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� Forchheimer's inertial effect is dominant in PEMFCs with 3D complex flow-fields.
� Forchheimer's inertial effect enhances liquid water removal and mass transport.
� PEMFCs with 3D complex flow-fields are robust and efficient at high current density.
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a b s t r a c t

3D fine-mesh flow-fields recently developed by Toyota Mirai improved water management and mass
transport in proton exchange membrane (PEM) fuel cell stacks, suggesting their potential value for robust
and high-power PEM fuel cell stack performance. In such complex flow-fields, Forchheimer's inertial
effect is dominant at high current density. In this work, a two-phase flow model of 3D complex flow-
fields of PEMFCs is developed by accounting for Forchheimer's inertial effect, for the first time, to
elucidate the underlying mechanism of liquid water behavior and mass transport inside 3D complex
flow-fields and their adjacent gas diffusion layers (GDL). It is found that Forchheimer's inertial effect
enhances liquid water removal from flow-fields and adds additional flow resistance around baffles,
which improves interfacial liquid water and mass transport. As a result, substantial improvements in
high current density cell performance and operational stability are expected in PEMFCs with 3D complex
flow-fields, compared to PEMFCs with conventional flow-fields. Higher current density operation
required to further reduce PEMFC stack cost per kW in the future will necessitate optimizing complex
flow-field designs using the present model, in order to efficiently remove a large amount of product
water and hence minimize the mass transport voltage loss.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are regarded as
one of the most promising alternative power sources for automo-
tive applications due to their low pollutant emission, low operating
temperature and high-power density. The central issue that still
prevents PEM fuel cell vehicles (FCVs) from mainstream commer-
cialization is high cost of fuel cell stacks owing to use of the noble
metal platinum (Pt) as a catalyst. One solution is to increase cell
operating current density, in order to enhance power density of fuel
cell stacks and to decrease fuel cell stack size and material usage.
Under high current density operation, however, PEM fuel cells are
susceptible to water flooding and oxygen starvation due to huge
rate of electrochemical reactions, whichmay cause detrimental loss
of stability and performance [1]. Therefore, proper management of
liquid water and mass transport are of primary importance to
development of next generation FCVs with high power and
compact fuel cell stacks.

Recently, three-dimensional (3D) complex flow-field designs
have attracted much attention due to capability of significantly
enhancing liquid water management and oxygen transport. Fig. 1a
schematically shows 3D complex flow-field structure of a recently
commercialized vehicle, ToyotaMirai [2]. Unlike conventional flow-
fields, 3D complex flow-fields feature repeating 3D micro-lattices,
which act as baffles and induce frequent micro-scale interfacial
flux between GDL and flow-fields. Due to this repeatingmicro-scale
convective flow, oxygen transport to catalyst layer (CL) and liquid
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Fig. 1. (a) Schematics of PEM fuel cell with 3D complex flow-field (Toyota Mirai flow-field [2] is taken as an example) (b) Computational geometry.
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water removal from GDL are significantly enhanced. By using
innovative 3D fine mesh flow-field, along with the improvements
of MEA material, Toyota Mirai achieved significant increase of cell
performance (up to 2.4 times increase of limiting current density
compared to their 2008 model fuel cell stack design) as well as
power stability [2e4]. In addition to the Mirai example, several
recent experimental studies have shown cell performance increase
of up to 5e30% by using baffled flow-fields. Heidary et al. [5] con-
ducted experimental studies and reported the increase of cell
performance by up to 30%with different configurations of partial or
full blockages in flow channels. Thitakamo et al. [6] experimentally
showed 20e30% performance increase from cell with mid-baffle
interdigitated flow-field compared to cell with conventional flow-
field. Han et al. [7] studied the effect of repeated wavy-shape
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baffles in flow channels both experimentally and numerically and
showed 6% increased performance compared to regular flow
channel.

