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HIGHLIGHTS

e A mass transfer enhanced novel flow field is proposed to improve cell performance.
 The power density of the novel flow field is increased by about 25.2% under 2.0 A/cm?.

e A narrower C-D structure is more conducive to mass transfer and boosting performance.
e The droplet dynamic behavior proves better drainage capacity of novel flow field.
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ABSTRACT

A good flow field design is important to the proton exchange membrane fuel cell (PEMFC)
performance, especially under a high current density region, which is dominated by con-
centration polarization. Motivated by the variable cross-section channel idea, in this study,
a novel flow field containing a converging-diverging (C-D) pattern is proposed. A three-
dimensional multiphase model is established to study its performance. The numerical
results show that it outperforms the conventional straight channel and only depth-variant
channel. In the novel flow field the enhanced under land cross flow and higher effective
mass transfer coefficient both improve the reactant transport. The effects of operating
conditions, like stoichiometric ratio and operating pressure, on cell output performance are
studied. It is found that a higher promotion rate can be obtained by increasing the stoi-
chiometric ratio, but increasing the operating pressure has little effect. The droplet dy-
namic behavior in the C-D channel and straight channel are studied, and the results prove
the better drainage capability of the novel flow field.

© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

plate (FFP) or bipolar plate (BP) contributes the second biggest
part of the whole PEMFC stack system cost [2]. It plays an
important role in the PEMFC stack. The main functions of BP

Under the dual pressure of environmental protection and
energy crisis, the PEMFC has become the research hotspot
with the advantage features like high power density, high
energy conversion efficiency, fast dynamic response, zero-
emission, etc [1]. Among the components, the flow field
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consist of (i)electric current collection; (ii)water and heat
removal; (iii)gaseous reactant distribution; (iv)mechanical
support; (v) the anode and cathode reactants isolation. The
above functions put forward many requirements for the
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Nomenclature

Apct active area(m?)

Ain inlet area(m?

€ concentration(mol/m?)

G volume fraction(J/(kg-K))

Cs specific heat capacity(//(kg-K))

D diffusivity(m?%s)

EW equivalent molecular weight of dry membrane
(kg/kmol)

F Faraday's constant(96,485 C/mol)

h height(m)

I current density(A/m?)

j reaction velocity(A/m°)

K permeability(m?)

k thermal conductivity(W/(m-K)) or interface
curvature

1 length

M molar mass(kg/kmol)

Nng electroosmotic drag coefficient

p pressure(Pa)

qv volume flow rate(m?/s)

R gas constant (J/(mol-K))

RH relative humidity

S source term

Siq liquid saturation
temperature(K)
velocity(m/s)

pumping loss
width or through-plane velocity
mass fraction

Greek letters
€ porosity
a transfer coefficient

surface tension coefficient(N m )
thickness(m)
density(kg/m°)
dynamic viscosity (Pa-s)
electrical conductivity (S/m)
Y phase change rate(1/s)
stoichiometry ratio
compressor efficiency
over potential (V)
potential(V)
solving varible
membrane water content
entropy production (J/(kmol-K))

Mo eSS N M A ED S Q

B>
wn

Subscripts and superscripts

a anode

act activation

BP,FFP  bipolar plate

c cathode

CL catalyst layer

eff effective value

ele electronic

eq equilibrium water content
g gas

i certain gas species

ion proton

Llg liquid water

lh latent heat

mw membrane water

mem  membrane

sat saturation

v-1 vapor to liquid

v-m vapor to membrane water (vice verse)
vp water vapor

material properties of BP, such as good corrosion resistance,
good electrical conductivity, low cost, light weight, high me-
chanical strength, low gas transmittance, etc [3,4]. According
to the material category, the existing commercial BPs could be
divided into metal BPs and graphite-polymer composite BPs.
For both kinds of BPs, from material selection, surface modi-
fication, to manufacturing and property test, many funda-
mental studies have been done [5—10]. In addition to the
material problems, another critical issue of BPs is about flow
field design, or BP's geometry design [11—13].

It is well known that parallel, serpentine, interdigitated,
and their combination flow field are widely used in commer-
cial PEMFC bipolar plates. To further improve the perfor-
mance, much work has been done based on these basic
designs. One common way is to adjust the flow pattern. Xu
et al. [14] proposed a convection-enhanced serpentine flow
field, which was obtained by re-patterning conventional sin-
gle serpentine flow fields. The application of this new flow
field to the fuel cell resulted in a substantial performance in-
crease in the mass-transport limitation region as compared
with the conventional flow field. Zhang et al. [15] investigated

the serpentine flow field PEMFC performance under the effect
of channel length and channel width-depth combinations.
The results show that the 8-channel complex flow field is the
best channel pattern. Min et al. [16] numerically studied a
serially-linked serpentine flow field for PEMFC. The effect of
the segment number and channel path number on the cell
performance was analyzed. The results showed that the cell
performances could be improved by increasing the segment
number or the channel path number in each segment. Xu et al.
[17] experimentally and numerically investigated the effect of
the cathode flow field opening shape, cathode endplate
thickness, cathode flow field open ratio, and orientation on
the performance of the air-breathing high temperature
PEMFC. Shimpalee et al. [18] investigated how 200 cm?
serpentine flow fields with a different number of gas paths,
and thus different gas path lengths, affect performance and
species distribution. It was found that the shorter path length
gives a more uniform current density distribution and less
condensed liquid water than the longer path. Limjeerajarus
et al. [19] adjusted the number of gas inlets and outlets on a
hybrid serpentine-interdigitated flow field and achieved
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performance improvement and a much more uniform distri-
bution of key physical quantity. Hazar et al. [20] used main
collector channels to restrict the uneven distribution of re-
actants in parallel intermediate channels. The study revealed
that the geometric dimensions of the flow channels had a
substantial impact on the chemical reactions and electrical
characteristics of the cell. Based on parallel flow field, Zhang
et al. [21] designed and simulated the performance of a
waveform flow field. The index “gas concentration error”
showed that the uniformity of this flow field is better than
traditional flow fields. Similarly, Rahmani et al. [22] presented
a new wavyflow field with various waviness parameters. The
results showed that increasing the amplitude or increasing
the wavelength is helpful for improvement of output
performance.

