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a b s t r a c t

Two-phase flow pressure drop hysteresis was studied in a non-operational PEM fuel cell to understand
the effect of stoichiometry, GDL characteristics, operating range, and initial conditions (dry vs. flooded) for
flow conditions typical of an operating fuel cell. This hysteresis is noted when the air and water flow rates
are increased and then decreased along the same path, exhibiting different pressure drops. When starting
from dry conditions, the descending pressure drop tended to be higher than the ascending pressure drop
at lower simulated current densities. The hysteresis effect was noted for stoichiometries of 1–4 and was
eywords:
wo-phase flow
ysteresis
EM fuel cell
ater management

eliminated at a stoichiometry of 5. It was found that the hysteresis was greater when water breakthrough
occurred at higher simulated current densities, which is a function of GDL properties. The operating range
had to reach a critical simulated current density (800 mA cm−2 in this case) between the ascending and
descending approach to create a pressure drop hysteresis zone. The descending step size does not change
the size of the hysteresis effect, but a larger step size leads to lower fluctuations in the pressure drop
signal. An initially flooded condition also showed hysteresis, but the ascending approach tended to have
a higher pressure drop than the descending approach.
. Introduction

The proton exchange membrane (PEM) fuel cell has received
uch attention in recent decades as a clean and efficient way to

enerate power. Advantages include high energy efficiency, low
perating temperature, and little to zero emissions during its oper-
tion. Although a promising energy conversion device, several
echnical concerns still impede further use of fuel cells in practi-
al applications. One major issue that has received a great deal of
ttention is the proper water management of the fuel cell.

A recent review [1] has detailed issues associated with water
anagement and describes how the catalyst layer, gas diffusion

ayer (GDL), and flow field channels of the PEM fuel cell are prone
o flooding. The paper also detailed mitigation strategies based on
ngineering design, optimizing operating conditions, and material
odifications. While comprehensive in the overall picture of water
anagement, little emphasis has been placed on gas–liquid two-
hase flow issues in the flow field channel itself. Two-phase flow in
EM fuel cells is a complicated phenomenon, but a full understand-
ng of it is important for the comprehensive understanding of fuel
ell water management [2,3]. This complexity includes large gas to
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liquid ratios, water produced by electrochemical reaction entering
the flow field channels from a porous wall (GDL), and water enter-
ing the flow field channels from the condensation of humidified gas
reactants. Water introduction from the porous GDL is different from
traditional two-phase flow studies [4–7], where the two phases are
typically introduced together or mixed before the inlet. This dif-
ference makes two-phase flow studies in fuel cell flow channels
particularly unique.

Liquid water is a major problem in fuel cells because several
problems can emerge [3] including: blockage of the channel by liq-
uid water, which can increase the pressure drop in the channel,
non-uniform current distribution, and a liquid film developing on
the GDL surface, which blocks reactant gas from reaching reaction
sites.

To address two-phase flow in flow field channels in a sim-
plified setup, non-operating experiments [8–10] can be run to
mimic the behavior of operating fuel cells [11–13]. Non-operating
experiments possess the advantage of being able to control rele-
vant operating conditions while decoupling reaction and heat/mass
transfer from the hydrodynamics. In general, water in non-
operating experiments is injected through a GDL into the air flow

field channel (simulating the cathode flow field channel) to observe
relevant two-phase flow behavior. Borrelli et al. [8] showed that
the non-operating experiments exhibit similar droplet behavior to
operating cells, with droplets growing at preferred locations before
detachment, and that the GDL type influences the water removal

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:dwilkinson@chbe.ubc.ca
mailto:dwilkinson@chml.ubc.ca
dx.doi.org/10.1016/j.jpowsour.2009.12.134
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Nomenclature

cP specific heat (J g−1 K−1)
F Faraday’s constant (96,485.339 C mol−1)
I current (A)
i current density (A cm−2)
k ratio of specific heats (diatomic gas = 1.4)
ṁ mass flow rate (g s−1)
Ṅ molar flow rate (mol s−1)
�P pressure drop (Pa)
T temperature (K)
W power (W cm−2)