Numerous examples shown above indicate the great potential of
3D complex flow-fields toward further innovations in PEMFC
technology. However, two-phase fuel cell modeling of such flow-
fields has been absent. Regarding this topic, several single-phase
[7e12] and two-phase flow calculations under mist-flow assump-
tions [13,14] have been performed to date, which result in unreal-
istic estimation of two-phase flow behavior in flow channel due to
over-simplified treatment of two-phase flow. Considering the sig-
nificances of two-phase behavior in PEMFCs and potentials of 3D
complex flow-field designs on cell performance, modeling two-
phase behavior in 3D complex flow-fields is of urgent interest,
especially for cell-scale simulations to accelerate mainstream
commercialization of PEMFCs.

Unlike conventional PEMFC flow-fields, complex flow structure
such as flow expansion/contraction, recirculation and vortex shed-
ding,which are all categorized intoflow inertial effects, are expected
to be dominant in 3D complex PEMFC flow-fields due to repeating
baffles [8,9,11,12,14]. In this case, the flow inside 3D complex flow-
fields no longer follows Darcy's law and additional inertial effect,
i.e. the Forchheimer's effect, plays important roles. Previous
macroscopicmodeling approaches, such as themulti-phasemixture
(M2) model [15e19], are based on two-phase Darcy's law and the
Forchheimer's inertial effect have not been considered due to simple
fully-developed flow structure and low current density operation
(~1 A cm�2) in conventional PEMFCs. Since next generation PEMFCs
with 3D complex flow-fields are expected to operate atmuch higher
current densities, Forchheimer's effect is crucial and should be
considered in two-phase flow modeling.

In this work, we propose, for the first time, a two-phase fuel cell
model based on two-phase Forchheimer extension to describe
macroscopic liquid water and mass behavior in 3D complex flow-
fields, especially under high current density operation. We
explore role of Forchheimer's inertial effect on liquid water and
mass transport behavior inside flow channel and gas diffusion layer
(GDL) of PEMFCs with 3D complex flow-fields, by comparing pre-
sent model with the conventional M2 model. Furthermore, we
discuss the differences between PEMFCs with 3D complex flow-
fields and regular straight channels in terms of cell performance
and operational stability.

2. Numerical model

The similarities between flow in porous media and micro-
channel has been recognized in a number of prior studies
[16e30]. Numerous attempts have been made to model the single
and two-phase flow in micro-channel with Darcy's law by looking
at micro-channels as porous media for applications in heat-
exchangers [21e27] and PEMFC [16e19,28e30] simulations. On
the other hand, well-known models of flow in porous media, such
as Kozeny-Carman equation [31,32] and Ergun equation [33], are
based on Kozeny assumption [31] that structure of porous media is
similar to a collection of micro-channels. Based on the similarity,
Wang et al. [19] developed two-phase flow model based on two-
phase Darcy's law for conventional flow-fields of PEMFCs, such as
straight channels, by considering the flow-field of PEMFCs as
structured and ordered porous media.

As seen in Fig. 1a, the geometries of 3D complex flow-fields
strongly resemble random porous medium, rather than struc-
tured and ordered porous medium. To study the fundamental flow
physics involved in 3D complex flow-fields, we first estimate the
range of pore Reynolds number inside 3D complex flow-fields,
which is defined as
Rep ¼ ULp
np

(1)

where U is the characteristic velocity scale, Lp is the characteristic
pore size and np is the kinematic viscosity of fluid inside porous
medium. The typical range of pore Reynolds number of flow
channels of PEMFCs at high current density (2~4 A cm�2) falls on
the magnitude of 100, by using typical operation parameters of
U ¼ 5e10m s�1, Lp ¼ 0.1e1mmand np ¼ 2:0� 10�5 m2 s�1. As prior
studies [34e39] reported that inertial effect is no longer negligible
and becomes as important as the viscous effect when Rep >100 in
random porous media, inertial pressure loss described by For-
chheimer's inertial term should be considered in two-phase model.
In the following sections, we attempt to incorporate the For-
chheimer's inertial term into the well-known M2 formulation.

