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a  b  s  t  r  a  c  t

Two-phase  flow pressure  drop  hysteresis  was  studied  in  an  operating  PEM  fuel  cell.  The  variables  studied
include  air  stoichiometry  (1.5,  2,  3, 4),  temperature  (50, 75,  90 ◦C), and  the inclusion  of  a microporous  layer.
The  cathode  channel  pressure  drops  can  differ  in  PEM  fuel  cells  when  the  current  density  is increased  along
a path  and  then  decreased  along  the same  path  (pressure  drop  hysteresis).  Generally,  the descending  pres-
vailable online 27 May 2011
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sure drop  is greater  than  the  ascending  pressure  drop  at  low  current  densities  (<200  mA  cm−2),  and  the
effect  is  worse  at low  stoichiometries  and  low  temperatures.  The  results  show  that  the  hysteresis  occurs
with  or without  the  inclusion  of a microporous  layer.  Initial  results  show  a modified  Lockhart–Martinelli
approach  seems  to  be  able  to  predict  the  two-phase  flow  pressure  drop  during  the  ascending  path.  The
results compare  well  with  photographs  taken  from  the  cathode  flow  field  channel  of  a  visualization  cell.
ater management

. Introduction

The proton exchange membrane fuel cell (PEMFC) has received
ttention as an energy conversion device due to its high energy
fficiency, low operating temperature, and little to zero emissions
uring operation. Though a promising technology, several issues

mpede the use of fuel cells in practical applications. One such tech-
ical issue that has received extensive research is proper water
anagement. A specific consideration receiving additional atten-

ion recently is the impact of gas–liquid two-phase flow in the gas
ow channels [1].  Two-phase flow in PEM fuel cells is a complicated
henomenon, requiring additional studies for a comprehensive
nderstanding of water management [2,3].

Two-phase flow in PEM fuel cells is a unique multiphase flow
ue to large gas to liquid ratios, water produced by electrochemical
eaction, and water condensing in the flow channels from humid-
fied reactants and other operating conditions. Another important
istinction is that water is introduced into the air flow field chan-
els from a porous gas diffusion layer (GDL) instead of each phase

eing introduced together via a common inlet. Furthermore, the
oupled gas and liquid flow rates (via Faraday’s law) and the con-
act angles of each wall (flow field walls and GDL in the same
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channel) make two-phase flow studies in PEM fuel cells a chal-
lenge. Liquid water in flow channels can cause channel blockage,
which can increase the pressure drop in the channel, and forma-
tion of a liquid film on the GDL surface, which blocks the reactant
gas from reaching active catalyst sites. Experiments have shown
the following flow patterns in parallel cathode flow field chan-
nels: slug, film, corner, and mist flow [4].  Film flow is considered a
desirable flow pattern for water removal in fuel cells due to water
traveling on the sidewalls instead of the GDL  surface [2]. How-
ever, a specific combination of surface properties and superficial
gas and liquid velocities must be met  in order to ensure the desired
pattern. Parallel channels have shown the potential for high per-
formance when no flooding occurs, but this flow field configuration
is flooding prone and more research is needed for improved water
management [5].

A recently studied two-phase flow phenomenon is pressure
drop hysteresis [6–9]. This behavior occurs when the gas and liquid
flow rates (determined by a given current density) are increased
along a set path and then decreased along the same path with
differing pressure drops. An application exhibiting increasing and
decreasing currents is the automobile, where the load varies based
on the driving cycle [10,11]. Additionally, flow regime hystere-
sis has been observed in minichannels bounded by a porous wall,
where the transition between flow regime depended on whether
the air flow rate was varied in an ascending or descending manner

[12]. However, these studies were accomplished in non-operating
fuel cells. A higher pressure drop represents a larger system par-
asitic power loss [13], thus the hysteresis phenomenon requires
additional study. Another problem associated with two-phase flow

dx.doi.org/10.1016/j.jpowsour.2011.05.050
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:dwilkinson@chml.ubc.ca
mailto:dwilkinson@chbe.ubc.ca
dx.doi.org/10.1016/j.jpowsour.2011.05.050


