T mm mm

am |

gl

{4}

Alig \ \ v e G S 'y
{ W ) ) i \ 1 L8 »

4 ' Liey pa {1 v A BN % >L|

i3 : e e AN 3

G ik 4 ] Pl RN AL A ) N

e {! Ao 1Y Ly il \ H i

IR S i N
i | {5 l i {
{ oyt \ A 3 Uit H
| -!- 1 ) ‘ ‘
4 |
(1% .'l.“ { ‘. “\ L‘
i ARy A : RS eR, 1o ik
‘\ | R B A RO RR O X

*’.;‘jwﬁﬂa,!,m ‘Ti’@‘lﬂ‘i‘“"‘i‘l?l?’l’ni‘ﬂﬁ’@ﬁﬁ‘l‘iﬁ

ﬂf e

a‘tmlﬁﬁm

L i wmwaaﬁ*m‘igwl‘i%‘ﬂmwﬂa
gy : £ ) R ! L"/ﬁ‘ “.‘ . ":.

!‘{JK)Y OE' H OW IN Gk HL. %YM K AN ) EXﬂ I:\%NM MANHIF Ol i{) HIM A ‘%Oﬂ ﬂﬂ)

{
N o W FURL LM D ARER A DR )l
’ |‘ 4 ‘..‘ k'.."\\ 1 \ {4 % e PRCAY i
: AR (i VARG 1o Fo \ R \
LI ¥, il 1 \‘ A ‘.\,’.'.:\.' ¢ | H . .‘ i
/ b L ] A W d ¥ f PN
‘ e L ; pf A A B
' o ¢ Hantl i) ) ol A Y Sebdntid S L
! i i : A A L l { WAV
\ {1 f 1 !\ 1 Y ':"' . r{ { (i S RAR £ Vi tied 1 “"‘"‘
At . ‘1‘,"‘ { { S I ] A\ ‘.' i’-”‘:.: ; ; A ‘ 1 i 1 i l_)-..( i
| R 4 : ST A {n fVAE AL \ ! Vg
\ oy o R \R RIS
; ‘ik s i AL ';‘.\'_ o b [ ) A 1141
BT Y ) : o L AR g oI 1 1 i nated
; " ) { (=it R y Ry R,
) { ) i) \:"tl "‘\-‘.': A A\ I / ' i !l;
{7 Ly 1/ { VRIS E Y | L { 1 Ly s 14
/ rf B+ \ AN el ngy ¢ }il i) | ALY 4 ey
{1} ! : ety W 3 S S | Al Rl
X i 3 { . ' -‘.‘.\‘ I Ak $ 11 L ! AR e : RV
; { -\-\‘ SOSTLION s bl (R i j 154 \‘ h V. { ,:“\ g
it 1t \ ‘ \ . LA i\ ( FAY \ i !
Y q {ieh i ks i (4 TIAES V(o Vieyt
\ A 1 L Y i i il
WA G {1l \ ;ll AN ' Al i & -ty
\ : 3 A \ Lityfed [ | [ A% 33 T
1 Wi A UELERY, 13 St \ | { il &Sk
{ A ol (¥ Lo ¥ { i il (i {f.‘,l
RN I A PR R NG I - i, Eae
3 { \ X ’ { [ { /
: 0% g iy 't ', y i ‘(: "5 ! z - 5
\ \\ \ y i sty . i
f lid LA {
L *- Ty ‘a., i
& I Ju b 3 2‘}% ﬂ W (l! _‘ : NE 1 i &Y It )
NN (i ! » ; s a ‘w
l \ { { M i) by
1 Y 4 . od 1
i \ 1 Lgh ﬁ\ Y/ / 1 / b
i _ WAS w .;@ wfu um el IS i |
! i { RO aof AN U G
! e | w_.f T | Ly ! -I/'r: o \,
! " ! \\ ] / s ] o | { ;
) ( Vi . A 4 (LR G LTI {
\ LRA VY| f e L } i 1 \ ll Vg ) . I
| [ \ { T ! b AP i v A il ;
i el | ] 0 \»l v sk B | | KAk A5 Py 23 ¢
{_.'”, i i b - “ ‘ [f A &l 154 (f ) 3 .(:}
\ Ay ( 1N i\ e ! § f [ ! o Sl
. il A S { £REENEN (AR ) A
Ay AT ) Tt W for o ' : WP (BELR
Ao ¢ e v : ! ;'I.‘\;
Sl L R LAY ‘ al i |
SN i\ ¥ g A [t
} t b '-_\'\‘ ), ] X :. | ‘(‘.
AYa \ {1 0 ' i " ik § "‘l {
\ 8 4 A ' | { h o]
e et LR g 4 t R ,’.!
X | ERY b {1 | ! { \
, AR B h i A .-{uf" : .
{ A ! . \ [ At 'y he
{ { 1 : W) : \
\ B i / \ i \) VL) Fcy
| i b o 3 . )\ |
\ : { \ ( | &
i i : A o
\ i \ R
i RS
} {
e e
AL i
"ut ;

o

M u‘1 L :
'mmwummn TRIHIN nmﬂnfm mzmﬂa“nq"mmﬂ LEE mm Mmm m!mw.rmn

mmm i

J

n

1 o mm wummmuummm

' oy (.Y

wmwmmﬁ l]ﬁ.&fﬂ

A
'mn wzm ww‘Eﬁmﬁ'ﬁ; HW'ﬁ‘"’iﬂHﬂ *mum ﬂmﬁmmm T amwm oo e
( A 3 ",,’f ,\. Al
ST, W 2547 ‘ -1;-' i
S : U ISON 074-15-1241-4 o
S { 4 ¥ (s g ) L ‘ :"I-’ \ f. (vl “: " ”:
r .‘j-{". % Lt ik Rl



& ar a
nsANEINITIuA luTUNSTaLazgANszaEnTIUAdIUT LIRS

[~1
Bawndsrinaanldaan s

STUDY OF FLOW IN CELL STACK AND EXTERNAL MANIFOLD FOR A SOLID
OXIDE FUEL CELL

ITTHIR AU
WASSACHOL WATTANA

3wmﬁwuéﬁtfﬂudquwﬁwmm‘:ﬁ’nmmuuﬁ’nqmﬂ%mcyﬁmns‘a‘u ANRTHUNI IR
A1 ITIAINTTHLATRING
UUARINERE
aniumalulagnszaaunaiaunmsatanszia
W.A. 2547
ISBN 974-151-241-4


CLP-16
Textbox

CLP-16
Textbox

CLP-16
Textbox

CLP-16
Textbox

CLP-16
Textbox


STUDY OF FLOW IN CELL STACK AND EXTERNAL MANIFOLD FOR A SOLID
OXIDE FUEL CELL

WASSACHOL WATTANA

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENT FOR THE DEGREE OF
MASTER OF ENGINEERING IN MECHANICAL ENGINEERING
SCHOOL OF GRADUATE STUDIES
KING MONGKUT'S INSTITUTE OF TECHNOLOGY LADKRABANG
2004
ISBN 974-151-241-4



COPYRIGHT 2004
SCHOOL OF GRADUATE STUDIES
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG



