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ABSTRACT

Proton exchange membrane (PEM) fuel cells serve a crucial role in the US decarbonization roadmap. However, water management
challenges, such as liquid water accumulation in flow channels, can hinder their long-term performance. Accurately predicting the two-phase
flow pressure drop is crucial to identify the extent of water accumulation on fuel cell performance. This study focuses on evaluating the
liquid-gas two-phase flow pressure drop components in the flow channels of PEM fuel cells, considering different water transport mecha-
nisms. The three components subject to study were the frictional, accelerational, and gravitational pressure gradients. The models considered
in this transport phenomena incorporate electro-osmotic drag and back diffusion. The analysis also considers water evaporation and inlet
reactant humidity as factors influencing water transport and pressure drop. The results provide insights into the significance of the different
pressure drop components in this two-phase flow system. For the conditions considered in this study the accelerational and gravitational
pressure gradients are less than 0.015% and 1.5% of the frictional pressure gradient, respectively. This study addresses a gap in the literature
by documenting and validating the negligible effects of accelerational and gravitational pressure drops in two-phase flow within PEM fuel
cells. These findings insights contribute to more accurate modeling and optimization of PEM fuel cell performance in practical applications.
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NOMENCLATURE I  Current (A)
i  Current density (A/cm?)
A Active area (cm?) j  Superficial fluid velocity (m/s)
ax  Water activity M Equivalent weight (kg/mol)
C  Correlation for frictional two-phase flow N  Water transport, production, or consumption of species
Cywx  Concentration of water at K interface of the membrane (mol/s)
(mol/m?) ng  Electro-osmotic drag coefficient
D  Diameter (m) ny Equivalent electrons per mole of species x (np =4,
Dy  Hydraulic diameter (m) Ny, = 2, and ny,0 = 2)
D,  Water diffusion coefficient p  Pressure (Pa)
D; Pre-exponential coefficient to obtain the water diffusion Re  Reynolds number
coefficient T  Temperature (K)
F  Faraday’s constant (96 485 C/mol) tpsed  Time lapsed since the emergence of the droplet (s)
f  Friction factor tresidence  Lime span between droplet emergence and detachment (s)
G Mass flux (kg/m?s) t*  Non-dimensional time
g  Gravitational acceleration (m/s?) v Specific volume (m?/kg)
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Xwk  Mole fraction of water in stream
x  Mass flow quality
y  Mole fraction
z  Streamwise coordinate (m)

Greek

Void fraction

Channel aspect ratio, f < 1
Thickness (m)

Stoichiometric ratio

Water content in the membrane
Viscosity (Pa.s)

Relative humidity

Two-phase flow frictional multiplier
Density (kg/m?)

Surface tension (N/m)
Inclination angle (°)
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Subscripts

A Accelerational
a  Anode
¢ Cathode
cell  Fuel cell
diff  Back diffusion
drag  Electro-osmotic drag
dry  Dry membrane
evap  Water evaporation
exp Experimental
F  Frictional
f Saturated liquid
G Gravitational
g Gas
hyd Hydraulic permeation
K  Anode (a) or cathode (c)
m  Membrane
net Total net water
pre  Predicted
prod  Water production
TP  Two-phase
w  Water

INTRODUCTION

Proton exchange membrane fuel cells have been regarded as
effective and pollution-free energy systems that are capable of provid-
ing electricity for a variety of applications.’ Consistent delivery of the
reactants across the electrodes is essential for reliable fuel cell perfor-
mance. However, during cell operation, the gas diffusion layer (GDL)
can become filled with water, hindering the reach of reactants to the
catalyst layers. This phenomenon, known as GDL flooding, can signifi-
cantly lower the cell’s performance.”

GDL flooding is influenced by three main water transport
mechanisms in PEM fuel cells: electro-osmotic drag, back-diffusion,
and pressure-driven hydraulic permeation.”” The magnitude of
these mechanisms depends on water production in the cathode, the
water concentration gradient, and pressure gradients between the
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two electrodes.” Various models have been proposed to evaluate the
effects of different parameters on these mechanisms.””'" Nguyen
and White'' developed a model that considers the movement of
water through the membrane through electro-osmosis and diffusion,
as well as the transfer of heat from the anode and cathode catalyst
layers and the membrane to the gaseous reactants and products.
Their model also incorporates the latent heat related to the evapora-
tion and condensation of water in the flow channels. Yi et al.” devel-
oped a model that includes convective water transport across the
membrane driven by a pressure gradient, and they showed that the
performance of a PEM fuel cell could be improved by maintaining a
positive differential pressure between the cathode and anode. In addi-
tion to these major mechanisms of water transport, the humidity of
inlet reactants, evaporation, and condensation in the cell can also
affect water management.'”