8032 R. Anderson et al. / Journal of Power Sources 196 (2011) 8031– 8040

Nomenclature

C Chisholm parameter
i current density, A cm−2

ṁ mass flow rate, g s−1

�P  pressure drop, Pa
T temperature, K
u  superficial velocity, m s−1

V voltage, V

Greek letters
�i stoichiometric ratio of gas i
ϕ two-phase flow multiplier
�2 Martinelli parameter
� viscosity (Pa s)

Subscripts
air,needed required air demand at a given current density
air,supplied supplied air at a given current density
↑↓ ascending and descending, respectively
2-phase two-phase system, liquid water/gas
1-phase single-phase system, gas only
g gas
L liquid
gl gas and liquid together, two-phase flow
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Table 1
Baseline conditions for all relevant operating variables.

Operating variable Baseline value

Tcell , Tgas, Tdew point 75 ◦C
Relative humidity (cathode and anode) 100%
Cathode GDL SGL Carbon 25 BC
Anode GDL SGL Carbon 25 DC
Catalyst coated membrane (Pt loading) Gore Primea Series 5510

(0.4 mg Pt cm−2)
Air  stoichiometry (�air) 2
H2 stoichiometry 1.5
Cathode gas Air
Flow fields 4 parallel, square channels

the variables studied. It should be noted that while the ascend-
ing and descending approaches show differences in pressure drop,
the electrochemical performance in either approach is generally
within 10 mV  at a given current density. Thus, only the ascending

Table 2
Gas diffusion layers and specifications.

Company GDL MPL  PTFE content Thickness (�m)
x distance from channel inlet

nd liquid water in flow channels is reactant maldistribution [14]
nd current maldistribution [15], which can lower overall cell per-
ormance.

This paper explores pressure drop hysteresis in an operating
uel cell at practical fuel cell operating conditions. Variables stud-
ed include the air stoichiometry, temperature, and inclusion of a

icroporous layer (MPL). The temperature [16–18],  GDL properties
19–21],  and air stoichiometry [16,17,22,23] were chosen for inves-
igation due to their relevance to fuel cell performance [16,19–22]
nd two-phase flow pressure drop [17,18,23,24].  Finally, an empir-
cal approach to predicting the two-phase pressure drop based on
he Lockhart–Martinelli approach is presented.

. Experimental methods

A visualization fuel cell was utilized to observe two-phase flow
n the cathode flow field channels. The anode and cathode flow
elds consisted of four parallel channels, 1 mm  × 1 mm in cross-
ection and 30 cm long. The cathode flow channels were fabricated
hrough a 1 mm  thick stainless steel plate, which was then gold
oated. These materials are typical of visualization fuel cells [1]. The
anding widths are 1 mm and the fuel cell active area is 35.7 cm2.
n optically clear manifold allowed for direct observation into the
athode flow field channels. Extension areas on each flow field plate
llowed for heating via Kapton heaters (Omega KH Series). The cell
as compressed to 620 kPag. Schematics of the visualization cell
ave been published previously [6].

A HydrogenicsTM test station (Model no. G100) was  used to
ontrol and measure relevant operating variables including the
ir and hydrogen flow rate, operating temperatures, the load, and
he voltage. Omega 164PC01D37 pressure transducers (0–2500 Pa)
eparate from the test station were used to measure the cathode
ow channel’s pressure drop. A Pixelink PL-A774 camera with an

dmund Optics VZM 300 lens and a MI-150 high intensity illumi-
ation system was used to capture images of the two-phase flow.
he experimental setup is shown schematically in Fig. 1.
Compression pressure 620 kPag
Gas backpressure 206.8 kPag

The minimum air flow rate is determined from Faraday’s law,
but the stoichiometry, which is defined as the ratio of reactant
supplied to the minimum reactant flow needed for the reaction
to proceed, is utilized (Eq. (1)).

