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Two-phase flow in horizontal parallel channels has been experimentally investigated under fuel cell
related operating conditions. Pronounced hysteresis is observed in the pressure drop versus flow charac-
teristic curve when starting from either flooded or dry conditions. When gas is introduced into channels
initially filled with water (flooded initial condition), both gas and liquid tend to flow predominantly in
one channel at low gas or liquid flow velocities. As the gas flow velocity increases, even distribution of gas
and liquid flow in both channels is observed, accompanied with a sudden decrease in the pressure drop.
On the other hand, even gas and liquid flow distribution between both channels is found at comparatively
lower gas flow velocities when starting with dry-gas flow conditions with liquid introduced into channels
filled with gas (stratified flow regime). The flow regimes of this system are visualized in plots of the pres-
sure drop against gas and liquid flow velocities. However, this phenomenon tends to vanish at high gas
and liquid flow velocities, suggesting that high gas and liquid flow velocities are required to ensure even
flow distribution in parallel channels. The hysteresis points appear at the same level of the pressure drop,
reflecting intrinsic characteristics of the parallel channels used in this study. These results have important
implications for PEM fuel cell operational strategies. In order to avoid reactant mal-distribution in parallel
flow channels in the flow field in the two-phase flow regime, fuel cells should be operated at sufficiently
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high gas flow velocities.
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1. Introduction

The flow distribution of gas and liquid in parallel channels has
received much attention due to its importance in many engineering
applications. Particularly, in fuel cells, flow fields typically consist
of multiple parallel mini-channels with sub-millimeter dimen-
sions. Under typical operating conditions, especially for automotive
applications, the reactant gas on the cathode invariably saturates,
leading to the presence of liquid water in the flow channels [1].
Therefore, it is important to develop a better understanding of
two-phase flow in mini-channels in order to ensure uniform homo-
geneous reactant distribution under all operating conditions. Under
two-phase flow conditions, equal pressure drop does not ensure
even distribution of gas and liquid in multiple channels, because
different combinations of gas and liquid flow rates can yield the
same pressure drop. Consequently, the resulting mal-distribution
of gas and liquid can lead to flooding or drying in different regions
of the active cell area. The presence of flooding and drying regions
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leads to current re-distribution which can significantly impact fuel
cell performance and can also lead to cell instabilities character-
ized by erratic changes in pressure drop and cell performance [2-6].
Therefore, an improved fundamental understanding of gas and lig-
uid flow in parallel mini-channels is required in order to design
reliable flow fields for stable fuel cell operation.

In the literature, much effort has been devoted to gas and liquid
distribution in engineering applications such as heat exchangers,
condensers, cooling system in nuclear reactors [7-9]. In general,
flow mal-distribution and flow hysteresis in parallel channels is
considered to be associated with the presence of a negative slope of
pressure drop against gas velocity, which happens in the transition
region between bubbly flow and annular (or capillary slug) flow
[7]. Similarly, such two-phase flow induced flow mal-distribution
and flow hysteresis, if not properly understood and avoided in the
fuel cell operation, can negatively impact cell performance through
potential loss and current density shifts. There appears to be no
studies on the instability-induced mal-distribution in fuel cell flow
channels reported in the open literature. As a result, most exist-
ing gas flow fields including the most advanced interdigitated gas
distributor have been designed based on single-phase flow princi-
ples, and they have not been able to prevent the mal-distribution of
two-phase flow in gas flow channels. Recently, Maharudrayya et al.
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Fig. 1. Schematic of the experimental setup.

[10,11] attempted to establish a pressure drop model in the inlet and
exhaust gas header to analyze flow distribution in parallel channels.
However, their analysis was solely based on single-phase gas flow
and the negative pressure slope characteristics in the gas-liquid
mixture flow were not taken into account. Therefore, flow mal-
distribution and flow hysteresis cannot be properly understood
employing their results.

The objective of the present work is to investigate flow mal-
distribution and flow hysteresis of gas and liquid two-phase flow
in parallel mini-channels through visualization and pressure drop
measurement at flow conditions of relevance to fuel cell opera-
tion. A proper operation zone was then identified in order to avoid
flooding and drying conditions in the flow channels based on our
experimental results.

