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Abstract: The multiple-relation-time (MRT) lattice Boltzmann

method with a high-density-ratio two-phase model was used to
simulate liquid water transport in the gas diffusion layer (GDL) and
gas channels of a high-current-density fuel cell. The results show the
effects of Reynolds number, perforation shapes and locations in the
GDL and the angles of the wave-like gas channels on the water
transport. The results show that the GDL and the gas channels
should be optimized together to improve the water removal rate. In
addition, the results show that the water begins running out of the
GDL at earlier times as the Reynolds number increases with the
times not related to the wave-like gas channel angle or the
perforation shape or location. The structural optimization of the
perforated GDL and the wave-like gas channels can guide future
designs of fuel cells with high current densities.

Key words: proton exchange membrane fuel cell; gas diffusion layer;

gas channel; water transport; lattice Boltzmann method

TR BN Ay 2 il 249 Jot - A8 Hh R R Tt 1 E
T A DA R B 3 e i T Y R ) e, 7 v P
10 B 7K ) 5 e B kg Y K ) R B
TERBL L S AR I 3 (gas channels, GC) IS A"
#)Z (gas diffusion layer, GDL) H, # &Lk GC
F GDL 4 2544 e 184 5 G 7 e i Ut 26 5 T A K fig
T3 DA 38 B 7K A B9 HE B, 3% 4 R APRORE FEL it 1Y 7T
HE VR A VAT SR S

VLA, = 4EPIR P U T R A 4 TR K Pk RE
77 THI Y R 35 RE R R TE . 4R PORIE i E
Kuo 5 ket JF B8, 48Dl R — 4 i)

KB 2019-01-04

ELWB: EXEAHLITRT A (2018YFB0105403) 5 Jb 5T 11 B
R B 41 H (2181100004518004) 5 [ % T & BF &
PRl 550 i 1) 80 4 0 5 HLRORE R o & S HLAR IR 5 4R
il

EFBN: BRI A994—), B, WLk,

BIEEE: 95, @#Z, E-mail: max@tsinghua. edu. cn



MR %

SRR M T TBZ 5 8 P RS K A i B AU S B R A A 581

BFAK J1 2% (computational fluid dynamics, CFD)
HREADLHR 9 BH 12 It 38 AT LU A% 58 B T 3 AT D)4 s SR I
LA K A T P S A IR B A A, DT B T Y
g L R AN SR B Kuo 255 % VR T i B A B
HIEARIEAT T4, 32 T BIOE . BRIE FIRE R B
3FEAR, G5IRERD] . 3 R AUM b T8 48 H i iE
TE X A% PN 1w i 3 7 T X A 4, (HR A X 3
FSEAI AT AR X LG . Byun 855758 o 52 50 1 4 BF
8T B T oin A BDE IR 9 RO DL 3] 11
() S 0T AR L e P BB Y 52 0, R I e K ) R B
PR = B | T [T i<y o Y L1
FIB /N T8 /D o Li A BT E T — B = 4 A 0 i TR
TIE . JF N TR I . il = e 2 AR A A
(BB A0 5 AT DATE DR A5 0 s o 1) 155 50 T 412 5 24 b It
DT 184 58 B K BE F7 . Kim %500 38 TR0 F W
Mirai 7E M 8% i 1] 7 2600 T 9 IR B 19 = 4 52 = i
U R, D IR I = 4R i RE TR DR R K R Y
[Fi] B 34 548 5% 7K BB 0 9 32 D PRt v fL O R AR A
T WIRIE WA 51 0 RN i 4 GDL A AR
PVE 336 O T 3 B M O X T R K AR T AL AN
BAT 15 BN AR 4 10 i R

[ f o BciE GDL B0 25 44 AT 4 T HEHE K fiE
WHEARZ 2 E WG . Gerteisen 251 IRTE GDL |
W HOCFT LR mHE KM RE . Wang 60 WFSE ALY
EAR AL 2 ] (9 B B X GDL 7K A% i 1 5%
Wi, Fang 55 5 BOEALL AT GDL iz ¥ 1A
LEBER R, SR B FTEF X 7E GDL 4T fL 6 oF
82 A OGS B B AR 09 fL . AH BT IR AR
W o BIHEIE Y FL B AT 3R i AR (] I JIE #5571
KBRS AF R AL Z . IS, BRI Z %
T BT HUZE S AEA TR E AT HOZ R
KK 1z ) 2 AR LB R AR . BRI B X U A K AR
By DK TEUZE S PBORIE B S AT U R A4, RO
P B HE R IEAT OO, X AT AT S R
TR0 HE