�air = ṁair,supplied

ṁair,needed
(1)

The current density, i, was run in an ascending manner and then
in a descending manner to determine the extent of hysteresis in the
pressure drop. The term ascending approach describes the path by
which the current density was  increased, which was as follows: 50,
100, 200, 400, 600, 800, 1000 mA  cm−2. The descending approach
was this path in reverse. The single-phase pressure drop at each
condition is the gas flow only pressure drop where the fuel cell is
held at the open circuit voltage and the gas flow rate is increased
in accordance with Faraday’s law and the stoichiometry at each
current density. Each current density was  held for approximately
10 min. The voltage signal was  sampled at 1 Hz and the pressure
drop data was sampled at 20 Hz. The gas inlet and outlet lines were
insulated and dry gas was used between trials to remove excess
water and ensure a dry initial condition. The results presented are
an average of three trials at each set of conditions and indicate that
good repeatability was achieved. Examples of the standard devi-
ation from three trials for the pressure drop measurements are
shown in Figs. 2a and 4b,  and for the electrochemical performance
are shown in Fig. 10b.

The relevant baseline conditions for all operating variables are
listed in Table 1. The temperatures studied are 50, 75, and 90 ◦C
and the air stoichiometries studied are 1.5, 2, 3, and 4. These oper-
ating conditions are in a narrow range relevant to PEM fuel cells
as defined by the US Fuel Cell Council [25]. The gas diffusion layers
with their relevant specifications are provided in Table 2. The SGL
25 BC and 25 BA GDLs were chosen to study the impact of an MPL
on hysteresis. The SGL 25 DC GDL is used on the anode side for all
experiments.

3. Experimental results and discussion

Pressure drop data and polarization curves are presented for
SGL Carbon 25 BC Yes 5% 235
SGL  Carbon 25 BA No 5% 190
SGL  Carbon 25 DC Yes 20% 231
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Fig. 1. (a) General data acquisition s

pproaches of the electrochemical polarization curves are pre-
ented for clarity unless otherwise noted. Also, in the visualization
ell, the limiting current is approached or reached at approximately
000 mA cm−2, leading to low repeatability and accuracy at these
oints. These data points are included only to indicate that the
uel cell has reached the limiting current density. These results
lso indicate that this fuel cell performs as well as or better than
ther visualization cells with parallel channels in the literature [16],
here it is noted that visualization cells have lower performance

han traditional fuel cells [5].  Since the transparent fuel cells allow
irect observation of the water in the cathode channels, the reduc-
ion in performance toward higher current densities is considered
cceptable.

.1. Causes of pressure drop hysteresis

Pressure drop hysteresis results for air stoichiometry 1.5 are
hown in Fig. 2a. The highlighted area focuses on the hysteresis,

here the descending pressure drop is higher than the ascending
ressure drop at current densities <200 mA  cm−2. The magnitude of
he pressure drop is consistent with fuel cell literature for parallel
hannels [5,26].  Fig. 2b shows the ratio of the descending pressure

Fig. 2. (a) �P  hysteresis curves for �air = 1.5; (b) ratio of the descending pressure d
tic; (b) cathode flow �P schematic.

drop to the single-phase pressure drop at all stoichiometries stud-
ied and at each current density. The fitted curve is provided for
visualization purposes. It is apparent that there is a sharp increase
in pressure drop at lower current densities and stoichiometries.
The pressure drop behavior is important at lower current densities
because low loads are often used for high energy conversion effi-
ciency [27] and dynamic automotive fuel cells often operate at less
than 20% of the rated power, making the regime of lower gas flow
important [28].

