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Multiphysics Simulation of the Effects of Electrode
Compression Ratio on Polarization Characteristics in
Vanadium Flow Batteries

ZHOU Zhihao, ZHANG Kaiyue
Abstract: Electrode compression significantly affects the transport and reaction processes in
vanadium flow batteries (VFBs) by altering the pore structure of porous electrodes and
electrolyte flow behavior; however, the competing effects of compression on different
polarization components remain unclear. In this study, a three-dimensional fully coupled
multiphysics model encompassing fluid dynamics, mass transport, charge transport, and
electrochemical reactions was developed to systematically investigate the effects of
compression ratio (CR = 0.09~0.546) on electrode transport behavior and battery polarization
characteristics. Under a flow rate of 40 mL min™ and a current density of 200 mA cm™ at 50%
SOC, increasing the CR from 0.09 to 0.546 decreased the electrode porosity from 0.828 to
0.647 and the permeability from 8.5 x 10™ to 1.0 x 10" m® Due to the reduction in the
available flow space, the average electrolyte velocity increased from 5.5 x 10° to 1.11 x 10* m
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s”, while the pressure drop increased from 4.86 to 80.24 kPa. Polarization decomposition
revealed that ohmic polarization continuously decreased with increasing compression,
whereas activation polarization gradually increased. Meanwhile, under the constant-flow-rate
condition, the increased electrolyte velocity enhanced convective mass transport, maintaining
mass-transfer polarization at a relatively low level. Consequently, the combined effects of the
three polarization components caused the total polarization to vary non-monotonically with
increasing CR, first decreasing and then increasing, and reaching a minimum at an
appropriate compression ratio. Further analysis of the local reaction current density and
reactant concentration distributions showed that the performance gain associated with
reduced ohmic polarization dominated under mild compression, whereas at excessive
compression, the increase in activation polarization gradually outweighed the decrease in
ohmic polarization, leading to an increase in total polarization.

Keywords: Vanadium flow battery; Compression ratio; Porous electrode; Multiphysics

modeling; Polarization
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Fig.1 3D geometric models of the VFB unit cell: (a) baseline model; (b-d) unit-cell models with compression
ratios (CR) of 0.09, 0.242 and 0.546, respectively; (e) definition of the electrode compression ratio.

%(G )

[N

=vpev[Efvis (va))]-Li @

v-(pu)=0 (3)
Hrr, o MR TE, u NEREh R,
ENHILILIRA, kKMBIER, uNHBMFRGEE.
AR 238 32 DA B 2 SL AR N A R B R 8
A FRELMSH, HHMNRER LR
(Kozeny-Carman 2% & . Bruggeman X %) i i
JE48 5 LB S5 7€
1.2.2 ZHHVAE

HUARR P S B4 (Vv Vv, VO*. VO,".

. SO Hit Pk Eﬁlﬂﬁﬂiﬁm LAz, F

% F Nernst-Planck J5 f£ i
N, = -D¢"vc, - z,g—i;_ch,Vq), + Uc, (4)
V-N,=S,, ()

SO, N AR B R, DTN % AL HLRG
THIA T RS o WAL, ¢ v s,
S N FEAREE SN 5 1) S A2 R U T

% e AR LIRSS M R i B s e, AR

B R $CR ] Bruggeman 55 R AT 1E »
Di" = Dg'? (6)

Hor, DA R YRR AR B R
BHOG,  FR e 4 3 0 O3 LB 26 B e 5 A A B
13
1.2.3  HfifspfE

P A PSS P PR A i R F AR R 1 S A i
o) B [T R A BB A < AR AR R

Vi, =v-(-0"vg,) =-S5, (7)
Vei=v-(-0v)=S, (8)

b, LR S BRI AR CBRAF 4R A AR
FOCHARRD MHBIRE S RE, M@, st v
PIAHEE 3 . o2 a4y il [ AH RO A 1R 2
R, S, N AR R N AR 1) LT A R I

SR 46 0 S T R AR R R 5 e, RS TR
W 5 S A T A 5 5 N B 48 B AR A 11 il
BH LG ERBED o JEF 200804, #e b e BE BE & 45



J B TAE A B VRUIAT P R A T 44 B X AN A e A R M 1) 22 ) B 3 A4 5

FE 0 R B R -
R, = 4.375¢ 905 + 413.153¢ 9% + 8.016  (9)

Hh, R, AHMR/AERAE S M AEE, CR
NG, A S HOE AR R 400 A T Bk
AL AR S T 2 fh L L ) S 56 W A AU 3R A . i d
fi v, B DA 7625 B 7 0% 2R G 2 7 0] P A/ 4 0 A 7t
TS5 . BEE R SE L3, B2 Al i PH B A
FHTA F AR RN, X S WU AR A I s 448 L3 it
Fre PR EE RN —.
124 WS FE5WEREG

P A/ FEL A Y T THT AL D L T 8 A Tl 2R R B AR
i 1Y) Butler-Volmer 77 #2418 . A& LA 7 LIt #2 R
i, 1EME CEALRON) MRk GEJFERRD KRR
PRBVE RS FLUE T oo pos 9 Jiocuneg 73 TN RZN N :

aaFr’pos _ _acFr’pos
RT ) ex"( rr || (19)

mmw=a-mw%m{“ﬁlW)wm(“ﬁ?@”(ﬂ)

Sofr, @ gt B B A R 2
WL, i WS A B a, B a, 4 A
A R R B F. RAIT 51 Faraday
WL AR BN IR .