AW ROJE AY A% F Boltzmann 7 3£ (lattice
Boltzmann method, LBM) T 4F 3 % ¥ #% A& J& 5¢ 3
LBM "] Lk Bl iz 8, CHAE R 4 £ 1L
AU JE AR 0 22 A0 I B i R) A b A R R A
LBM A DUH] T 22 FH i 455400 4 O S5 B (o g R oAy
Shan-Chen #81) , i T H 68 B HALHL AL 5 Ak
VAR 5 ORE T 2 6] B9 AR ] . S A, R AT PERE
S 2 S T N S P T 1 R 1 RS |
15 55 1 Oh B4R 700 3 L S B AR %% 8 1, T L A

i 35 7E A% G O AR AL h (] B SRS R IFEE T
H M R A T 2 — S0P ) 8, DT S B T %
Fb o e 5 3 L O B4R R o 0 S . T B A
BB T B VE T, AR SCKE R IS Y

AR LBM-MRT 5 %5 B8 Lo O 3B A1, A
PLT R0 FEL I B T O AR fL S IO R I
WL E T Kz i 2. 43 GDL # Re,
W R A A . GDL JF LI IR 0L B X R kL H
K B, JF 22K 15 B R4k 9 GDL i
IRIE W aE W P R T
1 ¥ 1 Boltzmann Fi%l

1.1 S EEE
AR D2QY £ i ib i [a] #% F Boltzmann #&
TSR AT SR HUZ R I R U B B L AR R
{1 3 1k AR R A R
f.(x+ed, st +6)— f(x,t) =

— A (S =) Ly +0,(S.—0.5A,8) [,
(D
A = diag(z,' sz, vt vt hr, aT et ety eT, .
(2)

Hopr: A=M " AM J& 5 A FE, AR st i )
FER
2 (2) AR B I ] s R

—1

Tp = T;l — 1’
. =7' =1 =0.65",
~ 8(2—1z,")
S (3)
8§—r,

FIH m=Mf 7)K% 5 53 A oA B0 32 2 [R] e S

Sl zs (a], PRI v £k 7 R v oA O A e T A Ry
m =m—Alm—m"]+0, (I—%jg. 4)

Ho, m' ERES R B AR, T RANER, S 2
a1,
1.2 SZELHBESHEER

AR A Shan-Chen Fi 20 17y 15 AH O 545 78 Ok
SRR AE AL . A A v g A 22 TR0 AE RN AR
5 AT ) )R A T 9 2 o e R o

N—1
F=—Gpx) > ,wl|e |Dplx+ed e, (5
a=1

N—1
F,. = G.g(x) > w(| e |")s(x+ed,)e,. (6)
a=1

Hrr, G, ] LIl fA BT w(le, |P) ALE
AHL A w(D)=1/3 M w(2)=1/12, () AH



582 R I NI = - S R S = ')

2019,59(7)

RO BREC TS B LAY, R SO

"

TR

o0y s ISR
o023
=02

p() =100y + =0 )0u
0.0y + (oo —p )0+ (o—p:)0:
(8)
Hr, 0,=0.49¢7, 6, =c", 0y = —0.04c, A CHL
01 =0.012 1 p,=0. 972 F LB B H 100 Gt 7 P
HH B %5 B 43531 h oy =0. 01 Fll o, =1.0),
h T AREEI T 2 — 80k, O Ry FE T
S BIERT .
126(F’ 4+ F%)