At this air stoichiometry, the two-phase pressure drop in both
the ascending and descending approach is higher than the single-
phase pressure drop at current densities ≥200 mA  cm−2. Also, at
i > 200 mA cm−2, the ascending and descending approach exhibit
similar behavior, meaning that there is similar two-phase behavior
in either approach. However, below 200 mA  cm−2, the descending
pressure drop is noticeably higher at the lower stoichiometry due
to more liquid water accumulating in the descending approach.
Water enters the flow field channels via two mechanisms: (i) liquid

water breakthrough from the GDL and (ii) humidified gas con-
densation. Condensation is a particular problem since the rate of
condensation is much greater than the rate of evaporation when
the gas stream is fully humidified [29]. These relative rates of

rop to single-phase pressure drop at �air = 1.5, 2, 3, 4 for all current densities.
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ig. 3. (a) Cathode flow channels at 50 mA cm−2 for an ascending path; (b) cathode
he  baseline.

vaporation and condensation mean the liquid water must be
emoved convectively.

The hysteresis highlighted in Fig. 2a can be explained by an
ccumulation of liquid water in the descending approach that is
reater than the accumulation in the ascending approach. Water
ccumulation during the ascending and descending approaches at
0 mA  cm−2 at baseline conditions is shown in Fig. 3a and b, respec-
ively. The same location is photographed in both approaches at the
hannels’ exit. In the ascending approach, the only two-phase flow
attern is a mist flow that develops on the manifold surface (top

all). In the descending approach, accumulated liquid water led to

 combination of slugs, films, wall droplets, and manifold droplets.
t is also interesting to note that these descending flow patterns vary

ith channel, indicative of two-phase flow maldistribution. The

ig. 4. Pressure drop hysteresis curves at the baseline conditions for (a) the operating f
H  = 100%, GDL = SGL 25 BC, Pgas = 0 kPag).
hannels at 50 mA  cm−2 for a descending path; �air = 1.5 with all other conditions at

increased flooding causes an increase in the pressure drop, resulting
in �P  hysteresis. Spernjak et al. [5] found a similar flooding mech-
anism in parallel channels via neutron imaging, where stationary
droplets grew over time to form slugs before expulsion. Cathode
water accumulation is also noted by Kimball et al. [30] when the
cathode is facing ‘up’, where gravity acts to pull the droplet onto
the GDL perpendicular to the direction of flow. By a similar mech-
anism, the slightly higher ascending pressure drop (at 400 and
600 mA  cm−2) is likely due to some water condensation at the
lower flow rates. This water is convectively removed by higher air

−2
flow rates later in the ascending approach (800 mA  cm ) and does
not re-accumulate in the descending approach at the moderate
to high current densities (at i ≥ 400 mA  cm−2 the higher flow rates
are less prone to this condensation and accumulation).

uel cell (baseline conditions from Table 1); (b) a non-operating fuel cell (T = 75 ◦C,
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Fig. 5. (a) Percentage change between descending and ascending �P

The mechanism described here qualitatively matches our exper-
mental results from a non-operating study [6,9]. A comparison
etween the current operating study and the non-operating fuel
ell results [9] are shown in Fig. 4a and b, respectively. Both exper-
ments are with the 25 BC GDL at 75 ◦C with fully humidified air
nd an air stoichiometry of 2. However, in the non-operating case,
he pressure is ambient (vs. 206.8 kPag in the operating cell) and
ater was injected externally into the cathode to simulate water
roduction under the assumption that all of the water would enter
he cathode. As that assumption is removed in the operating fuel
ell, the hysteresis zone changes but is still a relevant consideration.

n the non-operating case, the overall pressure drop increases due
o the increased gas velocity (no backpressure) and all the water
ntering the cathode flow field channel. GDL saturation and water
reakthrough dynamics can also be alerted in the non-operating

Fig. 6. Two-phase flow multiplier for air stoichiometries of 1.5–4 for
air = 1.5, 2, 3, 4; (b) ascending polarization curves for �air = 1.5, 2, 3, 4.

case since electrochemically produced water is distributed with
the current distribution. Also in the operating cell, water can move
toward the anode, which limits the amount of water entering the
cathode, reducing the impact of two-phase flow. However, this
transport mechanism is likely small when both anode and cathode
gas streams are fully humidified. Thus, in fuel cells experiencing
little anode water removal, cathode pressure drop hysteresis may
be a greater concern.