The bionic method has been explored to date widely, and it
is gradually applied in the PEMFC flow field design [23]. Sau-
ermoser et al. [24] conducted an experimental analysis of
width scaling parameters in tree-like flow field plates. A
reduction of the number of branching generation levels and
width scaling factor were recommended by the authors. The
nature-spired flow channel design following Murray's law of
branching was manufactured by Kahraman and Coban [25]
and demonstrated a higher performance compared with the
typical serpentine design. Trogadas et al. [26] introduced a
lung-inspired fractal flow field to overcome reactant homo-
geneity issues in PEMFC. And uniformity in reactant distri-
bution and minimal pressure drop were retained during scale-
up, demonstrating the robustness of the proposed nature-
inspired approach across length scales.

As a major milestone in PEM fuel cell commercialization, in
2014, Toyota released its first generation of fuel cell vehicles
(FCV), MIRAL In its fuel cell system, a 3D fine mesh flow field
was developed. Unlike above mentioned 2D flow fields, the 3D
flow field can promote gas transport to the cathode catalyst
layer and quickly draw out the generated water [27]. There-
fore, the 3D flow field has attracted more and more attention.
Cai et al. [28] and Shen et al. [29] presented a 3D flow field
consisting of transport enhanced main channel, sub-channel,
and transition areas. The simulation results showed the 3D
flow field could enhance the mass transfer ability and improve
the PEMFC performance. Chen et al. [30] proposed a 3D wave
flow channel to enhance the mass transfer and current den-
sity. The optimal flow channel minimum depth and wave
length were determined. Furthermore, Yan et al. [31] designed
a 3D gradient waved channel to increase flow velocity at both
in-plane and through-plane directions along the channel
length. Porous type flow field has showed great promises in
enhancing reactant supply, heat removal and electrical con-
duction, reducing the concentration performance loss and
improving operational stability for fuel cells [32]. Metal foam
materials with high porosity (>90%) have also been proposed
as alternative flow fields for PEM fuel cells [33]. Zhang et al. [34]
reconstructed the metal form flow field and adopted the 3D
multiphase model to study the cell performance. The results
showed that the metal foam flow field increases fuel cell
performance under high current density compared with the
conventional channel-rib flow field. Bao et al. [35,36] used the

volume of fluid (VOF) method to investigated liquid droplet
removal and dispersion in metal form flow field. In their study,
the full morphology of metal foam is reconstructed through
the X-ray computational tomography. Azarafza et al. [37]
performed a comparative study of several types of cathode
flow field designs. The parametric analysis reveals that the
metal foam outperforms other designs at intermediate and
high humidity conditions.

Besides, baffled flow channels are also widely studied 3D
channels that can promote mass transfer effectively [38].
Perng et al. [39] inserted rectangular obstacles into a straight
or narrowed flow channel. Better gas reactant transport and
local cell performance are produced near the obstacles. Wang
et al. [40] proposed a novel dot matrix and sloping baffle flow
field plate, which consists of dispersive and arrayed blocks
with sloping angles as shoulders. It could achieve high cell
output performance by both improving oxygen supply to the
gas diffusion layer (GDL) and uniform distribution. Niu et al.
[41] and Fan et al. [42] inserted an air baffle, lateral water
baffle, and middle water baffle into the flow channel and
achieved 7% improvement of performance under high oper-
ating current density compared with the conventional empty
flow channel. The effect of geometry parameters on PEMFC
performance is investigated. Heidary et al. [43] experimentally
investigated the effect of in-line and staggered blockage con-
figurations within a parallel flow field and compared results
with those of a baseline parallel flow field without blockage.
The author suggested that the staggered blockages are a
promising design for the PEMFC flow field. Guo et al. [44]
studied the effect of the baffle shape and developed a baffled
flow channel with optimized windward side and leeward side.
The power loss accounted by the pumping power in the
reactant delivering process was reduced, and the cell perfor-
mance was further improved. Ghanbarian and Kermani [45]
studied the channel indentation in high current density and
carried out a parameterized analysis of dent heights and
arrangement. It was observed that in the regions right above
the dents, the local current density was crowned. Cai et al. [46]
discussed the influence of cross-section shapes of blockages
and dimensionless blockage length on cell performance. The
flow-guide part and the suppression part need to exisit at the
same time to enhance the mass transfer.

3D flow field design has become a promising alternative
for PEMFC, but a few issues remain with this approach.
Zhang et al. [47] found that the 3D fine mesh flow field is not
favorable to the PEMFC operating under the ohmic domi-
nated region due to the fact that the decreased contact area
between GDL may increase the ohmic loss. What's more, the
existence of these baffles made the manufacturing process of
the flow field challenging and expensive because of the
complex structure of baffles which leads to difficulties in the
machining process.

