ROLLS

id Rolls-Royce

ROYCE

Overview of the Rolls-Royce Fuel Cell
Multi-Physics Code Project

Ben Haberman, Carlos Martinez Baca, Greg Rush
28 July 2011

©2011 Rolls-RoyceFuel Cell Systems (US) Inc. This material is based upon work supported by the U.S. Department of
Energy under Award Number DE-FE0000773.

The information in this document is the property of Rolls-Royce Fuel Cell Systems (US) Inc. and may not be copied or
communicated to a third party, or used for any purpose other than that for which it is supplied without the express written consent of
Rolls-Royce Fuel Cell Systems (US) Inc.

This information is given in good faith based upon the latest information available to Rolls-Royce Fuel Cell Systems (US) Inc. No
warranty or representation is given concerning such information, which must not be taken as establishing any contractual or other
commitment binding upon Rolls-Royce Fuel Cell Systems (US) Inc. or any of its subsidiary or associated companies.

This document does not contain any Export Controlled Data.




Acknowledgements

® This material is based upon work supported
by the Department of Energy National Energy
Technology Laboratory under Award Numbers
DE-FE0000773 and DE-FEO000303.

® DOE project manager Patcharin Burke
® UK and US based RRFCS team

This material was prepared as an account of work sponsored by an agency of the United States Government. Neither the United
States Government nor any agency thereof, nor any of their employees, makes any warranty, express or implied, or assumes any
legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or any agency thereof. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof.

ROLLS

Rolls-Royce data ROI IS- Royce

ROYCE



Overview

® |P-SOFC Technology

® Project Objectives

® \Work Program

® Multi-Physics Code Demo
® Validation

® Conclusions

Rolls-Royce



IP-SOFC Technology

Cathode gas flow
(O]

cathode [}
Electrolyte [ |
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Substrate [ ]
Interconnect [ ]

Inert solid

—» Fuel flow
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Current Stack Configuration

Substrate assembly, 60W Bundle assembly, ~350W

1MW System will be 250kW tiers
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Design Tool Applications

® Multiple scales
e Single Cell — Bundle — Strip — Block — System
® Analysis of current design
e Nominal operation (steady state and transient)
o Effect of geometric and material tolerances
e Extreme operating modes and conditions
e Degradation data and rates
o Lifetime and reliability
® Support SECA activities
® Diagnostic analysis
e Explain test anomalies
® |mprove future designs
e Costreduction
e Performance enhancements
e Feasibility studies
® Non SOFC applications
e Peripheral components
e Fuel processing
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® Project Objectives
@
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MPC Objectives

® Scope
e Model scale: cell —» bundle
o Steady-state & transient

® Models
e Fluid flow & heat transfer
e Porous flow
e Chemical & electrochemical reaction
e Current flow
o Degradation

® Support product development & design activities
o Interface with Strip & Block models
e Interface with mechanical models (lifetime, reliability)
e CFD & heat transfer analysis
® Professional Use
e Non expert user
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Project Strategy 9

® STAR-CCM+ (CD-adapco) chosen for MPC
® Program divided into 4 Code Releases
e Prioritize implementation of simplest models
- Initial code release provides basic SOFC platform
e Verification and validation throughout
- Parallel computing resources
® Model choice application dependent
e Interchangeable models available
e Step by step approach to new application

» Heat transfer + Radiation
» Turbulence

« Simplified current flow

» Simplified chemistry

* |sothermal

* Laminar

* Detailed current flow
* Advanced chemistry
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Project Strategy

® Provide SOFC expertise to professional user
o Extensive use of JAVA macro programming
e Automate processes
- Reduce error and time

- Ensure best practice

- Remote operation
Model data

(EXCEL)

CAD geometry

\ 4 A 4 A 4 A 4 A 4

| Meshing | Install ‘Properties - Run | | Post
"| physics - am_j "| Simulation Process
conditions
STAR-CCM+

Results
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Overview

0
O
® \Work Program
O
O
O
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Code Enhancement Program

Physical model Interchangeable fidelity level
High 2) Code Release
Fluid flow - R1
[ Rr2
Porous flow

] R3
[ ] R4

Heat transfer

Chemistry

Electrochemistry

Current flow

Degradation Kinetic models
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Model Verification/Validation Program

Applications/ | 1D Single (2D Single/| 3D Penta 3D 3D Bundle
Models Penta Cell Substrate