The water accumulated in the GDL can eventually enter the gas
flow channels, forming a liquid-gas two-phase flow. The liquid-gas
two-phase flow in PEM fuel cells is controlled by surface tension and
drag force. In a recent study, Mortazavi and Jung'’ reported an oscil-
latory pattern in sessile droplets exposed to shearing gas flow, similar
to those in PEM fuel cell flow channels. This oscillatory pattern was
speculated to originate from the interaction between the surface ten-
sion effect and the drag force from the core gas flow. Other studies
have also reported oscillatory patterns of sessile droplets that are
exposed to shearing gas flows.”'® For the length scales relevant to
PEM fuel cells, gravitational effects have minimal impact on the two-
phase flow transport phenomena. This can be explained based on
the Bond number, which scales the gravitational effects relative to

2
surface tension effects and is defined as (%). For a rectangular

channel, the characteristic length, L, is half of its smallest gap width.
Due to the small length scales involved in this transport phenome-
non, the Bond number is less than unity. This indicates the domi-
nance of surface tension effects over gravitational effects which
increases the risk of flooding.

Two-phase flow patterns have been widely explored in the litera-
ture.'” ** Zhao and Bi”*’ found that each two-phase flow pattern has a
distinct pressure drop profile. For example, bubbly flow is character-
ized by minimal pressure drop and low pressure oscillation, while
annular flow exhibits the highest pressure drop with moderate oscilla-
tion, primarily due to its high gas flow rate. Churn flow, on the other
hand, experiences the maximum pressure oscillation. However, not all
these flow patterns occur in PEM fuel cell channels. For example, the
low superficial liquid velocity in PEM fuel cell channels prevents
the development of bubbly flow, as the water velocity is governed by
the production rate, which depends on the current density. Similarly,
churn flow cannot form due to the low liquid-to-gas ratio in these
channels. Zhang et al.”* studied water transport in PEM fuel cell gas
channels and categorized various flow patterns. Their observations in a
transparent PEM fuel cell showed that flow patterns vary depending
on changes in liquid water production rate and superficial gas velocity.
At low water production and gas flow rates, water spreads over hydro-
philic channels and drains through channel corners. When water pro-
duction increases and corner flow becomes insufficient, this can
transition into annular film flow. The instability of thick water films
can then lead to slug flow, which may block the channel and shut
down the cell. Another pattern, mist flow, occurs at high gas flow rates,
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where the shear force of the core gas flow detaches water droplets from
the GDL surface.

One property that represents the accumulation of liquid water in
the flow channels is the two-phase flow pressure drop along the fuel
cell's channels.”** This is because the accumulated water obstructs
the gas flow, leading to an increase in pressure drop. Accurate predic-
tion of the two-phase flow pressure drop can be used to quantify the
presence of liquid water in the flow channels. The two-phase flow pres-
sure drop in PEM fuel cells has been extensively studied in the litera-
ture.”* " However, most models focus only on the frictional
component with an assumption of negligible accelerational and gravi-
tational components. While researchers commonly agree that the
accelerational and gravitational pressure drops are negligible compared
to the frictional component, there is no documentation of this fact in
the scientific literature. This lack of documentation leaves a critical gap
in the understanding and accurate modeling of PEM fuel cell perfor-
mance. The current study aims to address this gap by incorporating
water transport mechanisms within the cell into the comparison of
two-phase flow pressure drop. The water transport mechanisms con-
sidered in this study are electro-osmotic drag and back diffusion.
Additionally, liquid water removal by evaporation is included in our
analysis. The other mechanism, pressure-driven hydraulic permeation,
is not considered in this study due to the assumption of a zero pressure
gradient between the anode and the cathode.

It is worth noting that the two-phase flow in PEM fuel cells con-
stitutes a unique type of flow, primarily attributed to the distinctive
mechanism of introducing liquid water and the consumption of gas
species along the channel. In PEM fuel cells, water is produced
throughout the electrode, passes through the porous structure of the
electrode, and eventually enters the flow channels at multiple locations
along the channel. Additionally, the gas component is consumed along
the channel due to the electrochemical reactions. These conditions set
the two-phase flow in PEM fuel cells apart from conventional systems
explored in other applications, which typically assume constant flow
conditions along the channel.

ARTICLE pubs.aip.org/aip/pof

MODEL DEVELOPMENT

In PEM fuel cells, hydrogen and oxygen are used as fuel and oxi-
dizer, respectively, in electrochemical reactions. These reactions result
in useful power as the primary outcome, with water and heat produced
as byproducts. The water produced during cell operation may accumu-
late, filling the open pores of the GDL and emerging from its surface at
preferential locations.” The reactants in the flow channels of PEM fuel
cells are in gaseous phase, with hydrogen in the anode channel and air
(or oxygen) in the cathode channel. These gases are being consumed
along the channel through the following electrochemical reactions:

Anode electrode: H, — 2H" +2¢ ™, (1)

1
Cathode electrode: 3 0,+2H" +2¢~ — H,0. )

In this study, the properties of gas mixtures in the cathode and anode
flow channels are first evaluated as a consequence of these reactions.
Such variations in gas mixture properties along the channel can affect
the two-phase flow in the streamwise direction. The analysis is then
followed by comparing the components of two-phase flow pressure
gradients along the channel.