Greek letters
� density (g cm−3)
�i stoichiometric ratio of gas i

Subscripts
comp compressor

p
d
m

o
p
t
s
b
s
i
s
v
m
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w
o
T
a
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p
s

O2,need required oxygen demand at a given current density
O2,inlet supplied oxygen demand at a given current density

rocess. However, the preferential breakthrough location may be
ynamic and an interconnected network of pathways in the GDL
ay exist [9], complicating the emergence of two-phase flow.
Once the droplets emerge into the flow field channels, non-

perating experiments have shown various two-phase flow
atterns including slug, film, corner, and mist flows depending on
he superficial air velocity and GDL properties [10]. Film flow or
tratified flow is considered to be a desirable pattern in fuel cells
ecause water is only covering the channel walls, leaving the GDL
urface exposed for gas diffusion. However, the superficial veloc-
ty needed to achieve this flow pattern varies with experimental
etup, with Trabold et al. [2] pointing out that a superficial gas
elocity of 5–6 m s−1 is needed and Lu et al. [14] recommending
ore than 3 m s−1. The value of the needed superficial velocity may

lso change with operating current density [15].
Recently, two-phase flow pressure drop hysteresis phenomena

ere found when the flow rate of air was changed in an ascending
r a descending manner for a set liquid water injection rate [16,17].

he results were obtained from an experimental setup with water
nd air introduced together at the inlet of parallel minichannels.
low hysteresis is also observed in minichannels bounded with
orous walls [18], where the transitions between flow regimes
howed substantial hysteresis depending on whether the air flow

Fig. 1. (a) Fuel cell schematic an
ources 195 (2010) 4168–4176 4169

rate was varied in an ascending or descending manner. This is an
important consideration in fuel cell applications such as transporta-
tion, where the duty cycle can cover a wide range of operating
conditions and require ascending and descending power operation
[19].

Two-phase flow hysteresis can lead to an unexpectedly high
pressure drop, decreasing fuel cell efficiency due to the associated
parasitic power loss. A different pressure drop path as the current
density is cycled (air and water flows changing in an ascending and
descending manner) can also alter the specific two-phase flow pat-
tern, which may have implications in how water is removed and
how effectively the oxygen in air can reach the cathode catalyst
layer.

This paper explores pressure drop hysteresis in a non-operating
fuel cell. Evidence of pressure drop hysteresis is noted in the
operating fuel cell case, which necessitated a more detailed hydro-
dynamic study in the non-operating apparatus. The non-operating
approach taken here injects water through a GDL into a cath-
ode flow field channel with gases that are neither humidified nor
heated. To understand the principles of this hysteresis behavior,
the non-operating approach examined several variables including:
the effect of air stoichiometry (Section 3.2), the GDL treatment
(PTFE content and the inclusion of a MPL; Section 3.3), the range
of current densities (Section 3.4), the effect of decreasing step
size (Section 3.5), and the effect of initial state (dry vs. flooded;
Section 3.6).

2. Experimental methods

The non-operating (no electrochemical reaction) experiments
used the same fuel cell hardware and components as the fuel cell
to be used in further operating (electrochemical) experiments. The
anode and cathode flow field channels contain four parallel square
channels that are each 1 mm × 1 mm in cross-section and 30 cm
long with 1 mm landing widths. The fuel cell active area is 35.7 cm2.
An optically clear manifold allows for direct visual observation of
the cathode flow field channels. The fuel cell used in this study is
shown schematically in Fig. 1a and the non-operating experimental
setup is shown in Fig. 1b.

The non-operating cell was run at ambient temperature, the
cathode exit was at atmospheric pressure, and the cell was com-
pressed to 105 psig. Air (Praxair Al 0.0XD Extra Dry) was not

humidified or heated, with its flow rate controlled by a rotame-
ter. The air entered the cathode manifold where it was distributed
to the flow field channels before leaving from the cathode mani-
fold exit. A GDL was placed between the anode and cathode flow
field plates to mimic the actual water injection methods and surface

d (b) non-operating setup.
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Table 1
Gas diffusion layers and specifications.

Company GDL MPL PTFE content Thickness (�m)

SGL Carbon 25 BC Yes 5% 235
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Table 2
Operating fuel cell baseline conditions.