Code Release

Porous Flow - R1
R2

Fluid Flow -
[ R3
Heat Transfer [ ] R4

Chemistry

Electrochemistry

Current Flow

Low Fidelity -1
High Fidelity — 2

Degradation

ROLLS
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Progress To Date
® Code Release 3 complete
e Fully coupled physics
- 1D, 2D and 3D
- Interchangeable model fidelity

e Validated models up to substrate
e Simulation spreadsheet and macros

® Capabilities beyond previous tools
® Effective methodology
o Common platform development
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Overview

O
O
O
® Multi-Physics Code Demo
@
O
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EXCEL Simulation Spreadsheet

A | B | © | Formula Bar || | F | G | H
1 |Simulation Spreadsheet Code Release 2
2
3 |Reference Terms
4
5 |Pressure B.4] Bar Murnber of Physics 4
| 6 |Dimensions 3 Total Murnber of Gases 5
7 |Max Message Indents 8 Murmber of Electochemical Reactions 2
| &8 [velocity Under Relaxation 0.3 Mumber of Electralyte Models 1
4 |Fressure Under Relaxation 0.7 Mumber of User Field Functions 3
| 10 |Species Under Relaxation 0y Murnber of GH1 Reactions 2
11 |Energy Under Relaxation 0.99 Mumber of CHZ mechanisms 0
| 12 |Eleciromagnetic Under Relaxation 0.99 Mumber of CH2 Surface Conditions 0
13 |Mumhber of Salver terations per run 14800 Mumher of Regions 71
| 14 |Mumber of Exra Runs 5 Humber of Groups 12
|15 | Calculation Period (iterations) 20
e
7]
18 |[FF1 & FF2 Species
19| Solid " Gases
|20 | Physics1 HZ cO MM coz HZ0
F Physics2| Solid1
22 Physics3] Salid1
|23 | Physicsd 02 M2
2]
25 |FF1 & FF2 Shear Conditions
| 26 | Mame Shear oniaff
|27 | Shearl off
26
28
E
Ell
32 |FF1 & FF2 Gas Conditions
33| Mame Pressure Temperature MassFlow Composition Type Compaoasition (-) M
EN (Pa) ) (kois) (Massiole)
E Cond1 0 11498 2 B5E-05 hole H2:0.34 H20:033, CO: 018, CO2: 015
36 Cond2 1] 1198 0 Male 0.0000
E Cond3 i] 1198 4 00E-05 Mole 02021, M2:0.79
| 38 | Cond4 1] 1198 0 Male
38
o0
41
|47 |
M 4 » W]\ Sheetl  Properties £ Physicsl £ Physics2 £ Physics3 £ Physics4 4 InitialConditions ¢ BoundaryConditions ¢ TextData / | ¢ |
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Model

Penta cell model
Consider only the active length of the tube
Neglect the unused region

CAD model MPC model
Air flow field Cell components

Porous substrate

Fuel channels
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STAR-CCM+

5 halftube v67 - STAR-CCh+
File Edit Mesh Soldtion Tools Window Help

ReEH ME > e nn ROVHEH P AYOE B ®Em@ CETIE » = ap o]

[‘haftube vz Geometry Scene 2 x|

EE

ervers
Pmulatmn | sconeppct |
[ Geometry Scene 2

& O Displayers

Bl Geometry 1

@ Parts

- Animations
Bl outine 1

@ Mesh Color
O Parts

B Animations
=0 Attributes

[&] Model Window
-3 Background Color

# Update
B Animation

-2, s

O Lights

- CipPlanes
O Annckations

: Geometry Scene 2 - Properties

= Properties

Coorcinate Systems i

= Expert

wicth 1370

Height

Transparency Made Alpha Blending ~ | ! Output - halftube u67 s x
-

P
found 338 close part pairs including already commected pairs

destination sbject: air <-> source object: cathode NERGED!
destination sbject: mua <-> source cbjeet: chl IMERGED!
destination object: mma <-> source object: chl2 MERGED!
destination object: mma <-»> source object: chld MERGED!
destination sbject: mus <-> source object: chl0 NERGED!
destination object: mma <-> source cbject: cha MERGED!
destination object: mma <-* source cbject: ch? MERGED!
destination sbject: mus <-> source object: chS IERGED!
destination sbject: mua <-> source cbjeet: chs IMERGED!
@ | destinavien object: mua <> source obyect: ch9 MERGED!