2. Experimental

The experimental setup is schematically shown in Fig. 1. The
experiments were conducted in Y-branched parallel square chan-
nels of 1.59 mm x 1.59 mm. The channels were fabricated in a clear
acrylic plate using a conventional milling machine. The length of the
straight section of the parallel channels is 300 mm, and Y-branch
out leg section is 50 mm in length with the angle of the branch at
30 degrees. An introduction channel of 3.2 mm in width, 1.59 mm
in depth and 100 mm long connected the Y-branch to the inlet.

Two types of channel exit design were investigated. As shown in
Fig. 2, the first design consists of a vertical section of about 30 mm
to direct the outflow, while the second design has a straight-out
exit.
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Fig. 2. Sideview of flow channels with (a) vertical exits and (b) straight-through
exits.

Air was supplied through a pressurized gas cylinder and the
gas flow rate was measured through a mass flow meter (AAL-
BORG, GFM17), with a maximum flow rate of 5 SLPM. A check
valve was installed in order to protect water back flow into the
mass flow meter. Water was injected into the channel by a syringe
pump (Cole-Parmer 74900-00) with a maximum flow capacity of
350mlh~!. The pressure drop across the test section was mea-
sured by a Micro Switch differential pressure drop transducer with
a maximum pressure difference range of 2000 Pa. Visualization of
the two-phase flow was conducted with a Canon CCD camera at a
standard frame speed of 30 framess~1.

During the course of experiments, the gas and liquid flow rates
were controlled within typical operating conditions of active PEM
fuel cells, with the superficial gas velocity ranging from 0 to 10 ms—!
and the superficial liquid velocity from 0 to 0.03ms™!, result-
ing in Reynolds numbers in the ranges of 1-150 for liquid phase
and 10-1000 for gas phase, respectively. Under current operating
conditions, Capillary number ranges from 10~> to 10-3, indicating
a dominant effect of surface tension versus viscous force. Those
test conditions correspond to fuel cell operating conditions with
equivalent current densities of 0-10 Acm~2 and a maximum stoi-
chiometric ratio of 100. At a constant liquid velocity, the gas velocity
was changed in two different experiments. In experiment 1, the ini-
tial flow was pure water, and the gas velocity was increased from
zero to simulate initial flooding conditions. However, in experiment
2,the gas flow rate was decreased from an initial maximum gas flow
rate at a given liquid flow rate, corresponding to a dry condition.
For purposes of comparison, the pressure drop was also measured
in a single channel of the Y-branched parallel two-channel system
by blocking the flow into the other channel.

3. Results and discussion
3.1. Flow patterns

Detailed flow regime maps for gas-liquid two-phase flow in
single mini-channels have been studied in detail by Triplett et al.
[12] and Kawahara et al. [13], among others. In addition, typical
two-phase flow regimes in cathode gas channels of active fuel cells
can be found in the recent work from Zhang et al. [14]. The present
work is focused on investigating flow patterns in two identical
parallel channels, with emphasis on the distribution of gas and
liquid flow in the two channels under conditions of relevance to
fuel cell operations. Four flow distribution patterns as shown in
Fig. 3 have been identified throughout the tests in this study, and
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Fig. 3. Typical flow patterns for two parallel channels. Dark: liquid; light: gas.
(1) Slug flow +stagnant liquid (u; =0.0066ms~' and ug =0.395ms~' @ ascending
approach). (2) Stratified flow + stagnant liquid (1, =0.0033 ms~! and ug =3.56ms™!
@ ascending approach). (3) Slug flow in both channels (u;=0.0267ms~! and
ug=0.197ms-! @ ascending approach). (4) Stratified flow in both channels
(u.=0.0016 ms~! and uc =6.32ms! @ descending approach).

are used to facilitate the characterization of the flow distribution
and to construct the flow distribution map in the present work. It
is important to note that the flow pattern in the two channels alter-
nated during repeated runs, confirming that the mal-distribution
across the two channels is not induced by a difference or defect in
the two parallel channels. However, channel heterogeneity, includ-
ing either geometric heterogeneity or surface wettability variation
around the flow, or both, can also lead to flow mal-distribution [15].