Operating variable Baseline value

Pgas 206.8 kPa
Tcell , Tgas, Tdp 75 ◦C
Relative humidity 100%
�air/�H2 2.0/1.5
Anode GDL 25 BA

BC GDL at a stoichiometry of 2, with the error bars representing the
standard deviation of the individual data set.

The ascending case has a small percentage error (ratio of stan-
dard deviation to overall pressure drop). The high percentage error
SGL Carbon 25 BA No 5% 190
SGL Carbon 25 DC Yes 20% 231
Toray TGPH-030 No 20% 110
Toray TGPH-030 No 0% 110

roperties of an operational fuel cell. The water was pumped into
he anode flow field via a syringe pump (Cole-Parmer 780100C),
nd then was forced through the GDL as the syringe pumped at
given volumetric flow rate (mL h−1). The anode exit was closed,

llowing the water pumped into the anode to reach the cathode.
The GDLs and relevant specifications are shown in Table 1.
The water injection rate and needed air flow rate are governed

t each current density by Faraday’s law. For instance, the rate of
ater generation in mol s−1 cm−2 is given by

H2O,generated = I

2F
(1)

here I is the current (A) and F is the Faraday’s constant. In this way,
he corresponding water injection rate and necessary cathode air
ow rate were set for a given current density. A stoichiometry, �,
f 1 refers to the minimum air flow needed for the electrochem-
cal reaction defined by Faraday’s law. The stoichiometric ratio is
efined in Eq. (2):

= mO2,inlet

mO2,need
(2)

All stoichiometries here refer only to air on the cathode side
no hydrogen was used in the non-operating tests). For example,
stoichiometry of 2 uses the same liquid water injection rate at a
iven current density as a stoichiometry of 1, but with twice the air
ow rate.

The air flow rate and water injection rates for the simulated
urrent densities were run in both an ascending and descending
anner to determine the extent of hysteresis in the two-phase

ressure drop. Unless otherwise noted, each channel was purged
ith air before a trial to ensure a dry (single-phase) initial condi-

ion. In each experiment, the gas and water flow rates were first
ncreased in an ascending manner at simulated current densities
0, 100, 200, 400, 600, and 800 mA cm−2 and then decreased along
he same path, corresponding to simulated current densities 600,
00, 200, 100, and 50 mA cm−2. The incremental paths used for the
scending and descending current densities are referred to as the
scending approach and the descending approach. The pressure
rop curve resulting from the ascending approach is referred to as
he ‘ascending pressure drop’, and the pressure drop curve result-
ng from the descending approach is referred to as the ‘descending
ressure drop’. The magnitude of the incremental change in simu-

ated current density is the ‘step size’ (a change from 400 mA cm−2

o 600 mA cm−2 is an ascending step size of 200 mA cm−2). The
ow rates at each simulated current density were held for approxi-
ately 8 min (approximate due to manually changing the flow rate

f air and water), which gives the pressure drop sufficient time
o reach a steady state, and the pressure transducer signal was
ampled at 20 Hz.

. Results and discussion
.1. Pressure drop hysteresis in an operating fuel cell

The presence of two-phase flow hysteresis was first noted in
he operating fuel cell under baseline operating conditions. The
ysteresis in the operating cell motivated the further study in the
Cathode GDL 25 BC
CCM 5010 Gore (0.4 mg cm−2 Pt – both sides)
Oxidant gas Air
Flow fields 4 parallel, square channels: co-flow

non-operating mode. The conditions of the operating baseline are
listed in Table 2.

The polarization curve and ascending/descending pressure drop
results for the operating fuel cell are shown in Fig. 2. All operat-
ing conditions were controlled with a Hydrogenics 2 kW fuel cell
test station (Model No. G100). These polarization curves and pres-
sure drop curves were obtained following both an ascending and
descending path of current densities. The error bars represent the
standard deviation of each data set.

A clear difference between the ascending and descending pres-
sure drop is seen below current densities of 200 mA cm−2, which is
referred to as two-phase flow pressure drop hysteresis. To deter-
mine a hydrodynamic baseline for comparison to electrochemically
driven two-phase flow studies in the future, further investigations
were conducted with the same unit in a non-operating mode.

