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ABSTRACT
A proton exchange membrane (PEM) fuel cell produces water during its operation which
results in a liquid-gas two-phase flow within its flow channels. Because the length scales
associated with flow channels are small, the two-phase flow in PEM fuel cell is mainly domi-
nated by capillary forces. These capillary forces tend to hold droplets within the channels
which eventually increase the pressure drop along the flow channels. The two-phase flow
pressure drop along the flow channel can reveal information about the amount of liquid
water accumulation. Therefore, a precise two-phase flow pressure drop model that can
accurately predict the pressure drop in PEM fuel cell flow channels can be beneficial in esti-
mating the amount of water content in flow channels. In the current study, liquid-gas two-
phase flow pressure drops were measured in an ex-situ test section with liquid water and
air flowing within the range of PEM fuel cell flow conditions. The measured pressure drops
were then compared with nine existing pressure drop models developed for minichannels.
Qualitative and quantitative comparisons are provided to compare the prediction capability
of the models. Also, a discussion about capillary-scale two-phase flow systems and sugges-
tions to improve prospective two-phase flow pressure drop models is provided.

Introduction

Proton exchange membrane (PEM) fuel cells have
received attention as efficient and pollutant-free
energy conversion devices. They generate electricity
through electrochemical reactions by utilizing hydro-
gen and oxygen within the electrodes. These reac-
tions produce water and heat as byproducts. A
robust fuel cell operation requires an even and steady
supply of reactants across the electrodes. While some
portion of the produced water is beneficial for fuel
cell operation as it hydrates the proton conductive
membrane, an excess amount of liquid water can
occupy open pores of the gas diffusion layer (GDL).
The GDL is a microporous layer, which serves differ-
ent purposes including providing a uniform transport
of reactants to the catalyst layer, removing excess
water from the membrane, mechanically protecting
the fragile membrane, and providing electrical con-
ductivity between the electrodes and current collec-
tors. A successful GDL design has been reported to

have a significant contribution toward improved
water balance within the cell [1–5].

Transporting an excess amount of liquid water to a
GDL can eventually obstruct the flow of reactants to
the catalyst layer. This causes GDL flooding, which
adversely impacts PEM fuel cell performance [6–8].
Liquid water can also enter flow channels by emerging
as droplets at some preferential locations [9–12].
Water transport mechanisms in PEM fuel cell flow
channels were classified by Zhang et al. [13]. It was
observed that when both the water production rate
and the superficial gas velocity are low, water drains
from inside the channel by spreading over hydrophilic
channel walls and transports through the corners,
forming corner flow. The fluid’s superficial velocity is
its bulk velocity within the cross-sectional area of the
flow channel. For a moderate water production rate,
corner flow may not be adequate to remove liquid
water, and therefore, it changes to annular film flow.
Finally, for high water production rate, the annular
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film flow may change to slug flow within the flow
channels. The latter may cause channel flooding which
can ultimately lower the performance of the cell
[14–16]. Another two-phase flow pattern may occur
in PEM fuel cell flow channels, which requires high
superficial gas velocities. In this case, the shear force
from the gas stream can detach the water droplets
from the surface of the GDL, which forms mist flow.
Mortazavi and Tajiri [17] studied liquid water droplet
detachment from the surface of the GDL caused by
shear force from the gas stream. In addition,
enhanced water removal techniques from the flow
channels of PEM fuel cells have been proposed by
externally exciting water droplets around their natural
frequencies [18, 19].

The current study focuses on an area with little
published literature, liquid-gas two-phase adiabatic
flow with low mass fluxes (GTP < 10 kg/m2s) in mini-
channels with GDLs as their side walls. Liquid-gas
two-phase flow pressure drops were experimentally
obtained while air and water were directly supplied
into the channels. This resembles liquid-gas two-phase
flow condition in PEM fuel cell flow channels. The
experimentally obtained liquid-gas two-phase flow
pressure drops were then compared with different
two-phase flow pressure drop models proposed in lit-
erature. The motivation of this study was to identify
the most accurate two-phase flow pressure drop
model with the highest prediction capability for the
application of PEM fuel cell. Identifying an accurate

Nomenclature
Bo Bond number, Bo ¼ qf"qgð Þg Dh

2

! "2
=r (-)

C Parameter in Lockhart-Martinelli correlation (-)
ðdPdzÞhom Two-phase pressure gradient predicted by the homoge-

neous model by the use of average viscosity based on
Ref. [53] (Pa/m)

Dh Hydraulic diameter of channels, 4wh=ð2wþ 2hÞ (m,
unless otherwise noted)