In flow pattern (1), there is slug flow in one channel while the
other one is filled with stagnant liquid, which usually occurs at
low gas velocities. As the gas velocity increases, gas slugs in one
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Fig. 4. Flow patterns in parallel channels as observed with increasing the gas veloc-
ity. (Ascending process) at various given liquid velocities. (1) x: slug flow + stagnant
liquid; (2) O: stratified flow +stagnant liquid; (3) A: slug flow in both channels;
(4) O: stratified flow in both channels. Solid lines define boundaries between flow
patterns.

channel gave way to stratified flow, as depicted in flow pattern (2).
Slug flow in two channels constitutes flow pattern (3). At relatively
high gas velocities, no liquid slugs can be observed due to signif-
icant shear stress dominating over the surface tension. Therefore,
stratified (annular) flow in two channels is obtained, as depicted by
flow pattern (4). Based on experiments by increasing and decreas-
ing gas flow rates, following the two test paths, at various constant
liquid velocities, the flow patterns in the two parallel channels are
identified and shown in Figs. 4 and 5, respectively.

As indicated in Fig. 4, when the system starts from the initial
flooding conditions, uniform flow distribution into two channels
cannot be reached until at very high gas velocities (regime 4). Slug
flow in both channels (regime 3) occurs at medium levels of gas
flow rates and high liquid flow rates. At low gas velocities, however,
gas tends to go through one channel preferentially, leaving the
other channel remaining filled with liquid only, as shown in regime
1 and regime 2. This observation is consistent with previous work
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Fig. 5. Flow patterns in parallel channels as observed with decreasing the gas
velocity. (Descending process) at various given liquid flow rates. (1)x: slug
flow +stagnant liquid; (2) O: stratified flow +stagnant liquid; (3) A: slug flow in
both channels; (4) O: stratified flow in both channels. Solid lines define boundaries
between flow patterns.
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Fig. 6. Comparison of flow regimes in a single channel system with a vertical exit.

that at low gas velocities, both gas and liquid tend to flow in one
channel of parallel channel systems [8,16]. Fig. 5 shows the flow
pattern distribution identified with decreasing the gas velocity
from a stratified flow condition. Compared to the flow patterns
obtained in the gas ascending process, there is a wider region
for slug flow and stratified flow in both channels (regime 3 and
regime 4) in the gas descending process. In addition, the region of
stratified flow and stagnant liquid (regime 2) appears to be much
narrower in the gas flow descending process.

Due to the novelty of the flow pattern diagrams developed in the
present study for two parallel flow channels under two-phase flow
conditions, no literature data have been reported for comparison
with the current flow pattern diagram. Instead, the flow regime in
a single channel measured when one of the two parallel channels
was completely blocked was obtained and used to compare with the
literature. Since many studies of two-phase flow in mini-channels
have been devoted to relatively high liquid velocities beyond those
typically encountered in fuel cell operations, only those with sim-
ilar liquid flow rate ranges were selected and compared with our
results. It is seen in Fig. 6 that the flow regime transition predicted
from the model by Taitel and Dukler [17] shows a large deviation
from the experimental results, indicating that the flow regime maps
developed from their model are not intended for very small chan-
nels where surface tension becomes an important factor. Compared
to flow patterns for the 1.45 mm circular mini-channel from Triplett
etal.[12], there is a relatively good agreement in the slug and annu-
lar flow regimes while in the present work there is not a noticeable
transition regime observed. The flow patterns in a 1.6-mm circular
tube from Barajas and Panton [ 18] shows relatively good agreement
with our data in the slug flow regime, while there is not a plug flow
regime observed in the present setup, presumably due to the corner
effect of the square cross-section of our test channel.

In parallel channels, the difference of the flow patterns obtained
in the gas ascending and descending paths indicates that multiple
steady states can exist at the same superficial gas and liquid veloc-
ities. The tendency of gas and liquid flow in one or two channels is
not only determined by the operating parameters such as gas veloc-
ities and liquid velocities but also influenced by the operational
procedures adopted, i.e., ascending or descending change in gas
flow rates. Similar hysteresis phenomena are commonly encoun-
tered in non-linear systems such as non-isothermal reactors when
heat generation and heat removal are involved [19]. Also, when
the flow pattern switched from non-uniform flow to uniform flow
distribution or between different flow regimes in the two paral-
lel channels, the pressure drop versus flow characteristics shows
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Fig. 7. Pressure drop characteristics in a single flow channel system with a vertical
exit.

a distinct change. This will be discussed in detail in the following
section.