These results are also relevant to fuel cells with typical graphite
bipolar plates. The water emerging from the hydrophobic GDL sur-
face can spread to the hydrophilic walls as shown in Fig. 3b. In this

study, the contact angles of the gold-coated flow field plates and
the clear manifold are both ∼60◦. These values are comparable to
typical graphite plates where the contact angle is between 70◦ and
80◦ [31], with some experimental graphite plates measured lower

 (a) the ascending approach and (b) the descending approach.
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t 46◦ [32]. Graphite plate fuel cells thus approximately match the
etting properties of the experimental apparatus utilized in this

tudy.

.2. Effect of stoichiometry

The additional accumulation of water between descending and
scending approaches depends on the ability of the air to con-
ectively remove the liquid water, which is dependant on the gas
elocity and therefore gas stoichiometry. Air stoichiometries of 1.5,
, 3, and 4 were studied as practical fuel cell stoichiometries. The
emaining operating conditions were set to the baseline conditions
escribed in Table 1. To gauge the extent of the hysteresis, the
ercentage change between the descending and ascending
pproach is used, which is defined for a given current density as:

Change↑,↓ = �PDescending,i − �PAscending,i

�PAscending,i
× 100 (2)

The results of this analysis are shown in Fig. 5a along with the
lectrochemical performance results shown in Fig. 5b. The �P  hys-
eresis is clearly noted at current densities <200 mA  cm−2. In this
egion, the percentage change between approaches is most noted
or the lowest stoichiometry, 1.5, and is reduced with each increase
n air flow rate. The increasing air flow rate (and therefore increas-
ng convective water removal ability) allows less accumulation of
iquid water in the descending approach, causing the hysteresis to
iminish. A percentage change less than zero (200–600 mA cm−2)

ndicates the descending pressure drop is lower than the ascending
ressure drop, which is the result of slight condensed water accu-
ulation on the ascending approach that is subsequently removed

efore the descending approach. However, this is a minor effect
ompared to the lower current densities.

The two-phase flow multiplier provides useful insight into the
agnitude of the hysteresis and the general impact of the two-

hase flow pressure drop. The two-phase flow multiplier, ϕ, is
efined as:

�P

2-phase = 2-phase

�P1-phase
(3)

A ratio of 1 means the ascending or descending approaches
ave the same pressure drop as the single-phase pressure drop, i.e.,

Fig. 7. Voltage signal at 100 mA  cm−2 at (a) �ai
ources 196 (2011) 8031– 8040

there is no influence of the liquid water. The two-phase flow mul-
tiplier for the ascending and descending approaches is highlighted
in Fig. 6a and b, respectively. The ascending approach highlights
the increased pressure drop due to two-phase flow, meaning that
the product water and condensation are increasing the pressure
drop. This influence is seen at all stoichiometries, which implies
that the product water represents an inevitable parasitic power loss
for the system due to an increased pressure drop. The descending
approach two-phase flow multiplier shows a large increase in the
multiplier in the hysteresis zone (<400 mA  cm−2). As discussed, it
is at these lower current densities where additional water accu-
mulates since the low air flow cannot convectively remove the
liquid water. This effect is worse at lower stoichiometries and is
lessened as the stoichiometry of the air (and therefore convective
removal ability) increases. The descending two-phase multiplier
is also shown in Fig. 2b for describing the general mechanism of
pressure drop hysteresis.