Variable cross-section channels, which is between 2D and
3D flow field, could become the best promise to easy fabrica-
tion and mass transfer enhancement. Rezaie et al. [48] and
Havaej [49] designed a flow field comprised of converging and
diverging channels (neighboring channels). Havaej [49] found
that there was a gradient pressure from the converging
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Table 1 — Review of selected past studies with various flow field designs.

Authors (Year) Flow field type Features Schematic Reference
Xu et al. (2006) Serpentine Convection-enhanced serpentine flow [14]
field
Shimpalee et al. (2006) Serpentine Path lengh and paatern [18]
Min et al. (2019) Serpentine Modified serially—linked serpentine flow [16]
fields
Zhang et al. (2021) Serpentine 8-channel complex serpentine flow field Sl [15]
ﬂ\l‘; it L
=il
AT
Xu et al. (2019) Parallel Opening shape/open ratio [17]
45% 55% 65%
Hazar et al. (2022) Parallel Main collector channels [20]
Zhang et al. (2022) Parallel Complex waveform staggered flow field [21]
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Limjeerajarus et al. (2020)

Rahmani et al. (2023)

Trogades et al. (2018)

Kahraman et al. (2020)

Sauermoser et al. (2021)

Cai et al. (2018) and Shen et al. (2020)

Yan et al. (2019) and Chen et al. (2020)

Hybrid serpentine-
interdigitated flow
field

2D wave

Biomimetic

Biomimetic

Biomimetic

Novel 3D structure

3D wave

Modification of the number of gas inlets/
outlets

Raccoon channel

Lung-inspired fractal flow field

Natural-inspired flow fields

Tree-like flow fields with different design
rules

Consisting of transport-enhanced main
channel, sub-channel, and transition
areas.

Optimize the channel the minimum depth
and wave length

W gl

[19]

[22]

[26]

[25]

[24]

[28,29]

[30,31]

(continued on next page)
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Table 1 — (continued)

Authors (Year) Flow field type Features Schematic Reference
Zhang et al. (2020) Metal foam Full morphology of a metal foam material [34]
Bao et al. (2020) 3D fine mesh The single- and two-phase flow [36]
characteristics
Perng et al. (2014) Baffled Rectangular obstacles inserted [39]
Ghanbarian et al. (2016) Baffled Zigzag dent arrangement [45]
Heidary et al. (2016) Baffled Staggered blockage configurations = [43]
A
| HI l”"'“""l‘”“l"‘“ Il )
i
Niu et al. (2018) and Fan et al. (2018) Baffled Multi-plates structure channel and 7 [41,42]
integrated structure channel 2a /7""’
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Guo et al. (2019)

Wang et al. (2019)

Razaie. (2017) and Havaej et al. (2019)

Ramin et al. (2019)

Wang et al. (2010)

Timurkutluk et al. (2018)

Song et al. (2019)

Baffled

Baffled

Varying the channel
width

Varying the channel
width

Varying the channel
depth

Varying the channel
depth

Varying the channel
depth

Baffled flow field with optimized
windward side and leeward side

Dot matrix and sloping baffle flow field

Converging and diverging channels
(neighboring channels)

Trap-shape channels

Serpentine flow field with changing

channel height

Converging or diverging channels

Nonuniform depth channel of different
shape

B

[44]

[40]

[48,49]

(53]

[51]

[50]

[52]
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Fig. 1 — Review of flow field design (Refer to Table 1 for picture source).

Convergent-divergent
(C-D) pattern

(a) Novel flow field plate (b) Conventional flow field plate

(c) Only depth-variant flow field plate

Fig. 2 — Novel and straight flow field plate.
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channel towards its nearby diverging channel. The polariza-
tion curves show that by applying an angle of 0.3° to the
channels, the net electrical output power increases by 16%
compared with the straight base case [48]. Timurkutluk et al.
[50] modified the classical parallel flow channel by varying the
channel depth with different constant inclination gradients
from inlet to outlet and achieved a maximum 16% improve-
ment of cell power density. Wang et al. [51] used a special
optimization approach to optimize the channel heights of a
cathode single serpentine flow field with five channels. The
optimal channel design has three tapered channels (channels
2—4) and one diverging channel (channel 5). Song et al. [52]
compared the cell performance of nonuniform depth and
conventional straight channels in a unitized regenerative fuel
cell (URFC). In fuel cell mode, when the average channel depth
is the same, the net power of the straight channel is always
lower than the nonuniform depth case. Ramin et al. [53] pro-
posed a trap-shaped channel design having narrower lands at
a number of cross-sections. There existed optimal length and
number of traps which substantially enhanced the PEMFC
performance. A review of selected past studies is presented in
Table 1. In general, the flow field design mentioned above can
be classified as two-dimensional (2D), three-dimensional (3D)
flow field and variable cross-section flow field. To provide a
clear and comprehensive picture of the state of the art, a
schematic diagram is shown in Fig. 1.

It can be seen that the width and depth variation is bene-
ficial for the PEMFC performance. Learning from this idea, the
convergent-divergent structure at a local position in parallel
channels is introduced and a novel flow field is proposed. The
difference between our converging-diverging flow field and
the ones mentioned in the above review are as follows. Firstly,
in the convergent or divergent channel in existing literature,
the cross-sectional are simply monotonically changed rather
than arranged regularly and periodically, as designed in this
paper. Secondly, different from 3D wave [30,31], baffled
[39,40], and trap-shape channels [53], the depth and width of
the channel designed in this paper change simultaneously
and continuously. And this configuration is staggered be-
tween adjacent flow channels. The objective is to improve
mass transport and decrease concentration loss under high
current density. The designed new flow field has the

(a) ISO view

Table 2 — Geometry parameters.