3.2. Pressure drop

3.2.1. Pressure drop in a single channel

The pressure drop in a single flow channel was measured by
blocking one of the two parallel channels, allowing the gas-liquid
mixture to flow through the unblocked channel only. The depen-
dence of the pressure drop on gas flow rate and liquid flow rate in a
single flow channel is shown in Fig. 7. For purposes of comparison,
the pressure drop in pure gas flow is also given in this figure. In gen-
eral, three (with the transition region of negative flow resistance
slope as an additional region) regions can be defined according
to the relationship between the pressure drop and gas flow rates
under two-phase flow conditions. In region I, the pressure drop at a
given liquid flow rate generally increases with increasing gas flow
rate and approaches a maximum, in region Il it decreases with fur-
ther increase in the gas flow rate. After reaching a minimum value,
the pressure drop increases again with an increase in the gas flow
rate, with the region defined as region Ill in Fig. 7. The trend of the
pressure drop in region Il is attributed to flow regime changes, as
reported by Ozawa et al. [7]. Although similar experimental obser-
vations on this negative flow resistance slope have been reported in
the literature by some researchers [7,20], there has been no single
equation or model, which can predict such a phenomenon. Based
on the observations in this study and the literature, it is specu-
lated that this negative flow resistance slope in region Il is closely
linked to the observed flow mal-distribution of the gas and liquid
mixture in parallel flow channels. In the annular flow regime of
Fig. 6 and the flow pattern 2 region of Figs. 4 and 5, the dependence
of the pressure drop on the gas flow rate is consistent with what
is expected from most existing models where the pressure drop
increases monotonically with increasing the gas velocities. How-
ever, the transition region Il in Fig. 6 in a single channel system and
flow pattern 2 region of Figs. 4 and 5 in parallel channels seem to
correspond to each other.

3.2.2. Pressure drop in parallel channels

A typical example of the pressure drop against gas flow rate in
Y-branch parallel channels is shown in Fig. 8. The solid line repre-
sents the pressure drop data obtained following the gas ascending
process whereas the dotted line represents the data from the gas
descending process. As the gas velocity increases, there is a slight
increase in the pressure drop with an increase in the gas flow rate,
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Fig. 8. Pressure drop characteristics in parallel channels with a vertical exit
(u,=0.0033ms™1).

followed by a decrease to reach a minimum before increasing again.
This is similar to what happens in a single channel system as shown
in Fig. 7. When the gas velocity is increased to about 5.5ms™!, a
critical point is reached beyond which a sudden drop in pressure
drop occurs with a further increase in gas velocity, as shown in
Fig. 8. Thereafter, the pressure drop resumes its trend to increase
again with further increase in the gas velocity. Similar to Fig. 7, the
observed regions of negative flow resistance slope indicate a flow
regime transition. More specifically, the transitions between flow
patterns 1 and 2 as well as 2 and 4 (see Fig. 4), which occur at around
1ms~! and 5ms~1, respectively.

The flow pattern transforms from pattern (2) with stratified flow
in one channel and stagnant liquid in the other channel to pattern
(4) with stratified flow in both channels at a gas velocity of about
5.5ms~!, which corresponds to the sudden decrease in the pres-
sure drop in Fig. 8. When the gas velocity decreases from a high
gas flow rate with stratified flow in both channels, the pressure
drop decreases following a substantially different trajectory/path
(dotted line). However, the two pressure drop trajectories merge
together when the gas velocity decreases to a certain value with
a superficial gas velocity of about 2ms~!. Similar to the previous
analysis, it is found that such a pressure drop versus gas velocity
hysteresis phenomenon corresponds to a flow pattern transition.
In the hysteresis region, the flow pattern is in the uniform strati-
fied flow regime in both channels in the flow descending process as
shown inFig. 5, but the flow is in stratified flow in one channel while
the other channel is in stagnant liquid flow in the flow ascending
process according to Fig. 4. Itis also interesting to be noted that con-
sistent flow patterns are observed in the single straight introduction
channel before the gas and liquid flows split into the Y-branched
channels in both the flow ascending and descending processes.

The same trend is also observed at a higher superficial liquid
velocity of 0.0066 ms~! as shown in Fig. 9. However, the flow hys-
teresis occurs at a superficial gas velocity range of 2.5-5.5ms™1,
indicating that there is a smaller hysteresis zone at higher liquid
flow rates as further evidenced by Figs. 10 and 11.

Unique to this system, the peak pressure drop at the critical point
appears to remain at a constant value of approximately 630 Pa as
shown in Figs. 8-11 for the parallel channels with an a-type exit.
The value of this peak pressure drop and the nature of the hysteresis
region likely reflect some intrinsic characteristics of the current
parallel channel design such as the channel configuration, channel
surface roughness, channel surface hydrophobicity, and inlet and
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Fig. 9. Pressure drop characteristics in parallel channels with a vertical exit
(u.=0.0066ms™1).
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Fig. 10. Pressure drop characteristics in parallel channels with a vertical exit
(u.=0.0198 ms=').

outlet configuration, presence of gas shorting between channels,
etc., which requires further investigation in the future.