Water transport mechanisms

As discussed earlier, one water transport mechanism is electro-
osmotic drag. This occurs when protons drag water molecules from
the anode electrode to the cathode electrode, as schematically shown
in Fig. 1(a). This phenomenon, represented by the electro-osmotic
drag coefficient, shows the quantity of water molecules transported per
proton, and it is influenced by water content, and the temperature.g

Another transport mechanism, known as back diffusion, operates
in the opposite direction, as shown in Fig. 1(a). This is due to the
higher concentration of water at the cathode, causing water molecules
to transport from the cathode electrode to the anode electrode. The
water concentration gradient between the cathode and the anode is
under influence of factors such as the humidity of the reactant gases,

(a)

Electro-
osmotic dra

H,

Back diffusion  Membrane

Hydrogen

Water

b)
Air (21% 0, (02=0%) &
s | T T Ty

e=1 Cathode

~

Water production

Electro-
osmotic drag

Back diffusion
Anode

Hydrogen
e

FIG. 1. (a) Schematic of a PEM fuel cell and water transport mechanisms. (b) In this study, it is assumed that the gas species are consumed linearly along the channel. In addi-

tion, all transport mechanisms are assumed to be linear along the channel.
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TABLE I. Models proposed in literature for transport phenomena in PEM fuel cells.
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Parameters

Values or correlations

Water activity”*

. 34-36
Water content in the membrane™ "

34,35,37

Electro-osmotic drag coefficient

34-36

Water diffusion coefficient”

. 34,35
‘Water concentration

Back diffusion flux™*

Electro-osmotic drag flux™

ag = Xwx <%>
PwAK

4 ] 004317188, — 39.85a; +36.0a; for 0 <a, <1
| 144 1.4(a, — 1) for 1 <a, <3
ng = 0.00294% +0.05/ — 3.4 x 107"

11
Dy= D, exp| 2416 — — ,
#€Xp ( (303 Tceu) )

10710 for 1 <2

here D 107101 +2(2 — 2)] for2<i<3
where vV, —
‘ 107193 — 1.67(4 — 3)] for 3< 2 <45
1.25 x 10710 for 1> 4.5
P dry (0.043417.18ag — 39.85a%+36.0a%) for 0 < ag < 1
m,dry
m(14+1.4(aK —1)) for 1 < ag
m,dry

Dw(cwﬁc - Cwa)
Om

1
Ndrag: N4 (ﬁ)

Nair =

membrane thickness, and water content on both electrodes. Table |
lists some of the models proposed for these transport phenomena in
PEM fuel cells.
The water production rate, the oxygen consumption rate, and the
hydrogen consumption rate can be determined using Faraday’s law:
Ny = )
nyF

In this study, the fuel cell’s electrolyte membrane is considered to be
Nafion 112, with a thickness of 50 um,” an equivalent weight of
1100 g/mol,"’ and a density of 1.98 g/cm>."" Analyses are performed
by assuming an operating temperature of 60 °C. The analysis focuses
on the steady-state operation of the cell, where the rate of change of
the water content in the GDL is zero. Consequently, the net water flux
in the cathode channel includes: (i) the entry of produced water, (ii)
electro-osmotic drag into the cathode channels, (iii) the outflow of
water due to back diffusion from the cathode to the anode, and (iv) the
evaporation of liquid water within the cathode channel. This relation-
ship can be expressed as

Nnet,c = Nprod + Ndrag — Naier — Nevap~ (4)

In this analytical study, it is assumed that water production occurs
linearly within the channel. Similarly, the gas species consumption
rate, and the water transport mechanisms are considered to be lin-
ear along the channel, as illustrated in Fig. 1(b). The process of
water evaporation leads to an increase in the mole fraction of
water within the gas mixture, thereby affecting both back diffusion
and electro-osmotic drag, as described in Table I. It is worth

noting that these assumptions serve to simplify the quantification
of water entering the flow channel and do not encompass the intri-
cate water transport phenomena within the layers of PEM fuel
cells. Water transport mechanisms inside PEM fuel cell compo-
nents are actively pursued by researchers and extends beyond the
scope of this investigation.”” " Following the examination of
water transport mechanisms, the next step involves exploring the
variation in gas composition within the flow channels.

Gas mixtures in the flow channels

As the oxygen component of the supplied air is linearly con-
sumed along the cathode channel, the mole fractions of oxygen and
nitrogen change, leading to variations in the gas mixture properties
along the channel. For a cathode stoichiometric ratio of 1, the oxygen
component is completely consumed along the channel, resulting in
nitrogen being the sole component at the end of the channel as shown
in Fig. 1(b). However, with higher stoichiometric ratios, there will be
some residual oxygen component at the end of the cathode flow chan-
nel. The calculations conducted in this study were based on a stoichio-
metric ratio of 3. The consumption of oxygen component in supplied
air in the cathode flow channels results on variation of gas viscosity
and specific volume along the channel. At a given streamwise coordi-
nate, z, these two properties can be determined using the following
equations:

Phys. Fluids 36, 097161 (2024); doi: 10.1063/5.0225359
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where y, (z) and yy (z) are the oxygen and nitrogen mole fractions in
a given coordinate, respectively. These properties can be calculated by

0,
022/(;(2) Noz + (6 - 1)NOz
YOZ (Z) = 02%(2) ) (7)
o1 NQz + (6 - 1)NQ2 + EI\IN2
_ €NNZ
YNZ (Z) - OZ%(Z) (8)