Witadanelinug nmsAnnisiualuduatssaduazganszananislua

Aviumadaainasrinaan lasaaud

UNANE UNAITTHTA THU
sudLlsza169 43062008

Usuaun AAINTINARATHNNTTUGN R
AN U1IEN AAINIINATRING

W.A. 2547

2ISHHAILANINEIUNUS NA.A9.A17TAT LATEUGT

UNAnta

maﬁv%faLwﬁwﬁmﬂanhﬁwmuﬁqLLUULtduﬁﬁ"qmni‘:'a’mm?vl.wml,uuﬁmﬁ”fqrv’w"mu'an
U demdwaraimagamnszaglufiteansivannadnieata muianszanelam
GBI TReL AN iasannnisnszananislvaneluduaagaeding
avnanednalilszAninmaensaddemasiiu  lunsAnsifldeenuunfunameuas
ganszargnrivaiieAnuuanssnuteyuiBresasganszaranisinafisisenisnszans
mslwaneluduanaua Tmﬂ'lﬁmmﬁuzgmLﬁﬂﬁtﬁm%u'lwﬁ*aqmﬂuﬁLﬂuﬁmﬂﬂmm
danwuznisnszarenslua . Jeinieiaausuadainadiuasmeeentesteninislug
3 vy liun desiudnega deemsanan LLﬂ:'ﬁm‘%mmqmmLtﬁaxtma%qﬂ?:nauﬁqa
13 desnsiva meludunaseialsvneusiomasiuay 10 e TevinnimageRsnm
msluaiinadhaesiunnasawiniy 5, 5.5, 6, 6.5, uaz 7 AnssieunT leldganszanunis
Inafifinanandes 3.10 uas 5.65 8aAN wudnganszatensiuaiide 3.10 ssdmliia
msnszarensaiiands wasinArsdugoie luteanisiuatieandn uenanndudaliin

msanaeenismamelufunaseiiidewlamieniunimnaaes dlarmualiganszans
msluaiiamides 1.13, 3.10, 5.65, uaz 7.89 83A1 e ldTUsunsamns CFD #ide STAR-CD®
doglunsAnwmginssunisiuaiiliamnsouansldainmmases wuddnsniznisivad
IFannimaaesusziuaasiinauaenadesiuinoansured 1 soiulfuudiaes

g H I} ' v
tRsAnanmhaulainiasian et lunsfudpuasianndunnamase s



Thesis Title Study of Flow in Cell Stack and External Manifold for a
Solid Oxide Fuel Cell

Student Miss Wassachol Wattana

Student ID. 43062008

Degree Master of Engineering

Programme Mechanical Engineering

Year 2004

Thesis Advisor Asst.Prof.Dr. Jarruwat Chareonsuk
ABSTRACT

In the external manifold of planar Solid Oxide Fuel Cell (SOFC) stack, the fuel
and air have to be uniformly distributed into cell channels and throughout the stack. It
has to be so since the uniform flow distribution will help improving the fuel cell
performance. In this study, the stack and external manifold were designed such that the
effect of inclined angle of gas distributor on flow distribution was investigated. The value
of pressure drop across the channel is used for demonstrating flow distribution. To
achieve this, static pressure at the inlet and outlet of cell channel is measured at 3
positions for each cell; the extreme left, the middle, and the extreme right channel. The
stack consists of 10 cells with interconnector with 13 rectangular-cross-section channel.
The static pressure is measured for 5 levels of the inlet gas flow rates; 5, 5.5, 6, 6.5, and
7 L/min. The inclined angles of gas distributor for this experiment are 3.10 and 5.65
degrees. The one with 3.10 degree provided better flow distribution and less pressure
drop. In addition, the flow aerodynamics were simulated at similar conditions. The
inclined angles of gas distributor for this experiment are 1.13, 3.10, 5.65 and 57.89
degrees. A CFD code that solves algebraic finite-volume equations is STAR-CD®. By
showing so, we are able to hence some ideas of the flow behavior that could not be
demonstrated by mean of experiment. The experimental and simulation results are
qualitatively in good agreement, especially in cell number one that right at the bottom of

stack. The model can potentially be benefit for further development of cell stack.
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constant in discretisation equation
sound speed
cross-section area
cross-section area
wall area of channel
constant in equation g,=1.44
constant in equation £,=1.92
constant in equation &
frictional coefficient
constant in the turbulent viscosity equation
constant in discretisation equation
diameter
hydraulic diameter
distribution factor
friction factor
gravitational component vector
generation of turbulent kinetic energy due to buoyancy
generation of turbulent kinetic energy due to mean velocity
gradient
height at reference point
height at the inlet of channel
height at the outlet of channel
current
turbulent kinetic energy
resistance factor relating the effect of rough pipe flow and
splitting of a flow to a pressure drop
resistance factor relating the effect of rough pipe flow and

combining of a flow to a pressure drop
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resistance factor relating laminar flow to pressure drop
constant
globally linearized flow coefficient
length scale
channel length
maximum
minimum
mass flow rate in branch |
non-dimensional mass flow rate
turbulent Much number
mass flow rate
number of cells in a stack
number of channels in a layer
pressure
initial pressure guess value
perimeter
pressure
electric power
turbulent Prandtl number
volume flow rate‘
radius
radius
Reynolds number
source term
time
velocity in x direction
average flow velocity in a channel

fluctuating parts velocity in x direction
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friction velocity
velocity vector
velocity in y direction
fluctuating parts velocity in y direction
initial velocity guess value
turbulent velocity
velocity in z direction
fluctuating parts velocity in z direction
direction
direction
overall dissipation rate

direction

thermal expansion coefficient
turbulent kinetic energy dissipation rate
stoichiometry

second viscosity coefficient
non-dimensional group
dynamic viscosity

turbulent viscosity
non-dimensional parameter
flow property

mass density

normal stress in i direction
turbulent Prandtl number for &

turbulent Prandti number for £,=1.3
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FOURNTOL Fa/mnunang
a

turbulent Prandtl number
shear stress

pressure loss coefficient

ATUANY (subscripts)

1

relating to the inlet manifold channel

2 relating to outlet manifold channel

b buoyancy

(4 channel

e, n,w,s interface control volume between face P& E, P& N, P& W
and P& S

ENW,S neighbor node around central control volume, East, North, West
and South

h header

i branch number

J node or loop number

[ layer

s stack

t turbulent

ATULY (superscripts)

/

fluctuating property
& guess value

time averaging generation
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2.4 WUUIIADY (Model) WaTNI5ILATIZY (Analysis)[7]
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Q, A non-dimensional group
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1.4 msaageuginfiufalvainieeantesfusnasaudailianieeanaesduanaa
1.5 dunngingnassvalsmiinafanasniisumguhiels
1.5.1 dgnastreslsmilinefiisetetuansininisiaidunnass fmulid
snoop ATAAMsaEFuAIMINaAs RN udaselinauieuazing lude 1.4
Laz1.5 BnA%Y
152  drgnassaassunisiwmniaudiauansinliiinasinafuuanada
Banunisaseniuls Winludeansselyl
2. MITAANTINS52
2.1 Wanganuneia 4
2.2 wpuandamnean 5 Wludwmisiliuialuacuienailddadnmnnsia
(Fudseluunud)
2.3 Aadamnsat 3 esnanaaniozasedaingaduduanas
2.4 USumdavmneian 4 elidnsnisinadeuamaiilsanfiwefiviniy 7 anssie
wn (ﬁﬂqqqmﬁl'ﬂum?mﬂm)
2.5 Unlsmfmesiftesunnsina i lurian i ld3asmsniesa