Fr Froude number (-)
f friction factor (-)
g Gravitational acceleration (m/s2)
G Mass flux (kg/m2s)
GDL Gas diffusion layer (-)
h Channel height (m)
jf Superficial liquid velocity (m/s)
jg Superficial gas velocity (m/s)
La Non-dimensional Laplace constant (-)
L Characteristic length (m, unless otherwise noted)
Lc Capillary length (m, unless otherwise noted)
le Entrance length (m)
MAPE Mean absolute percentage error (-)
N Number of data points (-)
Nconf Confinement number (-)
P Pressure (Pa)
Pc Critical pressure (Pa)
PEM Proton exchange membrane (-)
PTFE Polytetrauoroethylene (-)
R2 Coefficient of determination (-)
Re Reynolds number (-)
Ref Reynolds number based on superficial liquid vel-

ocity (-)
Reg Reynolds number based on superficial gas velocity (-)
ReDh Reynolds number based on hydraulic diameter
STD Pressure standard deviation (Pa)
v Specific volume (m3/kg)
w Channel width, (m)
We

Weber number, We ¼ G2Dh
rq , (-)

WFR Water flow rate (ll=h )
x Mass flow quality, coordinate (-)
X Lockhart-Martinelli parameter (-)
z Streamwise coordinate (m)

Greek symbols
D Difference (-)
a Void fraction (-)
b Channel aspect ratio (b < 1 )
g Corner half-angle (˚)
n Percentage of data points predicted within

±50% (-)
h Percentage of data points predicted within

±30% (-)
hs Static contact angle (˚)
! Dimensionless number used in Refs. [28, 39]
k Mean absolute percentage error (-)
l Dynamic viscosity (N& s/m2)
q Density (kg/m3)
r Surface tension (N/m)
! Inverse of Laplace number (-)
w Capillary number (-)
X Homogeneous pressure drop correction fac-

tor (-)
u2 Two-phase flow frictional multiplier (-)
ui channel inclination angle (˚)
x Percentage of data points predicted within

±10% (-)
Subscripts
A accelerational
exp experimentally obtained
F frictional
G gravitational
TP two-phase
f saturated liquid
g saturated vapor
fo liquid only
go vapor only
hom homogeneous
pred predicted
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pressure drop model can be used to predict liquid
water content within the PEM fuel cell flow channels
by measuring the pressure drop. The quantitative and
qualitative comparison between experimentally
obtained pressure drops and models are followed with
a discussion about capillary-scale two-phase flow.
Because the liquid-gas two-phase flow in PEM fuel
cell flow channels is dominated by capillarity, the
parameters describing this phenomenon should be
incorporated into the pressure drop models. These
parameters include surface tension, contact angle, and
geometry of the channel which are discussed in the
corresponding sections. Therefore, the objectives of
this study can be itemized as:

1. Collect liquid-gas two-phase flow pressure drop
relevant to PEM fuel cell flow conditions.

2. Compare experimentally obtained pressure drop
values with several models published in literature
to identify the most accurate model. Both sepa-
rated flow models and homogeneous equilibrium
models were considered in evaluation.

3. Provide discussion about capillary-scale two-phase
flow in PEM fuel cells and suggestions to improve
prospective models.

Two-phase flow pressure drop

Despite the well-understood single-phase flow pres-
sure drop, the liquid-gas two-phase flow pressure
drop is not thoroughly identified at different ranges of
flow conditions. Although two-phase flow in PEM
fuel cell has been the subject of several studies
[20–25], an accurate prediction of two-phase flow
pressure drop in PEM fuel cell flow channels is still a
challenge for researchers. The liquid-gas two-phase
flow pressure gradient includes frictional, gravita-
tional, and accelerational pressure gradients:

" dP
dz

# $

TP
¼ " dP

dz

# $

TP, F
þ " dP

dz

# $

TP,G
þ " dP

dz

# $

TP,A

(1)

The accelerational pressure gradient, " dP
dT

! "

TP,A
, is

expressed as follows:

" dP
dz

# $

A
¼ G2 d

dz
vgx2

a
þ
vf ð1"xÞ2

ð1" aÞ

" #

(2)

In this equation x is the mass flow quality which is
defined as follows:

x ¼
Gg

Gg þ Gf
(3)

and a defines the amount of gas holdup within the
liquid flow. Different techniques have been suggested
to measure a [26–30].

For the application of PEM fuel cell, the accelera-
tional pressure gradient is negligible compared to the
overall two-phase flow pressure gradient and therefore
it can be ignored. The gravitational pressure gradient
for an inclined channel with an inclination angle of ui
is defined as

" dP
dz

# $

G
¼ aqg þ 1"að Þqf

h i
g sinui (4)

The gravitational pressure gradient term will be
zero for a horizontal channel. The gravitational pres-
sure gradient in PEM fuel cell flow channels is negli-
gible since the gravitational effects are trivial
compared to the surface tension effects. As accelera-
tional and gravitational pressure gradients for the
minichannels of PEM fuel cells are negligible, only the
frictional pressure gradient term remains on the right-
hand side of the Eq. (1). Depending on how each of
the phases is treated, the frictional two-phase flow
pressure drop can be predicted based on two different
methods. In the first method, the two-phase flow is
treated as a pseudo single-phase fluid with properties
weighted by the quality. This method is referred to as
the homogeneous equilibrium model, which has pro-
ven to be more precise at higher mass qualities [31,
32]. The homogeneous equilibrium model is also
known as the zero-slip model because it is assumed
that both phases are traveling at the same speed.
According to this model, the frictional two-phase flow
pressure gradient can be calculated by