TNQZ =+ (6 — l)I\IO2 + ({I\IN2

In PEM fuel cells, proper hydration of the membrane is necessary for
efficient proton conductivity. To achieve this, the supplied gases are
humidified. The variation of reactant relative humidity along the flow
channel is a complex phenomenon influenced by various transport
mechanisms and the operating conditions of the cell.”” ”' One of the
mechanisms that can affect the relative humidity along the channel is
liquid water evaporation caused by convective gas flow. In this study,
the representation of liquid water evaporation involves a linear varia-
tion in the relative humidity of the supplied gases, with different sce-
narios outlined in Table IL It is worth noting that conducting a
comprehensive analysis of water evaporation under various conditions
exceeds the scope of the current study, as the primary focus is on com-
paring different two-phase flow pressure drop components. As the
anode flow channels are typically dryer compared to the cathode side,
the relative humidity in the anode flow channel is assumed to be
constant.

Pressure drop

In general, the pressure drop in a two-phase flow system includes
three components: frictional, accelerational, and gravitational pressure
drop

Aprp = Aprpr + Aprp 4 + Apppg- ©)

Duckler’” categorized the methods for determining frictional pressure
drop into five groups: the first and second involve empirical methods
and dimensional analysis, the third utilizes similarity analysis and
model theory, the forth uses mathematical analysis of a simplified
physical model, and the last one is using empirical expressions to solve
energy, momentum, and conservation equations, followed by approxi-
mations to boundary conditions. Among these methods, approach 4 is

TABLE II. Different flow conditions considered in this study.

Flow condition

Inlet relative
humidity
of anode flow
(Fixed values)

Relative humidity
along cathode flow channel
(Linearly changing along
the channel)

Scenario 1 From 35% to 45% 25%, 30%, 35%
Scenario 2 From 45% to 55% 35%, 40%, 45%
Scenario 3 From 55% to 65% 45%, 50%, 55%
Scenario 4 From 65% to 75% 55%, 60%, 65%

ARTICLE pubs.aip.org/aip/pof

predominantly adopted in the literature. This approach includes the
homogeneous equilibrium model, and the separated flow model.

The homogeneous equilibrium model treats the two-phase mix-
ture as if it were a pseudo single-phase fluid. It combines the properties
of viscosity and density by averaging them according to the proportion
of each phase. This model demonstrates higher accuracy at higher
mass qualities,”” but it may result in significant discrepancies when
predicting the frictional pressure drop in flow channels of PEM fuel
Ce]lsllﬂﬁ-lﬁﬁ

In the separated flow model, ™ the two-phase flow pressure gradi-
ent is correlated with the single phase pressure gradient through the
two-phase flow frictional multiplier. This correlation is expressed as

dp 2 7d7P
(’E)m‘d’g( dz)g,F’ 1o

where d)é is the two-phase flow frictional multiplier based on the gas
phase.

In the current study, a square flow channel is considered with
dimensions of 1 x 1 mm? and a length of 20 cm. The hydraulic diame-
ter for this geometry is 1 mm. For rectangular (and square when
f = 1) flow channels and for laminar flow, the Fanning friction factor
(fDarey= 4f Fanning) can be obtained by’

franning - Rep, = 24[1 — 1.3553f + 1.9467> — 1.7012f°
+0.9564f* — 0.2537f°]. (11)
The accelerational pressure gradient is expressed as

( dp) e d |:VgX2 +Vf(l - x)z} (12)

dz)ps  dzl «a 1—o 1
The mass flow quality, x, used in Eq. (12) is defined by

G
X = & .
Gy + Gt

13)

The dimensionless parameter known as the void fraction, (), reflects
the proportion of gas within the two-phase flow. To determine the
void fraction, different approaches have been proposed.”” **°® In this
study, the void fraction is obtained from the model proposed by Zivi™’

o 2/3 -1
1+ (%) (%) } . (14)
f

The gravitational pressure gradient for an inclined channel with the
inclination angle of 0 is defined as follows:

o=

(jIZ))TP,G = [rpg + (1 = 2)pglgsin0. (15)

In this study, the gravitational pressure gradient is evaluated for four
different inclination angles of 30°, 45°, 60°, and 90°.

RESULTS AND DISCUSSION

The three components of the two-phase flow pressure drop are
evaluated based on the previously discussed equations and for different
scenarios as summarized in Table II. Figure 2 illustrates the water
transport mechanisms, including the produced water along the
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OSmotic Drag ______

0 0.1 0.2
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FIG. 2. Different water transport mechanisms along the cathode flow channel in a
PEM fuel cell for scenario 1.

channel, electro-osmotic drag, and back-diffusion from the cathode.
The figure also displays the net liquid water accumulation in the cath-
ode flow channels, obtained from Eq. (4). Additionally, water evapora-
tion, calculated based on the variation of relative humidity along the
cathode flow channel, is included in the calculation. For simplicity, the
water transport phenomena are shown only for the first scenario, but
similar trends were observed for other scenarios in our calculations. In
the following analyses of this study, the data corresponding to “Net
Water Content” is utilized for various scenarios discussed in Table II.