2.1. Permeability and Forchheimer's inertial flow coefficient of 3D
complex flow-fields

Momentum equation in homogeneous-isotropic porous media
under Forchheimer's inertial regime can be described by Darcy-
Forchheimer's law as

�VP ¼ m

K
u!þ brj u!j u! (2)

where K and b are permeability and non-Darcy flow coefficient
(also known as Forchheimer's coefficient), respectively. Numerous
studies have been conducted to estimate the range of permeability
and Forchheimer's inertial flow coefficient based on porosity and
pore diameter. The most well-known relations are Kozeny-Carman
equation [31,32] for permeability estimation and Ergun's equation
[33] for Forchheimer's inertial flow coefficient estimation.

The original form of Ergun's equation can be written as

�VP ¼ 32aEr
εD2

h

m u! þ bEr
2ε2Dh

rj u!j u! (3)

where Dh is effective hydraulic diameter of porousmedia defined as
4 � total surface area of porous media divided by volume of void
region in porous media. The first term and the second term in RHS
in Eq. (3). are Darcy's viscous term and Forchheimer's inertial term,
respectively. Since each term is modeled based on Kozeny's
assumption, effective hydraulic diameter is the key parameter that
determines permeability and non-Darcy flow coefficient in Ergun's
equation. The empirical correction factor aEr and bEr are introduced
to account for the repeated sinusoidal flow contraction and
expansion effect, which typically range from 1 to 10 and 1e6,
respectively [33].

By looking at the 3D complex flow-fields in PEM fuel cell as a
homogeneous and isotropic porous medium with porosity of unity
by following the same approach as Wang et al. [19], the Ergun's
momentum equation reduces to

�VP ¼ 32aEr
D2
h

m u! þ bEr
2Dh

rj u!j u! (4)

where Ergun's empirical correction factor aEr and bEr can be ob-
tained from experimental relationships between pressure drop and
flow rate. For the CFD simulation, aEr and bEr can be fitted based on
relationships between pressure drop and flow rate by simulation of
single-phase Navior-Stokes equation. From the Eqs. (2) and (4), it
can be found that permeability, K , is equivalent to D2

h=ð32aErÞ and
non-Darcy flow coefficient b, is equivalent to bEr=ð2DhÞ.



Table 1
Operating conditions.

Parameters Value

Anode/cathode inlet pressure 2.0/2.0 atm
Anode/cathode inlet temperature 55/55 �C
Anode/cathode inlet dew point 55/55 �C
Anode/cathode stoichiometry 2.0/2.0
Current density 4.0 A cm�2

Table 2
Physical and geometrical parameters.

Parameters Value

Anode/Cathode GDL thickness 100 mm
Anode/Cathode MPL thickness 30 mm
Anode/Cathode CL thickness 15 mm
Membrane thickness 10 mm
Contact angle of GDLs/MPLs/CLs/flow-

fields
110/120/100/66�

Porosity of GDLs/MPLs/CLs 0.65/0.6/0.5
Permeability of GDLs/MPLs/CLs 8:0� 10�12/5:0� 10�13/3:0� 10�14m2

Effective hydraulic diameter of
conventional/3D complex
flow-fields

5:33� 10�4/5:02� 10�4m

aErof conventional/3D complex
flow-field

0.91/4.35

bErof conventional/3D complex
flow-field

0/1.29

Permeability of conventional/3D
complex flow-field

9:76� 10�9/1:81� 10�9m2

non-Darcy coefficient of
conventional/3D complex
flow-field

0/768 m�1

Thermal conductivity of the
GDLs/MPLs/CLs

0.5/0.5/1.0 W m�1K�1

Thermal conductivity of the
membrane

0.4 W m�1K�1

Thermal conductivity of the
bipolar plates

117 W m�1K�1

Equivalent weight of ionomers 0.85 kg mol�1

Density of dry membrane 1800 kg m�3
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2.2. Derivation of multiphase mixture model with Forchheimer's
inertial effect (M2F model)

Once permeability and Forchheimer's inertial coefficient are
Fig. 2. Cross-sectional averaged water saturation profile of PEMFC with regular flow channel
at flow channel (b) at GDL.
available, momentum equations in porous media for each phase
can be expressed by two-phase Darcy-Forchheimer's law as

VPl ¼ � ml
KKrl

ul
!� rlbbrl

���ul!���ul! (5)