" dP
dz

# $

TP, F
¼ 2fTPG2

DhqTP
(5)

where fTP is the two-phase friction factor and is a
function of the two-phase Reynolds number, ReTP

fTP ¼

16
ReTP

for ReTP<2, 000

0:079Re"0:25
TP for 2000 ' ReTP<20, 000

0:046Re"0:2
TP for ReTP ( 20, 000

8
>><

>>:
(6)

The two-phase Reynolds number can be calculated by

ReTP ¼ GDh

lTP
(7)

Triplett et al. [33] studied the accuracy of the
homogeneous flow model and observed that while
this method can properly predict the two-phase flow
pressure drop for bubbly and slug flows, it shows
less accuracy in predicting the pressure drop in the
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slug-annular and annular flow patterns. In the second
method, the two-phase flow pressure drop is corre-
lated to the single-phase pressure drop by multiplying
by a two-phase flow frictional multiplier. This tech-
nique, which is referred to as the separated flow
model, was introduced by Lockhart and Martinelli in
1949 [34]. According to this model, the frictional two-
phase flow pressure gradient is calculated by

" dP
dz

# $

TP, F
¼ u2

f " dP
dz

# $

f
(8)

Where u2
f is the two-phase frictional multiplier

based on the liquid. Wang et al. [35] studied the two-
phase flow patterns of different refrigerants in a 6.5-
mm diameter tube and observed that the two-phase
frictional multiplier depends on the flow pattern.

Chisholm [36] introduced the Chisholm parameter,
C, which is used to calculate the frictional multiplier:

u2
f ¼

" dP
dz

! "

TP

" dP
dz

! "

f

¼ 1þ C
X
þ 1
X2 (9)

where X is the Martinelli parameter, defined as:

X ¼ " dP
dz

# $

f
= " dP

dz

# $

g

" #1=2

(10)

The concept behind Eq. (9) is that the two-phase
flow pressure gradient is equal to the sum of the
liquid phase pressure gradient, the gas phase pressure
gradient, and the interaction between liquid and gas
phase pressure gradient:

" dP
dz

# $

TP
¼ " dP

dz

# $

f
þ " dP

dz

# $

g
þ C " dP

dz

# $

f
" dP

dz

# $

g

" #1=2

(11)

The Chisholm parameter, C, represents the amount
of interaction between the liquid and gas phases.
Chisholm [36] proposed four different values for this
parameter, depending on the liquid and gas flow
regimes. Table 1 lists the values of parameter C pro-
posed by Chisholm [36]. The nine two-phase flow
pressure drop models that were assessed in this study
are listed in Table 2 [28, 37–44]. Models developed
for channel sizes close to PEM fuel cell flow channels
were selected for this purpose. Also, both separated
flow models and homogeneous equilibrium models
were selected. A comprehensive review of two-phase
flow pressure drop models was previously performed
by Mortazavi and Tajiri [45].

Experimental setup

Two-phase flow pressure drop measurement

The two-phase flow pressure drop was measured in
an ex-situ experimental setup as schematically shown
in Figure 1. The setup consists of a high-precision
pressure transducer with a 0-500 Pa pressure range
(Omega, PX653 02D5V), air flow meters with 100-
500ml/min (Omega, FLR-1003D) and 400-2000ml/
min (Omega, FLR-1005D) flow ranges, two syringe
pumps, and a 12-bit National Instrument USB DAQ
(USB-6008). Two parallel flow channels were
machined on a 0.5-in-thick polycarbonate plate. The
flow channels branched off a header (2mm ) 1mm).
The flow channels were 26-cm long, and the pressure
drop was measured over the 20-cm length of the
channel through 0.396-mm diameter holes in one of
the polycarbonate plates. The high-pressure tap was
41mm downstream of the channel entrance. For the
highest air flow rate (air ReDh ¼ 385:3) the entrance
length is obtained at 29.6mm based on the correlation
for the laminar flow

le
Dh

¼ 0:06 ReDh (12)

Therefore, the pressure drop was measured within
the fully developed length of the flow. An ethylene
propylene diene monomer foam strip was laser cut
and inserted in a groove machined around the flow
channels for sealing purposes. The polycarbonate plate
with machined flow channels was sandwiched with
another polycarbonate plate using 16 1/8-in screws,
spaced 4 cm apart. In addition to these screws, three
small C-clamps were used to tighten the test section
to ensure proper sealing. Polytetrauoroethylene
(PTFE) treated Toray carbon paper (TGP-060) was
inserted between the two polycarbonate plates. Air
was supplied by a compressed-air bottle to the header
channel through a 1/8-in PTFE tube at a 45˚ angle to
the header to facilitate air flow along the channels.
Deionized water was injected through two 250-lm
diameter stainless steel capillaries (Upchurch-U111)
into the flow channels. The capillaries inserted into
the polycarbonate plate had a 1/16-in outer diameter.
The water introduction was directly into the flow
channel side rather than from the back side of the

Table 1. Values of Chisholm parameter C [36].
Two-phase flow characteristics Chisholm’s parameter

Laminar liquid-laminar gas 5
Turbulent liquid-laminar gas 10
Laminar liquid-turbulent gas 12
Turbulent liquid-turbulent gas 21
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GDL. This is in contrast with actual PEM fuel cell
operation in which water is produced in the electrodes
and transported through the GDL to the
flow channel.