3.2. Effect of stoichiometry in the non-operating fuel cell

The gas stoichiometry can be used to convectively remove water
in PEM fuel cell flow channels, and fuel cell channel flooding is
particularly noted at low flow rates corresponding to low current
densities [20]. The ascending and descending pressure drop results
for stoichiometries of 1–5, which cover a typical range of fuel cell
operations [11], are shown in Fig. 3. SGL 25 BC was chosen as the
GDL because it is the one used on the cathode side of the operating
fuel cell. The experimental conditions are those discussed in Section
2. Triplicate experiments were done at each current density, and
these are the values reported in Fig. 3a. The error bars included for
a stoichiometry of 1 are from the standard deviation of the three
trials. Fig. 3b shows an individual result for the third trial of the 25
Fig. 2. Ascending and descending pressure drops from an operational fuel cell.
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3.3. Effect of GDL type: hydrophobicity and microporous layer

The GDL serves as the main barrier to water entering the flow
field channels of operating fuel cells, and the specific GDL can affect
ig. 3. (a) Effect of gas stoichiometry on two-phase pressure drop hysteresis for the 2
f 2.

t low simulated current densities during the descending approach
s a result of the large oscillations in signal due to the flow type.

ore discussion on the signal fluctuations is in Section 3.5.
The ascending pressure drop and descending pressure drop are

ot identical for stoichiometries in the range of 1–4. At a stoichiom-
try of 5, however, the pressure drops from flow ascending and
escending match each other. This pressure drop hysteresis effect
an be explained by how water enters and leaves the cathode flow
eld channels. At low simulated current densities, no water is being

ntroduced and the fluid flow in the channels is essentially single-
hase flow. Fig. 3b shows the results for single phase flow (air only)
ith the 25 BC GDL at a stoichiometry of 2, which illustrates how

he ascending pressure drop and single phase pressure drop are
he same when the simulated current density is less than or equal
o 400 mA cm−2. Water breakthrough is evident at a higher simu-
ated current density greater than or equal to 600 mA cm−2. In this
etup, it is not until these rates that a critical breakthrough pres-
ure is reached, as discussed by Bazylak et al. [9]. As the air flow is
owered in the descending approach, the injected water is unable
o be removed from the channels quickly, and the residual water
auses a higher pressure drop. This argument is true for lower stoi-
hiometries that are less than or equal to four. At stoichiometries of
and higher, the air flow is sufficient to remove all injected water

nd, as a result, residual water is not accumulated. Due to the equi-
ibrium addition and quick removal of water, the ascending and
escending pressure drops do not display a hysteresis in this higher
toichiometric range.

The extent of pressure drop hysteresis can be quantified by the
ercentage change between the ascending and descending pres-
ure drops, as shown in Fig. 4. The percentage change is defined
s [

�PDescending − �PAscending
]

Change =
�PAscending

× 100 (3)

A higher percentage change from ascending to descending pres-
ure drops indicates a more pronounced difference between the
escending and ascending pressure drop.
DL [Pgas = 0 kPag, Tgas = ambient, dry air]. (b) Individual trial result at a stoichiometry

Three different regions are drawn in this figure for illustrative
purposes. At a stoichiometry of 1, the hysteresis effect is large for all
simulated current densities because the low air flows are unable to
remove the residual water in the descending case (Region 1). Oper-
ation for stoichiometries in the range of 2–4 falls into Region 2,
where the hysteresis effect is not noted at high current densities
(≥600 mA cm−2). However, at lower simulated current densities
the air is unable to remove residual water in the descending case
and two-phase flow hysteresis appears. For a higher stoichiome-
try of 5 (Region 3), the hysteresis effect is eliminated because the
air flow is sufficiently high to prevent the accumulation of resid-
ual water. In this region, the percentage change between ascending
and descending pressure drop is consistently below 10%.
Fig. 4. Percentage change in ascending and descending pressure drops.
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ig. 5. Effect of MPL: SGL 25 BC and 25 BA at a stoichiometry of 2 [Pgas = 0 kPag,
gas = ambient, dry air].

he water flux through the GDL into the flow field channels [21]. Five
ifferent GDLs were tested and compared at a stoichiometry of 2
the baseline cathode stoichiometry for the operational fuel cell).
hese GDLs were chosen to investigate the effect of a microporous
ayer (MPL) and PTFE content on flow and hysteresis. Lee et al. [18]
ave shown these parameters to have an impact on observed flow
egime in fuel cell flow channels. The GDLs used in this research
nd their relevant specifications are shown in Table 1.