R U R 5 R I TLIR S M L, H b
R A A 2P 200 L LR PR 5 1L
RKIEAR K RATIEIE

_ Ep 0.75
a=a) - (12)
0

Hrb, ag NARE4a Bk WIE e R A, €, 9
JRGE G IR EALBR AR, e, AREARA T 146 L
B

ML B B i S T R A ] A 2 B
JIEEHRIEL s, X T IE S sy IR A

iopos = F * Kpos  (Cuoz) ™+ (Cro)” (13)
foneg = F Koo * (C12) ™ - (€0) " (14)

bk A 2 f R I R TR A L R A
W S T R M . MR e, R
25 S 7 | PR 55 AT R 7 Y8 S ) 2 52 8 e
W T, CUEMRFS RN ARG, AR VO,
VRITURT I 490 VO T FE T4 I 33y -

j/oc.pos =a- iO,pos|:eXp

jOC, 0S

Sw = I,g (15)
jOC 0S

Sy =~ ’,ﬁ (16)

Rltt, WSS I SRR RS . PR K&
WL A4 T PR T A S A & TS U TS A )
XPRAIE , PR I O SRR, R R B —
A5 SR~ R R AT $ LR R, T A R E S
B NI s S S AR AR [ TR EE i 5 I
MR SRR E SR A . ST ARELEL,
X—MERARMRWREW BRI — DB LR
N BN I35, I B AR FE AR A R o

FL 7L 512 B LR T 387 D P 187 F R B 24k
?jﬁ%:

Vear = Eog = N6 = Na ~ N (17)

b, ngs n AN o3l BRI AL . A ARAL
FE AR A . RO AR Ak E BER IR T [E A A i
H, 7 A i DL R F AT/ I A 2 flk v BEL a2 ol 1) H 34452
Kes IEAARA SRR T B AR S TH (0 AT R R Bl 2
P R S T S B F A SR P e A 2 = e s AR
JoR AR A = E PR b AR R AR A | 1 S 8~ 1
A RAL

RIEN LS YA E (SOC=50%) it 53
WP E,, B AL 3 1 S bR it HUE V., 1
SE S ARAL :

Niotat = Eoqg = Ve (18)

R 2 A A, 32 2 [ R S YA R i A% B B AR
B A PR ik FL BEL P 2 (1) R AR R O

n, = A¢, + A, + Ag,, (19)

T AR A AR AR PR ST 52 o FL A 5 ) 3~ 1
A T s AR AR VE VE R AR Ak 5]
FR) Ja3 0 T 1l H A m A o o S E J 4y SR B
SRR A BT B E LR
1.3 LREZFHERELE

BERFE RS & T R M, W06 A AR S
(SOC) H50%, 1E. Skt Ha it i & & AL s
WA 750 mol m® CEANL I EE 1500 mol m®),
W E BN 298.15 Ko 1E . FAk HL R W 35 BL 40 mL
min™ B E AR IR Z LB, N N5 A
T BN N ) R T S IR FE I T, R R W
FE I FEA R 4 S A R A TR AR A, N SR
JE R E E AR AR RS 4 R A RO I A T 3
T5E -

Q

U, = w-h1-CR) (20)

Hrp, Qe ARIRGLE, woyHARE K



6 fi# A

PN
Ae

ave
¥

5 & R

WP, h NI EE .. RORESHE S, &
PIRiE O DR £ P ECE R NE, H e
TH] S R/ T SR T A8 4% 1, R R AT
FHINR . R (H) il E ok, 5l
BT (VP VEL VO, . VO*) KB E T
(SO AR A= 5 Ay, s T A %o % 4L 25
J% SO it in 23 il & 4 T REE S H
W SR FE AR B RE I HY AR A, DA4EFRIR RV
TP . SRR BN E M A S, IR
At /i 200 mA em? TEJL 7 FIA AL, I FEA /4 IR
PR ST 5 5] N BE R 46 AR Bl sl B s R 5 50
A BB R T ) [ AR AR T BN A S, AR/ S

3D computational model

Positive
, electrode

Nafion 212
membrane
ty =50 pm

Negative
electrode

Mesh and mesh detail

Global mesh

Local mesh near membrane

T AR L AR BRI 48

ARICR A PR IC 1R A R il A AR 2
TR, % E LT RAS L DR &
Fa R R et . =4 SR F 45 A0S TH A4
RS B, AL 112500 NIRRT, #E—
TN Ji G545 3 1 22 0 E b R R AR N T 1%, 3
JE A TE PR R