Parameters Symbol Value
Novel flow field

Length of C-D part (mm) Iy 10

Length of the straight part (mm) I, 10

Width of C-D part (mm) wq 0.5

Width of straight part (mm) wy 1.0

Depth of C-D part (mm) hy 0.275

Depth of straight part (mm) h, 0.55

Width of rib ws 0.7

3D multiphase model

Total length (mm) lo 60

Total width (mm) Wo 5.1
Thickness of GDL (um) 0GDL 130
Thickness of MPL (um) OmpL 45

Thickness of CL (um) dact/6ccL  6/18 (anode/cathode)
Thickness of PEM (um) OpEM 15

CGDL

CMPL
CCL
PEM
ACL
AMPL

AGDL

Fig. 4 — Computational domain for 3D multiphase model.

advantages of simple structure, easy processing, high output
performance, and fast drainage speed.

Then three-dimensional multiphase model is adopted to
simulate the cell performance with different flow fields.
Furthermore, for novel flow fields, the effect of operating

(¢) Front view

Fig. 3 — Novel flow field.
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Table 3 — Source terms.

Source terms

Unit

Mass conservation equation:
Sm = S, + So, + Svp(all zones)
Momentum conservation equation:
{ Y%, (CLs,GDLs and GDLs)
K,
Sn = g
O(other zones)
H, conservation equation:

" 2F
O(other zones)
O, conservation equation:

{ J2 My, (anode CL)
SHZ =

4F
O(other zones)
Water vapor conservation equation:

_Sv—l aF Sv,mMHzo(CLS)
Sup =

{ —}—“MoZ (cathode CL)
So, =

—S,_1(MPLs, GDLs)

O(other zones)
Condensation/evaporation:
Syl = { ve(l— Slq)(ﬂuap — Psat)s Pyap > Psat

v Y€Slq (puap — Psat); Pyap < Psat

Electrons conservation equation:

—ja (anode CL)
Sele = ¢ jc(cathode CL)

O(other zones)

Protons conservation equation:
ja(anode CL)

Sion = { —jc (cathode CL)
O(other zones)

Liquid pressure conservation equation:
Sy_1(anode CL, MPLs, GDLs)

Sy = é—CFMHZO +S,_1(cathode CL)
O(other zones)

Membrane absorption and desorption:

Sv-m = %(Amw - Aeq)’Y,

Dissolved water conservation equation:

Kuem. Pl — P
1 | (anode CL)0(other zones)

Smw = —Sv-m — P
Y MMyomg  OmemOact

Energy conservation equation:

. 2 eff 2 eff
]a‘nact‘ + HV¢eIeH K:le + ”vd)ion“ Kieon + Slh(anOde CL)

jeTAS
4F

S = { V0eiel*kSf: + Sin(GDL, MPL)
HV¢e1e HZKSIfg (BP)

: 2 eff 2 eff
+JelMact| + [Verell Kgle + [ Vion|| Kieon + S (cathode CL)

[ Vion 24T (membrane)

ion

O(other zones)

—Sv-m + Plq

kg/(m?*-s)

kg/(m?-s?)

kg/(m?-s)

kg/(m?-s)

kg/(m®-s)

kg/(m?s)

kg/(m?-s)

mol/(m?-s)
mol/(m?>-s)

ACL CCL
KvMem Do —Plg
Mh,0H1q

(cathode CL)
OMEMOcCCL

W/m?

conditions and geometry parameters on performance are
numerically investigated. Besides, the drainage performance
of the novel and conventional channels is compared using the
VOF method. The rest of the paper is organized as follows. The
characteristics of the proposed novel flow field structure and
numerical model are introduced in Section 2. The detailed
results and discussion are presented in Section 3. Lastly, the
main conclusions are summarized in Section 4.

Model description

In this section, the structure of the novel flow field is
displayed in Section 2.1. Then the three-dimensional
multiphase model (Sections 2.2 and 2.3) and VOF
model (Section 2.4) adopted are illustrated. The respective
model assumptions are also described in the corresponding
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chapters. Furthermore, Section 2.5 introduce an index to
evaluate the mass transfer ability. Finally, the numerical
procedure is given in Section 2.6.

Novel flow field design

The novel flow field plate proposed is shown in Fig. 2(a), and the
conventional straight and only depth-variant flow field plates
are also shown in Fig. 2(b) and (c), respectively, for comparison.
The convergent-divergent (C-D) pattern is introduced periodi-
cally in the novel flow field plate, while the cross-sectional area
along the flow direction remains unchanged in the straight flow
field plate. Different from the novel flow field plate, the change
of the cross-sectional area of the depth-variant channel is only
caused by the depth variation.

As shown in Fig. 3(a), the novel flow field could be regarded
as obtained by the translation of repeated units. The black
dotted line in Fig. 3(a) splits the flow field according to the
repeated unit. A repeated unit consists of a straight part and a
C-D part. The C-D pattern is staggered arranged between two
adjacent channels, which ensures both straight and C-D parts
are misaligned between adjacent channels.

The related dimension of the novel flow field is annotated in
Fig. 3 (b) (top view) and Fig. 3 (c) (front view). The values are
listed in Table 2. It is worth emphasizing that the width (from
w to w,) and depth (from h; to hy) of the channel both change
linearly at C-D locations. This feature is considerably crucial in
terms of feasibility and low cost of the fabrication of the bipolar
plates, especially when it comes to mass production. In addi-
tion, the channel wall of the novel flow field is treated with a
hydrophilic coating which is beneficial for absorbing droplets.