Water was injected directly into the flow channel
in this study to ensure that all the liquid water entered
the flow channel without spreading onto the back side
of the GDL. However, the GDL was included within
the test section to form a porous morphology with a
different surface energy on one side of the flow chan-
nel. The GDL samples used in this study were treated
with PTFE based on the procedure explained in Ref.
[46]. To briefly explain, the untreated carbon paper
substrates were first dipped into a PTFE emulsion
(60wt.% dispersion in H2O, ALDRICH) for 10 h. The
substrates were then put in a furnace at two steps,
first at 120˚C for 1 h, and then at 360˚C for another
hour. Table 3 lists the experimental conditions of this
study. The Reynolds number in this table was calcu-
lated based on the superficial velocities of air or water
and hydraulic diameter of channels. According to
Faraday’s second law of electrolysis a PEM fuel cell
with an active area of 20 cm2, current density of
0.6 A/cm2, and cathode stoichiometry of 2.5 requires
1.07 ) 10"2 g/s supply air flow rate. This air flow

rate results in an air Reynolds number of 195 in a ser-
pentine design bipolar plate and with 3 parallel chan-
nels of 1mm ) 1mm. Similarly, the water production
rate in this cell is 1.12 ) 10"3 g/s which results in a
water Reynolds number of 0.41. The air Reynolds
number considered in this study was between 96 and
385.3 and the water Reynolds number was between
0.063 and 0.654. This ensures the experimental condi-
tions cover the operating condition of a PEM fuel cell.

Experimental uncertainties

The channel dimensions were measured to be
2 ± 0.005mm and 0.95 ± 0.002mm for the width and
the height, respectively. This yields a hydraulic diam-
eter of Dh ¼ 1:28 mm and an aspect ratio of b ¼
0:475: The uncertainty in the pressure drop measure-
ment was 0.5%, the uncertainty in air flow measure-
ments was between 1.0 and 2.0%, and the uncertainty
in liquid flow rate measurement was 2.5%. The pres-
sure drop was measured along 200 ± 0.5-mm length of
the flow channel. Because of the small error in the
pressure drop measurement (0.5%), error bars are not
included in the pressure plots as adding them will not
be noticeable. Similarly, due to small uncertainties in

Figure 1. (a) Experimental setup (b) the side view of the test section (c) comparing experimental friction factor obtained from sin-
gle-phase air flow with laminar flow friction factor correlation, Eq. (13). The figure in the inset shows the difference between the
experimental and theoretical friction factor, Df ¼ jf exp"flaminarj

flaminar
) 100% where flaminar was obtained from Eq. (13) (d) test section, the

parallel channels are highlighted with dashed lines.
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air and water flow rate measurements, the affected
properties are not shown with error bars in figures.
However, such uncertainties are shown in Figure 1c
for friction factor data points calculated for experi-
ments with GDL in the test section.

Experimental procedure

Prior to acquiring data in each run, the air flow rate
was regulated with a 1/8-in Swagelok stainless steel
low-flow metering valve and the air-flow meter dis-
play. Once a stable rate of air was achieved, water
injection started and the two-phase flow pressure
drop was recorded via a VI code developed in
LabView. Each run was conducted for at least 8min
to ensure steady conditions were met. The uniform
pressure transducer output also proved this duration
was sufficient for the purpose of this study. Between
each run, dry nitrogen at a high flow rate was sup-
plied within the flow channels to dry out the liquid
water in the flow channels. The single gas phase pres-
sure drop at the beginning of each run was carefully
monitored to ensure no liquid water existed in the
flow channel at the beginning of each run. All experi-
ments were conducted at atmospheric pressure and
room temperature.

Results and discussion

Single-phase pressure drop

To evaluate the accuracy of the test section, the sin-
gle-phase air pressure drop was measured in both
flow channels to calculate the friction factor. Figure 1c
shows the calculated friction factor based on the
measured pressure drop at different Reynolds num-
bers. As the air flow rates were in the laminar regime,
the calculated friction factors were compared with a
fully developed laminar flow friction factor correlation
[47]

f :ReDh ¼ 24½1" 1:3553bþ 1:9467b2 " 1:7012b3

þ 0:9564b4 " 0:2537b5+
(13)

Friction factors for experiments with and without
GDL were obtained. It can be observed from the

figure that channels 1 and 2 show similar friction fac-
tors that were both slightly less than the theoretical
value. However, the calculated friction factor for chan-
nel 2 and with GDL inserted was slightly greater than
the predicted friction factor from the laminar regime
correlation. This can be due to the GDL intrusion to
the flow channel which reduced the cross sectional
area of the channel as discussed by St-Pierre [48]. The
inset in Figure 1c compares the experimentally
obtained friction factors with laminar flow friction
factor from Eq. (13).