In order to test this hypothesis, we considered that the orien-
tation of the outlet may also play a role on the flow hysteresis
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Fig. 11. Pressure drop characteristics in parallel channels with a vertical exit
(u.=0.0264ms™1).
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Fig. 12. Pressure drop in parallel channels with a straight-through exit
(u,=0.0016 ms1).

phenomenon. Therefore, experiments were performed on a modi-
fied setup with two straight-through channels, i.e., the b-type exit
design as shown in Fig. 2. Typical plots of the pressure drop versus
gas flow rates are shown in Figs. 12-14 for the straight-through
channel outlet configuration. The flow hysteresis phenomenon
occurs at two low liquid velocities 0of0.0016 m s~ and 0.0033 ms™!,
as shown in Figs. 12 and 13, respectively. In addition, for purposes
of comparison, the pressure drop behavior at two different outlet
configurations with the liquid velocities being the same are com-
pared in Fig. 13. Compared to Figs. 8-10 obtained with the vertical
outlet configuration, i.e., the a-type exit configuration, the hystere-
sis regions are narrower and the peak pressure drop is lower for
the channels with a straight-through outlet. However, the flow
hysteresis vanished at a liquid velocity of 0.0133ms~! for the
straight-through flow channel outlet, as shown in Fig. 14. The pres-
ence of the sudden change in pressure drop in Figs. 12-14 indicates
the existence of a flow pattern change from non-uniform distribu-
tion to uniform distribution. The critical peak pressure drop for this
configuration remains at a constant value of approximately 240 Pa.

From the comparison of the two outlet configurations, it seems
that the straight-through channel is a better design since it has a
smaller hysteresis region and the uniform distribution occurs at
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Fig. 13. Pressure drop in parallel channels with a straight-through exit
(u,=0.0033ms1).
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Fig. 14. Pressure drop in parallel channels with a straight-through exit
(u.=0.0133ms™).

lower gas flow rates. This appears to be consistent with the find-
ings from inclined parallel pipes in the previous work of Tshuva et
al.[21]in parallel pipes of 2.4 cm in diameter and 3 min length, who
reported that the region of flow mal-distribution increased as the
inclination angle increased. Therefore, it is expected that the flow
hysteresis region will be broader in vertical channels than horizon-
tal channels due to the influence of the gravitational hydrostatic
pressure drop induced. For that matter, any additional pressure
drop at the outlet of a fuel cell parallel flow channels would be
expected to influence the flow hysteresis region and flow mal-
distribution, and should be taken into account in the fuel cell design.

3.3. Pressure fluctuations

Pressure drop fluctuations can also provide important informa-
tion about the flow system. They arise from many factors such as
density fluctuations, flow rate fluctuations, pressure waves origi-
nating from other sources and transducer noises, etc. In the present
work, standard deviations are used as a measure of the pressure
fluctuations. Fig. 15 shows the standard deviation of pressure drop
fluctuations for a single flow channel. The fluctuation is seen to
increase with increasing gas flow rate at a given liquid veloc-
ity before reaching a maximum and then decreases with further

600 ;
. —0—u=0026ms

[ = X
500 [ —O0—u=0013ms
- —A— 1,=0.0066 ms

—— 1,=0.0033m s

400 f
300 f

200 |

Standard Deviations, Pa

100 |

Fig. 15. Standard deviations of the pressure drop fluctuations in the single channel
system with a vertical exit.
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increase in the gas flow rate. The maximum pressure fluctuation
point appears to correspond to the transition from slug flow to
stratified/annular flow patterns in the flow channel.

Fig. 16 shows the standard deviation of pressure drop fluctu-
ations corresponding to the gas flow ascending and descending
processes at a constant liquid flow rate for the parallel channel sys-
tem. It is seen in this figure that the same pressure fluctuations
are obtained from both the ascending and descending processes in
the high gas flow and low gas flow regions. In the middle region
where flow hysteresis was identified in Fig. 10, the pressure fluc-
tuation in the flow ascending process is generally higher than the
flow descending process, again indicating the different flow pattern
and flow distributions in the parallel channels in the ascending and
descending processes.