VPg ¼ � mg
KKrg

ug
�!� rgbbrg

��� ug�!��� ug�! (6)

where Pk is a pressure field of phase-k, Krk is relative permeability
of phase-k and brk is relative non-Darcy flow coefficient of phase-k.
Relative permeability is a ratio of intrinsic permeability of k-phase
to absolute permeability and relative permeability typically is a
function of water saturation. In this study, relative permeability is
described by power law such that Krl ¼ snk , Krg ¼ ð1� sÞnk . The
exponent constant nk of 4, 5 are used in flow channel [19] and
diffusion media [40], respectively.

Here, we re-define a relative permeability of phase-k as

K 0
rk ¼ Krk

 
1þ

KrkbrkKbrk
��� uk�!���

mk

!�1

(7)

where superscript 0 denotes a non-Darcy parameter. In this study,

we consider the case that Krk ¼ b�1
rk as suggested by prior studies

[41e44]. Then, the Eq. (7). reduces to

K 0
rk ¼ Krkð1þ FokÞ�1 (8)

where Forchheimer number for phase-k, Fok, is defined as

Fok ¼ Kbrk
��� uk�!���=mk. The Forchheimer number indicates the influ-

ence of flow inertial effect on macroscopic flow behavior [45].
For gaseous phase, the inertial pressure loss is as important as

viscous pressure loss in ranges of a pore Reynolds number between
10 and 500 (i.e. Fog � 1) [34e39]. However, the inertial effect of
liquid water is negligible compared to inertial effect of gaseous
phase (i.e. Fol < < Fog) in PEMFC applications due to low mass flow
rate of liquid water (less than 10% of total mass flow rate justified by
Wang et al. [46]) and high liquid water dynamic viscosity (i.e.
ml � 3� 10�4kg m�1 s�1) compared to air dynamic viscosity
(mg � 2� 10�5kg m�1 s�1). Therefore, only gas-phase inertial effect
with different gas Forchheimer number ranging from 0 to 3 along channel direction (a)
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is considered in this study.
By using the re-defined relative permeability for gas-phase, Eq.

(5) and 6 reduce to

VPl ¼ � ml
KKrl

ul
! (9)

VPg ¼ � mg
KK 0rg

ug
�! (10)

The only difference between K 0
rg and Krg is that one more non-

dimensional number is considered to evaluate K 0
rg , i.e.

K 0
rg ¼ K 0

rgðs; FogÞ. Therefore, by simply plugging K 0
rg into Krg and

following the same mathematical process in derivation of M2

model [47e49] starting from Eqs. (9) and (10), the governing
equations in the M2 framework are derived as follows.
Fig. 3. Cross-sectional averaged flow channel water saturation profile along channel directio
region).
Continuity equation:

V � ðr u!Þ ¼ 0 (11)

Momentum conservation equation:

r

ε

"
vu
.

vt
þ 1

ε

V �
�
u
.

u
.
�#

¼ �VP þ V � t!
!

þ S0u (12)

Energy conservation equation:

v
�
rcpT

�
vt

þ V � �g0TrcpT� ¼ V �
�
keffVT

�
þ ST (13)

Unified species conservation equation of k-species:
n (a) at whole flow channel (b) at mid-channel region (48 mm < z<52 mm) (gray: baffle



Fig. 4. Cross-sectional averaged GDL water saturation profile along channel direction
at mid-channel (48 mm < z < 50 mm) (gray: baffle region).

Table 3
Average water saturation of cathode channel/GDL/MPL and CL.