.3.1. Effect of the MPL
Fig. 5 shows the effect of the MPL by comparing SGL 25 BC

with MPL) and 25 BA (without MPL), which have the same PTFE
reatment but a different thickness due to the inclusion of an MPL.

These results show that both GDLs share the same descending
ressure drop but different ascending pressure drops. At the same
ir flow, the similar capability of expelling the residual water sug-
ests that the droplet detachment/removal dynamics are similar
or the two types of GDLs, which have the same PTFE content. The
scending pressure drop for the 25 BA GDL (no MPL) is lower, lead-
ng to a larger hysteresis zone. This result is because the available
ross-sectional area of the thicker GDL (25 BC) was reduced upon
ompression, an effect noted previously in numerical simulations
22]. This effect would lead to a higher ascending pressure drop
t lower simulated current densities, where the effect of water
reakthrough is not large. This result was confirmed in a single-
hase compression study with the 25 BC and 25 BA GDLs (dry
as, T = ambient, � = 2, Pgas = 0 kPag). From 0 to 100 psig compression
ressure, the single phase pressure drop increased by an average
f 24% for the 25 BC GDL and only 5% for the 25 BA GDL over the
anged of simulated current densities tested.
The effect of the MPL on two-phase flow hysteresis was also
tudied by comparing the 25 DC (20% PTFE, MPL) and TGPH-030
ith 20% PTFE GDL (no MPL). These results at a stoichiometry of 2

re shown in Fig. 6.

able 3
ercent change in pressure drop between the ascending and descending approach.

Simulated current
density (mA cm−2)

% change for the
25 BC GDL

% change for the
25 DC GDL

50 36 85
100 32 54
200 26 57
400 17 37
600 4 −1
Fig. 6. Effect of MPL: 25 DC vs. TGPH-030 20% PTFE at a stoichiometry of 2
[Pgas = 0 kPag, Tgas = ambient, dry air].

Both GDLs exhibit pressure drop hysteresis. The onset of two-
phase flow hysteresis happens at a higher current density and the
extent of the hysteresis is also greater for the GDL without MPL.
Table 3 shows the percentage change between the ascending and
descending case for the four GDLs. The data shows that the 25
DC GDL and 25 BC GDL (both with MPL) allow for water break-
through at a lower simulated current density, which correlates to
the enhanced liquid water removal abilities of the MPL discussed
by Pasaogullari et al. [23]. Water breakthrough at lower simulated
current densities reduces the difference between the ascending and
descending pressure drop. The later injection during the ascending
approach leads to a lower ascending pressure drop and therefore
more hysteresis once the water breaks through for the GDLs with
no MPL.

3.3.2. Effect of hydrophobicity
Fig. 7b–d show the effect of PTFE treatment by comparing TGPH-

030 with 0% PTFE, TGPH-030 with 20% PTFE, and 25 BA with 5%
PTFE, respectively. The single phase pressure drop result for each
GDL is also included to show the influence of two-phase flow on
the pressure drop.

Water breaks through the GDL with no PTFE at a lower flow
rate than the PTFE coated GDLs, leading to a higher ascending pres-
sure drop. Due to the higher pressure drop in the ascending case,
the hysteresis effect is only noted for the plain GDL at simulated
current densities of 200 mA cm−2 and lower. The prolonged break-
through with the TGPH-030 20% PTFE coated GDL led to a lower
ascending pressure drop and therefore a wider hysteresis zone. At
current densities below 200 mA cm−2, the plain GDL also exhibits
the TGPH-030 20% PTFE coated GDL. This is a result of the reduced
PTFE content, which hinders the droplet’s detachment from the GDL
surface due to higher hydrophilicity (wetting of the surface) [24].
The 25 BA GDL shows very similar results to the TGPH-030 20%

% change for the
25 BA GDL

% change for the TGPH-030
20% PTFE GDL

140 90
72 73
75 64
47 49
17 25
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For example, the pressure drop at 50 mA cm−2 is the same whether
the path goes from 800 → 400 → 200 → 100 → 50 mA cm−2 or from
800 → 50 mA cm−2. This result implies that the balance of water
introduced and subsequently accumulated at each operating con-

Table 4
Descending approach experiments on the effect of step size.