Similar to the averaged pressure drop, pressure fluctuations in
the parallel channel system also exhibit hysteresis behavior and a
sudden drop in fluctuations occurs at a gas velocity of about 2 ms~1
where even distribution of two-phase flow occurs. Less pressure
drop fluctuations in the stratified flow regime imply that in order
to obtain stable fuel cell operations, liquid water in channels is pref-
erentially to be controlled at the stratified/annular flow. Therefore,
high stoichiometry airflow is required as indicated in the previous
work from Zhang et al. [14].

3.4. Implications for fuel cell stack operations

Based on the current experimental observations, it is seen
that flow mal-distribution occurs in 1.59 mm x 1.59 mm parallel
flow channels mainly at intermediate gas velocities 0.5-5ms~1.
Furthermore, operational hysteresis and the pressure drop fluc-
tuations tend to be lower at higher liquid velocities. Once the
mal-distribution occurs, one channel might be blocked by water
slugs, resulting in the loss of active areas, and the gas flow rate
needs to be increased beyond a certain value to transform both
channels to stratified flow. Furthermore, the flow distribution tends
to be more uniform across parallel flow channels following the
gas flow descending process, and less uniform in the gas flow
ascending process. In the dynamic operation of a PEMFC, simi-
lar hysteresis phenomena were reported in current and voltage
polarization curves obtained by sweeping fuel cells from high cur-
rent densities to low densities and then in the reverse direction
[22,23]. Under high current density operation flooding can be pre-
vented by using high initial gas flows. In contrast, low reactant

stoichiometry under low current density operations, for example
during start-up, can lead to channel blocking and corresponding
reactant mal-distribution. Therefore, the implication of the present
work for the operation of a PEMFC is that the gas velocity in the
flow channel needs to be maintained at sufficiently high values to
avoid flow mal-distribution across the flow channels. Once the flow
channels are flooded, the flow system can be purged by increasing
the gas flow rate to remove water and then reducing the gas flow
rate back to the normal gas flow rate, i.e., descending process. Since
the flow distribution across channels tends to be more uniform at
high liquid flow rates, allowing more water collected into the flow
channels may lead to improvement of gas flow distribution across
flow channels. However, the flooded operating condition at high
water flow rate may inhibit the transport of reactant gases into and
through the gas diffusion layers in the fuel cell, leading to loss of
performance. In addition, the presence of water slugs will lead to
high pressure drop and current fluctuations. In the present work
it was shown that the outlet configuration of the parallel channel
flow field has a significant effect on the flow mal-distribution and
hysteresis with a lower outlet pressure drop, leading to an improve-
ment. This highlights the importance of looking at other intrinsic
characteristics of the parallel channel and fuel cell design. This
will be the subject of further investigation in the future. Finally, it
appears that the present experimental procedure, i.e., monitoring
the pressure drop and pressure drop fluctuations in the gas flow
ascending and descending processes, can be potentially used as
a diagnostic tool for examining flow mal-distribution of existing
fuel cell flow-field designs under active fuel cell operating condi-
tions.

4. Conclusions

Flow patterns and pressure drop characteristics of gas-liquid
two-phase flow in a Y-branched parallel channel system have
been investigated. Four distinctly different flow patterns have been
observed, denoted in the following by the respective flow patternin
each of the two channels: (1) slug flow +stagnant liquid, (2) strat-
ified flow +stagnant liquid, (3) slug flow in both channels and (4)
stratified flow in both channels. At low gas velocities, both gas and
liquid tend to flow in one channel (flow patterns 1, 2), resulting
in flow mal-distribution. For all the investigated liquid flow rates,
even flow distribution of gas and liquid could always be achieved
at sufficiently high gas- and/or liquid velocities. Typically, a sudden
shift in the pressure drop versus gas flow characteristic is observed
when the two-phase flow regime changes between any of the flow
regimes mentioned above. Furthermore, a pronounced hysteresis in
the pressure drop versus gas flow characteristic is observed in these
flow-regime transition regions between the gas flow ascending and
descending test procedures.

Practical fuel cells often have multiple parallel channels and the
results highlight the importance of maintaining sufficient gas flow,
particularly under low power conditions or during start-up in order
to avoid reactant mal-distribution over the active cell area. On the
other hand, the results also indicate that intrinsic characteristics
of the channel and fuel cell geometry such as outlet configuration
can significantly impact flow regimes, flow hysteresis and pressure
drop thus providing a path for the optimization of flow distribution
through suitable cell and flow-field design.
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