Figure 2 shows that, under a constant cathode condition, a reduc-
tion in anode relative humidity leads to an increase in water back diffu-
sion from the cathode to the anode. This is because when the relative
humidity in anode side is lower, the difference in water concentration
between the two electrodes is greater. This greater difference in water
concentration results in a greater back diffusion from the cathode to
the anode side. In contrast, an increase in anode relative humidity cor-
responds to a rise in electro-osmotic drag from the anode to the cath-
ode. This is attributed to the higher mole fraction of water in the
anode stream resulting from increased anode relative humidity.
Consequently, both the water activity in the anode and the water con-
tent in the membrane increase, leading to a higher electro-osmotic
drag coefficient. As a result, hydrogen protons drag more water mole-
cules from the anode to the cathode. The overall conclusion from
Fig. 2 suggests that the net water content increases along the cathode
flow channel. To assess the impact of anode channel relative humidity,
the average net water content for different relative humidities is
defined. The average net water content for ¢, 4. = 25%, ®anode
= 30%, and ¢, = 35% is 2.13 x 1078, 2.25 x 10, and 2.38
%1078 mol/s, respectively. This corresponds to around 10% increase
in cathode net water content when the anode relative humidity
increases by 10%.

Figure 3 illustrates the variation of the gas mixture viscosity and
specific volume along the channel. The figure shows that the viscosity
of the gas mixture slightly decreases along the channel. However, the
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FIG. 3. Viscosity, 1, and specific volume, v, of the gas mixture along the channel.

specific volume of the gas mixture slightly increases along the channel.
The former is due to nitrogen’s lower viscosity compared to oxygen
and the latter is due to the greater specific volume of nitrogen com-
pared to oxygen. As the oxygen component is consumed along the
channel, the properties of the mixture approach those of nitrogen.

Figure 4(a) illustrates the superficial liquid and gas velocities in
the cathode for the first scenario. The superficial fluid velocity refers to
the bulk velocity of the fluid flowing within the channel cross-sectional
area. In Fig. 4(a), it can be seen that the superficial gas velocity
decreases along the channel as the oxygen component is consumed.
Conversely, the superficial liquid velocity shows an increasing trend
due to the increased water content along the channel. The figure indi-
cates that the superficial fluid velocity along the channel is higher
when the relative humidity on the anode side is higher. This is because
increasing the relative humidity on the anode side increases the
electro-osmotic drag from the anode to the cathode and decreases
back diffusion from the cathode to the anode. As a result, the net water
content along the cathode channel increases, leading to an increase in
superficial fluid velocity. Figure 4(b) shows the variation of liquid and
gas mass velocities along the channel. The figure also illustrates the
total mass velocity, Gyotal, Which is equivalent to the combined gas and
liquid mass velocities. It can be observed that Gy is close to the Gg.
This is because Gy is multiple orders of magnitude smaller than Gg.
Figure 4(b) also demonstrates a marginal increase in the liquid mass
velocity in the cathode flow channel as the anode relative humidity
increases. This is due to the growth in electro-osmotic drag and reduc-
tion in back diffusion as the anode relative humidity increases. Figures
4(c) and 4(d) show the mass flow quality, x, and the void fraction, o,
along the cathode channel, respectively. The high values of x and «
indicate that the two-phase flow in PEM fuel cell flow channels is dom-
inated by the gas phase. It can be observed from the figure that both x
and o decrease along the channel due to the higher liquid content pre-
sent along the channel. However, these decreases are small when com-
pared to the original x and o values at the inlet of the channel.

2 2
Figure 5(a) shows the variation of |“-+ % along the
channel, which is part of the accelerational pressure gradient analysis

as presented in Eq. (12). For simplicity, data for only one scenario are
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FIG. 4. (a) Superficial fluid velocity in the cathode flow channel. The legend in (a) applies to all figures. (b) Liquid, gas, and total mass velocities along the cathode flow channel,
(c) mass flow quality, x, along the cathode flow channel, and (d) void fraction along the cathode flow channel.

(@) (b)
0.845 557378 7 0.035 ———— .
0.844 - 0.034 |
0.843 | 0.841370 %7 — <
0.0998 € 0.033 [ 0.03173
—_ & 0.0996 0.1
20842 g
E E 0032}
2 0.841 | 8
>0.031F e _aro
0.840F+ S —mmem ®anode=350/0 © ®anode_350/o
_1 T Man0de=30%
Panoee=30% | | 7 __l__. [0) =25%
0839~ —=7==- Danoage=25% 0.030 | anode
0.838 1 1 1 1 1 0.029 1 1 1 L 1
0 0.05 0.10 0.15 0.20 0 0.05 0.10 0.15 0.20
z[m] z[m]

Physics of Fluids ARTICLE pubs.aip.org/aip/pof
(@) (b)
2.0 2.2
sl 2.1 F Gy Croy
Gas 20+
2.03294
_ 16F w 195
: e
_E le—04% 2 1e-03}
le—05 - Liquid &) le—04 2.032':.30
—06 = e Danode=35%
Te-06 Z Duroge=30% Te-05
""" Danode=25% /
le-07 1e-06
(@
1 1
T 0.999995 0.99999995
x i
> ]
% 0.999990 < 0.99999990
S Q
g g
2 @
© 0.999985 ¢ 0.99999985 N
= o »
a S s
i > 3
= 0.999980 0.99999980 &
0.999975 4 1 L L 1 0.99999975 X L 1 1 L a
0 0.05 0.10 0.15 0.20 0 0.05 0.10 0.15 0.20 N
z[m] z[m]

v;(1—x)2]