Trial number Descending approach (mA cm−2)
ig. 7. Effect of PTFE treatment: (a) three GDLs, (b) TGPH-030 with 0% PTFE, (c) TGP

TFE coated GDL. The percentage difference between these GDLs,
efined as

ChangeGDLs =
[

�P25BA − �PTGPH-030,20%

�P25BA

]
× 100 (4)

s on average less than 4%. This result indicates that additional PTFE
20% vs. 5%) does not influence the extent of the hysteresis.

.4. Effect of simulated current density range

The range over which the simulated current density was varied
s explored in this section by studying the effect of an ascending
pproach up to 400 mA cm−2 and up to 1600 mA cm−2. The base-
ine GDL (SGL 25 BC) and baseline operating conditions (dry gas,
mbient temperature, � = 2) were used in this study. The results for
he final ascending current densities to 1600, 800, and 400 mA cm−2

re shown in Fig. 8a–c, respectively.
If a minimum water injection rate is not reached, as in the

ase of 400 mA cm−2, there is no breakthrough so no hysteresis is
bserved. For a final current density of 800 mA cm−2, the break-
hrough of water causes accumulation that cannot be removed
ffectively by the descending airflow, leading to hysteresis. The case
f 1600 mA cm−2 follows the same hysteresis behavior in the same
one as the 800 mA cm−2 case. However, above a current density
f 800 mA cm−2 the air flow is able to remove the injected water at
sufficient rate. An equilibrium between air flow, water injection

ate, and accumulation is established so that there is no hysteresis

ffect in the high flow rate range. Below 600 mA cm−2, an equi-
ibrium no longer exists (as in Fig. 8a). Accumulated water in the
hannels at lower air flows (below 600 mA cm−2) causes a higher
ressure drop in the descending case, establishing two-phase hys-
eresis.
0 with 20% PTFE and (d) 25 BA with 5% PTFE [Pgas = 0 kPag, Tgas = ambient, dry air].

3.5. Effect of descending step size

In the previous experiments, the simulated current density was
incrementally increased to 800 mA cm−2 and then descended along
the same path (600, 400, 200, 100, 50 mA cm−2). Four trials were run
to analyze the effect of the initial descending step size. Each exper-
iment began at 800 mA cm−2 (no ascending approach), and the
descending approach step size was changed with each simulated
current density held for approximately 8 min. The experimental
approaches are given in Table 4.

Each cluster of results in Fig. 9 shows the total difference in
pressure drop between the pressure drop at 800 mA cm−2 and
the pressure drop at each current density, i.e. �P800 mA cm−2 −
�P50 mA cm−2 . For example, 800 → 50 mA cm−2 contains five boxes
since each trial ended at 50 and 800 → 600 mA cm−2 only has one
box since only one trial includes the 600 mA cm−2 operating point.

The results show that the decrease in pressure drop from the
pressure drop at 800 mA cm−2 to each lower current density is sim-
ilar within experimental error regardless of the size of the jump.
0 (previous baseline) 800 → 600 → 400 → 200 → 100 → 50
1 800 → 400 → 200 → 100 → 50
2 800 → 200 → 100 → 50
3 800 → 100 → 50
4 800 → 50
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the cathode flow channel full of water. The initial condition in all
flooding cases quickly became a combination of droplets on the
GDL surface, liquid slugs (water droplet touching all four walls), and
annular droplets (water film on the gold-coated channel walls).
Fig. 8. Final current density: (a) 1600 mA cm−2, (b) 800 mA

ition quickly reaches equilibrium. However, the dynamic behavior
f the pressure drop signals is different depending on the size of the
escending step change, as reflected in the pressure drop signals
hown in Fig. 10 for the two cases.