M R
= 126(F +F)
S =S oy

1.3 HEREMBREH

A FEERAL GC M GDL K 1Y iy iz i 72
F G 400 X250 lu By H 8 XA an il 1 g 2R AE
i, X HAY lu 48 0 & 4% T 5.0 (lattice unit,
lw . HE XL v J5m/hF 200 lu 4b A GDL X 5,
KF 200 lu kbl GC KR, A SC =4 ZFLA iR A
BE ML 7 A B Can ] 1 B e il 2B BT AR A X380
WE T kA R EY, Kb P a5z
101u, FLERR Ky 0. 88, W trmt ], — A% E N
L0 lu M cnE 1 h i BaEE) & F GDL X
BN, HB LG AR R R (100, 100) Tus 2K 30 lu,
WG BB B R 0. 01 lu A 2s S B2 (&1 1 iR+
W A Z AL T XD . RGBT A R RE
PR SUE VSV ERUR SPGB R S U

T R IR IE JE 512 /) GDL Bt v 0 1 5%
Wi, AR ORI 0 LUARFR I i =Xt in 20 i 44 1, file
R XN B AR = AR IR i 3, Hitab ik s
Py R FR T30 89 75 10 5 IR B I 18 ) — 2%, B
FEFHE X B A2 (<200 1) WK BIIR R 48 4 T
755 HHE XA (=200 L) AFR 3 I 4E w45 B 5.

ARG R W2 TG ORI B L 0/
Pee MIZ LA R Re, =UD /v, . D Hy ik £F 4t
HAZ, v ATARIZ S B . Re #5308 T F AR S A
BN R, HEXEREMN, X Re,/(1—¢) =~
I~10CH ¢ FIR LB FO B, 151 7 09 52 il oA

Y Lt
\ iR tES
Y 2 e /F o| o

////??///)//////// |
400 _
|

BfL: Tu

|A
|‘ L

1 HERIE

AW AR S 2 fL A B K 38 3 A AT F
IBFMSK ST . 125 BB ) s
1.4 #RBIIE

R SCH B FE 200 X 200 Tu X385 PN 83728 V3% A9 49
WBA4E r, R E Young-Laplace 2 . 315 45 1R
W 2a frzs, v DL B 45 2R /9 W0 8 A0 s
ZHRRMEIBRLIE X R, 5 Young-Laplace &

5
| ]
L — iR
= BfEfR
= 3|
=
S 2]
1|
0 0.01 0.02 0.03 0.04
! /lu
(a) Young-Laplace & B I E
150
140 F
~ 130t
€ 120}
&
10}
100
90
80 ' - -
0.04 0.08 0.12 0.16
G\\
(b) FEfil f 50E

B2 HERIEX L



WA e OB R YT IBUR 5 E P S K AR B S B R A 583

B W G . WO 5 R T B Ak AR RN Sl ek AR
G, WIS, & 2b Fros ., A 3C 3k B fil £
b 120°,
2 THiXHE

AR F BRI T Re . WIRIE W8 M . GDL
A FFFLIB R DA R FLA B X BR oK MR RE By s, H
RBE MR 1 Ak, B TREZ B2 BB
S A I A Re, 2920 1, A SCHTR FH 9 Re 35
o 1 % 5. PRI Wil Y f B 5480 00 /9 O ) ]
Fe—3, P AT DL sk el AR 45 I 6% I ) DA S5 3
W R A B . GDL H IR FLIE AR Az B 40 &) 3
Fis . HEIRALR AR A = AR AR, AR IE =4
JE TR AN AR I 0 N R 5 L. AL B A A
TTEPRIE A FE . e R E 3 A

£1 EMIREHRE

WIRTE AL B
%) e 2N
S R S /() FFFLIE IR lu
Re 1.2.3.4.5 45/45 ¥ G
WIRTE 3 30/30, 45/  J& T
biclia 45, 60/60,
45/60,
45/30
FFALIE AR 3 45/45 = HESL 200
i fL
TF LA & 3 45/45 HEEAL 100, 200,

300

3 g5

3.1 Re XtBRKIERERF T

Re BY I /NXF I A BT 5 It I Ast 14 1 i R0 . &1 4
HATE Re T4 F GDL HoK i it &2 5 9] 1R &K &
Z HeBERS R A5 1k . Re=1 B i TR S K/,
W7E GDL h &2 18 iz g, Tk HE i BEE Re 1YY
Jns AR, KB N GDL e HE s, ELHEH
BN, 24 Re=4 B}, GDL /K i i & H
FIZLW 8. ZJEBEE Re H5M(Re=5) , 151 J1 #5252
WK, —Jr AR W AR g e it GDL, 55 —J5 Il
A5 A YL T T 0 VR B A BR TR AL R, DRI R K P
REIG 98