In addition to larger pressure drop hysteresis, the fuel cell does
not perform as well electrochemically at an air stoichiometry of
1.5 compared to higher stoichiometries. The lower performance
is further exacerbated by voltage signal fluctuations at low cur-
rent densities, which improve with increasing air stoichiometry as
shown in Fig. 7. The voltages signals at 100 mA cm−2 are shown in
Fig. 7 for the stoichiometries studied.

3.3. Effect of temperature

The pressure drop hysteresis and cell performance were mea-
sured at 50, 75, and 90 ◦C. All other operating conditions were
set to the baseline conditions in Table 1. The percentage change
between the descending and ascending approaches at these tem-
peratures and the electrochemical performance are shown in Fig. 8a
and b, respectively. It should be noted that at high current densities
(around 1000 mA cm−2) the voltage oscillations were very large and
not every trial was  able to sustain the voltage. Thus, the accuracy of
these high current density values is reduced and the data is shown
only to point out the limiting current density behavior.
The lowest temperature has the highest extent of hysteresis, and
the hysteresis is reduced with increasing temperature until at 90 ◦C
there is little hysteresis. These results are due to the increased air
velocity at higher temperatures, which results in higher convective

r = 1.5; (b) �air = 2; (c) �air = 3; (d) �air = 4.
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Fig. 8. (a) Percentage change between descending and ascending approach

emoval abilities. The increased hysteresis at lower temperatures is
lso due to the increased condensation rates at lower temperature,
esulting in more liquid water accumulation. Also, air at 90 ◦C can
vaporate liquid water (if the RH drops below 100% locally) at a
aster rate than 50 ◦C [29], which lessens the accumulation at higher
emperatures. More liquid water present in the flow channels at
ower operating temperatures also agrees with the work of Liu et al.
16] and Owejan et al. [28], who noted liquid water is a problem
or automotive applications traveling short distances where lower
emperature operation is expected.

As with the stoichiometry, the two-phase flow multiplier

rovides additional insight into the influence of the two-phase
ow pressure drop. Fig. 9a and b shows the two-phase flow
ultiplier for the ascending and descending approaches, respec-

ively, at 50, 75, and 90 ◦C. For all the temperatures during the

Fig. 9. Two-phase flow multiplier for T = 50–90 ◦C for (a) th
 T = 50, 75, 90 ◦C and (b) ascending polarization curves for T = 50, 75, 90 ◦C.

ascending approach, the value of ϕ stays less than 2 and in some
cases is approximately 1. This increase in pressure drop from
the single-phase is caused by the two-phase flow resulting from
the water breakthrough and humidified gas condensation. How-
ever, in the descending approach at these temperatures, additional
water accumulates and increases the pressure drop, shown by the
increased ϕ for current densities <400 mA  cm−2.

3.4. Effect of microporous layer (MPL)

Lu et al. [33] studied the breakthrough and two-phase flow

characteristics of GDLs with and without a microporous layer.
Their work shows that GDLs with an MPL  exhibit lower GDL
saturation and that the MPL  promotes stable water paths with
fewer water entry points into the GDL. Conversely, GDLs without

e ascending approach; (b) the descending approach.
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ig. 10. Effect of MPL  on (a) percentage change between descending and ascending
onditions for 25 BC (MPL) and 25 BA (no MPL).

n MPL  exhibit greater saturation and dynamic breakthrough loca-
ions into the flow channels. The observed effect on two-phase flow
n the flow channels was that GDLs without an MPL  had more uni-
orm water breakthrough over the GDL surface, leading to film flow
n the channel walls, while the GDLs with an MPL  tend toward the
ormation of slug flow.

The results for SGL 25 BC (with MPL) and SGL 25 BA (without
PL) on the cathode side are presented in Fig. 10.  All other oper-

ting conditions are at the baseline conditions shown in Table 1.
hile the 25 BC GDL outperforms the 25 BA GDL electrochemically,
hich is consistent with the literature [20,21], there is no clear
ifference in the pressure drop hysteresis. The percentage change
hows similar behavior between descending and ascending pres-
ure drop for the two GDLs, with each GDL exhibiting hysteresis
ehavior at current densities <200 mA  cm−2.

