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Abstract: X-ray computed tomography (XCT) reconstruction technique, finite element method (FEM)and

pore scale modelling (PSM) were employed to investigate the displacement distribution of vanadium redox
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flow battery (VRFB) carbon felt and its effects on the transport properties under compression at pore
scale. With contact friction, and extrusion bending between carbon fibers taken into consideration, the
microstructure of a carbon felt was reconstructed by XCT first, then the 3D (X, Y and Z direction)
displacement distribution of the microstructure with different compression ratio (CR) was investigated,
and the relationship between the displacement and transport properties was quantified. The results show
that the carbon-fiber displacement in the Z direction (through plane) under compression is more
noticeable. As CR is increased to 30%, the displacement change in Z of domains A and B are —59~
+5 pm and —145~-+16 pm, respectively. The diffusion coefficient of the vanadium ion in XY direction is
decreased by 15.4%, and in Z direction by 24.2%. The conductivity in XY direction is increased by
112.5%, and in Z direction by 113.3%. The simulation results are in good agreement with the experimental
data, and the suggested domain size that can better simulate and predict the carbon felt conductivity is:
X /Y=300~400 pm, and Z=200~400 pm.

Keywords: vanadium redox flow battery ( VRFB); carbon felt; X-ray computed tomography (XCT)
reconstruction; finite element method (FEM ); displacement; pore scale modelling ( PSM);

transport properties
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Fig. 2 SEM image of the investigated carbon felt (GFA 6EA)
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Fig. 3 Reconstructed carbon fibers
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Fig. 4 Finite element model of carbon felt
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Fig. 5 Displacement distribution in X, Y, and Z directions of domain A with CR=30%
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Fig. 6 Displacement distribution in X, Y, and Z directions of domain B with CR=30%
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Fig. 7 Frequency distribution at different displacements in Z direction of domains A and B
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3 ZHieERE

A XCT L 56 EA AR A BRIT 5 2 AL R B B AR X VREB Bk £F 4 3008 45 #4 14 17 000 544
T B R AL A YR, BEE AR L K Z T LB AR i W R A SR ALy — 59~
+5 pm, RS B BN —145~416 pm. HFRREAEZH RS T AR T 2B, 3.0% ~
4.5 % Fe I BR 4T 4E 45 5 i E CR RS ME . HAE A 16 XY J5 i B B2 +20 pm, i+ B 75 X,
Y J5 1 B R AR 20 40 pm, PURBRE I SE MO TE X LY 7 1) B LR AR LA e T Z 7 16 L A A8 AL BE B 6, xS
2L H AR AL B R M CLn L8 9 R BOR L R 250 I Y W R 28 200 . B 45 L AR 0 Y0 38 21 30 %6, 713
AP XY Y BR BN 15.4% . Z Ty SR EORN 24.2% . XY J7 o) i R TS 102.1% . Z J5 )
LRI K 72,7 %6 35 B i 9 5 1 (XY D7 D S ST 112,59, R4 7 ) (Z 7 D HLS R R
113.3 % , S2 B I 11 P9 75 160 (XY J7 [6) B S 3 TH 85 71.6 %, s 46 77 ) (Z J7 1)) ML S R4 K 131.3% . g H ofe
T AL T 00 e B P S R AL TR UR T - O - X /Y =300~400 pm, Z=200~400 pm

BT XCT 52 50 75 3 (1 SOWL 45 44 547 A4 g 2 005 20 o L 1 01 G 5t i ML 5 A%) A58 780 B o o, L 450 40 A 30
S JEE B L L L S 50 451 48 2 25 0 Ak P A5 A R T S AR Il 4 e o A R T T A R ok T T G R
DAk R R 45 150 B0 A BRSO 5 55 A L O R BE T B 7 48 9 B AR T A e it — AR 0 UE . v 1R
FIUHE XoF TR S R o



% 8 BB 5 E M AR B B A F 5 AR SR E A 9

SE Wk

[ 1] Cunha A, Martins J, Rodrigues N, et al. Vanadium redox flow batteries: A technology review[ ] ]. International Journal of
Energy Research, 2015, 39(7) . 889-918.