Geometry Seene 2

2 scene

| i
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STAR-CCM+ Macros

File Edit Mesh Solution Tools ‘Window Help
RO HE e = ROTPE P A0 BEN I 9B HELE » = an .

crvers mesh vdmedium 40 x| [ Geometry Scene 1 x| =e

simulation | scenefplot

B pentacel mesh w3 medium
Geometry

Continua

Regions

Interfaces

Derived Parts

=
=
=
=
=
3 Reports
=
=
=
=

Plots
Scenes
Representations

Tools

Look i \Bws,zsmnvm 2 rEE

EMPC Functions2Shov10

&

My Recent | |@ pddCF2.java
Coctments) @ nddEL.java
@ AddHT2.java

® addeFLjava

@ addpF2.java

® addUF.java

@ CreateCHIPhysics.java
®

@

®

@

®

@

&

Desktop

®

CreateCHzPhysics. java
CreateTables java
ReunSim java
setConditions. java
SetCurrentFlowPath. java
UpdateRegions. java

My Documents

€

My Computer

B mesh v3 medium - Properties @ = .g ‘ 1 |
File name: Open
elEppertie iy Network
Neme pertacel mesh va medium [m] Y Flaces Fles of type: [ STAR-CCM+ Macra Flles (* java) v [ canc=l |
Colesoraion O W
: output % x
pertacel mesh medium extended outlst = | pentacel mesh w3 medium s
STAR-CCH+ Version 5.06.007 {winf4/intelll.l) Serial fal
Tag date = Z010-D3-30 18:49:14 GHT
Loading into:
STAR-CCH+ Version 5.06.007 (wined/intelll.l) Serial
Tag date = 2010-03-30 19:49:14 GHT
Started Parasolid modeler wersion 23.00.180
simulation database load completed,
Started default macro:
pentacell mesh u3 medium @ C:\Documents and Settings)cmartinezilocal Settings\Application Data)CD-adspcolSTAR-CCIH 5.06.007\var)journalistarsls. java
A STAR-CCM+ simulstion ~
< >
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Automatic Interface Creation

5 halftube v67 - STAR-CCh+
File Edit Mesh Soldtion Tools Window Help

CoEd LE »e 1= ROVIA P ASO B 898 0

Servers [‘haftube vz @ x|[ Goometry Scenez x|

THEi» = a» o]

simdation  scenejplot | edt

Modle |MergeImprint 3

()

Merge/Imprint Tool

Trnprint Mods,
O single Part Imprint: (3 Multi-part Imprint

Source > s
[ wore b ™
N Destination

o] Mode

Fart Browser

Find Pairs

I

Browee Pairs

e W)

Merge Angle Tnprink: Pair

Tolrance [oo0m0nTm | Tmprint Al

Dedges | o] %
Overtess | o]/ x

<2

Display Control

CIE B

Color Faces by |Default Color destination object: sir <-> source object: cathode NERGED!

| destinacion sbject: mma <-> source object: chl MERGED!
@) destination sbject: mma <-> source object: chl2 MERGED!
destinacion sbject: mma <-> source object: chld MERGED!

Output - halftube v67

3] x

P
found 338 close part pairs including already commected pairs

Part Surface Part Curve Edit

destination chject: mma <-> source object: chl0 MERGED!
destination cbiect: mma <-> source cbject: ch2 MERGED!
destination chject: mma <-» source ohject: ch? MERGED!
destination ohject: mma <-> source ohject: chS MERGED!

@ Targetart surface O Target Pert urve

<

destination chject: mma <-> source ohject: ch8 MERGED!

Apply
destinavion ebject: mma <-> Source cbect: ch9 MERGED!
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Model’s grid on the
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STAR-CCM+ Output