& 5 FonK T HEE GDL ) JC & 44 2 OF iR
He b ]/ S A B D B Re 956 & . AT LLA HK
T HEH GDL BB ZIRf % Re R3S NI/, X2

HEFLS L2 HESLL @A

GDLK gt /91 4tk

*

FE e
JERH E = S THEIE Ml
100
200
300
(@) FFALTIR
S
o
100
200
300
AR
(b) FFALALR FifL: Tu

3 AxH GDL FFAERFLERER

0 > 4 6 5 10
Bt 1/104u
B 4 A[E Re. GDLKFRESHBERKE
Z bk A A iE B EE 4L

1 2 3 4 5

B 5 KFHEHH GDL LT ENZ] ¢
& Re X % B 2%



584 R I NI = - S R S = ')

2019,59(7)

2 Re 38K B 138 K5 . 7K 112 Bl 5 R
MR TR A6 HE . NIET 6 B9 30 3h 2547 8k
B Re=4 I GDL oK i st H BRI 24 38 3 2 X

LK BWBRE S . R T RO R AR R, SR
ANWAT /N SCE T E N GDL b 5] H i K i
7 AR TR ZU BB

ﬂ e ———— ]
~@ /
a
(a) Re=1 (b) Re=2 (¢) Re=3
ﬁ . -—— P ~——— ‘ -
’ ] 4
a
(d) Re=4 () Re=5

6 FERTE A 100000 lu BF R [E Re BB B 71T A

3.2 HIRMEIRIE R E X RR K M RE R R

3Ly ST FE X5 BRI IR WL T AR L R X R
TRIE T8 B K/ GDL BR/K M RE RS2 . P 7
R A [a] W0 %o B e £ F GDL rh K 9 5 i -5 ) Bh
BRI Z LRI ] AR A 5 & . N R AT DU A
Il B, K Bk IR GDL R B s 20 JLF- 4 TR
PN 21D 60° R, JK BB E MR GDL, Bl ¥ 2
30°MF . GDL HhR A8 ARl sh AR, HLHE ) 3 B
8. R TR EUN, HOKHE GDL 5, 7EiiE
W R RS> O, R AR E . R 2 GDL
KB B

1.0
F—30°/30°
A—45°/45°
g 08¢ 2—60°/60°
= 06f
e
=8 L
2 04
—
[a)
S 02}
0

B E)/10%u

B 7 AEMNHEAEF GDLKRESVHEZKE
Z te BE B iE B 2R 4L

P8 19 Feom N A AR X Bk e £ BF GDL Aok
BT S G MoK B2 L BER Rl A AE L e R, &8

e, M DA AR TR A X A N, HEK
PERERRAF . 1 9 rh, AT XS B A WA, 22 X
Je fali A, HEK YRR LE . DL 8 A9 X L AT LU
A b, 2o A R S HE K P R Y B2 R KT A AR B Y
SEM PRI R 3 R I TR TR GE O R R (D
U/ N U TR L TE B TR A ) R s T iR
THEK,

1.0
— 45°/30°
A 45°/45°

W 08F Q O— 45°/60°

% ,

= 06}

=

=8 L

S 04

—

(&)

S o2}

0

At R]/10*Tu

B8 ZAMfAEEEZER GDL HkKFRE SV
BAREZHEHBEHELXR

3.3 GDL ByFFFL AR A0 4L B 33 B 7K 1 BE B9 82 1
K10 g it 7oA R LI R X GDL HEK #:
R A N CSIE ST NP S s W TR AV G|
Bf, AL HESFL 3 DL AN TR FL A K PR R 22 AN K
M2 I FLIE AR e FL 2 BF, GDL 4 HE K 3 R i 2%
o, HEFL 1 FARHEK S B AL 2 22508 K, 5