Computational domain

Fig. 4 shows the computational domain in the performance
simulation. It consists of BP, GC (or flow field), GDL, micro-
porous layer (MPL), and catalyst layer (CL) in both the anode
and cathode sides. And a proton exchange membrane (PEM)
zone is sandwiched in anode and cathode. The related di-
mensions are listed in Table 2. The kinetic process of oxygen
reduction reaction (ORR) on the cathode is extremely slow,
which is the control step of the overall reaction. Moreover, at

high electrical density, the cathodic half-reaction is more
critical, due to the oxygen diffusivity is much lower than
hydrogen diffusivity. Therefore, the novel flow field proposed
is only adopted in the cathode, while the straight channel is
always on the anode side. Both anode and cathode flow fields
are made of 3 parallel channels.

3D two-fluid model

Governing equations
The 3D two-fluid model is adopted to simulate the cell per-
formance. Some assumptions are made as follows.

(1) The fuel cell runs under a steady condition;

(2) The flow is laminar; Both the gas species and the gas
mixture follow the ideal gas law;

(3) The high gas velocity in the channel could blow out the
liquid water completely. This assuption is widely
adopted and also based on our own pratice. According
to our previous research experience [3], in the com-
mercial PEMFC, during normal operation, the liquid
water in the gas channel area can be quickly carried
away by the air flow, and only in the case of water
flooding or other failures will water accumulate in the
local part of the channel. In addition, the computational
domain in this paper is a short straight (no turning)
channel. As a result, the amount of liquid water in
channels is fixed as zero [54—56].

(4) The contact resistance between different layers is
ignored, which is employed in many modeling works.

(5) The coolant channel is simplified to a thermal convec-
tion condition, considering the small active area of the
computational domain [22,57,58].

Mass conservation equation (solved in GCs, GDLs, MPLs,
CLs):

v (pgvg) —Sn M

Momentum conservation equation (solved in GCs, GDLs,
MPLs, CLs):

Table 4 — Material property and operating condition.

Parameters Value Unit Ref
Density of MEM 1980 kg/m? [59]
Equivalent weight of MEM 1100 kg/kmol [59]
Porosities of GDL; MPL; CL 0.6; 0.4; 0.3 [59,60]
Contact angles of GDL; MPL; CL 110; 120; 95 ° [47]
Intrinsic permeabilities of GDL; MPL; CL 2.0 x 107%/1.0 x 107 '%/1.0 x 107* m? [59]
Electrical conductivities of GDL; MPL; CL; BP 6000/5000/5000/20,000 S/m [40,47]
Thermal conductivities of GDL; MPL; CL; MEM; BP 0.585; 0.27; 0.27; 0.109; 129 W/(m-K) [3]
Specific heat capacities of GDL; MPL; CL; MEM; BP 861; 800; 240; 1287; 710 J/(kg-K) [3]
Operating temperature 353.15 K [59]
Operating pressure (anode/cathode) 50/50 kPa

Stoichiometric ratio (anode/cathode) 1.5/1.5

Relative humidity 100%/100% [59]
Reference exchange current density 3.0 x 107/30.0 A/m? [59]
Reference H,/O, concentration 56.4/40.0 mol/m> [59]
Transfer coefficient 0.5/1.0 [59]
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(air)

o o 7 e Electrons conservation equation (solved in BPs, GDLs,
vo |- LeTETE ) o vpp,v- |V ﬁ +v E(ig MPLs, CLs):

&(1-s)" 1=siq

2 7 0=v- (Kglfqubele> + Sele
—Su V| Ve | ———2— Su
3“g ( <€(1_51q)>> "

Protons conservation equation (solved in MEM, CLs):

=V («fve. )
Species conservation equation of i-species (solved in GCs, 0=v (K1°“V¢‘°") + Sion
GDLs, MPLs, CLs): (i: H,, O,, water vapor)

MPLs, CLs):
v. <pgﬁ’gyi) -v. (,,ngffvyi) 15 3)

Kk
0=vVv- <P1—lqvplq> + Siq
Mg

(4)

(%)

Liquid pressure conservation equation (solved in GDLs,

(6)

Table 5 — Boundary conditions of water transport model. Dissolved water conservation equation (solved in MEM,

: CLs):
Parameters Value Unit
- . n
Inlet air veloc1ty. 3.0 m/s V. (?dv1i0n> _F Em\;;ﬂv . (Df,{f” v ,\mw) + S %
Inlet water velocity [64] 0.1 m/s
Contact angle of GDL [65] 140 ° Energy conservation equation (solved in the whole
Contact angle of GC [65] 60 °

domain):
Surface tension coefficient [64] 0.0725 N/m
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V- (W)™ T) =V - (RVT) 45 ®)

where pg, Wg, Yi, ¢eles Pion» Plgy Amw, and T denote the gas
density, gas mixture velocity vector, mass fraction of species i,
electronic potential, proton potential, liquid pressure, mem-
brane water content, and temperature, respectively. In the
momentum conservation equation, the porosity ¢ and
permeability K (in source term) are two important parameters
characterizing porous electrodes. The effective gas diffusion
coefficient DEff (in Eq. (3)), electronic conductivity «& (in Eq.
(4)), and proton conductivity «¢f (in Eq. (5)) take into consid-
eration porosity and liquid water. And the effective thermal
conductivity k*f (in Eq. (8)) considers both fluid and solid
thermal conductivity. The source terms in the governing
equations used in the model are listed in Table 3. The ex-
pressions of the essential model parameters are given in Table

4 and Ref [59].