Channel GDL MPL CL

Regular channel e M2 0.144 0.180 0.131 0.189
3D complex flow-field e M2 0.141 0.154 0.124 0.195
3D complex flow-field e M2F 0.126 0.132 0.113 0.192
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ε
eff vC

i

vt
þ V �

�
g

0
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�
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g VCi
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�
� V �

  
mf il
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g

rg
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j
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l

!
þ Si

(14)

Charge conservation equation (electrons):

0 ¼ V �
�
seffVFs

�
þ SFs

(15)

Charge conservation equation (protons):

0 ¼ V �
�
keffVFe

�
þ SFe

(16)

where T , Ck, Fs and Fe are temperature, species molar concentra-
tion, electronic and electrolyte phase potential, respectively. The
details of all physical properties, source terms and constitutive
relationships in the governing equations are found in Reference
[50] and thus are not repeated in this study. The only difference
between current modeling and previous M2 model is that proper-
ties with superscript 0 (non-Darcy parameters) are expressed by
K 0

rg instead of Krg . For example, momentum source term S0u is
defined as m0=K instead of m=K , where non-Darcy dynamic mixture

viscosity m0 is defined as m0 ¼ rðKrl=nl þ K 0
rg=ngÞ�1.

2.3. Simulation cases and numerical methods

The computational geometry is shown in Fig.1b. A 100mm-long
single straight flow channel is first considered in this study as an
example of typical conventional flow-field. For this conventional
flow-field, 0.1 million computational cells are used. In order to
study the roles of micro-scale interfacial flux and Forchheimer's
inertial effect in 3D complex flow-fields, repeating baffles are
added to the single straight flow channel and this baffled flow
channel is selected as a representative of 3D complex flow-field in
this work. Fifty 1 mm-long baffles are equally spaced in the flow
channel and 0.7 million computational cells are used to capture
complex two-phase behavior.

Operating conditions are listed in Table 1, and physical and
geometrical parameters are listed in Table 2. In particular, we
consider operating current density of 4 A cm�2 [51] in current
simulation work to study liquid water and mass transport behavior
in next-generation compact fuel cell stack under high power
operation. Relative humidity of 100% is used since the effect of dry-
wet-dry transition is not within the scope of this study.

All of governing equations are solved with commercial CFD
software, Fluent (version 15.0). SIMPLE algorithm [52] is used for
pressure-velocity coupling and algebraic multigrid (AMG) method
[53] is used for acceleration of computational speed. User defined
functions (UDF) are added to customize and update source terms,
transport properties and boundary conditions during calculation. In
all simulations, water and species imbalance less than 2% are ach-
ieved, which are considered as convergence criteria.

3. Results and discussion

3.1. Liquid water behavior in flow channel of PEM fuel cell under
Forchheimer's inertial effect

Proper management of water inside flow channel is important
since water blockage and accumulation in flow channel causes
oscillations in cell voltage or even cell shut-down, which are critical
to both cell performance and operational stability. We first consider
a regular straight channel case in order to explore the
Forchheimer's inertial effect on liquid water behavior when no gas
flow penetrations occur between flow channel and GDL, before
studying Forchheimer's inertial effect in 3D complex flow-field
cases, where strong gas flow penetrations take place between
flow channel and GDL due to convective transport by baffles. A
series of simulations of PEMFCs with straight flow channel with
different prescribed gas Forchheimer numbers ranges from 0 to 3 at
4 A cm�2 are carried out and liquid water saturation behavior in
flow channel and GDL are compared in Fig. 2. Fig. 2a shows varia-
tions of water saturation in flow channel along channel direction. It
is evident that the water saturation decreases as inertial effect in-
creases, which implies that the inertial effect improves liquid water
removal from flow channel. As a result, better water removal inside
GDL is estimated under higher inertial effect according to Fig. 2b,
which further increase fuel cell voltage by reducing oxygen diffu-
sion resistance to CL.

In Fig. 3, Forchheimer's inertial effect on liquid water behavior in
3D complex flow-field is studied by comparing M2 and M2F model
simulation. Fig. 3a plots water saturation distributions of three
simulation cases inside flow channel (regular channel case with
baseline M2 model, 3D complex flow-field case with baseline M2

model and 3D complex flow-field case with proposed M2F model).
According to Fig. 3a, it can be seen that, the water saturation dis-
tributions inside 3D complex flow-field and straight channel are
similar if Forchheimer's inertial effect is not considered. Unlike M2

model, however, M2F model shows not only smaller saturation
overall compared to the other two cases, but also sinusoidal
behavior. To address the origin of sinusoidal characteristic of water
saturation behavior under Forchheimer's inertial effect in detail,
water saturation at mid-channel region (48 mm < z<52 mm) along
with gas Forchheimer number are plotted in Fig. 3b. As For-
chheimer's inertial effect becomes more significant in the necking
region of flow channel due to increasing gas velocity, liquid water
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under baffle is more effectively removed than non-baffle region.
This local variation of Forchheimer's inertial effect causes sinusoi-
dal water saturation behavior in 3D complex flow-field.