Comparison of published Two-Phase flow pressure
drop models

Figure 2 plots the predicted two-phase flow pressure
drops obtained by seven different separated flow mod-
els considered in this study [28, 37–42]. The predic-
tions were performed based on 3.0m/s superficial air
velocity and over the full range of mass flow qualities.
The prediction based on Friedel [43] and Chen et al.
[44] are not shown in this figure because of the large
deviation from the experimentally obtained pressure
drops as discussed in the next section. All models pre-
sented in this figure show a similar trend of decreas-
ing the pressure drop as the mass flow quality
increases. This is because as the mass flow quality
increases the liquid phase portion of the multiphase
flow decreases and the dominant phase becomes the
gas phase which has lower pressure drop compared to
liquid phase for the same flow rate. In addition, the
figure shows that as the mass flow quality increases,
the difference between the models decreases. For mass
flow quality of 0.2, the largest pressure drop predic-
tion is 1359.09 Pa based on the model proposed by
Saisorn and Wongwises [28] while the lowest pressure
drop prediction is 264.64 Pa based on Lee and Lee’s
model [39]. This is equivalent to 413.5% difference
between these two models. However, for mass flow
quality of 0.9, the model proposed by Saisorn and
Wongwises [28] results in 388.45 Pa and the model
proposed by Lee and Lee [39] results in 202.09 Pa
pressure drop which is equivalent to 92.2% difference.
It should be added that the range of mass flow qual-
ities for the PEM fuel cell application is usually
greater than 0.8 as shown in the figure in the inset.
For mass flow quality of 0.9, a comparison between
Mishima and Hibiki [38], Sun and Mishima [40],
English and Kandlikar [37], Zhang et al. [41], and
Hwang and Kim [42] with Lee and Lee’s model [39]
results in 55.91%, 21.34%, 12.82%, 10.29%, and 1.07%
difference, respectively. In this comparison, Lee and

Table 3. Experiment conditions.
Property Air Water Mixture

Mass flux kg=m2s
% &

1.36-5.44 0.04-0.45 1.56-5.78
Superficial velocity m=sð Þ1.13-4.52 4:40 ) 10"5 " 4:53 ) 10"4 –
Reynolds number (-) 96.0-385.30.063-0.654 –
Mass flow quality, xð"Þ – – 0.869-0.986
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Lee’s model [39] is chosen as the base model because
of its lowest pressure drop prediction, which results in
positive differences when compared with
other models.

Comparing two-phase flow pressure drop models

The experimentally measured two-phase flow pressure
drops were compared with nine different models as
shown in Figure 3. Of the nine models, seven models
were based on the separated flow model (Figure
3a–g), and two models were based on the homoge-
neous equilibrium model (Figure 3h–i). The horizon-
tal axis of each graph represents the experimentally
obtained two-phase flow pressure drop, and the verti-
cal axis represents the predicted two-phase flow pres-
sure drop for each model. A 30% margin for each
model is shown with a dashed line. It can be observed
from the figure that the separated flow models shown
in Figure 3a–g mostly predicted the two-phase flow
pressure drop with less than 30% error. However,
Figure 3h and i show that the homogeneous equilib-
rium models demonstrate less prediction capability for
the range of air and water flow rates used in this
study. Figure 3i significantly over-predicted the two-
phase flow pressure drop with more than 50% error.
The model introduced by Chen et al. [44] (Figure 3i)
was based on large mass flux ranging between 50 and
6000 kg=m2s: This range of mass flux causes much
larger inertial forces compared to fuel cell applica-
tions. Although the effects of surface tension (r) and
channel hydraulic diameter (Dh) were taken into con-
sideration by incorporating the Weber number and

Bond number into their model, since inertial stresses
are not the dominant forces in fuel cell application,
the proposed model over-predicted the two-phase
flow pressure drop for the flow conditions used in the
current study.

The general trend observed in Figure 3 suggests
that although separated flow models out-perform
homogeneous equilibrium models, they mostly under-
predict the two-phase flow pressure drop, especially at
lower pressure drops. The only exception is the sepa-
rated model proposed by Saisorn and Wongwises [28]
(Figure 3a) which mostly over-predicted the two-
phase flow pressure drop. Four different parameters
of k, x, h, and n were defined to assess the accuracy
of the studied models. The mean absolute percentage
error (MAPE) is shown by k which is determined
according to

k¼ 1
N

X jDPF, pred"DPF, exp j
DPF, exp

) 100% (14)

x, h, and n are defined as the percentage of data
points predicted within ±10%, ±30%, and ±50%,
respectively. It can be observed from Figure 3 that the
model proposed by Mishima and Hibiki [38] showed
the best prediction capability with the lowest MAPE
value. The superior prediction of this model compared
to other models can be attributed to the consideration
of the effects of geometry of the tube, using relatively
narrower tubing which is closer to the flow channels
of PEM fuel cells, using air and water as the working
fluid, and considering relatively low superficial fluids
velocities, particularly superficial liquid velocity.
Figure 4 shows the values of parameter C at different