With or without MPL, Fig. 11b shows both GDLs exhibit simi-
ar single-phase behavior (gas-phase only with no electrochemical
eaction) and show similar ascending and descending pressure
rop behavior. This result means that while the method of water

njection may  differ, the bulk influence of the liquid water on the
wo-phase flow pressure drop is similar. The similar influence of
he two-phase flow is highlighted in Fig. 11a, where the two-phase
ow multiplier is similar for either GDL for both the ascending and
escending approach, with the major influence of the liquid water
eing consistently noted below <200 mA  cm−2. These results do
ot necessarily contradict the MPL  influence/flow pattern devel-
pments discussed previously by Lu et al. [33] because for the
uperficial gas and liquid velocities in this work, our results are
onsistent with their flow pattern map, where slug flow is expected
ith either the 25 BC or 25 BA GDL. It should also be noted that those

esults were obtained with an ex situ apparatus (no electrochem-
cal reaction, external water injection), and Lu et al. [33] pointed
ut that in situ results [31,34] have shown more droplets on the
DL surface due to water vapor being transported from the active
atalyst layer through the MPL, which is consistent with this work.
. Two-phase flow pressure drop prediction

While the single-phase pressure drop in laminar conditions is
ell predicted, the two-phase pressure drop relies on empirical
re drop for 25 BC (MPL) and 25 BA (no MPL) and (b) polarization curves at baseline

approaches. The Lockhart–Martinelli (LM) approach is often used
to predict the two-phase flow pressure drop. The LM approach uses
a two-phase flow multiplier, which is the ratio of the two-phase
pressure drop to the single-phase pressure drop as discussed in the
experimental results (Eq. (3)). The two-phase multiplier is corre-
lated to the Martinelli parameter, �2, which is defined by:

�2 = �Pl

�Pg
(4)

Chisholm correlated ϕ2 as a function of �2 with a constant, C,
where C is a flow-regime dependant parameter.

ϕ2 = 1 + C� + �2 (5)

For laminar liquids and gases, a value of C = 5 is typically used,
though English and Kandlikar [35] modified C for non-circular
minichannels.

However, Zhang et al. [36] found that this correlation did not
match experimental data when permeable walls were considered.
Thus, these correlations are not appropriate for fuel cells due to the
porous GDL. To correct this problem, they proposed a variation of
liquid water velocity along the channel, which should more closely
resemble the actual water flow in a PEM fuel cell. This type of flow
is shown in Fig. 12.

Assuming liquid is introduced continuously from a permeable
wall, the pressure drop can be expressed as:

Px − Px+dx = �2�Pgdx = (1 + C� + �2)x�Pgdx (6)

where the �2 parameter is determined by the local liquid velocity:

�2|x = uL|x�L

ug�g
(7)

where � refers to the viscosity and u refers to the velocity of
the respective fluids. In theory, the liquid velocity should follow a

linear relationship with the pressure difference assuming the water
flowing through the porous media obeys Darcy’s law. Integrating
the above expression for a uniform and non-uniform (linear rela-
tionship with pressure) case, the expressions for the two-phase
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Fig. 11. Effect of MPL  on (a) two-phase flow multiplier and (b) pressure drop hysteresis curves for 25 BA and 25 BC for single and two-phase flow.
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ig. 12. Fuel cell water injection schematic showing water injection rate as a func-
ion of channel length.

ressure drop predications for both uniform and non-uniform
njection are [37]:

niform : �Pgl = �Pg

(
1 +

(
2
3

)
C� +

(
1
2

)
�2

)
(8)

on-uniform : �Pgl = �Pg

(
1 +

(
1
2

)
C� +

(
1
3

)
�2

)
(9)