3.2. Liquid water behavior in GDL of PEM fuel cell with 3D complex
flow-field

Water management inside GDL is of primary importance in
terms of both performance and operational stability of PEMFC since
water flooding inside GDL causes uneven and poor oxygen trans-
port to catalyst layer that significantly increase mass transport
Fig. 5. Contour of water saturation at cathode and gas velocity vector at GDL at mid-channel
3D complex flow-field case with M2 simulation (c) 3D complex flow-field case with M2F si
overpotential [54]. To study the water behavior inside GDL of
PEMFCs with 3D complex flow-field at high current density,
average water saturations of the three simulation cases at cathode
channel/GDL/MPL and CL are first evaluated in Table 3. The differ-
ences of water saturation in MPL and CL are not significant among
the three cases while considerable amount of water removal inside
GDL, roughly 30%, is observed in M2F simulation of 3D complex
flow-field compared to M2 simulation of regular straight channel.
This implies that it is possible to only remove excessive liquid water
in GDL while maintaining sufficient membrane hydration using 3D
complex flow-field. Table 2 also shows the significance of flow
region (y ¼ 0 mm and 50.25 mm < z < 51.75 mm) of (a) regular straight channel case (b)
mulation.



Fig. 6. Interfacial mass flux and pressure profile at mid-channel region (50 mm < z <
52 mm) along flow channel. Pressures at z ¼ 50 mm are selected as reference pressures.
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inertial effect inwater removal from GDL since M2 simulation of 3D
complex flow-field shows 15.6% of liquid water removal, while M2F
simulation shows roughly twice more liquid water removal.

To elucidate the mechanism of liquid water removal from GDL
under Forchheimer's inertial effect in detail, cross-sectional aver-
aged water saturations of GDL at mid-channel region
(48mm < z<52mm) of the three simulation cases are first plotted in
Fig. 4. Compared to regular channel case, baseline M2 simulation of
3D complex flow-field case shows less water at baffle region while
showing similar water saturation at non-baffle region. However,
M2Fmodel simulation of 3D complex flow-field case shows, overall,
less water saturation both at non-baffle region and at baffle region
compared to the other two cases. In particular, the liquid water in
GDL at baffle region is considerably removed so that the water
saturation reaches as low as 5%.

First, the lower water saturation at non-baffle region estimated
fromM2F model can be explained by enhanced water removal from
flow channel due to inertial effect, as discussed in Section 3.1. To
illustrate underlying reasons for substantial water removal from
GDL under baffle region, water saturation contours of the three
simulation cases at a selected cross-section (mid-channel region at
y¼0 mm and 50.25 mm < z<51.75 mm) are shown in Fig. 5 with gas
velocity vector fields in GDL. Unlike regular channel case, 3D
complex flow-field cases show significant amount of flow pene-
tration from flow channel to GDL under the baffle. It is noteworthy
that only gas inside flow channel penetrates to GDL while liquid
water is prohibited from flowing into GDL region, as is seen from
zero saturation zone in GDL at baffle upstream region. This is
mainly due to hydrophobicity of GDL that blocks liquid water flow
from channel into GDL by negative capillary pressure. The gas flow
penetrates into GDL then further pushes the liquid water and purge
out liquid water from GDL to flow channel. In summary, water
removal inside GDL under baffle of 3D complex flow-field is
attributed to the combined effects of interfacial mass flux at
channel/GDL interface and hydrophobicity of GDL.