medium PCT55A46.4bar run sim - STAI
File Edt Mesh Solution Tools ‘Window Help

BB mEi»en e ROTPAE P A% 0 BEE

s Yo m@ ELCE: > =an e

Servers [imedium PCT§6A6.4bar run... <1 x | :output “ =
simulation | mecium PCTSSAE dbar run sim | Compile x |
B mediom PCTSSAS, 4bar run sim o TS S Sn_aeminmiris D LeSeomSd o lpsuiionud feen i e e ~
B Coometry 211 Adding Default 5 [cathode 2/ivia 10] Part to Internal Table: Interfase2l i
. 212 Setring Conditions on "Part3urface_ivia 15_electrolyte 3 [electrolyte 3/ivia 151" Boundary of Region CCCZ
& Continua 213 Setting Conditions on "PartSurface_electrolyte 3_ivia 15 [electrolyte 3/ivia 15]7 Boundary of Region Electrolyte2
& Regons 214 Setring Conditions on "Defamlt 3 [cathede 3/ivia 15]7 Boundary of Region Cathode
O3 Interfaces 215 Setting Electric Potential Specification to Specific Electric Current
O3 Derived Parts 218 Specific Electric Current set to field function I_zA_E BFLux
O Sobvers 217 Setting Wall Species Option to Specified Flux
@ stopping Criteria 218 ScalarProfile set to field Function I_2C_02Flux
I Reports 218 Adding PartSurface_ivia 15_electrolyte 3 [electrolyte 3/ivia 15] Part to Internal Table: InterfaceZh
3 Moritors 220 Adding PartSurface electrolyte 3_ivia 15 [electrolyte 3/ivia 15] Part to Internal Table: Interfacel
I Plots 221 Adding PartSurface_ivia 15_electrolyte 3 [electrolyte 3/ivia 15] Part to Internal Table: ASRZ
3 Scenes 222 Adding Defaulc 3 [cathode 3/ivia 15] Part to Internal Table: Interface2t
(= Representations 223 Setting Conditions on "PartSurface_ivia Z0_electrolyte 4 [electrolyte 4/ivia 20]7 Boundary of Region CCC3
5 Took 224 Setting Conditions on "PartSurface electrolyte 4_ivia 20 [electrolyte 4/ivia 20]7 Boundary of Region Electrolyted
225 Setting Conditions on “Default [cathode 4/ivia 20" Boundary of Region Cathode
226 Setting Electric Potential Specification to Specific Electric Current
227 Specific Electric Current set to field function I_2zA_E BFLux
228 Setting Wall Species Dprion te Specified Flw
229 ScalarProfile set to field function I_2C_02Flux
230 Adding PartSurface_ivia z0_electrolyte 4 [electrolyte 4/ivia z0] Part to Internal Table: Interfacezi
231 Adding PartSurface electrolyte 4_ivia 20 [electrolyte 4/ivia 20] Part to Internal Table: Interface2k
232 Adding PartSurface_ivia 20_electrolyte 4 [electrolyte 4/ivia 201 Part to Internal Table: ASRZ
233 Adding Default [cathode 4/ivia 201 Part to Internal Table: InterfaceZl
234 Setting Conditions on "PartSurface ivia 25_electrolyte § [electrolyte 5/ivia 25]7 Boundary of Region CCC4
235 Setring Conditions on "PartSurface_electrolyte §_ivia 25 [electrolyte 5/ivia 251" Bowndary of Region Electrolyted
238 Setting Conditions on "Default 2 [cathode 5/ivia 2517 Boundery of Region Cathode
237 Setting Electric Potential Specification to Specific Electric Current
238 Specific Electric Current set to field function I_2zA_E BFLux
239 Setting Wall Species Option to Specified Flux
240 ScalarProfile set to field function I_2C_02Flux
za1 Adding PartSurface_ivia 25_electrolyte 5 [electrolyte 5/ivia 25] Part to Internal Table: Interfacezi
242 Adding Part§urface_electrolyte S_ivia 25 [electrolyte 5/ivia 25] Part to Internal Table: InterfacelB
C ) 243 Adding PartSurface_ivia 25_electrolyte § [electrolyte 5/ivia 25] Part to Internal Table: ASRZ
Piaying: Finished zaa Adding Default Z [cathede 5/ivia 25] Part to Internal Table: Interfaceac
z2a5 Searching for boundaries named "Air Syn”
medlum BCTSsAG dingumEinLbopertics L 245 Conditions for boundaries named "air syw” being set, 1 instances found
=Prapertiss 247 Setring Wall Shear boundary conditien
Neme. medium PCTS5A5 #har run sim [m] za8 Setting Conditions on “air sym” Boundary of Region Air
Callaboration [} 249 Setting Shear Stress Specification to Slip
250 Searching for boundaries named "fuel sym
251 Conditions for boundaries named "fuel syn” being set, 1 instances found
252 Setting Wall Shear boundary condition
253 §etting Conditions on "fuel syn” Bowndary of Region Channel
254 Setting Shear Stress Specification to Slip
255 Searching for boundaries named "air sides”
258 Conditions for boundaries named "air sides” being set, 1 instances found
257 Setting Wall Shear boundary condition
zs8 Setting Conditions on "air sides” Boundary of Region ALr
259 Setting Shear Stress Specification to Slip
rror Repor
Errars Found: 2
Line Indent  Message
sa s VoltEC_1607 Field Function already exists
1oz B CurrentBC_1751 Field Function slready exists
medium PCTS5A6.4bar run sim (7] =
A STAR-CCht+ simulstion < 3