Figure 2. Comparison of two-phase flow pressure drop models evaluated in this study. Calculations are done based on a superfi-
cial air velocity of 3.0m/s.
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air flow rates, water flow rates, and mass flow qual-
ities. Figure 4a shows the calculated C values at differ-
ent air flow rates. Different water flow rates were
tested at a given air flow rate. Each C value shown in
this figure is the average of multiple C values obtained
from multiple runs, and the error bars represent the
standard deviation between them. The corresponding
superficial air velocities for 150 and 500ml/min were
1.32 and 4.39m/s, respectively. The general trend in
this figure shows that the C values decreased as the
air flow rate, and therefore the superficial air velocity,
increased. However, the relatively large standard devi-
ation in this figure is an indication of a large variation
between C values at different runs at any given air
flow rate. Figure 4a also compares the second-order

polynomial curve fitting, shown by the solid line, with
C values from Mishima-Hibiki’s model [38], shown
by the dashed line. The C value from Mishima and
Hibiki’s model [38] was a function of channel geom-
etry only and did not include the air flow rate and/or
the water flow rate. As a result, this model yielded a
constant C value at different air flow rates. It can be
observed from Figure 4a that the standard deviation
of C decreases at higher air flow rates, which indicates
a more uniform two-phase flow behavior at higher air
flow rates in this study. The findings from Figure 4a
suggest that the air flow rate within the channel also
influenced the C value and should be included into
the model. Figure 4b shows the variation of parameter
C at different mass flow qualities and for five different

Figure 3. Experimentally measured two-phase flow pressure drops compared with different models. (a) Saisorn and Wongwises
[28], (b) English and Kandlikar [37], (c) Mishima and Hibiki [38], (d) Lee and Lee [39], (e) Sun and Mishima [40], (f) Zhang et al.
[41], (g) Hwang and Kim [42], (h) Friedel [43], (i) Chen et al. [44]. 108 experimental data points are shown in this figure.
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water flow rates. It can be observed from this figure
that at a given mass flow quality, values of C
decreased as the water flow rate increased. A similar
observation was made in an ex-situ study conducted
by Grimm et al. [32]. Moreover, Figure 4b shows a
reduction in the value of C as the mass flow quality
increased for a given water flow rate. For a constant
water flow rate, increasing the gas flow rate increased
the mass flow quality. Therefore, it can be concluded
that the two-phase flow in the PEM fuel cell applica-
tion is more sensitive to the air flow rate rather than
the water flow rate. Furthermore, Figure 4b shows
that in addition to the channel geometry, the mass
flow quality should also be included in the C
correlation.

The variations of the two-phase flow pressure drop
based on mass flow quality, x, and superficial air vel-
ocity, jg , are shown in Figure 4c. It can be observed
from this figure that for any given superficial air vel-
ocity, the two-phase flow pressure drop slightly
changed between the lowest and highest mass flow
qualities. However, the figure shows that the superfi-
cial air velocity had a greater impact on the two-phase
flow pressure drop. The increase in pressure drop at a
higher superficial air velocity resulted because of the
energy dissipation at the moving contact lines. While
the figure shows a limited range of mass flow qual-
ities, it covers a relatively large range of water flow
rates. For jg ¼ 1:3 m=s, for instance, the water flow
rate changed from 400 to 1600 ll=h:

The MAPE, defined in Eq. (14), was further studied
at different mass flow qualities and superficial air
velocities, as shown in Figure 5. The numbers shown
in parentheses indicate the number of experiment
runs considered to calculate the MAPE at each mass
flow quality or superficial air velocity. Figure 5a shows
the MAPE at different mass flow qualities for each of

the separated flow models. Other than mass flow qual-
ities x¼ 0.87 and x¼ 0.97, the model proposed by
Mishima and Hibiki [38] resulted in the lowest MAPE
compared to the other five models. The model pro-
posed by Saisorn and Wongwises [28] showed a
smaller MAPE in these two mass flow qualities.
Figure 5b shows the MAPE calculated at different
superficial air velocities and air flow rates in the flow
channel. For superficial air velocities of less than 2m/s,
the model proposed by Saisorn and Wongwises [28]
showed a superior performance. However, for superficial
air velocities greater than 2m/s, Mishima and Hibiki’s
model [38] showed a better prediction capability. The
minimum MAPE for this model reached 4.12% for a
superficial air velocity around 3.75m/s. Except for the
largest superficial air velocity, the general trend of this
figure suggests that the MAPE of all models decreased
as the superficial air velocity increased.