Specifically, higher gas velocity (as high as 1 m/s) and corre-
spondingly more effective liquid water removal from GDL under
baffle are observed under Forchheimer's inertial effect from the
comparison of baseline M2 model and M2F model simulation of 3D
complex channel cases. To explain the increase of flow penetration
into GDL under inertial effect, interfacial mass flux between flow
channel and GDL of the three simulation cases at mid-channel re-
gion (50 mm < z<52 mm) is plotted with pressure field in Fig. 6.
Note that pressures at z¼50mm are selected as a reference pressure
to compare pressure drop across the selected baffle. It is found that
pressure drop across the baffle in 3D complex flow-field case with
M2F model simulation is significantly steeper than the other two
cases due to inertial loss. Considering that flow in GDL is governed
by Darcy's law that gas velocity in GDL is proportional to pressure
gradient, more flow penetrates from flow channel into GDL under
Forchheimer's inertial effect that removes liquid water from GDL
more effectively.

In summary, two main mechanisms of liquid water removal
from GDL of PEMFCs with 3D complex flow-field under For-
chheimer's inertial effect are found: i) increased liquid water
removal from flow channel under Forchheimer's inertial effect, and
ii) additional interfacial mass transport between flow channel/GDL
due to inertial pressure loss. According to the two mechanisms,
liquid water management in GDL can be enhanced by optimizing
Forchheimer's inertial effect inside 3D complex flow-field.

3.3. Oxygen transport to CL of PEM fuel cell with 3D complex flow-
field

Fig. 7 shows oxygen mass fraction profile in CL of three
simulation cases. Cross-sectional averaged oxygen mass fraction
profile in CL is first shown in Fig. 7a to observe overall oxygen
distribution along channel direction. Severe oxygen starvation
(mass fraction of oxygen < 0.01) at downstream region (90 mm < z
< 100 mm) is estimated in PEMFCs with regular straight channel,
while significantly higher oxygen concentration in CL is estimated
at downstream region in PEMFCs with 3D complex flow-fields. To
understand the oxygen transport mechanism in depth, contours of
oxygen mass fraction at CL/MPL interface at downstream region
(90 mm < z < 100 mm) are shown in Fig. 7bed. Compared to regular
straight channel case in Fig. 7b and 3D complex flow-field cases
show considerably higher oxygen concentration under the baffles.
The oxygen mass fraction under baffles is further increased and
reaches as high as 0.08 considering Forchheimer's inertial effect in
Fig. 7d, compared to the baseline M2 simulation in Fig. 7c. This can
be explained by enhanced interfacial mass transport between flow
channel and GDL and liquid water removal due to additional For-
chheimer's inertial loss as discussed earlier. However, significant
oxygen starvation is still observed at non-baffle region under bi-
polar plate. This can be alleviated by optimizing 3D flow-field
structures. For example, it is possible to use staggered configura-
tions of baffles, rather than in-line configurations of baffles used in
this work, in order to supply oxygen and remove liquid water under
bipolar plate more effectively by letting gas flow under bipolar
plate. Similarly, Heidary et al. [13] numerically showed overall
higher oxygen concentration and cell performance by using stag-
gered configurations of blockages than in-line configurations of
blockages in flow channel. Optimization of 3D flow-field structures
for maximum cell performance using the developed two-phase
model is of interest in future work.

3.4. Cell performance of PEMFC with 3D complex flow-field vs. with
regular straight flow channel

Cost and durability are the two major concerns for commer-
cialization of PEM fuel cell vehicles. Especially, reducing fuel cell
system cost less than $40/kW (2020 U.S. Department of Energy
(DOE) target) is essential for future fuel cell system of FCVs, in order
to compete with internal combustion engines whose cost is around
$25e35/kW [55]. In this section, a comparison of cell performance
between PEMFCswith 3D complex flow-fields and regular channels
is performed by using the newly developed model to address



Fig. 7. (a) Cross-sectional averaged oxygen mass fraction profile in CL along channel direction, Oxygen mass fraction contour at cathode MPL/CL interface at 90 mm < z < 100 mm
inside (b) regular channel case (c) 3D complex flow-field case with M2 simulation (d) 3D complex flow-field case with M2F simulation.
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advantages of using 3D complex flow-fields, compared to regular
channels. Fig. 8 compares polarization curves of PEMFCs with 3D
complex flow-field and regular straight channels. It can be seen
that the cell performance of the PEMFC with regular straight
channels is dominated by concentration loss under high current
density operation (>3 A cm�2). This implies that long-term



