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� Microgravity experiments are operated at lower temperature.
� Channel orientations affect the performance of PEMFCs in a microgravity environment.
� Water in vertical channels is easily expelled in microgravity environment.
� Gravity slightly affects the two-phase flow behaviors of PEMFCs with horizontal channels.
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a b s t r a c t

In this work, proton exchange membrane fuel cells (PEMFCs) with transparent windows are designed to
study the gas-liquid two-phase flow behaviors inside flow channels and the performance of a PEMFC
with vertical channels and a PEMFC with horizontal channels in a normal gravity environment and a 3.6 s
short-term microgravity environment. Experiments are conducted under high external circuit load and
low external circuit load at low temperature where is 35 �C. The results of the present experimental work
demonstrate that the performance and the gas-liquid two-phase flow behaviors of the PEMFC with
vertical channels exhibits obvious changes when the PEMFCs enter the 3.6 s short-term microgravity
environment from the normal gravity environment. Meanwhile, the performance of the PEMFC with
vertical channels increases after the PEMFC enters the 3.6 s short-term microgravity environment under
high external circuit load, while under low external circuit load, the PEMFC with horizontal channels
exhibits better performance in both the normal gravity environment and the 3.6 s short-term micro-
gravity environment.

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

PEMFCs, which exhibit high energy conversion efficiency, low
operating temperature, clean emission, and circularity, can be
widely utilized in aerospace, military, and air independent
nhanced Heat Transfer and
Transfer and Energy Conver-
ering, Beijing University of
propulsion (AIP) diving equipment, etc. Fuel cell technology was
first utilized in GEMINI spacecraft by the National Aeronautics and
Space Administration (NASA) [1], and an alkaline fuel cell (AFC)
systemwas successfully utilized in the APOLLO mission in 1960s. A
novel AFC system with an asbestos membrane (PC17-C) was
developed by the United Technology Corporation, and an electricity
generator equipped with a PC17-C AFC system was successfully
utilized in a spacecraft in 1981. By the late 1980s, researchers
realized that AFCs were easily contaminated by carbon dioxide, and
asbestos were pernicious to health. Studies on AFCs were shifted to
PEMFCs, which exhibited higher efficiency, lower cost, and longer
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life span; thus, AFCs had almost been replaced by PEMFCs [2,3].
PEMFCs system in space crafts worked as electricity generators and
reactant generating devices, which were called regenerative fuel
cell (RFC) [4].

Water management, which determines the characteristics of
gas-liquid two-phase flow and mass distribution, significantly af-
fects the output performance of PEMFCs [5e7]. Liu et al. [8] criti-
cally reviewed the studies related to interfacial phenomena and
heat management, which showed close relationships with water
and heat management; meanwhile, interfacial phenomena effects
on water and heat behaviors in a PEMFC were discussed further,
which made great contributions to the study of water and heat
management in PEMFCs. To experimentally study the two-phase
flow behaviors and obtain the images, many approaches had
been adopted including the X-ray radiographic method, neutron
radiography method, fluorescence microscopy method and
installing a transparent window on the end plate. Many researchers
[9e13] studied the water transportation and accumulation inside
the chamber using neutron radiography method and fluorescence
microscopymethod. Meanwhile, many researchers [14e16] studied
the liquid water transportation and accumulation behaviors in the
inner space of a PEMFC using X-ray radiographic method. The
method mentioned above, including the neutron radiography
method, fluorescence microscopy method and X-ray radiographic
method, were of high cost and needed high space occupation and
could not directly supply the images of gas-liquid two-phase flow
behaviors [17]. Some researchers [18e20] developed PEMFCs with
transparent windows to capture images of the gas-liquid two-
phase flow of the inner chamber of PEMFCs. Chen et al. [21]
investigated the air-water two-phase flow behaviors in parallel
channels of a PEMFC with a self-designed transparent cathode
plate, and they observed that channels filled by porousmedia could
optimize water management in PEMFCs. Weng et al. [22,23]
experimentally investigated the water flooding in the cathode of
a PEMFC with a transparent end plate, and they discovered that
operating conditions (e.g., cell temperature and gas flow rate)
significantly affected the water flooding behaviors and perfor-
mance of a PEMFC. Tüber et al. [24] studied two-phase flow and
transportation behaviors in the cathode of a transparent serpentine
PEMFC, and they found that air stoichiometry, temperature, air
humidity, and other parameters affect water transportation be-
haviors. Spernjak et al. [25] experimentally investigated the liquid
water formation and transportation behaviors in a PEMFC with a
transparent single-serpentine flow field, and they observed that a
high amount of water in channels indicated more effective removal
of water from the catalyst layer. Hu et al. [26] designed 3 single
PEMFCs with transparent end plates and compared their perfor-
mance, the results showed that the performance of a conventional
fuel cell was better than the performance of a fuel cell with
transparent end plates.