2.6 dnsrauindulunnueiimesluanialdiinasiua

v ]
-

- v [ n‘ :’ [ - n&' ar ar 1 ;4
2.7 Yandavunaa 6 udrdunarmidulunueiimesauludiszdunsald
o n‘o v ) 4 3‘ % =y [ 2 dl
nszAuAMNgIiualiuaznnavenldinuraselne M Winsuliuns e

e " 2 _ B
memaafduldacnsudnsinisiaiuBuinssenitonan wasifuldduiuaunis

PBIVIANIY
2.8 Uanean1e3duanags uddtlandanuneiar 6 Auwainuiruluuiue
. al we . w AEwe & = S d Y ofi
HmefiullderzaunsliuazAnsnmnisidaiulBuinnisiressuuivn
o o L 4
2.9 vhwaililude 2.7 audan 2.6 azldithuFunainnsianeluduinaea g, ,

2.10 Uannaauuneiar 3 uaanyuandauuneat 5 lunsundanusaluatiulsni

L

'
ar [ p

¥ ' i
fmefidndunags Taelitwienanldindnsnisi udrsusnsnisinadiefiudlusn
- -l * Y
gnsnsiuainiadraesiuinan O,

2.11 Aanamlesidusramnsinisiaann

% leak rate =':l —[MJ x100% (3.12)
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2.12 vmanaassdeaasindnaaspiaudaufiudeyanmunli

3.6.2 MeinAANNAugIdeludansiug

1. Weradaunanazlsy Pressure regulatoriﬂﬁﬁi'}ﬁﬁﬂﬁqm

2. Yanndamunenas 3 uazmyundamuieias 5 Wnislualumuduiy duke
Tnatulsanfmasuddnduanaaa

3. UFuganmuasumiadnsnisiualuden 5 ansseunn

4. et 7 YFundamuneias 4 Taadaunalignassreslsanfinefogaiumisi
nwuald Aeldszunnsiniie Wgnaeniis

5. g1uszavANNgIaidluveilinefuaiuAniy H,

o o e _—rrr : g " u
6. WIVDTALAUNABAMEIARIALNINIEG ATurausn (P,) N19AIUNINTNT8IUNA
= 9 o - d’é = 7 ‘3' 1

N@suidniunIueiived Talsnsaniuniklaesgussainia

7. Unviedalauiumdan 1 nliseentsin

: v dl =3 = v [ ar g ar al‘ aal .3 v [=3 ]

8. MalHlszanadduiuni  udrdussAuANgIIeRin UNIANTY  uRIALAY
W H,

9. naavieddlauduANaanudatlaviald viedalAuaes P, N19sUN19RENTEY

o =l v e a « 9 : 9 :il = =
wRANURsUWN AU BaRAeFINuLAe sz B A UAnah
v 1 1 v
10. g1uszauANgerasiulunweinasininuay udaiudaniuy H,,
1. A ANNdugudsnielutesnisiva AINNITBIAIATNUANGFIN

semdn H, war H,, andudtauvuuaesiiivlunueiined udnfiudniuaiy

out
ar = ! o 1 ni dl °  ar lﬁ' d'
mugryiduaasdeinisiug Aumbainireugaaduiviia (AP,)

12, ingsiauside 6 fede 11 auldArAuAugo@EInnAIIM

° %’ :’, 18 2 v | 73] o o ° i a1 o
13, vndsausde 3 feda 12 aulddraudugr@annniumbanaAdnsnig
v

Twavia 5 én 1w 5, 5.5, 6, 6.5, uaz 7 Anssiawnii

o g |::l ::’ [ = v dl &
14. NMNIINARDIT WaYianNasausda 1 D918 13 INBATIRADUAITNYNABN
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4.1 unin

] £
Dauddranunsaiinimansaiiadanisnszaranisinanieluduansaldfiany uwdly
v v

nsnnsnaassiueldiunulunisaieganaassganesunas uanamiudagade
warlumsmaaasdaudiun saialdarnsoidayaiiuliudseldsaaianimeans

Lo e as ' Ay v } :’/ o ° < q e &
Imidiaiinsiunlpgiuazaunaildeanuunly fafunsimnuuudnsesdadiim i
ﬁi. L7 o ' " . . | add’y
wl-mmﬁfymmnmq Computational Fluid Dynamic, CFD {unssululsnnmunenn
wuaRafiEaAsLFumsduiles (Finite volume method) ialdifluisiesiialunisdinsed
Ueymlumadaanssuildfuaaaien lutlaqiulaillsunsupeufiomeynie CFD wane

Y é’ 1l =3 i 2

Wsunsuliidenldiienauazaanlunisldamuinau ednalsimudesandoannudila
& iale 3 o s Ao 3 v -
Huguaengueilfurimunlusunsumanil Aeazarnnsaldarulisunsulfadnadl
Usz@ndnw maeasuamnsadinszinaldetragneies daduluumi 4 Aand1ofangu]
Nugmiifertasiunsdteeinisivg nesnausaaz@ansine q Reafuuuudaaenisivg

: 4‘!‘ ] ﬂJ o 2 e o
T‘]Nﬂﬂdﬂlﬂ'ﬂlﬂ’]\l 1 nnmualiiuLLLSIa89

aa o o
4.2 MBI

&
4.2.1 dunsnuguransiua [30]
nuualiedwuiaassaslvaioue &, , & Fuaaclugii 4.1 lugui 4.1 usias
Aawireefuusinuuadedaii N, S, E, W, T uaz B Temnafaiowifatsuimmiie

U

NAle NAncIueen RARZIUAN FTULULAZEIUENN ANNAIGY

e

¢
(x50 n 5z
g

<l a 3
7% 4.1 AwureeIrealua [30]
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Tﬂﬂ'ﬁ"ﬁmqusfnmwmnﬂﬁtuuﬁanﬁﬁﬂLLuﬂq (x,y,z) AMANTRF ] 1evedmwsTY
Waffuresumisuazioafeil p(x,y,2,8), P(x,y,2,t), T(x, y,2,t) W8L u(x, y,2,t) ox
UWAAIDINAINNUILLY AN qIMNTTUAZIINIABF189ANI TR RINURAINA Y
fasanniedmuiiRasaniiilonadnann ﬁqﬁuammuﬁlﬁﬁwﬁwmL@'ﬁtuusﬁmnmm

uaaluglI99a8ananuINTIes Taylor series AllAINGNFBARENE BNFaBtngTy AN

o’ d‘n d [ ) Ls = o 1 ar ]. :’/ J !
AUNHININ E WA W Beaguneninqagudnanaresiafmudiviniy Eéx VIR TIUAAIAI DD

U

AMNAUNRI I Iaa lAGIN

dp 1 ap 1
———& lax +—=——éx
# ox 2 i ox 2

4.2.1.1 aumMsayinuuaa
luanAuusnaenisaireyiuisesauniseninfuasiusieiinisaunaniaredied