ROLLS
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Chosen Models

® High fidelity fluid flow
o CFD
® Low fidelity heat transfer
e Isothermal
® High fidelity porous flow
o CPIM
® Low fidelity chemistry
o Water gas shift
® High fidelity electrochemistry and current flow

e Integrated electrochemistry & numerical current
flow

Rolls-Royce
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lterations and Residuals

This model ran four points, each taking 1500 iterations, with a 20 iteration calculation period.
In each run the current withdrawn from the cell increased by 2000 A m~-2

Residuals

1000000

100000

10000 \

1000
\\Uln

— Continuity
—¥-momentum

=
4

—-momentum

Z-momentum
—H2
co
M2
— 0z
—02
— Energy
— ElectricPotential

Residuals

1E-7
a 1000 2000 3000 4000 5000 [falali]
Iteration
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Hydrogen Mole Fraction

Contour plots demonstrate how hydrogen is being consumed by the electrochemical reaction.

Section planes across and along the tube show hydrogen diffusing across the porous substrate and
how it is being consumed at the cell layers.

Variations in hydrogen mole fraction confined to porous regions where flow resistance is high.

Mole Fraction of H2

0.24382 0283711 0.32241 0.36170

[teration = 6000

ROLLS
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Carbon Monoxide Mole Fraction

Contour plots demonstrate how carbon monoxide is being consumed by the WGS chemical reaction.

Section planes across and along the tube show carbon monoxide diffusing across the porous
substrate towards the cell layers.

e

Mole Fraction of CO

0.065220 0.094153 0.12309 0.15202 0.18095 0.20989

Iteration = 6000

ROLLS
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Oxygen Mole Fraction

Contour plots demonstrate how oxygen is consumed by the electrochemical reaction.

Section planes across and along the tube shows gradient of oxygen decreasing along the air flow
field and how its mole fraction is reduced near the cell regions.

Mole Fraction of O2
0.18812 0.19231 0.19650 0.20069 0.20487 0.20906

lteration = 6000
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Current Density Distribution

Interface_1_i

6445.3
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Overview

Validation
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2D Single Cell Model Validation

® 31 IV curve test matrix

Air —»
Cathode

Electrolyte

Substrate —» Anode

Fuel —

Rolls-Royce
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Results

[
) ° Test17 (900 C) a Test 9 (Al)
0.95 3, ° Test18(850 °C) | | . * Test 10 (AO)
p + Test 19 (800 °C) = Test 11 (AO+19%N,) | |
4 Test 20 (775 °C) 0.90 x Test 12 (AO+32%N,)
—=— MPC Prediction

—= MPC Prediction [
[

ncreasing H, composition

BN Increasing temperature
\ 0.70
DN t. I'\o\:\

2
075 DN ° o
L e \ ' -
4 +, ®e . o -

0.50
1.2 16

0.65
0.0 02 0.4 0.6 038 10 0.0 04

Ecenn (V)
/ 1%

Mean Errors
E..;(OCV): 0.3%, E_(Imax): 1.7%, ASR 4.4%

ROLLS
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2D Penta Cell Model Validation

® 34 |V curve test matrix

Mean Errors
® E_,(OCV): 0.7%
® E_,(Imax): 1.8%
® ASR6.0%

Mole Fraction of H2
0.28 0.310
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3D Penta Cell Model Validation

® 5|V curve test matrix

Mean Errors

® Unchanged from 2D
analysis

Interface_1_i
6445.3 7094.3 7743.3

Rolls-Royce data ROI IS- Royce
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dation

3D Substrate Model Val
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® Test matr
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Overview

Conclusions
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Conclusions

RRFCS requires a design tool for detailed
calculations

® MPC being developed in commercial software
o STAR-CCM+ (CD-adapco)
e Customized for SOFC
e Coupled SOFC physics
o Automated operation
® Development on schedule
e Code Release 3 complete
o Models validated up to substrate level
e Bundle validation underway

® Predictive capabilities being used by RRFCS
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