1—a

FIG. 5. (a) Variation of y = M+M along the channel, and (b) gradient of ﬁ+ M in z direction, & = 4 MJF
1—a o

o 1—a o dz = dz

Phys. Fluids 36, 097161 (2024); doi: 10.1063/5.0225359
Published under an exclusive license by AIP Publishing

36, 097161-7


pubs.aip.org/aip/phf

Physics of Fluids

presented but other scenarios demonstrated a similar trend with mar-
ginal differences in their values along the channel. While the figure

ve(1—x)?

= }, it is noted that these
changes are still less than 1% from the beginning to the end of the
channel. This relatively small variation originates from the slight varia-
tion of Vg, aS discussed in Fig. 3, and also from small variations of x
and o, as discussed in Fig. 4. Figure 5(b) illustrates the gradient of

2
shows an increasing trend for [% +

2 2
[%—0—%} along the channel. While this parameter increases

along the channel, results suggest a marginal impact of the anode rela-
tive humidity on this property.

The accelerational component of the two-phase flow pressure
drop along the channel can be obtained based on the data presented in
Figs. 4(b) and 5. Figure 6 demonstrates the accelerational pressure gra-
dient along the channel for all scenarios. The figure suggests that the
accelerational pressure gradient gradually decreases along the channel.
As discussed in Figs. 4(b) and 5, the mass velocity has a decreasing

trend while % [% + %} increases along the channel. Therefore,

(a)

ARTICLE pubs.aip.org/aip/pof

the mass velocity term, G, has a greater impact on the accelerational

pressure gradient compared to the gradient of [g + %} . For all
four scenarios studied in Fig. 6, a higher pressure drop is observed
when the anode inlet relative humidity is higher. However, for the
range of the anode relative humidities considered in this study, results
indicate that this parameter has a minimal impact on the accelerational
pressure gradient. The largest variation in the accelerational pressure
gradient obtained from Fig. 6 is around 1.5 % which occurs between
Panode = 55% and ¢, 4. = 65% in scenario 4.

Figure 7 shows the gravitational pressure gradient for four differ-
ent channel orientations of 30°, 45°, 60°, and 90°. According to Eq.
(15), the gravitational pressure gradient depends on the void fraction o
and the inclination angle 0. Since the void fractions for different rela-
tive humidity conditions are very close to each other, the variation in
gravitational pressure drop was observed to lack sensitivity to relative
humidity in our analyses. For the sake of brevity, the gravitational pres-
sure gradient has been exclusively presented for scenario 4, with an
anode relative humidity of 65%. However, for the other conditions

(b)
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FIG. 6. Variation of accelerational pressure gradient: (a) scenario 1, (b) scenario 2, (c) scenario 3, and (d) scenario 4.
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FIG. 7. Gravitational pressure gradient for different inclination angles.

explored in this study, the gravitational pressure gradient values were
observed to be very close to those presented in Fig. 7. As expected
from Eq. (15), the gravitational pressure gradient increases with the
inclination angle. For each inclination angle, the gravitational pressure
gradient slightly decreases along the channel. This is due to reduction
of void fraction o along the channel. The difference between the gravi-
tational pressure gradient between the inlet and outlet of the channel is
less than 1% for the angles considered in this study. A comparison
between Figs. 6 and 7 reveals that, between the accelerational and grav-
itational pressure gradient, the former can be assumed negligible for
non-horizontal channels. However, for channels with horizontal orien-
tation, the gravitational pressure gradients will be eliminated.

The next step involves analyzing the third pressure drop compo-
nent, which is the frictional pressure gradient. To initiate this study, it
is needed to analyze the parameters that influence this particular
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component. Figure 8(a) shows the variation in gas and liquid Reynolds
numbers along the channel for scenario 1. While the liquid Reynolds
number increases along the channel, the gas Reynolds number slightly
decreases along the channel. The former is due to the increase in net
water content along the channel which increases the local superficial
liquid velocity and the latter is due the consumption of oxygen along
the channel. Figure 8(b) shows the single-phase pressure gradients for
each of the phases. The figure shows that the liquid-phase pressure
gradient increases along the channel, while the gas-phase pressure gra-
dient decreases. The increase in the liquid pressure gradient is attrib-
uted to the increase in superficial liquid velocity along the channel, and
the decrease in the gas pressure gradient is attributed to the reduction
in gas superficial velocity along the channel, both of which are demon-
strated in Fig. 8(a).