The studiesmentioned abovewere conducted experimentally to
investigate the effects of flow field structures and membrane
electrode assembly (MEA) properties on gas-liquid two-phase flow
and performance of PEMFCs, whereas the effect of gravity on gas-
liquid two-phase flow and performance were investigated as
well. Najjari et al. [27] developed a one-dimensional (1-D) and
transient model to investigate the effects of gravity on water
accumulating at the interface between catalyst layer and gas
diffusion layer in a PEMFC. They observed that gravity had signifi-
cant effects on the transient time and voltage under stable condi-
tions. Chen et al. [28] experimentally studied the effects of cathode-
upward position and anode-upward position on water removal in
the cathode of a PEMFC at different operating conditions, and they
remarked that the anode-upward position was advantageous in
removing water from the cathode, which led to greater
performance of PEMFC. Nishida et al. [29] investigated water
blockage in the cathode flow field using in-situ visualization
method, and the results showed that liquid water was easily
removed from horizontal channels. Lee et al. [30] experimentally
studied the channel orientation effects on the polarization curves of
PEMFCs with serpentine flow channels, which showed that
different channel orientations affected the performance of PEMFCs
under the effects of gravity on water removal.

Due to the obvious effects of gravity level on two-phase flowand
performance in PEM-based fuel cells, the authors [31e35] of the
present work did a series of studies on two-phase flow behaviors
and performance of direct methanol fuel cells in microgravity as
well. Few studies on fuel cells in microgravity have been reported,
whereas some researchers focused on the study of two-phase flow
in microgravity. Li et al. [36] presented a theoretical model to study
the surface force effects on droplet expelling in microgravity, and
simulation results showed that an external force was required to
move the droplet on the solid surface. Zhao et al. [37e40] presented
a semi-theoretical Weber number model to predict the flow tran-
sition and gas-liquid two-phase flow in microgravity, and results of
this work became a powerful aid for the further investigation of
two-phase flow in microgravity; meanwhile, experiments were
conducted on two-phase flow pattern in microgravity as well.
Narcy et al. [41] experimentally studied the forced convection
boiling behaviors of HFE-7000 in normal gravity and microgravity,
and they also analyzed the flow pattern and heat transfer behaviors
inside the flow channels. Konishi et al. [42,43] studied the flow
boiling behaviors of FC-72 in microgravity and analyzed the effects
of different operating condition on the flowboiling behaviors under
different gravity conditions. Jong et al. [44] investigated the two-
phase annular flow under different flow behaviors in micro-
gravity using the film thickness time trace measurements.

Space power equipment is one of the most promising applica-
tion areas for PEMFCs. Gas-liquid two-phase flow behaviors
significantly affect the performance of a PEMFC. Because of the
specificity of the experimental environment of microgravity,
several previous researchers conducted experiments in micro-
gravity to investigate the gas-liquid two-phase flow behaviors and
performance of PEMFCs at 65 �C high temperature [35]. PEMFCs
working at 65 �C needs heating devices and energy consumption
and therefore PEMFCs working at lower temperature are more
suitable for the application in space power equipment. In the pre-
sent experimental work, a PEMFC with vertical channels and a
PEMFC with horizontal channels are designed to investigate the
performance changes and the gas-liquid two-phase flow charac-
teristics under different external circuit loads at a normal gravity
environment and a 3.6 s short-term microgravity environment at a
lower temperature where is 35 �C. To make the testing system light
and simple, PEMFCs with transparent windows are designed to
capture the images of two-phase flow behaviors instead of using
other complicated method like neutron radiography method,
fluorescence microscopy and X-ray radiography method etc. Per-
formance curves and images of gas-liquid two-phase flow behav-
iors are obtained to investigate the performance and gas-liquid
two-phase flow behaviors of a PEMFC with vertical channels and a
PEMFC with horizontal channels under high external circuit load
and low external circuit load in a normal gravity environment and a
3.6 s short-term microgravity environment.