« 1 ar A’
HUATBAD9 IMAnaUAIT

ar - 43 = - ar - u |
AT TIANTUIINIA LR LTe g = dnsinisinagbaenaaiidnun

Tuedumraalva (4.1)
nll [ -n‘ : - aal
Taendmns nsRNIUIBINIa IR G AS
0 0
—(p&eye) = L ey (4.2)
ot ot

dmiudnsnisinareaunaiufonisenefuuiuansluglsinagurenaniy
] A: i o« < . < 3 o - :‘r
WY Wuwasesmlsznanaasnnada (Velocity component) fisaanniufiantinty a1n

i < ' e - al' - ' 3 -
710 4.2 uamliiiudndnmnsinagnireanasiiivadiedummasiuiufiane

_p) 1 N o(pu) 1 _om1
(pu = zéx}‘)jzdz [m+ - 2&}@&{,@ T Jé‘x&

| gy ) L _2tpyL . iy 1
[pv-i- & 26}:}&&+[pw r Jé‘x&y (pw+ > 2 ]&céj/ (4.3)
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'
& o

H } 1
nslwadiifiananisivadigedunminlinsreuedmuifiniuuaaluiaauunguan

daunisluanilndnianisivasanaineausuanluATeNIe ey

ST . P‘V"'a"%?‘%sz
a1 |
—_.=
pv+ 3 2 y .
™~ ] Apw) 1
L2 } u ;
~~"~. i pu+ ax v-2~&x
l' ® E N e
olpu) | S LE 2% ‘
ou- 209 e |2 AN
j
g : - a(pv)'}_sy
y | Sy 2
. l . apw) 1
y 1 w__-—z-— 28z

< a 3
51U% 4.2 nslnadnuazeananedmufaetvaslug (30]

WARATUNAINANNITN 4.1 aLlddnaunsd 4.2 wiaduaunisi 4.3 uaziiledn G

v v
aunslminFauiumsiaaesdieresannisdg &dyd azldannisludsiail

op  9pu)  O(pv)  O(pw) _ 0

(4.4)
ot ox oy 0z

aun1sh 4.4 Wuaunisayinifunaaniauunliaedia (unsteady, three-dimensional mass

conservation) %38 continuity equation &miunisluawuudadaly (compressible fluid)

WENUTNPRIENNTANNE 18 HaARaRIN 1A UL A TBIAINMEILLY (NoasawTamae

1 v

5u1m9) fanan doumeniidarssanmsduioiiatuwaninisinaesngniseuiaiu

Aomidailureunresaeduidisoniund asuniivinean (convective term)
dmiunislusuuudasalild (incompressible fluid) BuAMIUUUALLLAIT aun1sT 4.4

=X - L’ du

AnTsuludlasail

éu_ =0 (4.5)
Ox

ov ow
+ o —
dy Oz
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4.2.1.2 a5l UAN
anngdeiisesrasfisfunaindndnsnisulasuulassalumuinsesayninaedlua
WiriunauInaesusaiinseiseaynAil dnsnsinIvseluuAuAauilaniae

Usnmslunanng x, y, z 1esaynintasinauanslae

Du Dv Dw
—, p— URT p— (4.6)
A R R

' cd' o ] v a 9 ar 0 <4
dNTaususinsziseayniataslnaaenlailuaslssinndaaiunaiaie
1 v ]
- unannseinsaWudalaun usaileaannaa Ay (pressure  force)  LATWSY
- 4 .
LUBIRIN ATNUUA (viscous force)
P o ' v ' 2 ' o .
- usahinszvingle body lAun usaliudag usagaudnana (centrifugal  force),
Coriolis force, electromagnetic force
w g o 5 4 . .
lnendudausannseiisanuioszuaniumennilasasannts Ty douusan
nsxivsia body Muiudnimeniiuanslugiaes source term @MmFumduAuIRRRILUR
revluagnimualumensaspumuasadudounanalugli 4.3 anuiudaldun
2 2 = = 3
AIMLALRIN (normal stress) gnuasdlae p AaAwRsugnuamlay « lasunfuda

a ' - v o a T T
wanalugiees 7, Taed j uassdiesflsznaurasaauiAunssinluiianie j seaiufie

v
ar

NeaInNAuRANg i

< - v & o b a
319 4.3 asAtlsznavrasammduuuNuiaianauaaedmustedng [30]



a7

v
s

] d‘ ] A:I‘ o ] dl. % A:l’:‘l’ = ' ar
wraAanilmie TN NNTENN ﬂﬂ'ﬂm‘luﬂLummnm'mmuwwumwwummnu

HRPINTBIUTIANENNTLANTURAN X, y, z 290U TawinAy

a(_P +Tx.r) + ar}'x o asz
Ox oy 0z

(4.7)

paduannisTuuanludonans x, y,z wldannisnamualidmsnisiasuuaq
v ]
luuen x  eveayntAteslnarinduusianualufidnng x  Ansuinsewdwus
i IQ o’ ar “I z ar i
\asanaNAuIR SN USRI N RN U TGN x 1H9an source  TBuanq

v
sasia T

e or .
Du _8Cpts,) foe 7y + 8, (4.8a)
Dt ox oy 0z )

X-component:

or, O(-p+rt ot
Y‘Component: pBK: (o2 4 ( 2 }0‘)+ zy

Dt ox dy oz S bl

0 L
Dw=a‘£'x2+ T_yz_’_a( P+Tu)+S
Dt ox dy 0z

(4.8¢)

Z-component: P Mz

4.2.1.3 #NN19 Navier-Stokes #1151 Newtonian fluid

d M3 Newtonian fluid udamnuidwdewdiudadouiudnsnisuldaugl (rate of
. - o nil A [ =4 [ 5 o yf/ -:ll v [
deformation) uazlungaasilvsuninaaiuanuniinaaanisivauuusasialiiunedeety
' ﬂll ar Y i <4 « . N . 4‘ [=1 o T v
AAINAR9s Taun Aauniinaa, 4 (dynamic viscosity) TULUAMNANAUTIBIANNIAY
o 4il e < o nl 4‘ =1 o v e
nunisuasugluuu@adu uaz Aumiiasionasy, 2 Jailuauduiussasauiuiy
nmsuldsugidainms dssnaudhaiesmlseneusasanuiduideuwasunsaulsdasy

loun

o0
T =2#—u+ﬂdfv u 7, =2y€v-+/ldivu, T = Zpa—w+Mivu,
Ox 4 oy . Oz

RSP L P (LI L) [ £ P8 . (4.9)
” y'rﬂay ax'”—"‘_”az 6x'ﬂ_:y#52'5}’ .
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WIANAMULALIRAUAINANNTT (4.9) unuluannis (4.8a-c) azldannisniFandn Navier-

Stokes equations:

D .2 i[2;1@+;«Ldzvu}
Dt ox Ox ox
%, ou ov %) ou ow
|  —+— |+ —| Y| —+— | |+S8 4.10
ay{ﬂ(ay ax]] az[’“ & 6xﬂ e
pﬂz_,@ﬂ +i yr 6_u+@ +i 2;1@+/'Ldivu :I
Dt oy ox| |y ox L
AL ey (4.10)
0z 0z oy g
Dw dp 0 ou ow 0 ov ow
— =t — |y —+— ||+ —| | —+—
Dt 0z Ox 0z ox oy 0z oy
g—-':Qp@+ﬂdzvu J +S,. (4.10c)

