEMS Micro-actuator

MSC O\ SOFTWARE.
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MEMS Micro-gripper

MSQ SOFTWARE.



Piezoelectric Analysis

Coupling Stress and Electric Field

Coupling includes Contact
Analysis Types Include:

static, modal, harmonic and transient

dynamic

Characteristics

Coupled Displacement-Electric Potential
Piezoelectric Ceramic is Polarized
Standing Waves Generate Traveling Wave
Traveling Wave Moves Rotor

Low Rotational Speed, High Torque

Ultrasonic Motor

IIIIIIIIIIIII



Ultrasonic Motor Transient

Ultrasonic Motor

Standing Wave

MSE\\SUFTW%E.



Marc 2005 Multi-Physics

Data Structures are rewritten so
almost all physics can be used In
one analysis

Input Structure were rewritten so
input file could support input of all
material properties and boundary
conditions simultaneously

Control structures are rewritten so
almost all physics can be used In
one analysis.

MSC X SOFTWARE.



Marc 2005 Multi-Physics

Coupled Thermal-Diffusion Analysis
Coupled Electrostatic-Structural

MSC\\\SDFTWHE.



Coupled Electrostatic-Structural

MSC
9.337¢ 002+ [ T 1] <‘7
7.461e: 1Z0e+! | | J ‘
585e-0. .D40e+ T
710e-0: 160e+! T |
B34e-0: 5.280e- ‘ ‘
B3e-0 4.400e:
18e- 520e- ::
93e- .640e+ A
63e- 760e+ Bl
54081 0
-9.420e A
-
Icasel Icasel
Coul rc lectric Potel

Coulomb Force Electrical Potential

opyTight 2002 MSC. S0l tware Cmpw&hgn . -

MS‘C\_\-'\ SOFTWARE.
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Coupled Electrostatic-Structural

MSE\\

[ 22008002
({ 1.380¢+002
=

1,320e+002

1.1008+002

44000001

2.200a+001

Finite Element Mesh of the Air is Remeshed Automatically
During the Analysis

Ight 2002 MSC.Software Corporation e _ 5

MS‘C\\\;OFTWHE.



Multi-Physics and Thermal

Advanced Thermal Analysis
Radiation
Pyrolysis
Ablation

@ Copyrighi 2002 MSC.Software Corporation .

MSE\\SOFTWHE.
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are Corporat

@ Copyright 2002 MSC.Sof tw

Physics overview

MECHANICAL ASPECTS

Shear stress 0

g + A Pression
‘O

L » Vititons
» Accelerations

THERMAL ASPECTS
p
Coke
Coupling Pyrolysis zone
mg, Tw ‘
Bloving mg 0 cq Virgin materia

FLOW

3D = 2D

* Two-phase

* Multicomponent
* Turbulent

* Reactive

.

RADIATIVE HEAT TRANSFER

* Emitting / diffusing medium

*Hy0, COy, CO, HCI, particles

* Flow / radiation coupling \

\Ji( "\ Blowing 0(;
(p ray Oa ° N\o

o

MS)SGFTNAHE
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Ablation

Inc: 2000
Tine: 2.000s+001 MSCX

3. 680=+003

3. 344e+003

1300740037

|2 671e+003

2.335%e+003

s 1.999e+003
S-.

: 1. 66224003
3

g\ 1 32624003
1)

2

8 9.900e+002
3.

8 6 53724002

-
—
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Fracture Mechanics

Progressive Failure
Cracking

Deactivate Elements
Gurson Damage Model
Lemaitre Damage Model
Rubber Damage Models
J-Integral

Stress Intensity Factors
Mode Separation

MSE\\SUFTWﬁHE.



Crack Mesh Insertion

Inc O
Time: 0.000e+000 MS

J

|| 6.000e+000

|| 5.400e+000

[ 4.800e+000

4.200e+000

3.500e+000

3.000e+000

2.400e+000

1.600e+000

1.200e+000

£.000e-001

0.000e+000

adaptive meshing for fracture mechanics

EguivalentVon Mises Stress

MSC X SOFTWARE.
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Contact on Crack Surfaces

Crack tip closes due to (cyclic) load

Design based upon Mode | crack may be
too conservative

Sliding along the surface results in Mode li
and Mode lll behavior

Domain Integral Approach is more
accurate than directly evaluating J

The normal and friction forces due to
contact contribute to J Integral

Applicable for 2-D and 3-D

||||||||||||||



Mode I Crack — Test Contact

hhhhh
bbbbb
bbbbb

hhhhh

MSC )\ SOFTWARE.



Meshing Flexibility

Nice Hexahedral Meshes in vicinity of crack
tip
Glue Meshes near crack tip

Glue Cracking Region in Far-Field with
Tetrahedral Mesh

Example : Crack face between body 1 and 2

: Crack front at intersection of all
bodies

IIIIIIIIIIIII



Contact Bodies Used to Mesh

MS-C\\

body1l

body2

\

T
LERETE AT

body3

LS S
I SN

RS 7 uoneodios a)emi)08 95N 2002 WBiAGOT D

MSC >\ SOFTWARE.