The single-phase pressure gradients can be used to obtain the

Martinelli parameter, xX°
dp dp) :
P 4 16
( dZ)f/ ( dz/, (16)

The two-phase flow frictional multiplier, (,i)z, can be obtained based on
the Martinelli parameter and the C parameter (also known as the
Chisholm parameter)®’

X =

¢§:1+CX+X2. (17)

The C parameter quantifies the interaction between the two phases of
liquid and gas. Among the models evaluated in Ref. 55, the model pro-
posed by Mishima and Hibiki®" has resulted in the highest accuracy in
predicting the two-phase flow pressure drops in PEM fuel cell flow
channels

C = 21[1 — exp(—319Dy,)]. (18)

The variation of the two-phase frictional multiplier, d);, is demon-
strated in Fig. 9. The increase in the two-phase frictional multiplier
along the channel is less than 10% for each scenario. The overall trend
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FIG. 8. (a) Variation in the Reynolds number along the channel, and (b) liquid and gas single-phase pressure gradients.
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FIG. 9. Variation of the two-phase fric-
tional multiplier, ¢% (a) scenario 1, (b)
scenario 2, (c) scenario 3, and (d) sce-

nario 4.
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presented in Fig. 9 indicates an increase in qb; along the channel,
attributed to the rise in liquid pressure gradient and the concurrent
decrease in gas pressure gradient, as shown in Fig. 8(b). Additionally,
the influence of anode relative humidity on d)g is noted to be less sig-
nificant for scenarios 1 and 2, but this property becomes more influen-
tial for other scenarios.

The results of the single-phase pressure gradient, as illustrated in
Fig. 8(b), along with the findings regarding the frictional multiplier, as
discussed in Fig. 9, can be utilized to derive the two-phase flow fric-
tional pressure gradient based on Eq. (10). Figure 10 shows the varia-
tion of the two-phase flow frictional pressure gradient along the
channel. Due to the opposite trends in (—dp/dz), and q’)g, the fric-
tional pressure gradient initially increases and then decreases along the
channel. The largest variation in the frictional pressure gradient along
the channel is observed in scenario 4 and for ¢,,4. = 65%. For this
condition, the frictional pressure gradient is around 980 Pa/m at the
inlet of the channel and around 935 Pa/m at its outlet. Similar to the
result for the accelerational pressure gradient, as discussed in Fig. 6, a
higher frictional pressure drop is observed at a higher anode relative
humidity. However, the anode relative humidity has a more

pronounced impact on the frictional pressure gradients compared to
the accelerational pressure gradients.

The gravitational, accelerational, and frictional components of
the two-phase flow pressure drop are compared in Fig. 11 for all four
scenarios while the anode relative humidity is the maximum amount
of each scenario (35%, 45%, 55%, and 65% for scenarios 1, 2, 3, and 4,
respectively). For the flow conditions studied in this figure, the fric-
tional pressure gradient component significantly surpasses the accel-
erational and gravitational pressure gradient values. For instance, in
the flow condition shown in Fig. 11(a), the average frictional pressure
gradient along the channel is around 956 Pa/m, whereas it stands
around 12 Pa/m for the gravitational pressure gradient when the incli-
nation angle is 90° and around 0.1 Pa/m for the accelerational pressure
gradient. These data indicate that, for the flow condition evaluated in
Fig. 11(a), the frictional pressure gradient in two-phase flow contrib-
utes over 98.7% of the total pressure gradient. Meanwhile, the gravita-
tional and accelerational two-phase flow pressure gradient
components contribute merely 1.2% and less than 0.1%, respectively,
to the overall pressure gradient. These findings justify the neglect of
accelerational and gravitational pressure gradients in the literature on
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FIG. 10. Frictional two-phase flow pres-
sure gradient: (a) scenario 1, (b) scenario

2, (c) scenario 3, and (d) scenario 4.
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two-phase flow pressure drop in PEM fuel cell channels. Reference 25
provides a detailed discussion of two-phase flow in PEM fuel cell chan-
nels, along with the models proposed to predict the frictional two-
phase flow pressure drop.

The frictional pressure gradient calculations provided in this
study were based on the separated flow model, employing the C corre-
lation from Mishima and Hibiki,”" as discussed in Egs. (16)-(18). The
original separated flow model assumes a constant mass flow rate along
the channel, whereas our study was structured on the assumption of
increasing water flow rate and decreasing gas flow rate along the cath-
ode flow channel. An unanswered question is whether the separated
flow model remains applicable under this assumption. To address this,
an experimental setup was designed to measure the pressure drop
across a growing droplet on the surface of the GDL.

Figure 12 shows the experimental setup used in this study which
is based on the setup from the research conducted by Mortazavi and
]ung.” The test section featured a 2.9 mm (width) x 2.8 mm (height)
flow channel with static pressure taps before and after the droplet
emergence location. The bottom surface of the flow channel featured a
porous GDL, while the other three walls were made of polycarbonate