Boundary condition
For the fuel and air inlet, the mass fluxes (kg/(m?-s)) of gas
mixtures are defined as

pa ISaAact
2Fcinlet,H2 Aa,in

©)

Mpux,a =

pchCAﬂCt
— 10
g 4’Fcinlet.02Ac.in ( )
The molar concentrations of reactants are calculated by
the inlet pressure pgin/ Pcin, temperature T in/ Tein and relative

humidity RH,/ RH, as follows:

_pa,in - RHapsat

Cinlet,H, = RT.: (11)
021 (pein — RHpiat)
Cinlet,0, = RT.. (12)
c,in

The electronic potentials at the end of the anode and
cathode BP surface are defined as

¢ele,a =0 (13)

‘bele,c = Vout (14)

About temperature, the convection thermal boundary
condition is specified at the anode and cathode end surface to
simulate the effect of coolant, and other surrounding walls are
fixed as operating temperature. Besides, the other boundary
condition is defined as g% = 0, where ¢ is the scalar to be
solved, x; is the normal direction of specific face.

The operating condition (temperature/pressure/stoichio-
metric ratio/relative humidity) used in our model is listed in
Table 4. In Section 2.3.1, the solution subdoamins of different
governing equations are indicated in the bracket following the
title of the equation. Only the energy governing equations is
solved in the whole solution domain.It should be noted that
the interface between different layers (regions) (e.g., the
interface between GDL and MPL in anode or cathode) is
regarded as interior faces and no special treatment is needed
for such inner face. The different layers own different physical
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properties and different source terms in the governing equa-
tions. Such numerical solution technique can guarantee the
satisfaction of conservation condition in the solution domain
while save computational time [61,62].

Water transport model

It is well-known that the liquid water produced in porous
media would flow into the gas channel and discharge under
the action of airflow purging. Ensuring the rapid discharge of
water is of great significance in preventing PEMFC flooding
and improving cell performance. Therefore, the VOF multi-
phase model is adopted to study the liquid water dynamic
behavior in the gas channel [63]. In our novel flow field, the C-
D part and straight part alternate periodically along the flow
direction. Considering the time cost, these two parts are
modeled respectively, named straight channel and C-D
channel, as shown in Fig. 5. The water enters the channel from
the fixed position on the GDL surface. Then it grows gradually,

leaves the water injection location, and moves to the channel
outlet under the action of airflow. Model assumptions include.

(i) Due to the small Reynolds number, the flow is laminar
and incompressible;
(ii) The phase change of liquid water is neglected;
(iii) The bottom wall of the channel represents the isotropic
gas diffusion layer.

The governing equation and boundary conditions are
shown below.

Governing equations
Mass conservation equation:
ap

—+V.(pU)=0

T (15)

Momentum conservation equation:
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S I R A equation, considers the surface tension force. Adopting the
@ 0.20 continuum surface force (CSF) model, F can be expressed as:
E
= VC]
= F =20k 16a
E 0.1 (p1+ p2) (162)
&=
50 10 The mean curvature of the liquid/gas interface k is
E T computed from the local gradient of the surface normal vC,, as
= follows,
0.05
VG
k=V.|—- 17
; (WCI|> )
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Table 6 — Case setting to study the effect of geometry

parameters.

hl/hz W1/UJ2
Case 1 50% 30%
Case 2 50% 50%
Case 3 50% 70%
Case 4 30% 50%
Case 5 70% 50%

Boundary conditions

For the inlet condition, the inlet velocity of air and water is
specified at the corresponding boundary, respectively. For
the outlet condition, the outflow boundary condition is
applied. The non-slip boundary condition is adopted at
channel walls and GDL surface. For the contact angle, the
wall of the channel is hydrophilic, and the GDL surface is
hydrophobic. These values are listed in Table 5. The air inlet
velocity is extracted at 2.0 A/cm? in the performance
simulation.
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Fig. 12 — Effect of geometry parameters.

Effective mass trasfer coeeficient

To compare the mass transfer ability of different flow fields,
the effective mass transfer coefficient (EMTC) is adopted in the
present study [28,29]. It is defined as follows,

oc

P (19)

CZ‘UJ

Here w is the velocity component in the through-plane di-
rection (z direction). The effect of convection (w) and diffusion
(concentration gradient) mass transfer are both considered in
the expression. This indicator is proven to be applicable for
the evaluation of the PEMFC performance with different flow
fields [66].

Numerical procedure

All governing equations (both the two-fluid model and VOF
model) stated above are solved by the finite volume method in
the software ANSYS FLUENT. The user-defined functions
(UDF) written by C code are implemented to update and
customize source terms, transport properties, and boundary
conditions during the solving process. The SIMPLE algorithm
is adopted for coupling pressure and velocity. The V-cycle
multigrid technique is employed to get substantial conver-
gence. Residual with a magnitude of 1 x 10~° is considered as
convergence criteria for all equations. The mesh used to
discrete the computing domain is shown in Figs. 2 and 3(c),
which was determined after a grid-independent examination.
The grid independence analysis is performed with five
different grid numbers: 243,689, 484,005, 774,285, 1,101,739,
and 1,542,885, as shown in Fig. 6(a). The current density
change is smaller than 0.5% for the mesh with 1,101,739
nodes. Considering the accuracy, and computational cost, a
grid number of 1.1 million is adopted here to perform the
numerical simulation. The structured hexahedron mesh is
adopted in the whole domain. In VOF transient simulation, a
fixed time step of 5 x 10 ’s is employed to ensure the
maximum Courant number is not exceeded [67]. Moreover, to
verify the VOF model, the morphology of water droplets ob-
tained by numerical simulation and experiment [68] at
different air velocities is compared, as shown in Fig. 6(b). The
difference is quite small, which proves the model is accurate.
The numerical model used for validation has the same set-
tings as the experiment. For example, the droplet diameter is
1 mm, and the calculation domainis 7 mm x 2.5 mm x 51 mm.