ATING RERLITY
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Opened Crack Face

bodyl

bodw2

uotjes0dio s 21 e jog 5SW 700z 1ibliAd

MS‘C\_\-'\ SOFTWARE.
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Comparison of domain integral from a homogeneous mesh
and glued mesh of four bodies — Material 1s Neo-Hookean

) Copyright 2002 MSC. Softwa re Corporation

[

E SINSLATING REALIDY

% Domain# 1 2 3 4 5 6 7 8
No-Glue 0.21377 0.21792 0.21872 0.21893 0.21904 0.21908 0.21911 0.21912
Glue 0.21498 0.21977 0.21914 0.21962 0.21925 0.21941 0.21916 0.21924
+ Results of two nodes from 3-d model —
elastic body subjected to tensile load
Domain# 1 2 3 4 5 6 7 8
Node 1 11.591 11.713 11.453 10.313 10.294 10.278 10.270 10.279
Node 2 11.262 11.351 11.371 11.354 11.358 11.359 11.362 11.371




Concentric Load Driving
Closure and Friction

MSC X,

bodyl
body2

body3

C)
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Normal Stress on Crack Face
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Frictional Stress on Crack Face
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Stresses Ahead of Crack Tip

Note Shear Stress Singularity

.

-1.56+004

-3.11+004

-4.67+004

-B.22+004

Stress

-7.76+004

-9.33+004

-1.08+005 ———— Mormal Stress Ahead of Crack Tip
shear Stress Ahead of CrackTip

-1.24+0058 7

-1.40+005 T T T T T T T T T
0. 010 120 030 040 RILN 60 070 080 040 00

ria

MSC X SOFTWARE.
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Sliding Displacement

SOFTWARE.

SINSLATING REALIDY
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Fracture Mechanics Conclusion

For No Closure — No Friction Case —
Obtain Domain Independence

When Closure and Friction are
Present — Require a Finer Mesh at
Crack Front

Higher Order Elements (using
quarter point technique) show more
stable results when closure and
friction is present

||||||||||||||



Mode Separation

New Capability for 2-D and 3-D
Currently — Elastic Isotropic Material

Under development — Elastic
Orthotropic Material

MSE\\SUFTW%E.






Typical Output

j-integral estimations:

crack  pathradius j-integral value

i) I:.'.qrgrl.u.t:t 2002 MSC.Software Corporation

tip node
422 1.4142E-01 1.4294E+01
422 2.8284E-01 1.4596E+01
422 4.2426E-01 1.4654E+01
422 5.6569E-01 1.4677E+01
422 7.0711E-01 1.4693E+01
422 8.4853E-01 1.4709E+01
422 9.8995E-01 1.4729E+01
422 1.1314E+00 1.4760E+01

MS@{SoFTwAnE.
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Typlcal Output — Mode Separation

results for mode I and II: crackl

stress intensity factor

crack path radius K1 K II
tip node
422 1.4142E-01 1.1669E+04 1.7884E+03

422 2.8284E-01 1.2245E+04 1.7963E+03
422 4.2426E-01 1.2891E+04 1.7614E+03
422 5.6569E-01 1.3585E+04 1.7391E+03
422 7.0711E-01 1.4308E+04 1.7396E+03
422 8.4853E-01 1.5054E+04 1.7593E+03
422 9.8995E-01 1.5820E+04 1.7892E+03

422 1.1314E+00 1.6589E+04 1.8178E+03

MSE\\SDFTWAHE.
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ombined Mod

Inc: 1}
Time: 0.000e+000

. 7BBe+004

.097=+004

c426e+004

. 755e+004

.0Bde+004

4134004

L 742e+004

.071e+004

. 401e+004

.29%e+002

.870e+002

Equivalent Stress

E\SUHWAHE.
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crack

tip node

AN O &N O O &N O O

path radius

1.4142E-01
2.8284E-01
4.2426E-01
5.6569E-01
7.0711E-01
8.4853E-01
9.8995E-01
1.1314E+00

K1

1.9772E+05
4.1616E+05
6.9078E+05
1.0130E+06
1.3774E+06
1.7803E+06
2.2191E+06
2.6918E+06

K II

-2.5638E+05
-4.7860E+05
-7.6445E+05
-1.1113E+06
-1.5155E+06
-1.9739E+06
-2.4833E+06
-3.0410E+06

K_III

-2.4568E+05
-3.9508E+05
-5.4648E+05
-6.9291E+05
-8.3125E+05
-9.5891E+05
-1.0726E+06
-1.1669E+06

MSE\\SDFTWAHE.
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