The average pressure drops within the standard deviation of
he data set are similar despite clearly different dynamic behavior.
owever, when a multi-step approach is used (800 to 400, 200,
00, 50 mA cm−2), the resulting pressure drop at 50 mA cm−2 fluc-
uates much more than the single-step approach to 50 mA cm−2

rom 800 mA cm−2. From visual inspection using the optical win-
ow in the fuel cell, no noticeable difference was observed in the
ow pattern and no large slugs were noticeable. For practical fuel

ell operation, it would be useful to have a stable pressure drop
ignal, and thus the step size during operational changes should be
onsidered.

Fig. 9. Difference in pressure drop from the 800 mA cm−2 pressure drop.
and (c) 400 mA cm−2 [Pgas = 0 kPag, Tgas = ambient, dry air].

3.6. Effect of an initially flooded state

All previous experiments began with dry cathode flow field
channels. However, it is also important to explore the pressure drop
hysteresis when the channels are already flooded since the current
density of an operational fuel cell could be changed in either an
ascending or descending manner once water is already in the chan-
nels. Initial flooding in the channels was accomplished by injecting
Fig. 10. Pressure fluctuation signals for two approaches to 50 mA cm−2: (a) pressure
drop signals, and (b) average and standard deviation.
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ig. 11. Effect of initial condition: dry vs. flooded for the SGL 25 BC GDL [Pgas = 0 kPag,
gas = ambient, dry air].

The initially flooded case exhibited pressure drop hysteresis, but
he ascending pressure drop was higher than the descending case.
his result is the opposite of the dry start case. A typical case is
hown in Fig. 11 for the SGL 25 BC GDL at an air stoichiometry of 2.

In the dry start case, the pressure drop for the ascending
ase is lower than the descending case because the accumulated
ater from the ascending approach could not be removed by the

ower air flow rates in the descending case. Since the amount of
ater initially present in the flooded channels is greater than the

mount accumulating from water breakthrough after a dry start,
he ascending pressure drop for a flooded start was higher than the
nitially dry ascending or descending pressure drop. Once a suffi-
ient air flow is reached in the initially flooded ascending case (e.g.
= 2, i = 800 mA cm−2), most of the initial water is expelled from

he channels. The remaining water is from the breakthrough pro-
ess and therefore the descending pressure drops are similar for the
ry and flooded start. Similar results were observed with the SGL
5 BC (5% PTFE) and TGPH-030 (20% PTFE) GDLs. In both cases, the
scending pressure drop was higher than the descending pressure
rop when the channels were initially flooded. However, a differ-
nce was observed with the plain TGPH-030 (0% PTFE) GDL. The less
ydrophobic nature of this GDL did not facilitate water removal like
he others and no hysteresis effect was noted between the ascend-
ng and descending cases of the initially flooded experiments.

All of these specific results also depend on the surface wettabil-
ty of the landings and channel walls. Bazylak et al. [25] studied
urface wettability and showed a hydrophilic solid surface, like
he gold-coated flow field used in the current study, favors droplet
preading and liquid water entrapment between the GDL and land-
ng width. These observations help explain why water spreads in
he initial startup of the flooded experiments. In addition, land
ouching droplets tend to grow faster in an operating fuel cell as
hown by Ous et al. [26], which complicates the water removal
echanism and can influence the pressure drop.

. Implications in the operating fuel cell

These results have practical implications in operating fuel cells.
he additional pressure drop due to hysteresis means that more

ower is needed for the compressor to supply air, resulting in a
arasitic power loss. These parasitic losses must be avoided for the
uel cells to obtain high overall efficiency, confirming the impor-
ance of proper water management in the flow field channels of
EM fuel cells. The ideal power [27] for an adiabatic compressor to
Fig. 12. Ratio of compressor work for the descending to ascending approach.

increase the air pressure from P1 to P2 is

Wcomp,ideal = ṁair,in · cp · T1

[(
P2

P1

)(k−1)/k

− 1

]
(5)

Thus, any situation resulting in a higher pressure drop will lead
to a higher parasitic power loss. A ratio of the work needed for an
ideal compressor between the ascending and descending case for
two experiments are shown in Fig. 12. The first experiment refers to
the third trial of the 25 BC GDL at a stoichiometry of two (Fig. 3b) and
the second case refers to the maximum current density reaching
1600 mA cm−2 with the 25 BC GDL at a stoichiometry of 2 (Fig. 8a).