The Martinelli parameter is particularly interesting in fuel cells
ecause for a given set of conditions it is constant at every current
ensity due to the coupling of the gas and liquid flow rates via Fara-
ay’s law. For typical fuel cell operating conditions, �2 < 0.1. For the
perating conditions studied during the electrochemically active
ysteresis experiments (T = 50–90 ◦C, �air = 1.5–4), typical values
ere �2 < 0.02. The results of this analysis are shown in Fig. 13 with

he classic approach, uniform injection approach, and non-uniform
njection approach highlighted. The two-phase flow multiplier pre-
ented here is the average multiplier at a given condition for the
scending approach, excluding the initial 50 mA  cm−2 data point
ince this is confirmed as single-phase flow (ϕ2-phase = 1). The liquid
ater velocity is calculated from the volumetric water produc-

ion rate divided by the cross-sectional area of the channels, which
ssumes all product water enters the cathode channels.

There is some agreement between the data and the modified
redictions for non-uniform and uniform water introduction. Gen-
rally, the classic approach over-predicts the data. The descending

pproach is currently neglected since the models do not take into
ccount the additional accumulation of liquid water in the flow field
hannels during the descending approach, which greatly raises the
xperimental values of ϕ2. While the prediction is satisfactory on
Fig. 13. Two-phase flow pressure drop prediction for the classic, non-uniform, and
uniform approaches.

the ascending approach, the model fails to capture all of the water
transport phenomena occurring within the fuel cell. The assump-
tion of all product water being removed via the cathode channels
is not accurate, which would lower the Martinelli parameter. The
flow of water back to the anode depends on several variables, so
further refinement of the liquid water velocity is needed for a more
accurate prediction. Also, the magnitude of the constant C may  be
optimized for fuel cell applications. These refinements and a predic-
tion for the descending approach are the focus of upcoming work.
These results illustrate a method to establish expected two-phase
pressure drop values due to the unavoidable influence of liquid
water in the fuel cell.

5. Conclusions

Two-phase flow pressure drop hysteresis occurs when the pres-
sure drop differs depending on the path by which the current

density is changed in an operating fuel cell. When the current
density is increased, water from the electrochemical reaction and
condensation of humidified reactants enters the flow field chan-
nels and causes the pressure drop to increase over the single-phase
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ressure drop. However, when the current density is subsequently
ecreased, additional water accumulates in the flow field chan-
els, causing the pressure drop at low current densities (generally
400 mA  cm−2) to be higher than both the single-phase and ascend-
ng two-phase pressure drop. The water accumulates further in
he descending approach since the lower air flow rate cannot
emove as much residual water (from the previous current density)
onvectively. This mechanism was confirmed with direct visual
bservation of the cathode flow field channels. Main observations
nclude:

. Increased air stoichiometry (in the range of 1.5–4) decreases
the extent of the pressure drop hysteresis. This behavior occurs
because the ability of the gas to convectively remove water
increases with increased flow rate, causing the ascending and
descending pressure drops to be the same. However, higher air
flow rates cause the total magnitude of the pressure drop to
increase.

. Increased operating temperature (50–90 ◦C) decreases the
extent of the pressure drop hysteresis. This result occurs because
the increased air temperature increases the convective water
removal capabilities of the gas and the condensation rate is
lower at higher temperatures when fully humidified reactants
are used. Conversely, lower temperatures increase the conden-
sation rate, which increases the accumulation of liquid water on
the descending approach.

. The inclusion/exclusion of an MPL  does not change the pres-
sure drop hysteresis. Though the mechanism of water injection
may  differ, liquid water entering the channels increases the two-
phase pressure drop in a similar manner due to the same flow
patterns.

. A modified Lockhart–Martinelli (LM) approach can be used to
moderately predict the two-phase pressure drop hysteresis. The
modification takes into account how liquid water enters the flow
channels from a porous GDL wall, which leads to deviations from
the classic LM approach. Further work is needed to predict the
descending approach due to the accumulation of liquid water
along this path.
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