For the 3D multiphase model, the simulated polarization
curve is compared with the test data in Ref. [69] under the
same operating condition. As shown in Fig. 6(c), the predicted
polarization curve is in good agreement with the experiment
data, which validated our model accuracy.

Results and discussions

The cell performance improvement is analyzed in Section 3.1.
Then the effect of operating conditions and geometry pa-
rameters on performance are investigated in Sections 3.2 and
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3.3, respectively. Lastly, the drainage performance for novel
and conventional channels is compared in Section 3.4.

Performance improvement

Output performance
Based on the validated 3D multiphase model, the cell perfor-
mance is simulated with different cathode flow fields, as
shown in Fig. 7. Compared with the depth-variant flow field,
the novel flow field can further improve the performance,
especially in the concentration polarization region. This in-
dicates that channel with both width and depth variation
outperforms a channel with only depth variation (e.g., 3D
wave channel [30]). Under the same output current density of
2.0 A/cm?, the output voltage or the total power density of
novel and depth-variant flow field increase by about 25.2% and
14.2%, respectively.

After the C-D pattern is applied in the cathode flow field,
the pump power in the cathode channel increases, as shown
in Fig. 7(c). The pumping loss Wpump is calculated by

W, =
pump Aactg

where ¢ = 0.7 is the compressor efficiency [47].Although the
pumping loss of the novel cathode flow field is higher than the
conventional straight one, it is rather small (two orders of
magnitudes lower) compared with the total output power
density. As a result, the novel flow field still has advantage in
net output power density, as shown in Fig. 7(d).

Under land cross flow
Under land cross flow in PEMFC, which is in favor of reactant
transport, has been observed by many researchers [70,71]. The
staggered arrangement of C-D in a novel flow field also in-
duces the cross flow.

Fig. 8(a) and (b) represent the contour of gas velocity in the
cathode flow field. The local high speed (about 7 m/s) can be
observed near the C-D location in the novel flow field
(Fig. 8(b)), while in the straight flow field, it maintains a rela-
tively uniform low velocity (about 2 m/s) field (Fig. 8(a)).
Furthermore, different flow characteristics cause different
pressure distributions, as shown in Fig. 8(c) and (d). The
pressure decreases monotonously from the channel inlet to
the channel outlet in the straight flow field. The novel flow
field presents a scale-like pressure distribution by contrast.
That means there always exists a pressure difference between
two adjacent flow channels along the flow direction.

As shown in Fig. 8(e), the A-A’ cross-section is extracted
and plotted the velocity vector on that. The pressure differ-
ence induces the under land cross flow through the gas
diffusion layer, obviously. This convection flux is a benefit for
reactant gas transport and liquid water drainage. In a straight
channel, only the diffusion caused by concentration differ-
ence can cause the gas transport from the channel to the
catalyst layer.

Mass transfer enhancement
The average effective mass transfer coefficient is calculated in
the cathode channel, as shown in Fig. 9. The EMTC increases

with the current density due to the increase in the inlet flow
rate. The average EMTC in the novel cathode flow field is two
orders of magnitude higher than that in the conventional flow
field. As a result, the O, concentration in GDL is higher in the
novel flow field case, as shown in Fig. 10. The violent velocity
disturbance (Fig. 8(e)) is the main reason that promotes mass
transfer.

Effect of operating condition on the limited current density

To study the effect of operating conditions (operating pressure
and cathode stoichiometric ratio) on cell performance, the
current density is simulated under the same output voltage
(Vout = 0.1V). Under this output voltage, the cell works in the
concentration loss zone. It's worthy to note that as long as the
cell work in the concentration loss area, the qualitative results
here are still valid and instructive.

From Fig. 11(a), it can be observed that the performance of
both novel and conventional flow field increases with the
stoichiometric ratio. In the conventional case, the growth rate
gradually slowed down, but the novel case is the opposite. In
other words, the superiority of the novel flow field becomes
more obvious under a high flow rate. This could be explained
by the reactant concentration. Different from that under the
same current density, in the present study, the simulation is
under the same output voltage. The more O, concentration,
the higher the reaction rate. As shown in the right coordinate
axisin Fig. 11(a), with the enhanced mass transfer, the average
O, concentration in CCL is higher for the novel flow field case.
And the concentration of both the new flow field and the
traditional flow field increases with the increase of the stoi-
chiometric ratio. This leads to a higher reaction rate and
therefore a higher current density. The blue-filled area in
Fig. 11(a) represents the performance improvement of the
novel flow field. It is obvious that with the increase of the
stoichiometric ratio, the promotion rate also generally in-
creases, as shown in Fig. 11(c).