2. Experimental

2.1. Microgravity supplying

A 3.6 s short-time microgravity environment was supplied by a
drop capsule in a drop tower (shown in Fig. 1), which was supplied



Fig. 1. Microgravity supplying.
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by the National-Microgravity Laboratory, Institute of Mechanics,
Chinese Academic of Science (CAS). The drop capsule in which the
fuel cell component and testing system were installed was freely
dropped from the top of the 83 m high drop tower, and a 3.6 s, 10�2

to 10�3 gmicrogravity environment was obtained. The drop capsule
was recovered by a recovery string bag after the free falling period
that a 3.6 s short-term microgravity environment could be ob-
tained. The testing system was installed in the completely closed
drop capsule and operators could not operate the testing system
directly. The PEMFC had been running in a steady condition for
90e120 min before it was dropped.
2.2. Testing system

A testing system in which PEMFC components and testing sys-
tem devices were installed was constructed in the present work
(shown in Fig. 2). The entire testing system contained gas tanks, gas
pressure-reducing valves, gas filters, gas regulators, one-way gas
valves, external circuit load and PEMFCs, electromagnetic gas
valves, external circuit loads, a high speed video camera, temper-
ature controllers, I/O interfaces, and auxiliary components.
2.3. Fuel cell components

To investigate the gas-liquid two-phase flow behaviors in
cathode flow channels, PEMFCs with transparent windows were
designed in this experimental work (shown in Fig. 3). A transparent
end plate was utilized at the cathode side of a single cell to obtain
the images of gas-liquid two-phase flow behaviors in channels. The
PEMFC was constructed by a MEA, flow field plates in anode and
cathode, anode end plate, a transparent end plate in cathode and a
cathode clamp plate. The MEA, which contained a proton exchange
membrane (Nafion112), catalyst layers in anode and cathode, gas
diffusion layers (GDL) in anode and cathode, was supplied by BCS
Fuel Cells Inc. The active area of the present MEA was 25 cm2 and
catalyst load was 1 mg cm�2. The information of the fuel cell
component were listed in Table 1. The reactant gas supplied to the
anode was non-humidified hydrogen, while the reactant gas sup-
plied to the cathode was non-humidified oxygen.

2.3.1. Anode flow field components
The anode end plate was made of aluminum alloy, which was of

low-weight, goodmechanical processing, good oxidation resistance
and good thermal conductivity. Therefore, the present anode end
plate made of aluminum alloy in this work could reduce the total
weight of the testing system, which could be utilized in the present
drop tower experiments.

The anode flow field plate was made of graphite, which could
barrier gas, collect current, conduct heat and resist corrosion. A
serpentine flow field structure was used in this experimental work
and the dimensional parameters of the serpentine flow field
included the channel width, channel depth, and ribwidth, which all
measured 2 mm.

2.3.2. Cathode flow field components
To observe the gas-liquid two-phase flow behaviors in the inner

place of the cathode flow channels, a transparent end plate made of
polycarbonate was used in this experimental work. This kind of
transparent end plate design probably decreased the performance
of a fuel cell [45]. The light transmittance of the transparent cath-
ode end plate in this work was 90% and the polycarbonate material
was of good mechanical processing and good mechanical strength.
To avoid bending of the polycarbonate plate edge, which lead to bad
hermetic seal, a cathode clamp plate with a window was con-
structed on the outside of the transparent cathode end plate.

The material of the cathode flow field plate was the same with
that of the anode flow field plate and the flow field structure was
processed in the form of serpentine structure. The dimensional
parameters of the cathode flow field were as well same with the
anode flow field.

2.4. Data collection

Data obtained for the present working fuel cell in the normal
gravity environment and the 3.6 s short-term microgravity envi-
ronment were collected using a multifunctional data collector
(AQU1616B) with 8 analogue voltage input channels. Reactant gas
flow rate, cell temperature, gravity signal, current density, and
voltage were collected using this device. The start-up time of the
data collector was 10 s before the dropping of the capsule and the
data collector was turned off after 100 s.