4.2.2 wuusraasnisluwanuuifutloy
o o ooy PRIy, o & 4 g a e
fuuudanasanisivauuuiiulaumatsuuuilagnimnaunniveuitywifsaiunis

Tna AniuluanddsiiuwidanisivanaludasnisinaasiuwuusuFauiniuusinng

wanisluganseansnisinatudluisuuusmuGeuuasihnlou daiuieliasauaquis
. a ; " '

tywinaulananusdadenlduuusnaasnisiuawuuiiugay &£ — e model Taiiseazidun

pamali

4.2.2.1 4NN19 Transport @MU kwas £ [31, 32, 33]
n1eAgadaNnng Transport 415U Turbulent kinetic energy ,k Yhufinaneids uwiiad
dwaﬁqmﬁﬂ Uszynsin1sin time  averaging AU & %4Lﬂumﬂmu'ﬂmn'}w_}mﬁua‘:udw
TuwuAnauzla 9 (Instantaneous  momentum) fuaemlsznauTaIAILLLNT
ﬁmmmgimn&uﬁﬁmehuﬁtﬂu Mean turbulent kinetic energy (K) aanly azvinldindae

_ o , i . Hom Frz
Fluctuating turbulent kinetic energy (k') uaaaAuuanniIshdImannnaguwlng
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(Production terms) fiumanivelyl (Dissipation terms) az@aawindu wazlsenirdnAyae

RannAguinisiwaluwuy Fully turbulent uazasAanansznUL83 Molecular viscosity

a ° " . [ :’, = t4. [ ¥ 14
n13UssenAn1IMn Time averaging U kuaz & Buaziiamandslsaruisanals

4' i A:l'c 2 -l L7 o .&' dl %
PALINAN TanaNmaI NN usaItn1aseuLLaaasuN e iy Closure problem

HRANSNN91UsENsINT9MN Time averaging iU k uaz £ Wumaunissallil

o(pk) , o(pku;) _ 0 ((ﬂ+'&]—ak_)+Gk+Gb_pg_YM+Sk (4.11)
J

ot Ox; Ox ; o, ) Ox;

d(pe) O(peu,) 8 4, | os £ g
+ = +=~ |—|+C,,—(G, +C,,G,)-C,,p—+ S, (4.12)
a1 o, axj H . axj e k( k 1G) 2:P 2 k
e k =The turbulent kinetic energy

4 = The dynamic viscosity 189224 11a

M, = The turbulent viscosity %58 The eddy-viscosity

g, =
G, =The generation 984 turbulent kinetic energy 11189970 Mean velocity

The turbulent Prandlt number @ 95U k& Gawiniu 1.0

gradients
G, =The generation 984 turbulent kinetic energy Weeann Buoyancy
Y,, =Overall dissipation rate (muhlﬁa Compressible flow)

' B
S, = Source term uaun? £ (Taaziivialiduiuetiudnwousilym)

& =The turbulent kinetic energy dissipation rate

= The turbulent Prandtl number 81451 & Fawiniy 1.3

UE
C, =a1anluaunis & daviniu 1.44

le

C,, =Amnluanms & iy 1.92

C,, =Amnluauns e
' W
S, =Source term luaunns & (Taazivabivuauegiudnwousiiym)

4.2.2.2 51882 A8ATRUNBNFAN ) TUANNTS Transport AINTU k WAL &

Launder Was Spalding AWRIUIMLLAI884 Standard k& —&  T41l88A8 Turbulent

velocity (¥, ) iU Length scale (Z,) % Prandtl uax Kolmogorov laitauald



eldanufigureseadiuad (Boussinesq hypothesis) Aaannissialiil

1 v v
Tunsdinlifinnsaziia Body force siaafinra¥auuusiaaanen G, Aall

k=%(z?‘2+?-z+w'2)——u;u;
aur:pc,ul!V;
¥, =l = i
2
A
£=—
£
%
e 22 [14)
£
kZ
/'lr:)CCp(m
£
G, =—puu’', —L
£ 4 oy

S =258,

[/

Il

Gk . #’SZ

M, OT
G, =fg, ——
b ﬂgt Pl'! 6x‘.

dmFuuiaganaR (Ideal gas)

__1(%p
p= p(BT]P

WNUANNTT (4.22) Tuannag (4.21) azla
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(4.13)

(4.14)

(4.15)

(4.16)

(4.17)

(4.18)

(4.19)

(4.20)

(4.21)

(4.22)
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1{é@ , aT
sz_”‘["ﬁj gii—
p\aT )\~ Pr, o

G, =g 2P (4.23)
pPr, ox;
¥, =2paM’ (4.24)
M, = /
M, = (4.25)
}/RT

UNRANNIT (4.25) luannns (4.24) azla

) —2,05L (4.26)
RT

C,, = tanh}> (4.27)
u

1 7 buoyant shear layer 14MWNL g,
C,, = { d d 5 (4.28)

0 m buoyant shear layer Fanniu g,

AR lUaNNIT (4.17) Fawiniu 0.09

e
(L]
)
[l

M

S = The modulus 984 the mean strain rate tensor

g, = The gravitational component vector

Pr, = The turbulent Prandtl number @mfunasanu (Bazldluannis
AUINENANIY) uaz Pr, = 0.85
B = The thermal expansion coefficient

M The turbulent Much number

Il

t

a= ANNIENReN

.-3 ] 4 :', ke i 4 3 o [ o
Aufiugunlinatnldudaiuiianandndundasidala e lddnfuimun

. . X . 2 v, . = . .
wUusaaeentsluaninaTulutuoags  uenantuudnfados lunisaAs sdnan1 9188

Y
mt
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o &
4.3 LL‘l_I‘LI'Q’I’éI’ENnﬁ‘a‘uL‘Imnﬂ Eﬂ.u‘ﬂu'a'm LR

Tunisimnuuudnasanisluaiiednsnginssunisinaiiiaiuntaluduanaas

o ar = e dv £ i ® e o
dmitnadeiiliaanldlusunsanie CFD #3841 STAR-CD ™ [34] Tusiddaiiiutloym
o iy % ) ' P o & a o P v
Mnaaiunsinafisvetrades daduldsunsuawiaunisieeassannisldun aunng
ar s ar ar == L7 2 1 %3 T [}
ayIntrauazannrayinlumuan tawidnlanmaaseuuaadinisivanialudaanising
1 v t 3
iuwuusuFauiain winasluanistuluganszatanisinaanadluldiawuusuGay
wazuvuuiiutlauuaslun 1 sARBILLLUAYa 89l Aaan1sAN N7 IMa 19 eanIL a0 fatu
walianunsoudilywldasaunquasimualinisinaifansanduwunthulon
mquulumi‘wmmLtumfmmmﬂuﬂmnmun’m'lwﬁuwmmmm Adpiiaaaenld

WUUA1a89n17 IMaLLLY standard k — &

4.3.1 aauanuafum
= allq nll =i dl
1FuraInsinaifiasuive Ansnanssnuresyuideaasganszatanisuad
=l :’: :v v 0 - A:Inl - J 4‘ i )
Hranisnszatanisivanisludunnagaduliun Woaniinislvaiatudualsiduass
vraldun nmslvameluganszananisivamiadwaznivenan) waznisliualugdeenis