Figure 6 shows the two-phase flow pressure drop
signatures at five different water flow rates and during
the first 8min of the experiments. The mean value of
the pressure drop is shown with a dashed line for
each water flow rate. The general trend in all pressure
drop signatures indicates an increase in the pressure
drop at the beginning of the experiment which is fol-
lowed by a decrease over time. This can be explained
by the acceleration of the liquid plugs up to the vel-
ocity of the gas phase within the flow channel.
Another observation from this figure indicates that a
six-fold increase in water flow rate does not double
the mean pressure drop. For constant air flow rate of
300ml/min an increase in water flow rate from 300
(Figure 6a) to 2000ll/h (Figure 6e) results in a mean
pressure drop increase from 260.9 to 273.8 Pa; this is
equivalent to a 5% increase in pressure drop. This
insensitivity of the pressure drop to the water flow
rate is a result of the tendency of the liquid to wick in

Figure 4. a) C at different air flow rates and all water flow rates considered in this study, x in polynomial fit is the air flow rate in
ml/min, the dashed line shows the C value obtained from Mishima-Hibiki model [38] (R2 ¼ 0.956), b) C at different mass flow
quantities and different water flow rates. The numbers in the legend show the water flow rates, and (c) two-phase flow pressure
drop at different mass flow qualities.
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the corner of the hydrophilic flow channel because
the contact angle of water on polycarbonate is less
than the critical contact angle. The liquid water in the
corners of the flow channel provides a lubrication
layer for liquid plugs with minimal resistance to the
flow. The pressure drop signatures shown in this fig-
ure confirm that the experiments were conducted for
a sufficient time with no major variation in pressure
drop being observed during the last few minutes of
the experiments. Comparing the two-phase flow pres-
sure drop signatures at different water flow rates
reveals that although the water flow rate has a minor
impact on the magnitude of the two-phase flow pres-
sure drop, it affects the time required for the pressure
drop signature to reach a uniform trend. For water
flow rate of 600ll/h, the pressure drop signature
reached a uniform trend at minute 4.8 (288 s) while
this time was reduces to minute 3.5 (210 s) for the
1000ll/h water flow rate, minute 2 (120 s) for the
1400ll/h, and minute 1.4 (84 s) for the 2000ll/h.
Zhao and Bi [49] studied the two-phase flow pressure
drop profiles of different flow patterns in minichan-
nels and reported that each two-phase flow pattern
had its own unique pressure drop signature. They
reported that bubbly flow and churn flow had the
minimum and maximum oscillations in pressure drop
signature, respectively. As the pressure drop oscilla-
tion in Figure 6 is similar for all water flow rates, it
can be concluded that the two-phase pattern was the
same for the different water flow rates tested.

The pressure drop signatures between minutes 7
(420 s) and 7.55 (453 s) in Figure 6 were further exam-
ined in Figure 7. The pressure drop signature for each
water flow rate showed periodic cycles which became
shorter in time interval as the water flow rate
increased. Each cycle started by liquid lobe formation
and growth on the tip of the injection capillary and
within the flow channel. As the liquid lobe grew in
size, the open cross section of the flow channel
decreased and the pressure drop increased within the
flow channel. The liquid plug entered the flow chan-
nel, wicked to the corner of the channel, and trans-
ported toward the end of the flow channel with
minimal resistance to the shear gas flow. Therefore,
the two-phase flow pressure drop profile dropped as
shown in the pressure drop signatures. For each water
rate, the time interval of one cycle was measured as
shown in this figure. For water rate of 600 ll/h,
13.92 s was required for the pressure drop signature to
complete one cycle. This interval was reduced to
5.28 s for the 1000ll/h water flow rate, 3.54 s for the
1400 ll/h, and 1.2 s for the 2000 ll/h. However, these
time intervals were relative and could change as
shown in the pressure drop signature for the water
flow rate of 2000ll/h at around 445 s.

Capillary scale two-phase flow

The formation of liquid water and the transport of
reactant gases within the flow channels leads to

Figure 5. Mean absolute percentage error at (a) different mass flow qualities and (b) different superficial air velocities (bottom
axis) and air flow rates (top axis). The numbers in parentheses next to column bars indicate the number of experimental
runs considered.
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liquid-gas two-phase flow in the PEM fuel cell flow
channels. The two-phase in PEM fuel cell flow chan-
nels is a unique type of flow mainly because of the
small length scales associated in PEM fuel cells, the
unique liquid water emergence mechanism within the
flow channels, and the different surface energies of
the channel walls. The small length scales of a PEM
fuel cell make it a capillary-scale system, a system at
which the Bond number is less than one in normal
gravity conditions. In capillary-scale systems, capillary
forces define the shape of a static gas-liquid interface.
The Bond number is a dimensionless ratio of gravita-
tional to capillary forces on a static liquid surface and
is defined as Bo ¼ ðL=LcÞ2, where L and Lc are the
characteristic system length and capillary length,
respectively. The characteristic system length for cir-
cular and rectangular microchannels are the radius
and half of the smallest gap width, respectively. The
capillary length is defined as Lc ¼

ffiffiffiffiffiffiffiffiffiffi
r=qg

p
which is

equal to 2.6mm for water at 80˚C. The typical flow
channel of a PEM fuel cell has a rectangular cross sec-
tion of less than 1mm on each side, making it a mini-
channel according to the classification proposed by
Kandlikar and Grande [50]. The other two categories

classified by them are microchannels for channels
with hydraulic diameters between 10lm and 200lm
and conventional channels for channels with hydraulic
diameters greater than 3mm. As the characteristic
channel length of a PEM fuel cell is less than the
capillary length, the Bond number becomes less than
one. Therefore, the two-phase flow in a PEM fuel cell
is a capillary-scale flow where the capillary force is
dominant compared to the gravitational force.