Fig. 8. Polarization curves of PEMFC with regular straight channel and 3D complex
flow-field.
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operation of PEMFCs with regular straight channels at high current
density (>3 A cm�2) is not possible, even using a very thin GDL
(100 mm is used in this work), considering that operating a cell
under severe oxygen starvation may lead to detrimental cell
operational instability and degradation. At this point, one may
think of using thinner and more advanced membranes in order to
achieve required cell performance for future FCVs, by reducing
ohmic loss. However, the membrane used in this study is already
quite thin (10 mm) and further reducing it may have consequences
of severe membrane failure and degradation.

By using 3D complex flow-fields, one can achieve improvement
in both cell performance and durability. As it can be clearly seen in
Fig. 8, the PEMFC with 3D complex flow-fields shows linear po-
larization curve up to 4.3 A cm�2, which is significantly higher than
3.0 A cm�2 of the PEMFC with regular straight channels. This is
attributed to the Forchheimer's inertial effect in 3D complex flow-
fields that substantially enhances mass transport and liquid water
removal. As a consequence, one could expect not only improved cell
operational stability due to less oxidant starvation and water
flooding [56] but also increased cell performance (1.72 W cm�2) at
4 A cm�2 compared to the PEMFC with regular straight channels
(1.48 W cm�2). This shows that using 3D complex flow-fields is
essential for next-generation FCVs, in order to enhance cell oper-
ational stability and reduce stack cost per kW. Note that the 3D
complex flow-field selected in this study is only a simplified version
of complex flow-field in order to study the role of Forchheimer's
inertial effect on liquid water removal and mass transport. There-
fore, there is still a lot of room for further improvement of high
current density cell performance and operational stability, which
can be achieved by optimizing of 3D flow-field structures using the
present model to minimize the region that suffers from oxygen
starvation and liquid water flooding.

4. Conclusions

The recently commercialized fuel cell vehicle “Toyota Mirai”
suggests that the next-generation PEMFC systems are likely to
feature 3D complex flow-field architecture for enhancing mass
transport and liquid water removal at high current density opera-
tion, in order to improve cell operation stability and reduce cell
manufacture cost per kW. In such complex flow-fields, it is shown
that Forchheimer's inertial effect is important, especially under the
high current density operation. Therefore, a two-phase model of
PEMFCs with consideration of Forchheimer's inertial effect is pro-
posed for the first time in this work to understand liquid water and
mass transport behavior inside PEMFCs with 3D complex flow-
field. First, two main mechanisms underlying liquid water
removal of PEMFCs with 3D complex flow-field under For-
chheimer's inertial effect are revealed: i) enhanced liquid water
removal from flow channels that subsequently improves liquid
water removal from GDL, and ii) increased micro-scale interfacial
mass flux of gas between flow channel and GDL due to additional
inertial flow resistance that purge liquid water from GDL more
effectively. Second, it is found that oxygen concentration in CL is
significantly enhanced by convection caused by baffles in 3D
complex flow-field, which is further amplified under Forchheimer's
inertial effect. Third, it is anticipated from the proposed model that
PEMFCs with 3D complex flow-field are not only more robust, but
also produce more power under high current density operation
compared to PEMFCs with regular straight flow-fields. As a result, it
is shown that high-power and long-term operation of fuel cell
system required for next-generation FCVs is possible for PEMFCs
with 3D complex flow-fields.

With further progress in increasing catalyst activity and
lowering ohmic voltage losses, future PEMFC stacks are expected to
operate at current densities higher than 4 A cm�2, which in turn
demand for more complex flow-field designs in order to efficiently
remove a large amount of product water and hence minimize the
mass transport voltage loss. We believe that the proposed macro-
scopic fuel cell model will serve as a helpful tool for optimization of
such sophisticated flow-fields for mass market penetration of FCVs.
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