Inaneludunnasasauanalugili 4.4

PANsEANENTIMa

daan17lua

=l
51 4.4 1nmreenisvadideentsAnm

g ol : g _
nnuwinFasauaNideansAnmlugng 4 sanidhwBunndn 4 GaFandnied

- o [ CJ o
wuAredlua dAwiureszi@uanasiureuirnreslym lduanslumea 4.1
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P = o A ey =
M54 4.1 T’lﬂﬂ:t’ﬂﬂml'El\I‘LIi‘L'Jmﬂﬂﬂuﬂﬂ'ﬂ’]ﬂ%‘ﬁﬂﬁ"’lL!J'E]'L‘H‘I;ﬂﬂi‘x@’mﬂﬁi‘hQJQNL':)EN

5.65°
TANTTANENTT NG 1UIA . o .| Anwiamue | S usuefuus
o AMUIULBRNUF . "
VHELAT 1 (HaaLNme) Tudunnaa YNUUA
tasnisiua 1x2x80 240 130 312000
TANTLANNITING | HuLEEN 5.65° 144000 2 288000

= a oo 4 oy =
A1919 4.2 MeaziBearaaFuaniTinaiiinsAns il ldganseaenisivayuides

3.10°
TANTTANITIVA TR . - | Awwiamue | SauaweRwus
- AMUIULBALHUG " . v
VUIELAT 2 (NAALNRMT) Tutuanaias VIUNA
daansiva 1x2x80 240 130 312000
IANTEAIENTING | HNIBeN 7.89° 216000 2 432000

dminidnunisivaiinnsdnsdieldganszatanisiuayuides 1.13° uaz 7.89° Wy

wileuiuganszaanisiuana@des 3.10° Tauammeazdnlunnsai 4.2

4.3.2 n19 Discretisation

Tunmsmnadnsaaanisiuaiy auntrayinfunauazluuuAnluglaassunisiviva
\Wudsaazgn Discretised FnedmBunnsduiies (Finite volume method) lAunnisauh
Lm‘mﬂumfﬁ’mmmaamﬁ'alﬁmms‘muqu (Control volume) L’?‘dlﬂll.ﬂﬁ’fﬂumﬁ‘ Discretised
sesusazidmuin s lunaidnm [34]  agelefn1uian e lnldunaeannas
Discretised ufinane3adaniy \i4 the The central differencing scheme, The upwind
differencing scheme, %7a Quadratic upwind differencing scheme 1ty dmuulu
mAseRHAen193E Upwind differencing , UD [30]

fualsl ¢ AeamaatiAla - 1eannslua 4938 UD annsomnansing 1 1eansinald
laeRansanfianienistuasonson gl 4.5 uaaseriidoumissing  densluaiifionis
lnausnuazlugUi 4.6 wanensinalufienieay

dianslalulufianewanazliu, > 0,u, > 0(F, > 0,F. > 0) 3433 UD azfinuuald

9, =@y UaT ¢, =4, (4.29)
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uazazliannis Discretised fatl

F.p, —F 0y =De(¢E "¢p)“Dw(¢P — &)

visdmgInad Iy
(D, +F,)+D, +(F, —F,)l$, =(D, +F,)py +D,d; (4.30)

= ' § 4 a
W F=puusz D= % Imei I Aa Diffusion coefficient
x

e
¢W’ ¢u'

! $p 9.

ey

i _ i

1 |

1 I

1 ]

] |

[ I
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b, =@, WAL ¢, =@, (4.31)
[D, +(D, = F,)+(F,~F,)l$, = D, +(D, - F,), (4.32)

as

ANNT (4.30) uax (4.32) armnsadsulugtunusialylfdail

apdp = aypy +agé; (4.33)
P Lo - <
Wednsr@nanandudnanana

ap =a, +a,+(F,-F,)

uardndszAnamisnnlndiAtema

s &y
F,>0,F,>0 | D,+F, | D,
I, <0 F <0 | D, D=k

al
4.3.3 Qavlvrauiun [34]
o [ J ‘il v o :”
AnfuRanlrreviaainldlunisafauuuatassdneinisvanis luduaaga e

= - rzd =l ar dy
WENINUTUNTLAEDL AR
- < [ v o
- Raulaamatn Auusli Mass flux A9f
<l =] ° .
- Qaulanmsaan Amualii Zero gradient
- gauaniluunudanning  WesanszuunisluanRan s uannnsly
- . o a P A -
wunuy (wanalugii 4.4) daiuasdnsnisinafiearsadeamuuuawn
auNIA? iiaanruInrelgmnazaniar lunIsnrA nauaestigu Tae
Reulannmusdmiureusamiluwnuannins As Velocity gradient TufiAnia
FRAINALUNUANNIATVINALAET
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4.3.4 nTEUUMSNIAIABULIAEAE SIMPLE Algorithm

SIMPLE algorithm iluagnishiinundaalunisudssuuannisiiinisdeniusendna

v
ANABUAEANIT luaNnraRin ey TasaFeanuduiusiuseaisdauss

=l

v 1
dnarnulunisuAssuuannig [34] TaefiduneulBuainnisansdian p'u” waz v uda

wnuAluaunireuinElnuiNLaaunIsANNFaLiins andwiAneuilFun 19 luns
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' a oy [

v v v
Uiuarannda lud ivetlaulddudunaunisunuan luaunisnaaes nduilaundimnnay
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2D _
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( START )

Y

Initial guess p*, u*, v*, ¢*

Y

STEP 1: Solve discretised momentum equations
| Vit g = Eany oy + (P11, = P11 Ai s + b
ar Vs =ZanVup + (P11 =P ) AL+ by g

u*, v

STEP 2: Solve pressure correction equation
Q1,0 P =811, s P11, 0+ Qe \ g P 1 ¥ QL s\ P s ap g Pyt + B

Set
Ph=p,u*=u
Ve, O =

STEP 3: Correct pressure and velocities
PrLy=pPri*+pPLs
Wiy =g+ di g (P11 -P'1p)
Vi,g =V j+dr j(p'rs-1=php)

P, v, d*

STEP 4: Solve all other discretised transport equations
Q1,07 = 01— 1, s¥- 1,0+ Q11 9141, s+ A1 101,514 B g a1 $,041 + DO

No

< Convergence?

31 4.7 wenuriaaas SIMPLE algorithm [30]
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EXPERIMENTAL AND MODELLING STUDIES ON FLOW BEHAVIOR IN A FUEL
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ABSTRACT

In solid oxide fuel cell (SOFC), the cell stack geometry
and gas flow distribution affects the temperature
distribution in the stack during heat-up, operation and
cool-down processes. The large temperature gradient can
cause damage to cell components due to thermal stress. In
this study, experimental apparatus is constructed to study
a gas flow behavior in a fuel cell stack where the static
pressures at three locations of the cell inlet and
corresponding outlets are measured. In addition to
experimental study, these gas flow behaviors are
demonstrated using a computer simulation. Good
agreement is obtained between simulation and
experimental results. This basic design together with
numerical validation have provided another mean of
gathering information for a better understanding towards
flow within the stack and its relationships with other
factors in the SOFC multi-channel stack.