For the effect of operating pressure, increasing the oper-
ating pressure represents the increase of reactant concentra-
tion. As aresult, the performance improved. With the increase
of operating pressure, the growth rate of both two flow fields’
current densities gradually slows down, as shown in Fig. 11(b).
From Fig. 11(d), the current density of the novel flow field is
8.63% higher than the conventional case on average. Different
from the effect of the stoichiometric ratio, the promotion rate
is not particularly sensitive to the operating pressure.

Effect of geometry parameters

In a novel flow field, the dimension of the C-D part has an
influence on the performance. To explore the effects of width
and depth shrinkage five cases are set up, as listed in Table 6.
Fig. 12(a) shows the polarization curve with different width
ratios and depth ratios. For the effect of width ratio (Case 1/2/
3), it can be observed that the novel flow field with a smaller
width ratio possesses a better performance, especially under a
high current density zone. As illustrated in Fig. 12(b), the novel
flow field with 30% width ratio could own the biggest EMTC
value. The smaller the width ratio, the higher the EMTC,
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which means better mass transfer ability. As a result, under
the concentration zone, where the cell performance is limited
mainly by the reactant concentration, adequate oxygen could
be supplied to the catalyst surface. For the effect of depth
(Case 2/4/5), the smaller the depth, the better the perfor-
mance. Compared with the width ratio, the effect of the depth
ratio on mass transfer is more significant, as shown in
Fig. 12(b). That is because the depth variation of the channel
directly increases the gas through-plane velocity toward the
porous layer, which causes a higher EMTC value. In a word, for
the C-D part in the novel flow field, a narrower structure is
more conducive to mass transfer.

Liquid water transport behavior

Fig. 13 shows the time evolution of the pressure drop in two
kinds of channel parts during drainage. Fig. 14 shows the
location and shape of the droplet in two parts. The corre-
sponding time points of Fig. 14 are annotated in Fig. 13.

As the droplets grow, the pressure drop increases gradu-
ally. The pressure force and viscous force constitute the
driving force of droplet movement. When the driving force is
higher than the wall adhesion force, the droplet detachment
happens and moves forward downstream, as shown in time
t =56.3 ms (Fig. 14). During the process of the droplet moving
forward, the gas-liquid interface will contact the top surface of
the channel. Due to the hydrophilic character of the wall,
under the effect of wall adhesion and surface tension force,
the spherical droplet deforms and moves upwards and ad-
sorbs to the top surface of the channel, as shown in time
t = 60.0 ms (Fig. 14). The liquid droplets leave the surface of
GDL, which is conducive to the reaction gas entering the pores
of GDL from the flow channel. Then the droplet gradually
becomes a liquid film (t = 63.4 ms in Fig. 14) when moving to
the narrow region, under the increasing driven force. And the
pressure drop peak occurs. The increasing viscous force (due
to the increase of velocity) and pressure force are both
conducive to droplet discharge. Similarly, at t = 119.6 ms
(Fig. 14), the second droplet moves to the narrow region and
causes the second pressure drop peak in Fig. 13. After that, the
rear droplets catch up (t = 133.2 ms in Fig. 14) with the front
droplets and merge into one(t = 146.4 ms in Fig. 14).

For straight channels, the droplet doesn't detach the water
inlet orifice until 126.8 ms (t=126.8 ms in Fig. 14), and the first
pressure drop peak in Fig. 13 is also near this time point. A
bigger droplet detachment size is observed compared to the C-
D part channel. This is caused by the small driving force in the
straight channel. The lower velocity and pressure drop leads
to lower shear viscous force and pressure force, respectively.
After leaving the water inlet orifice, the droplet may deform
during movement and contact with the top surface of the
channel, as shown at t = 127.6 ms (Fig. 14). Then, same as the
behavior in the C-D structure case, the droplet moves upwards
under the effect of hydrophilic wall adhesion force. Different
from the C-D case, during moving at the top surface of the
channel (for example, t = 140.0 ms and t = 150.0 ms in Fig. 14),
the droplet remains spherical with a certain curvature
without pulling and spreading. At t = 254.0 ms, the second

droplet is ready to detach and the second pressure drop peak
(Fig. 14) occurs. Then it repeats the same behavior with the
first droplet until discharge out of the channel (take
t=260.0 ms, for example).

Comparing the droplet dynamic behavior in these two
different parts, at t=146.4 ms, the droplet in the C-D structure
has moved near the outlet. However, for the straight case at
t =150 ms, the droplet has only moved to a position half of the
distance away from the inlet. Therefore, it can be concluded
that the import of the C-D structure will greatly enhance the
drainage capacity of the flow field.

Conclusion

In this work, a novel flow field that can promote mass transfer
and improve cell performance is proposed. The 3D multi-
phase model is adopted to simulate the output performance,
and the VOF method is used to study droplet dynamic
behavior in the novel channel. The main findings of this study
are as follows.

(1) The total power density of the novel flow field is
improved by about 25.2% under the same output cur-
rent density of 2.0 A/cm?. After subtracting the pumping
loss, the net total power density is still greatly
improved.

(2) The novel flow field could enhance the under land cross
flow and leads to a higher effective mass transfer co-
efficient (EMTC). This is beneficial to the reactant
transport under the concentration difference dominant
zone.

(3) The promotion rate is not particularly sensitive to the
operating pressure but increases with the increase of
the stoichiometric ratio.

(4) For the C-D part in the novel flow field, a narrower
structure (by changing the width ratio and depth ratio)
is more conducive to mass transfer and boosting
performance.

(5) The novel flow field owns a better drainage capacity;
however, the movement of droplets to the C-D section
will cause a sharp increase in pressure.
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