[ 2] Ha S, Gallagher K G. Estimating the system price of redox flow batteries for grid storage[ J]. Journal of Power Sources,
2015, 296, 122-132.

[ 3 ] Uhrig M, Koenig S, Suriyah M R, et al. Lithium-based vs. vanadium redox flow batteries-a comparison for home storage
systems[ J]. Energy Procedia, 2016, 99: 35-43.

[47JKimY, Choi YY. Yun N R, et al. Activity gradient carbon felt electrodes for vanadium redox flow batteries[J]. Journal
of Power Sources, 2018, 408 128-135.

[ 5] Maggiolo D, Zanini F, Picano F, et al. Particle based method and X-ray computed tomography for pore-scale flow
characterization in VRFB electrodes[ ]J]. Energy Storage Materials, 2019, 16: 91-96.

[ 6] Totzke C, Gaiselmann G, Osenberg M, et al. Three-dimensional study of compressed gas diffusion layers using
synchrotron X-ray imaging[]]. Journal of Power Sources, 2014, 253. 123-131.

[ 7 ] Davies T, Tummino J. High-performance vanadium redox flow batteries with graphite felt electrodes[J]. C, 2018, 4
(. 8.

[ 8 JInce U U, Markotter H, George M G, et al. Effects of compression on water distribution in gas diffusion layer materials
of PEMFC in a point injection device by means of synchrotron X-ray imaging[ J]. International Journal of Hydrogen
Energy, 2018, 43(1) . 391-406.

[ 9] Wang Q, Qu Z G, Jiang Z Y, et al. Experimental study on the performance of a vanadium redox flow battery with non-
uniformly compressed carbon felt electrode[J]. Applied Energy, 2018, 213: 293-305.

[10] Wang Q. Qu Z G, Jiang Z Y, et al. Numerical study on vanadium redox flow battery performance with non-uniformly
compressed electrode and serpentine flow field J]. Applied Energy, 2018, 220 106-116.

[11] Oh K, Won S, Ju H. Numerical study of the effects of carbon felt electrode compression in all-vanadium redox flow
batteries[ ] |. Electrochimica Acta, 2015, 181: 13-23.

[12] Aaron D S, Liu Q, Tang Z, et al. Dramatic performance gains in vanadium redox flow batteries through modified cell
architecture[ J]. Journal of Power Sources, 2012, 206: 450-453.

[13] Jiatang W, Jinliang Y. Jongsong Y. et al. Investigation of effects of non-homogenous deformation of gas diffusion layer in
a PEM fuel cell[J]. International Journal of Energy Research, 2017, 41 (14). 2121-2137.

[14] Movahedi M, Ramiar A, Ranjber A A. 3D numerical investigation of clamping pressure effect on the performance of
proton exchange membrane fuel cell with interdigitated flow field[J]. Energy, 2018, 142: 617-632.

[15] Banerjee R, Bevilacqua N, Eifert L, et al. Characterization of carbon felt electrodes for vanadium redox flow batteries-A
pore network modeling approach[J]. Journal of Energy Storage, 2019, 21: 163-171.

[16] Eifert L, Banerjee R, Jusys Z, et al. Characterization of carbon felt electrodes for vanadium redox flow batteries: impact
of treatment methods[J]. Journal of the Electrochemical Society, 2018, 165(11): A2577-A2586.

[17] Tiev O, Lakdawala Z, NeBler K H L, et al. On the pore-scale modeling and simulation of reactive transport in 3d
geometries[ ] ]. Mathematical Modelling and Analysis, 2017, 22(5): 671-694.

[18] Lange K J, Sui P C, Djilali N. Pore scale simulation of transport and electrochemical reactions in reconstructed PEMFC
catalyst layers[J]. Journal of the Electrochemical Society, 2010, 157(10) . B1434.

[19] Mazur P, Mrlik J, Pocedic J, et al. Effect of graphite felt properties on the long-term durability of negative electrode in
vanadium redox flow battery[J]. Journal of Power Sources, 2019, 414 . 354-365.