INTRODUCTION

A fuel cell is an electrochemical device which can
continuously convert chemical energy directly to electrical
energy. The basic physical structure of fuel cells consists
of an electrolyte in contact with an anode and cathode on
either side of the electrolyte. A gaseous fuel (typically
hydrogen) is fed to the anode and an oxidant ( oxygen in
air) is fed to the cathode. Depending on the electrolyte of
each fuel cell types, different reaction will occur at the
electrode and also the operating temperature. Since an
individual fuel cell produces approximately one Volt at
full load, fuel cells are stacked in series to produces usable
voltages or power. The benefits of fuel cell technology
which attractive are the high energy conversion efficiency
and very low environmental emissions compare with
conventional heat engine.

For solid oxide fuel cells (SOFC), the fuel
catalytically reacts resulting in steam and electrons at the
anode. The electrons go through an external circuit to
provide direct electric current while the steam is a product
between hydrogen and oxygen ion migrated from cathode
through the electrolyte. The schematic and reactions are
shown in Fig.1. Steam is the only byproduct of the
reactions if hydrogen is used as a fuel. Waste heat from
the reactions can be utilised in other thermal processes.

Nowadays, the stationary application is of interest for
use in small and medium scale plants for combined heat
and power generation. SOFC systems have some strategic
interest for these applications, especially because their
operation at high temperature (around 600— 1000°C)
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Fig.1Basic physical structure and working concept of
SOFC.

allows the use of a wide variety of fuels. Furthermore, the
exhaust heat can be used as a heat source for a possibility
of utilizing the remaining energy in a bottoming cycle for
electric power generation. This leads to a further increase
in the cell components of SOFC in solid state since
various cell designs can be applied. There are essentially
four different basic designs for SOFC system: the bipolar
plate, monolithic, seal-less tubular, and segmented cell-in-
series design. The schematic of a bipolar concept design
is shown in Fig. 2.

INTERCONNECTOR
; ANODE
ELECTROLYTE
'CATHODE

INTERCONNECTOR

Fig. 2 Schematic diagram of bipolar plate concept design

[1].

In a bipolar plate design, the interconnector must
fulfill two functions: (1) forming the electrical contact
between adjacent electrodes of connected cells and (2)
supplying fuel gas and air into the anode and the cathode,
respectively. Since the fuel is being consumed and heat is



released during operation of the SOFC, the flow design
affects the current-potential distribution as well as the
temperature distribution over the entire cell area [1]. The
gas supply to the interconnector channel is made by two
ways; (1) in an internal manifold, or (2) in an external
manifold (see in Fig. 3).

(Gas inlet manifold

ell stack

Gas mlet manifold

Fig. 3 External Manifold concept

The engineering problem in the design of fuel cell
stack is the configuration of gas flow manifolds and the
overall pattern of gas flow that must provide uniform flow
distribution and stable operation. The geometrical
structure and size of the gas manifolds are the important
parameters to be considered. Typically, the flow pattern
can be either a U-shape (reverse flow) where the outlet
gas flows in the opposite direction to the inlet gas, or Z-
shape (parallel flow) where the directions of the inlet and
outlet gas flows are the same. Other types of flow pattern
might be possible.

There are various types of research on fuel cells,
especially in fuel cells modeling [2-9] which could be
classified into three levels: modeling of the electrode and
electrolyte, of a single cell, and of a cell stack or system
[9]. For modeling work of the stack or system, the aims
are at optimizations of design alternatives and
determination of operating conditions. However, the
modeling should be validated with experimental results,
There have not been many large scale of fuel cell stack
construction only for the purpose of an engineering test
because of the cost.

This study presents the experimental apparatus used to
measure flow distribution in the stack. The apparatus is
designed based on the concept of minimizing both cost
and complication. In addition, computational fluid
dynamic (CFD) is also used to demonstrated the flow
behaviour under the same condition. The validated
simulation will provide an alternative mean of studying
the flow aerodynamics therein under changing operating
and geometrical conditions. The development of stack
design will then be achieved using CFD, allowing the
designer to have ideas of flow inside the stack prior to
testing on the costly experimental apparatus.

2. EXPERIMENT
2.1 Experimental concept design
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The aim of this experiment is to study a gas flow
distribution in SOFC stack, because the uniform flow
distribution will provide a high fuel cell performance
[10]. The parameter used in demonstrating flow
distribution characteristic is a pressure drop. The static
pressures at the inlet and outlet of cell channel can be
measured without disturbance on flow system. In
addition, the gas flow channels are considered as small
tubes. From the design condition, a flow channel should
be as small as possible, and gas operating flow rate for
each channel is quite small. Thus, the gas flow in channel
is assumed to be laminar. The correlation between a flow
rate and pressure drop of laminar flow in a duct is shown

in equation (1) [11]. L and

8uLQ
AP = 1
R* H

Ris the geometry of the channel which is constant
throughout the experiment operated at room temperature,
thus the gas properties are constant. Equation (1) is
rewritten as

AP =KQ 2

where K is a constant value. The gas flow rate is
proportional to a pressure drop as indicated in Equation
(2). Therefore, the gas pressure drop in channels could be
used to demonstrate flow distribution characteristics
within the stack.

2.2 Experimental components design

The objective of this experiment is to study the flow
behaviour and disregard, for the time being, the entire
reactions to decrease complicated fabrication and
assembly of the stack. The cell stack component is made
of acrylic material except the gas distributor which is
made from a zinc coated steel sheet. In addition, the
sealing part and the cell plates are merged in one acrylic
plate. Thus, each cell component consists of two acrylic
plates. In this study, the experimental cell components are
separated into two types according to their objective in
the experiment. One is used to measure a static pressure
at the inlet and outlet of the channel, the other is a normal
component that introduce gas flow through channel to
complete a flow system of the stack. There are three
plates which are specially made for tapping the static
pressure, Each cell contains three measured channels; the
extreme left, the middle, and the extreme right channels.
Figs. 4 and 5 show experimental cell components and
experimental stack assembly with a gas distributor,
respectively. Where A is the holes that connect to a
micro-manometer, B is an interconnector and C is a seal
plate.

2.3 Experimental procedure

Connect the complete stack to a gas cylinder, a micro-
manometer, and a flow meter as in Fig. 6. The leak test of
a cell stack is carefully carried out prior to each
experiment.



Gas flow direction

(b)
Fig. 4 Section side views of the experimental cell
components (a) a cell with holes for static pressure
measurement and (b) a normal cell component

T Stacking
direction

Fig. 5 Section side view of experimental stack assembly

3. MODELLING APPROACH
The model described here has been developed to study a
gas flow behavior in a fuel cell stack with disregarding to
the effect of reactions and gas transport in porous
electrodes. This stack consists of 10 cells with 13
rectangular-cross-section channels in each cell, all in one
flow direction. Gas is distributed into each channel by an
external manifold or gas distributor. The flow domain is
shown in Fig. 7. Consequently, to decrease time
consumption in solving this problem, a computer
simulation was carried out using an axis of symmetry of
the flow domain.

A CFD code that solves algebraic finite-volume
equations used in this study is STAR-CD [12]. For each of
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Fig. 6. Schematic diagram of the experimental setup.
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generated mesh element in the fluid regions, STAR-CD
solved the Navier-Stokes equations for conservation of

Iat(\ﬁo)

and momentum.

(pu )=, 3)

(a(ﬂ“'” (w,,—,,)——giﬂ.- @

Fluid properties and boundary conditions of the flow
domain used in the calculations, are listed in table 1.