2.5. High speed camera

To capture the images of the gas-liquid two-phase flow behav-
iors, which had quick change and transfer of the gas-liquid two-
phase flow interface, a high speed camera (VITcam CTC; AOS



Fig. 2. Experimental set up.
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Technologies AG, Switzerland) was utilized in this experimental
work, which was suitable for the microgravity experiments oper-
ated in a drop tower. The high speed camera in this work had a
resolution of 1280 � 1024 and 8 GB cache space. The maximum
shooting speed of this high speed camera was 32000 frame s�1. To
record the gas-liquid two-phase flow behaviors in the channels of
the PEMFCs, we selected the shutter speed of 1/1000 s and the
recording speed of 1000 frames s�1 to capture the images of the
gas-liquid two-phase flow behaviors in the flow channels. In the
meantime, a group of light-emitting diodes were used to lighting
the channels, which could make the captured images clear.

3. Results and discussion

3.1. Operating conditions and polarization curve

Polarization curves of the PEMFCs in the present work are
shown in Fig. 4, where X-axis stands for the current density, and Y-
axis represents the voltage. H2 flow rate was 180 ml min�1, and O2
flow rate was 60 ml min�1, respectively. The present PEMFCs were
operated at 35 �C, where the PEMFC could be started up quickly and
no heating devices were needed [46]. The present experimental
work was conducted under R1 ¼ 0.03 U and R2 ¼ 0.01 U. The purity
of the hydrogen and the oxygen used in this experimental work are
both 99.999%. Curves in Fig. 4 shows the data experimentally ob-
tained half a month before the hollow points and the solid points
were tested and the points fit the curves well, whichmeans that the
experimental data obtained in this work shows a good repeat-
ability. Fig. 4 also shows the polarization curves of the PEMFC with
horizontal channels and the PEMFC with vertical channels, which
reveals that in the normal gravity environment, the PEMFC with
horizontal channels exhibited higher current density compared
with the PEMFC with vertical channels under the low external
circuit load (R2). What accounts for this is that: in the normal
gravity environment, the liquid water accumulates at the bottom of
the vertical channels, while the liquid water can be swept away
with the flowing gas in the horizontal channels and the liquid water
is not accumulated in the horizontal channels. The concentration
polarization of the PEMFC with horizontal channels is lower
compared with the PEMFC with vertical channels. Therefore, in the



Fig. 3. The PEMFC with a transparent window.

Table 1
Information of the fuel cell components.

Item Data Item Material

Active area 25 cm�2 Membrane Nafion 112
Pt load 1 mg cm�2 Anode end plate Aluminum

alloy
Anode flow channel

number
11 Anode flow filed plate Graphite

Anode flow channel depth 2 mm Cathode clamp plate Aluminum
alloy

Anode flow channels width 2 mm Cathode flow filed
plate

Graphite

Flow channel number 11 Transparent end plate Polycarbonate
Cathode flow channel

depth
2 mm

Cathode flow channel
width

2 mm
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normal gravity environment, the PEMFC with horizontal channels
exhibits better performance compared with the PEMFC with ver-
tical channels.
Fig. 4. Polarization cures of PEMFCs in the normal gravity environment.
3.2. High external circuit load operating regime

Fig. 5 shows the performance of the PEMFC with vertical
channels and the PEMFC with horizontal channels in the normal
gravity environment and the 3.600 s short-term microgravity
environment under high external circuit load (R ¼ R1), where the
operating conditions were: H2 ¼ 180 ml min�1, O2 ¼ 60 ml min�1,
Tcell ¼ 35 �C. Fig. 5(a) and (b) show the performance changes of the
present PEMFCs with the gravity change, where X-axis stands for
the testing time and Y-axis stands for the voltage (left side) and the
current density (right side) respectively. While Fig. 5(c) shows the
performance comparison between the PEMFC with vertical chan-
nels and the PEMFC with horizontal channels in the normal gravity
environment and the 3.6 s short-term microgravity environment,
while X-axis as well stands for the testing time and Y-axis stands for
the voltage (left side), the power density (right side) and the cur-
rent density (right side). The PEMFC enters the 3.6 s short-term
microgravity environment at 0.000 s, whereas the PEMFCs are
operated in the normal gravity environment before 0.000 s. The
short-term microgravity environment lasts 3.6 s and afterward,
obvious fluctuation can be observed from the gravity signal curves,
which means that the PEMFC enters an environment of alternating
high gravity and microgravity (shown in Fig. 5(a) and (b)).