material. Dry air was supplied into the flow channel at its inlet, and de-
ionized water was injected into the back side of the GDL using a
syringe pump. Liquid water passed through the GDL and emerged
from its surface within the flow channel. Water injection was con-
ducted at a rate of 500 ul/h through a capillary with an internal diame-
ter of 250 um (IDEX-HS U-111). A pressure transducer was utilized to
measure the pressure drop along the channel, with uncertainties vary-
ing between 0.25% and 1%, depending on the specific transducer
employed. A high-speed camera (Phantom, VEO 640L) equipped with
a macro-lens (Canon MP-E 65 mm £/2.8) was employed to visually
capture the behavior of the droplet, from its emergence to detachment
from the channel surface, under the influence of air flow. The camera
recorded video at 2000 frames per second. Utilizing image analysis
techniques and high-speed shadowgraphy facilitated the extraction of
critical geometric properties of the droplet, such as contact angle and
chord length. The uncertainty in droplet dimension measurements, aris-
ing from the conversion from pixels to millimeters, was +0.008 mm.
The uncertainty in measuring the contact angles was *=1.5°. These
properties enable the calculation of the droplet volume.”*** Analysis
revealed that the rate of droplet growth, or the volumetric flow rate of
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FIG. 11. Comparison between the frictional, gravitational, and accelerational pressure gradients along the channel when the anode relative humidity is at its maximum for each
scenario. The gravitational pressure gradient is evaluated at 90° which corresponds to the greatest pressure gradient values. (a) Scenario 1, (b) scenario 2, (c) scenario 3, and

(d) scenario 4.
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FIG. 12. Schematic of the experimental setup.

liquid water penetrating through the GDL, increased over time from
115 to 240 ul/h, which is less than the volumetric flow rate of injected
water through the capillary (500 ul/h). It is due to a portion of the
injected water spreading and wicking through the GDL, filling its
pores, while some water penetrated the GDL and emerged as a droplet.
As time elapsed, the GDL becomes saturated, reducing the available
space within its pores for water retention. Consequently, injected water
is compelled to emerge from the surface with higher velocity. Notably,
the increase in droplet volume occurs at lower rates over an extended
period. This results in an average volumetric flow rate of the droplet at
160 pl/h.

Figure 13(a) displays the droplet lateral area observed by the cam-
era and nondimensionalized with the channel cross-sectional area.
Results are presented based on nondimensional time, denoted as t*,
defined by Eq. (19), where tipeq is the duration elapsed since the
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FIG. 13. (a) The ratio of droplet area to the channel area, and a selected droplet image, and (b) the ratio of predicted to experimental pressure drop along the channel.

emergence of the droplet, and treggence defines the droplet timespan
between droplet emergence and detachment from the surface of the
GDL

tlapsed

th = (19)

tresidence ’
The emergence of droplets from the surface of the GDL is marked as
t=0 in Fig. 13(a). Given that all experiments were conducted at the
same water injection rate of 500 ul/h and that the residence time of
droplets was shorter at higher superficial gas velocities, droplets
detached at smaller critical sizes in runs with higher superficial gas
velocities. The critical size is defined as the size of the droplet at the
instant of detachment. The smaller critical area of droplets at higher
superficial gas velocities can be observed in Fig. 13(a). As the superfi-
cial gas velocity increases, the ratio Aigia/Acanna decreases. Droplet
images were analyzed to obtain the volumetric growth rate of drop-
lets, which was found to be around 160 ul/h, less than half of the
water injection rate. This mismatch between the water injection rate
and the droplet growth rate is attributed to the in-plane water perco-
lation in the porous structure of the GDL.”* Figure 13(b) shows the
ratio of the predicted frictional pressure drop based on Mishima and
Hibiki correlation®’ to the experimental pressure drop recorded by
the pressure transducer for different air flow rates. The predicted fric-
tional pressure drop is calculated based on the droplet’s volumetric
growth rate of 160 pl/h. Figure 13(b) shows that the predicted fric-
tional two-phase flow pressure drop across the droplet is within 15%
of the experimental data. This level of accuracy is generally consid-
ered acceptable for predicting frictional two-phase flow pressure
drops.” Therefore, the use of the separated flow model in this study
to predict the frictional pressure gradients, as the flow rates of both
phases vary along the channel, appears to be reasonable and within
an acceptable range of accuracy.

CONCLUSION

This study focused on evaluating the components of liquid-gas
two-phase flow pressure drop in the flow channels of PEM fuel cells,

considering various water transport mechanisms. The analysis incor-
porated electro-osmotic drag, back diffusion, and water evaporation as
factors influencing water transport and pressure drop. The results pro-
vided insights into the significance of different components of two-
phase flow pressure drop in PEM fuel cell channels.

Among the three components of frictional, gravitational, and
accelerational pressure drop, results indicated that the former has
the largest contribution to the overall two-phase flow pressure drop,
followed by the gravitational component for non-horizontal chan-
nels. This study provides critical documentation and validation of
the negligible effects of accelerational and gravitational pressure
drops, filling a significant gap in the existing literature. By doing so,
it enhances the accuracy of pressure drop predictions in PEM fuel
cells. For a horizontal channel, in which the gravitation component
of pressure drop is absent, the contribution of the accelerational
pressure drop to the overall pressure drop is less than 0.1%. For a
vertical channel that features the highest gravitational pressure drop,
the frictional term was still observed to be the dominant term, con-
tributing over 98% to the overall two-phase flow pressure drop. This
contribution increases for non-horizontal channels oriented at other
orientations.

This study affirms the existing literature’s emphasis on the signifi-
cance of the frictional component in two-phase flow pressure drop cal-
culations in PEM fuel cell flow channels. It reinforces the assumption
made in the literature that the gravitational and accelerational compo-
nents can be reasonably disregarded with high accuracy.
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