MR %

SRR M T TBZ 5 8 P RS K A i B AU S B R A A

al
oo
(92

1.0
-0-30°/45°
. ~A-45°/45°
]]I o o
po ~0-60°/45
i‘(
=
IE
=
%
—
)
S}
A )/101u
B9 HNfBERZER GDL RXKHRESNE
BIKEZILEREHNTAXER
1.00000
< Hl

08 A B
H - = L2
% o B3
S 06f
=
I
B 041
%
a
o 02

0 2 4 6 8 10

N 1)/10*Tu
10 ARFFLFEKE GDL fhKkBIRES B
BKEZEREMNTHXER

i
%
:‘Ké
=
P
=
k%)
—
@)
&}

I E)/10°a

11 AE#FAMAIER GDL RkHMRE SHH
Bk B2 bk FE R E B T X R
VBRI BIEL 3 04 B HE AL 09 34 K
REIEWU/N + GDL oK (632 S A AT WA T
HOHE K S o {FL B 34 060 4K S0 KL LU
HEALAE LAV A GDL 14 8 . K iz 2l By 7 5
59, [ HK LT REAL— e [ O 5
AUIAR KT 46k GDL sl th 14 20 L T
W P 11 45 8 L X GDL Ak Al B W

GEREH], AL EE T GDL A M, HE K B %R
PR, 3 2 R R A B K R A A O L A
GDL K (32 2l B 7380 . DT 386 PR HE K o
4 & B

AR LBM-MRT @& % B Hph A A, 43
Mr T K BB 50 Re . R IE A M2 . GDL LAY
FALTER . FEFLAOL B XT BR /K P RE RO 52w, AT LLAS 3
WMFZ5E. 1 BE&E Re B3N, GDL R K P g 4
s AkEEHN Re, 25152 GDL Hrok & i i 203k 50
ZJ5 Re dKE21I0 . BRKPERERG SR 2) B KRB
PR L= AN < S A N < 2 S 1 1 s o 2
7K 3) GDL I AL 2 i), HEK s St 74
M L2 3P GDL HEK 3 26; 4) GDL HokK IF i HE
H IS ZIBE & Re W38 nimuk /N, i 59 /. FFAL
JEAR LA A B L% A & &R . # GC fil GDL 1 B
&, AALE % B K N GDL g HE . 38 R %
& GC PRy K g FH T A GDL 1,

gi b, O O A /N AT TR B
T AE RN EA BCE T U IR A B #EE £L 2 19 GDL B
R E Ut 1 HE K T BE SR HE . A SCIT R M A o AL Y
GDL L K TSt #EFL A GDL F ik IR I 375 38 14 0 4k 7T
kA Sk )RR R Yt A R E U T I KA B A
THR LS 5.

&% ik

[1] JIAO K, LI X G. Water transport in polymer electrolyte

(References)

membrane fuel cells [J]. Progress in Energy and Combustion

Science, 2011, 37(3): 221 —291.
[2] KUO ] K, CHEN C K. A novel Nylon-6—S316L fiber

compound material for injection molded PEM fuel cell bipolar
plates [J]. Journal of Power Sources, 2006, 162(1): 207 —

214.
[3] KUO]J K, CHEN C K. Evaluating the enhanced performance

of a novel wave-like form gas flow channel in the PEMFC
using the field synergy principle [J]. Journal of Power

Sources, 2006, 162(2): 1122 -1129.
[4] KUOJ K, CHEN C K. The effects of buoyancy on the

performance of a PEM fuel cell with a wave-like gas flow
channel design by numerical investigation [J]. International
Journal of Heat and Mass Transfer, 2007, 50(21 - 22):

4166 —4179.
[5] KUO J K., YEN T H, CHEN C K. Three-dimensional

numerical analysis of PEM fuel cells with straight and
wave-like gas flow fields channels [J]. Journal of Power

Sources, 2008, 177(1): 96 —103.



586 R PN e F G S W = 7)) 2019,59(7)

[6] KUO J K, YEN T S, CHEN C K. Improvement of [16] LI Q, LUO K H, LI X J. Lattice Boltzmann modeling of
performance of gas flow channel in PEM fuel cells []]. multiphase flows at large density ratio with an improved
Energy Conversion and Management, 2008, 49(10). 2776 — pseudopotential model [J]. Physical Review E, 2013, 87(5):
2787. 053301.