A ratio greater than one means more work is needed to sup-
ply the appropriate air flow during the descending path, which
means a higher parasitic power loss. Above 800 mA cm−2, there is
no increase in compressor work but below 600 mA cm−2, the ratio
is greater than one due to the hysteresis effect. Additional mechan-
ical and electrical inefficiencies make the actual parasitic power
loss even higher. The hysteresis effect was eliminated in the non-
operating experiments at a high stoichiometry of 5, but this would
result in 5 times the power needed for the compressor due to the
increased mass flow of air.

5. Conclusions and future work

Two-phase flow pressure drop hysteresis was studied in a fuel
cell under non-operating conditions at ambient temperature and
without humidification to establish a hydrodynamic baseline for
the fuel cell. Hysteresis is noted when the air flow rate and water
injection rate (determined from Faraday’s law) are increased and
then decreased along the same path, but exhibit different pres-
sure drops. These results are relevant to fuel cell applications that
experience a load cycle, such as automotive applications, where an
additional pressure drop would increase the parasitic power loss of
the system. Initially, little water is able to enter the channel because
the pressure barrier through the GDL is too high. At sufficiently
high current densities, enough water is forced into the cathode
flow field channels to cause water accumulation. As the air flow
rate decreases along the same path, the water is not sufficiently
expelled and remains in the channels, causing a pressure drop hys-
teresis between the ascending and descending cases. The following

conclusions were drawn from the non-operating experiments:

1. Two-phase flow hysteresis is eliminated at stoichiometries of
5 and higher. Sufficient air flow is able to remove the water
entering the channels in the ascending and descending case at
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this stoichiometry, leaving no residual water to induce a two-
phase pressure drop hysteresis. However, a high air flow rate
also requires additional work from the air compressor.

. The inclusion of an MPL and PTFE coating changes the ascend-
ing pressure drop. The MPL leads to a thicker GDL, which can
reduce the cross-sectional area upon compression and therefore
increase the pressure drop. Water is able to break through the
GDLs with the MPL at lower ascending current densities, reduc-
ing the size of the hysteresis zone. PTFE facilitates water removal
and reduces the extent of the hysteresis, which can be seen at
lower current densities (<200 mA cm−2) where the TGPH-030 0%
PTFE GDL has a higher descending pressure drop than the 25 BA
(5% PTFE) and TGPH-030 20% PTFE coated GDLs.

. Two-phase flow hysteresis is noted only once a critical water
injection rate (simulated current density) is reached to allow suf-
ficient water to enter the channels. Also, high current densities
have a high enough air flow rate to remove the same amount of
water in the ascending and descending case. Thus, a hysteresis
zone is only noted when enough water has entered the channels
and the subsequent air flow is too low for water to be removed. In
the current study, conditions equivalent to a critical current den-
sity of 800 mA cm−2 were identified as necessary for a hysteresis
zone.

. The step size in the descending approach does not affect the mag-
nitude of the two-phase flow pressure drop hysteresis. However,
the pressure drop signal with a large decreasing step size shows
lower fluctuations than the signal with more small steps.

. The hysteresis effect is inverted when the channel is initially
flooded for the 25 BA, 25 BC, and TGPH-030 with 20% PTFE GDLs.
When water is initially in the channels, the ascending pressure
drop is higher than the descending case since the air flow at
low current densities is insufficient to remove the original water.
In the initially dry or flooded cases, the same descending pres-
sure drop is noted. An exception to this is the non-treated GDL
(TGPH-030 0% PTFE), where no hysteresis is noted for an ini-
tially flooded case. The water initially present in this case does
not detach from the GDL surface, which creates the same flood-
ing condition, and therefore the same pressure drop, in both the
ascending and descending approach.
Work is currently being continued in our lab on studying two-
hase flow hysteresis with humidified and heated gases now that a
ydrodynamic baseline has been established. This work will serve
s a further step toward the goal of studying two-phase flow hys-

[
[

[
[

ources 195 (2010) 4168–4176

teresis in an operating (electrochemically active) fuel cell, where
the hydrodynamic results can be analyzed in correlation to the fuel
cell performance.
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