Gas distributor

Cell channel

Fig. 7. Schematic of flow domain in a stack.

Table 1 Fluid properties and boundary conditions details.

State Steady

Density 1.1453 kg/m’
Viscosity 1.788x10°° Ns/m™
Inlet condition Fixed mass
Outlet condition Atmospheric P
Wall Smooth

L=l

Atmosphere

Fully open
rotameter

Micro-manometer

Line for measuring of a static
pressure

Line leak rate check-up



4. EXPERIMENTAL AND MODELLING
RESULTS AND DISCUSSION

4.1 Experimental results

The pressure drops cross the middle cell channel at the
far-end location (cell number 1) for two different manifold
geometries are given in Fig. 8. The data suggest the linear
relationship between pressure drop and the gas flow rate
which is in laminar flow regime. The level of pressure
drop is significantly different for each type of manifold
geometry, indicating its effect on the amount of gas
flowing through that channel. The gas distributor number
one, GD#1 provides higher flow at cell number 1 as
shown by higher pressure drops.
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Fig. 8 Pressure drop across cell at the middle channel
length was 60 mm.
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Fig. 9 Gas pressure drop distribution at the middle channel
of cells in a stack which used GD#]1.

Fig.9 illustrates the distributions of pressure drops
across the numbers of cells within the stack from cell
number 1 to cell number 9 which is next to the inlet. The
relationship of the feeding flow and the pressure drop for
cell number 1 is explained earlier. However, this
relationship is not obvious from cell number 2 up to cell
number 9. Change in flow aerodynamic in the manifold
distributor as the mass flow rate increases causes an
adverse effect to the amount of gas flow into the upper
channels, i.e.; channel numbers 2, 5, 6, 7 and 8. The
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opposite relationship is observed however, for channels
numbers 3, 4 and 9.
4.2 Simulation results

Cell No. | (s comrereror w—
Cell No.9 e ) RE’I}?"?ERESSUHE
Cell No. 8 T e S S I ggccﬂtm' i%ﬁ
Cell No.7
Cell No.6
Cell No.5
Cell No.4 c==

Cell No.3
Cell No.2 commre—

cEANSYD

Cell No.9
Cell No.8
Cell No.7
Cell No.6 =T~
Cell No.5
Cell No.4
Cell No.3
Cell No.2

Cell No.1

STATIC PRESSURE
RELATIVE

LOCAL Mx= 1528
LOCAL MN=- 1380

B (b)

Fig.10 Pressure distribution of overall stack, which used
GD#2 with inlet flow rate is 5 I/min at (a) the middle
channel (b) at the extreme left channel.

Due to difficulties in understanding the flow behavior
in Fig.9, computer simulation for flow aerodynamics is
introduced in order to investigate the aerodynamic of flow
inside the manifold distributor that affect the flow in the
channels, hence the pressure drop across them. STAR-
CD® is used with k-g turbulence model and the inlet
condition is given in table 1. Fig.10 (a) shows the values
of static pressure of the middle channels, where Fig.10 (b)
shows the values at the extreme left channel close to the
wall boundary. Each color bar represents the static
pressure of each flow channel at each cell starting from
cell number 1 right at the bottom and piling upward to cell
number 9 at the top of each figure. It is clearly observed
that the pressure does not evenly distribute (use line B-B
as a reference line) and the gradient of the pressure along
the channel is not constant (estimated by the length of
color band width) especially next to the inlet, suggesting
the developing flow therein. The pressure drop cross the
channel of cell number 1 is highest. At a first glance, this
observation is in good agreement with the experimental
results in Fig.9, especially for cell channel number 1. The
detailed investigation for this matter, however, will be
discussed further in a later section.

The values of pressure drops are lowest at the middle
location of the stack i.e.; at cell numbers 5, 6 and 7 of
Fig.10. The distribution of velocity magnitude in the



manifold distributor at the inlet of these channels is
coincidently high, see Fig.11 (a). The direction of flow at
this location is downward as a result of bulk flow inertia.
As the inertia effect is high, the flow is likely moving
away from the inlet rather than entering into it. The flow
is, however, confined by the wall as it travels down to the
location in front of the inlet of cell number 1, where the
inertia force is converted to static pressure and the flow is
controlled such that the velocity vectors in that zone point
at the channel of cell number 1. The access flow passes
channel number 1 in upward direction to the level of cell
number 2 and creates the recirculation, see in Fig.12(b).
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PROSTAR 3.10

VELOCITY MAGNITUDE

LOCAL MX= 13.33
LOCAL MN- 0.1106E-03

1

- 1
o
= 0N0JE-03

(b)

Fig. 11 Velocity distribution at (a) entire inlet gas
distributor and (b) at the inlet of cell number 1-3 when
used GD#2 to distribute gas.

The results from the experiment and simulation are
compared in Fig.12. Fig.12 (a) shows the static pressure at
the inlet of cell number 1. The experimental and
simulation results are qualitatively in good agreement.

However, there is some disagreement quantitatively.
This is due to a mismatch of pressure at the exit plane that
rises up the pressure field all over the flow domain. The
calculated pressure drops at various flow rates for cell see
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Fig.13. However, there are errors occur in the upper cells,
see Fig.12 (b).

To have an idea of flow structure where the static
pressure is tapped out for measurement, the flow in that
area is exclusively investigated. Fig.14. shows the 2-D

H experiment
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Fig. 12 Pressure drop and inlet pressure across middle
channel along stack at Q=7 /min when used with GD#1.
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Fig. 13 Pressure drop across middle channel of cell
number 1 when used with GD#1.

velocity profiles under the condition exclusively specified
similarly to earlier 3-D simulation, but much finer grid
arrangement. Velocity profile in channel of cell number 1
are symmetry in axial direction, see Fig. 14 (a). The
profile, however, performs differently in channel of cell



number 5 where asymmetry of flow is observed; see Fig.
14 (b). In a 3-D simulation this phenomena cannot be
detected due to a limitation of computer performance
being unable to handle a large numbers of grid points. At
this stage only conclusion drawn from this observation is
that the flow velocities in front of the channel can cause
deviation of flow pattern inside the channel thus affects to
the pressure distribution therein. The refined version of
flow velocity yields better validation against measured
results. However, the detailed discussion for this matter
will be given in later publication.

A 999
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(b)

Fig.14 Exclusive velocity profile at the inlet cell number
(a) 1 and (b) 5.

5. CONCLUSION

Modeling and experimental work is presented in this
paper to investigate flow behaviors in fuel cell stack. The
simulation results demonstrate that model is a useful tool
for investigating flow behavior that could not be
demonstrated by means of experiment. However, the
model has to be validated in order to evaluate the degree
of accuracy of the calculated results.
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7. NOMENCLATURE
constant value
channel length
piezometric pressure

flow rate

channel hydraulic radius

S’JUK)"G{‘HP':

g determinant of metric tensor
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AP pressure drop g4 gas viscosity

£ density

§; ~momentum source components

§, ~mass source

Xx; Cartesian coordinate (i = 1,2,3)

t  time

u; absolute fluid velocity component in direction X;
i U U, relative velocity between fluid and local

(moving) coordinate frame that moves with velocity

U

T;  stress tensor components
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