B2 25 H T A SO B A BUE R, BFE =4t
U TR S R R R A
PRI/ S THD PR (0 S S A, DA R 2 33 R
KR

Cross-section view and boundary conditions

lapp
Current density e
l l l l l applied | Positive electrolyte (inlet)
SOC = 50%
Positive Cypae = 750 mol m™
" electrode ‘
€yo,+ = 750 mol m*
. Nafion 212 —_— = —
| gati yte (inlet)
S0C = 50%
- Negative ¢z = 750 mol m?
electrode
€ya- = 750 mol m™
L5 =
| Ground (0 V) Other external boundaries:

No-slip wall, No flux

(b)
Multiphysics coupling

Brinkman Equation ‘

(Fluid flow in porous electrodes)

Transport of Diluted Species
(Mass transfer of vanadium ions)

Tertiary Current Distribution
(lonic and electronic conduction)

Porous Electrode Reaction ‘

(Electrochemical kinetics)

S5 =

=]

(c)
2 VFBEHEM=HITERBSHEIER: (a) iHE/LAMER; (b) EMESEFEY; (c) £/EMIERIEMILEER N
%; (d) SYESRBEIESR.
Fig. 2 3D computational model and simulation framework of the VFB unit cell: (a) computational geometry;
(b) cross-sectional view and boundary conditions; (c) global mesh with local refinement near the membrane;
(d) multiphysics coupling framework.
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Fig. 3 Variations of electrode structure and flow parameters under different compression ratios: (a) porosity;
(b) permeability; (c) electrolyte velocity; (d) pressure drop.
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Fig. 4 Distributions of electrolyte velocity and
pressure inside the electrode under different
compression ratios: (a-c) velocity distribution; (d-f)
pressure distribution.
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Fig. 5 Variations of cell performance and electrochemical characteristics under different compression ratios:
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Fig. 6 Spatial distributions of the three types of
polarization inside the electrode under different
compression ratios: (a-c) ohmic polarization; (d-f)
activation polarization; (g-i) mass-transport
polarization.

2.4 HUESELLRIFZEALE

G LaRgk . s Lot aR, ARG
Xt VEB T RE AR MR RS T Sl A US4 5 A S A2 2 )
MsEgr g, W7 pos, B CRIGM, WS
FERFUBR R FF B RAR, BERFD T . fEEER
BIRAET, A A 8 (0 N T 2



J] A

S ALTBCIAL R Tt PR e 4 B B AR A2 R T ) 22 P B 7 A 4L 11

GRS R AR RO s e T BRI
BUE R B E N Bk, E4iiFA e ik
oA AR R R RE, T R I e TS E T
P A i T FLA 2 S T 5 2% A

FERAR P 35 IR 2 LU A, FUA S P 3l A
PSR ESE SRLS S B G U R I R RS R € i
MERARGR, WO AL RF SR, SULFEImE, ik
FL B S5 P ST AN AT 28805 I 7 T il S 3 A AR A3
SEIN, AE LRI TRCAR R P B AR P SR Wi s o A
A1, RS ARG BE CRIE T F k. i TE 2 i &
PR RO L R D B, A% AR AL R BLE R
G0, AT B AR AL A Y TTRRAR XA BR

2 CRE— IS, AR SE A HE S &
S IRRRUB ALY T AR SR AR, (EA RO L 5 T P ik
/A ST A A T A R S B S E— 2D R,
BOSHAARACRF ST R . BRI, ZaER MR T
B A ah By PR G, IS 7 PR 2 T . BB
R A i A X A A F) BRI AR P B AR T v
ALK I A R B gk, PR e AT aR [l T, JF
AT R T (AR FEE 0, 1k
REDE 55 -

FEARWF TR T, CR=0.242 X 8 KR 4 A% 14, %
RS R AL G I Z T R BT IR, S ARALis
BUFARAKCT o BRI, 38 5 IS 48 BE W AT R e Je i A A%
SR AT A S TR A, (RN AR B e K AR A K
S RS ARRATR A A SR ZE T Rk, CR=
0.242 W AT FLIBAT 24T T O & &I AR R
AL .

i B AR A, R IR S IE AT SR AR )
FHR o ASCRHEE & 40 mL min™, K485
U3 2 (8] /N T 7 A PR AT 0 8 o 2 LB
2 K WL 246 X ) o A% 3 ) AN R S o AN (] R AR A
K. JiE. SOC. MMEHEBRMAMFIMET, &
AT RE BARD Dk Al R A AR AR A, AT (It
ALl R ECAR . A, ASCEHTRERW], AR R4E L
IDCACA o b ot FL A i s 7 T e A FL A VR
A IAFEF R AN RFIEE, MALR LS
et

3 & %

AL TG TGS YRR BT
B AL N = e S 2 Y B E, RS

Compression ratio (CR)

Optimal CR

@ High ohmic polarization

Minimum total polarization

7 TEEFELE TR RanfEmSEwFERILE
HNEFXARBRREGHEERIEIRER.

Fig. 7 Schematic of the competition among
electrode structure, flow/transport and
electrochemical polarization under different
compression ratios and the formation mechanism of
the optimal compression ratio.
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