A complex transport mechanism may occur in a
capillary-driven system when water wicks in the cor-
ner of the channel. This occurs when there is a con-
tinuous gradient in the interface curvature. The
necessary condition for water to wick into the corner,
known as critical wetting, is that the static contact
angle must be less than p

2 " g: This condition is
known as Concus-Finn and is expressed by hs <
p
2 " g, where hs and g are the static contact angle and
the corner half-angle, respectively.

Allen and coworkers [51, 52] studied capillary-scale
two-phase flow in small channels and discussed that
although different patterns of two-phase flow in mini-
channels are defined in literature, the main two cate-
gories of two-phase flow in capillary-scale systems are

Figure 6. Two-phase flow pressure drop signatures at 300ml/min air flow rate, equivalent to 2.6m/s superficial air velocities, and
at different water flow rates, (a) 300 ll=h, (b) 600 ll=h, (c) 1000 ll=h, (d) 1400 ll=h, and (e) 2000 ll=h: Dashed line shows the
calculated mean pressure.
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plug flow and annular flow. Plug flow is defined as a
flow pattern through which the gas is blocked with
plugs of liquid. Plug flow is also referred to as slug
flow and happens when the liquid clogs the cross sec-
tion of the flow channel. In annular flow, however,
gas follows through an unimpeded path within the
channel. Plug flow usually happens at low capillary
and Weber numbers. The capillary number is the ratio
of the viscous stress to capillary stress and is defined
as w ¼ ljf =r: The Weber number is the ratio of iner-
tial to capillary stress and is defined as We ¼
qj2f Dh=r: For Capillary numbers greater than 0.001,
viscous effects distort the shape of liquid-gas interface.
When the Weber number is greater than 1, inertial
effects will begin to break up the liquid-gas surface.
Otherwise, the liquid-gas interface is relatively stable
at small capillary and Weber numbers.

In conventional channels, the interaction between
the liquid and gas phases is inertial. As a result, the
two-phase flow pressure drop can be successfully pre-
dicted based on the homogeneous equilibrium model
and/or the separated flow model. The capillary-scale
two-phase flow, however, is dominated by the phe-
nomena that occur over length scales smaller than the
Rayleigh instability wavelength, which is typically
three times the width, or diameter, of the channel.
These phenomena include instability over the gas-
liquid interface, contact line dynamics, and menisci
motion. While such phenomena occur within small
length scales, they can cause significant instabilities
over the system. The capillary scale two-phase flow is
mainly dominated by the surface tension, contact
angle, and geometry of the flow channels. While some
models modified the inertial-based phase interaction
by considering the surface tension effects [28, 39–41,
44], their prediction capabilities were still not strong

because the channel geometry and contact angle
effects were not included. Similarly, capillary-scale
two-phase flow is significantly different in square and
circular capillaries, because of the superposition of the
pressure-driven and capillary-driven flows. Therefore,
a successful and universal two-phase flow pressure
drop model for minichannels should include the three
capillarity properties of surface tension, contact angle,
and geometry of a channel.

Conclusions

The liquid-gas two-phase flow pressure drop in a
capillary-scale system was measured and compared
with the existing models for minichannels. Nine two-
phase flow pressure drop models were evaluated for
the application of PEM fuel cell. The following con-
clusions were drawn from this study:

1. Separated flow models showed better prediction
capabilities than homogeneous models. However,
models based on the separated flow model mostly
under-predict the two-phase flow pressure drop.

2. Among the evaluated models, the model proposed
by Mishima and Hibiki [38] showed the best pre-
diction capability with an MAPE as low as 4.12%
at a superficial air velocity around 3.75 m/s.
However, the C correlation proposed by this
model only included the geometry of the flow
channel and did not include surface tension and
surface energy. As discussed in this article, capil-
lary-scale flow is attributed to these three proper-
ties, and therefore, a universal model should
include the effects of all three.

3. The two-phase flow pressure drop in the mini-
channels of the test section is more sensitive to

Figure 7. Two-phase flow pressure drop signature at different water flow rates. The numbers in the legend show the water
flow rates.
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air flow rate than to water flow rate. Under a
constant air flow rate, a six-fold increase in water
flow rate resulted in only a 5% increase in the
mean pressure drop.

4. While most of the two-phase flow pressure drop
models don’t include air flow rate in their C cor-
relations, findings from experimentally measured
two-phase flow pressure drops shown in Figure 4
suggested that both air and water flow rates influ-
ence the C value.

5. The MAPE of separated flow models decreases at
higher superficial air velocities.

6. The pressure drop signature at different water
flow rates initially increases and then decreases
over time. Such behavior is explained by the
acceleration of the liquid plugs up to the velocity
of the gas phase within the flow channel. In add-
ition, although the water flow rate has minimal
impact on the magnitude of the two-phase flow
pressure drop, it affects the time required for the
pressure drop signature to reach a uniform trend.
As the water flow rate increases, the time required
for the pressure drop signature to reach a uni-
form trend decreases.
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