[20] Kok M D R, Jervis R, Tranter T G, et al. Mass transfer in fibrous media with varying anisotropy for flow battery
electrodes: direct numerical simulations with 3D X-ray computed tomography[J]. Chemical Engineering Science, 2019,
196. 104-115.

[21] Shojaeefard M H , Molaeimanesh G R , Nazemian M , et al. A review on microstructure reconstruction of PEM fuel cells



10 TR K FFHK % 43 %

porous electrodes for pore scale simulation[ J]. International Journal of Hydrogen Energy, 2016, 41 (44): 20276-20293.

[22] Fadzillah D M, Rosli M I, Talib M Z M, et al. Review on microstructure modelling of a gas diffusion layer for proton
exchange membrane fuel cells[J]. Renewable and Sustainable Energy Reviews, 2017, 77: 1001-1009.

[23] Jervis R, Kok M D R, Neville T P, et al. In situ compression and X-ray computed tomography of flow battery
electrodes[ J]. Journal of Energy Chemistry, 2018, 27(5);: 1353-1361.

[24] Gaiselmann G, Totzke C, Manke I, et al. 3D microstructure modeling of compressed fiber-based materials[J]. Journal of
Power Sources, 2014, 257 52-64.

[25] Froning D, Brinkmann J, Reimer U, et al. 3D analysis, modeling and simulation of transport processes in compressed
fibrous microstructures, using the Lattice Boltzmann method[J]. Electrochimica Acta, 2013, 110: 325-334.

[26] Schulz V P, Becker ], Wiegmann A, et al. Modeling of two-phase behavior in the gas diffusion medium of PEFCs via full
morphology approach[J]. Journal of the Electrochemical Society, 2007, 154(4): B419.

[27] Espinoza M, Andersson M, Yuan J L, et al. Compress effects on porosity, gas-phase tortuosity, and gas permeability in a
simulated PEM gas diffusion layer[ J]. International Journal of Energy Research, 2015, 39(11). 1528-1536.

[28] Molaeimanesh G R, Nazemian M. Investigation of GDL compression effects on the performance of a PEM fuel cell cathode
by lattice Boltzmann method[J]. Journal of Power Sources, 2017, 359: 494-506.

[29] Xiao L S, Luo M J, Zhang H, et al. Solid mechanics simulation of reconstructed gas diffusion layers for
PEMFCs[J]. Journal of the Electrochemical Society, 2019, 166(6): F377-F385.

[30] Goldstein H, Poole C, Safko J. Classic Mechanics[ M]. duPearson Education. NJ: Addison Wesley, 1980.

[31]1 Wu S R, Gu L. Introduction to the explicit finite element method for nonlinear transient dynamics[ M]. Hoboken, NJ,
USA: John Wiley &. Sons, Inc., 2012.

[32] Liu D, Peng L, Lai X. Effect of dimensional error of metallic bipolar plate on the GDL pressure distribution in the PEM
fuel cell[J]. International Journal of Hydrogen Energy, 2009, 34(2): 990-997.

[33] Zhou P, Wu C W. Numerical study on the compression effect of gas diffusion layer on PEMFC performance[ J]. Journal of
Power Sources, 2007, 170(1): 93-100.

[34] Zhou Y B, Jiao K, Du Q. et al. Gas diffusion layer deformation and its effect on the transport characteristics and
performance of proton exchange membrane fuel cell[ J]. International Journal of Hydrogen Energy, 2013, 38 (29):
12891-12903.

[35] Lange K J, Sui P C, Dyilali N. Determination of effective transport properties in a PEMFC catalyst layer using different
reconstruction algorithms[J]. Journal of Power Sources, 2012, 208: 354-365.

[36] Lange K J, Sui P C, Djilali N. Pore scale modeling of a proton exchange membrane fuel cell catalyst layer: effects of water

vapor and temperature[ J]. Journal of Power Sources, 2011, 196 (6): 3195-3203.

(% 5k F)