Curves in Fig. 5 show that the current density and the power
density of the PEMFC with vertical channels are lower compared
with those of the PEMFC with horizontal channels in the normal
gravity environment, whereas the current density and the power
density of the PEMFC with vertical channels are higher than those
of the PEMFC with horizontal channels in the 3.6 s short-term
microgravity environment. Therefore, under high external circuit
load, the PEMFCwith vertical channels exhibits better performance
compared with the PEMFC with horizontal channels in the short-
term microgravity environment that lasts 3.6 s, while the PEMFC
with horizontal channels exhibits better performance compared



Fig. 5. Performance behaviors of the PEMFC with vertical channels and the PEMFC with horizontal channels under the normal gravity environment and the short-termmicrogravity
environment with high external load (R1). H2: 180 ml min�1, O2: 60 ml min�1, Tcell: 35 �C, R ¼ R1.
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with the PEMFC with vertical channels in the normal gravity
environment. What accounts for this is that: in the 3.6 s short-term
microgravity environment, under high external circuit load, less
liquid water accumulates in vertical channels and it is more
beneficial to the electrochemical reaction compared with that in
horizontal channels.

In addition, curves in Fig. 5 show that the voltage, current
density, and power density of the PEMFC with vertical channels
under high external load obviously increases and the current
density increases by 5.5% when the PEMFC entered the 3.6 s short-
term microgravity environment from the normal gravity environ-
ment. However, the voltage, current density and power density of
the PEMFC with horizontal channels exhibits slight change and the
current density slightly decreases by 1.0% when it enters the 3.6 s
short-term microgravity environment. What accounts for this is
that: before the PEMFC enters the 3.6 s short-term microgravity
environment, liquid water accumulates at the bottom of vertical
channels, which results in higher polarization concentration and
lower performance of the PMEFC. However, when the PEMFC with
vertical channels enters the 3.6 s short-term microgravity
environment, the water expulsion process is obvious in vertical
channels and the accumulated water can be expelled out from the
vertical channels, which causes an obvious change in the gas-liquid
two-phase flow behaviors in the PEMFC with vertical channels and
improve the performance of the PEMFC. While the horizontal
channels are of benefit to the expulsion of the liquid water in both
normal gravity environment and the 3.6 s short-term microgravity
environment, which results in slight changes in the gas-liquid two-
phase flow behaviors and performance. Meanwhile when the
PEMFC enters the 3.6 s short-term microgravity environment, the
liquid water on the surface of the horizontal channels ascends and
blocks the pores of the GDLs without the gravity effect, which ac-
counts for the slight decrease in performance. The gas-liquid two-
phase flow behaviors are shown in the images in Fig. 6.

Fig. 6 shows the gas-liquid two-phase flow behaviors of the
PEMFC with vertical channels and the PEMFC with horizontal
channels in the normal gravity environment and the 3.6 s short-
term microgravity environment under high external circuit load
(R1). Images are captured every 0.5 s, and the PEMFC enters the
short-term microgravity environment at 0.000 s. Fig. 6(b) shows



Fig. 6. Gas-liquid two-phase flow behaviors in cathode flow channels in the normal
gravity environment and the short-term microgravity environment. H2: 180 ml min�1,
O2: 60 ml min�1, Tcell: 35 �C, R ¼ R1.
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that the liquid droplets adhering to the surface of the internal wall
can be observed before 0.000 s, while they starts to disappear after
0.000 s. Meanwhile during the working period in the normal
gravity environment, liquid water of the electrochemical reaction
accumulates at the bottom of channels under the action of gravity
in vertical channels, while the accumulated water flows to the
outlet when the PEMFC enters the 3.6 s short-term microgravity
environment, as shown in Fig. 6(b). Liquid droplets adhering to the
surface of the internal wall under the action of surface tension are
clearly observed before the PEMFC enters the 3.6 s short-term
microgravity environment. Liquid water transfers under the ac-
tion of gas inertia and flows back to the bottom of ascending
branches in channels under the effect of gravity, which induces the
gas-liquid separation and flooded zone formation as the gas keep
flowing to the outlet of channels. Formation of the flooded zone in
channels results in the blockage of channels and the increase of the
gas transfer resistance in channels. Meanwhile, the water-covered
zone of the MEA prevents the reaction gas from entering the gas
diffusion layers, thereby leading to the blockage of electrochemical
reaction zone, which reduces the electrochemical reaction rate.
However, when the PEMFC enters the short-term microgravity
environment, because of the disappearance of gravity effect, liquid
water accumulates at the bottom of uphill channel move with the
flowing gas, which sweep the liquid droplets adhering to the sur-
face of the internal wall away, and the liquid droplets move to the
outlet of channels with the flowing gas. The interface between gas
and liquid can be clearly observed and is not separated. The
channels flooded by liquid water are exposed, and the gas transfer
resistance in channels is reduced after the liquid water is expelled
out of channels with the flowing gas. Thus, the concentration po-
larization is weakened, and the electrochemical reaction rate of the
PEMFC is improved after the PEMFC enters the 3.6 s short-term
microgravity environment, which causes the increase of the per-
formance at 0.000 s (shown in Fig. 5).