[7] BYUN S J, WANG Z H, SON J, et al. Experimental [17] GUO Z L, SHU C. Lattice Boltzmann method and its
study on improvement of performance by wave form cathode applications in engineering [M]. Toh Tuck Link, Singapore:
channels in a PEM fuel cell [J]. Energies, 2018, 11(2): World Scientific Publishing, 2013.

319 -319. [18] KRiGER T, KUSUMAATMAJA H, KUZMIN A, et al.

[8] LIW K, ZHANG Q L, WANG C, et al. Experimental and The lattice Boltzmann method: Principles and practice [ M.
numerical analysis of a three-dimensional flow field for Cham: Springer. 2017.

PEMFCs [J]. Applied Energy, 2017, 195. 278 —288. [19] LEI T M, MENG X H, GUO Z L. Pore-scale study on

[9] KIMJ. LUO G, WANG C Y. Modeling two-phase flow in reactive mixing of miscible solutions with viscous fingering in
three-dimensional complex flow-fields of proton exchange porous media [J]. Computers & Fluids, 2017, 155: 146 —
membrane fuel cells [J]. Journal of Power Sources, 2017, 160.

365: 419 —429. [20] SHAN X W, CHEN H D. Lattice Boltzmann model for

[10] KONNO N, MIZUNO S, NAKAJT H. et al. Development of simulating flows with multiple phases and components []].
compact and high-performance fuel cell stack [J]. SAE Physical Review E, 1993, 47(3); 1815 - 1819.

International Journal of Alternative Powertrains, 2015, [21] SHAN X W, CHEN H D. Simulation of nonideal gases and
4(1): 123 -129. liquid-gas phase transitions by the lattice Boltzmann equation

[11] GERTEISEN D, HEILMANN T, ZIEGLER C. Enhancing [J]. Physical Review E. 1994, 49(4): 2941 — 2948.
liquid water transport by laser perforation of a GDL in a PEM [22] L1 Q. LUO K H, KANG Q J. et al. Contact angles in the
fuel cell [J]. Journal of Power Sources, 2008, 177(2): 348~ pseudopotential lattice Boltzmann modeling of wetting [J].
354 Physical Review E. 2014, 90(5-1); 053301.

[12] WANG XK, CHEN ST, FANZ H. et al. Laser-perforated [23] YUAN P, SCHAEFER L. Equations of state in a lattice
gas diffusion layer for promoting liquid water transport in a Boltzmann model [J]. Physics of Fluids, 2006,
proton exchange membrane fuel cell [J]. International 18(4) . 042101

50) 5— 3.
Journal of Hydrogen Energy, 2017, 42(50): 29995 — 30003 (247 COLOSQUI C E. FALCUCCI G, UBERTINI S, et al.

[13] FANG W Z, TANG Y Q, CHEN L, et al. Influences of the Mesoscopic simulation of non-ideal fluids with self-tuning of

rforati ~ffective trans erties of gas diffusi
perforation on effective transport properties of gas diffusion the equation of state [ J]. Soft Matter, 2012, 8(14): 3798 —
layers [ J]. International Journal of Heat and Mass Transfer, 3809
2018, 126 243 — 255.
N [25] LI Q, LUO K H. Thermodynamic consistency of the
[14] L1 Q, LUO K H, KANG Q J, et al. Lattice Boltzmann . . X X
pseudopotential lattice Boltzmann model for simulating
methods for multiphase flow and phase-change heat transfer o . . . .
liquid—vapor flows [J]. Applied Thermal Engineering,
[J]. Progress in Energy and Combustion Science, 2016, 52:
2014, 72(1): 56 —61.
62 —105.
[26] DULLIEN F A. Porous media; Fluid transport and pore
[15] SHAH A A, LUO K H, RALPH T R, et al. Recent trends

and developments in polymer electrolyte membrane fuel cell
modelling [J]. Electrochimica Acta, 2011, 56(11): 3731 —

3757.

structure [M]. New York: Academic Press, 1979.

(% HE &0