The gas-liquid two-phase flow behaviors of the PEMFC with
horizontal channels under high external load (R1) are shown in
Fig. 6(d). Images in Fig. 6(d) show that the liquid droplets adhering
to the surface of the internal wall can be observed before and after
0.000s. During the normal gravity working period (before 0.000 s),
the liquid produced water can flow with the flowing gas and the
liquid droplets adhering to the surface of the internal wall are not
swept away by the flowing liquid water. Because most liquid water
is swept away by the flowing gas at the first time when it appears
on the surface of the GDL and little liquid water is accumulated on
the surface of horizontal channels. When the PEMFC enters the
3.6 s short-termmicrogravity environment (after 0.000 s), even the
gravity effect disappears, the liquid droplets adhering to the surface
of the internal wall are not swept away by the liquid water. What
accounts for this is that: little accumulated water could flow with
the flowing gas without the gravity effect and sweep the liquid
droplets adhering to the surface of the internal wall away. The flow
behaviors of the liquid water in channels are same in both normal
gravity environment and the 3.6 s short-term microgravity envi-
ronment and the produced liquid water do not touch the liquid
droplets adhering to the surface of the internal wall of channels.
Therefore, no obvious changes in the gas-liquid two-phase flow is
observed after the PEMFC entered the 3.6 s short-termmicrogravity
environment, which accounts for the obscure change in the con-
centration polarization and the performance of the PEMFC with
horizontal channels (shown in Fig. 5).

3.3. Low external circuit load operating regime

Fig. 7 shows the performance of the PEMFC with vertical
channels and the PEMFC with horizontal channels in the normal



Fig. 7. Performance behaviors of the PEMFC with vertical channels and the PEMFC with horizontal channels under the normal gravity environment and the short-term microgravity
environment with low external load (R2), H2: 180 ml min�1, O2: 60 ml min�1, Tcell: 35 �C, R ¼ R2.
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gravity environment and the 3.6 s short-term microgravity envi-
ronment under low external circuit load (R ¼ R2). Fig. 7(a) and (b)
show the performance changes of the PEMFCs with the gravity
change. While Fig. 7(c) shows the performance comparison be-
tween the PEMFC with vertical channels and the PEMFC with
horizontal channels in the normal gravity environment and the
3.6 s short-term microgravity environment. The fluctuation curve
of alternating high gravity and microgravity in Fig. 7(a) is not
collected because the data collection device is accidentally turned
off, but this emergency do not affect the results of the present
experimental work.

Curves in Fig. 7 show that the increase in voltage, current den-
sity and power density of the PEMFCwith vertical channels appears
and the current density increases by 8.8% when the PEMFC enters
the 3.6 s short-term microgravity environment, whereas slight
decrease are observed in the PEMFC with horizontal channels and
the current density decreases by 0.7%. This phenomenon is same
with the case under high external circuit load and the reason for
this is same as well. In addition, under low external circuit load, the
PEMFC with horizontal channels exhibits higher power density and
higher current density compared with the PEMFC with vertical
channels in both normal gravity environment and the 3.6 s short-
term microgravity environment. What accounts for this is that:
the water in horizontal channels can be expelled out more easily
compared with that in vertical channels in both normal gravity
environment and the 3.6 s short-term microgravity environment.
Meanwhile, water content in the PEMFCwith horizontal channels is
more beneficial to the electrochemical reaction in both normal
gravity environment and the 3.6 s short-term microgravity envi-
ronment compared with the PEMFC with vertical channels, which
accounts for higher performance of the PEMFC with horizontal
channels in both normal gravity environment and the 3.6 s short-
term microgravity environment.

Compared with Fig. 5, it can be observed that low external cir-
cuit load results in a more drastic change in performance compared
with the case in the PEMFC with vertical channels under high
external circuit load, where the current density suddenly increases
by 8.8% (shown in Fig. 7) when the PEMFC entered the 3.6 s short-



Fig. 8. Gas-liquid two-phase flow behaviors in cathode flow channels in the normal
gravity environment and the short-term microgravity environment H2: 180 ml min�1,
O2: 60 ml min�1, Tcell: 35 �C, R ¼ R2.
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term microgravity. What accounts for this is that: under low
external circuit load, higher amount of water is produced and ac-
cumulates at the bottom of the vertical channels because of the
higher rate of electrochemical reaction. Meanwhile more accu-
mulated water in the vertical channels is expelled out by the
flowing gas because of the disappearance of the gravity effect when
the PEMFC enters the 3.6 s short-term microgravity environment.
This phenomenon causes a more drastic decrease in the concen-
tration polarization, which improves the performance of the PEMFC
more. The gas-liquid two-phase flow behaviors are shown in Fig. 8.

Fig. 8 shows the gas-liquid two-phase flow behaviors in the
cathode flow channels of the PEMFC with vertical channels and the
PEMFC with horizontal channels in the normal gravity environ-
ment and the 3.6 s short-termmicrogravity environment under low
external circuit load (R2). Images in Fig. 8(a) show that the liquid
droplets adhering to the surface of the internal wall of the PEMFC
with vertical channels can be observed before 0.000 s in the normal
gravity environment. However, the liquid droplets starts to disap-
pear after 0.000 s when the PEMFC entered the 3.6 s short-term
microgravity environment. However, the flowing gas and the
flowing liquid water do not sweep the liquid droplets away from
the internal wall (shown in Fig. 8(b)) of the PEMFC with horizontal
channels. Those phenomena are same with the case under high
external circuit load and the reasons accounts for them are same as
well.

Compared with the case under high external circuit load, less
liquid droplets can be observed on the surface of the internal wall of
the PEMFC with vertical channels and the PEMFC with horizontal
channels at 0.500 s (0.5 s after the drop capsule entered micro-
gravity) under low external circuit load (shown in Fig. 8(c) and (d)).
This phenomenon meant that the liquid droplets are swept away
from the surface of the internal channel wall of the PEMFC with
vertical channels and the PEMFC with horizontal channels in a
higher rate. This is because that more liquid water accumulates at
the bottom of the vertical channels and the surface of the hori-
zontal channels under low external circuit load and the moving
water with the flowing gas without the gravity effect can remove
the liquid droplets adhering to the internal surface in a higher rate.
Therefore, under low external circuit load, the gas-liquid two-phase
flow behaviors, which heavily affects the polarization concentra-
tion, causes more obvious performance changes of the PEMFC with
vertical channels and the PEMFC with horizontal channels in the
3.6 s short-term microgravity compared with the case under high
external circuit load.

4. Conclusions

A PEMFC with vertical channels and A PEMFC with horizontal
channels with transparent windows are designed in the present
work to investigate their characteristics of performance and gas-
liquid two-phase flow behaviors of inside channels in a normal
gravity environment and a 3.6 s short-term microgravity environ-
ment. Performance curves and images of gas-liquid two-phase flow
behaviors in a normal gravity environment and a short-term
microgravity environment are obtained through experiments.

1. In vertical channels, the liquid water accumulates at the
bottom of the vertical flow channels in the normal gravity envi-
ronment. When the PEMFC enters the short-term microgravity
environment, the accumulated water is expelled out of the flow
channels, which causes a sharply increase in the performance.

2. In horizontal channels, most liquid water is swept away at the
first time when it appears at the surface of the GDL and little water
accumulated at the surface of the horizontal flow channels in the
normal gravity environment. When the PEMFC enters the short-
term microgravity environment, the little accumulated water
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ascends to the surface of the GDL and is expelled out of the flow
channels, which accounts for a slight decrease in the performance.

3. Under high external circuit load, and the performance of the
PEMFC with vertical channels is better than the performance of the
PEMFC with horizontal channels in the short-term microgravity
environment, whereas the performance of the PEMFC with hori-
zontal channels is better than the performance of the PEMFC with
vertical channels in the normal gravity environment. However,
under low external circuit load, the performance of the PEMFCwith
horizontal channels is better than the performance of the PEMFC
with vertical channels in both normal gravity environment and
microgravity environment.
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