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Uniform flow distribution is critical to obtaining high performance in many heat and mass transfer
devices. It also plays an important role in the effective operation of a proton exchange membrane fuel
cell (PEMFC). Presently there are a few theoretically based models available for predicting flow distribu-
tion in individual fuel cell channels and across fuel cell stacks in PEMFCs, but little or no experimental
data has been published on the actual flow rates measured in individual channels. This is mainly because
of the lack of experimental techniques available to measure the instantaneous flow rates in parallel chan-
nels. In this work, a novel technique based on the entrance region pressure drop measurements is pre-
sented for monitoring fluid flow maldistribution in individual channels. The method is validated using
liquid water flow in a test section with four tubes in parallel, and then applied to assess the air flow mal-
distribution in PEMFCs using (a) an ex-situ experimental setup simulating the two-phase flow in parallel
channels, and (b) an in-situ experimental setup with an operating fuel cell. While an almost uniform air
distribution is obtained for the parallel channels with an impermeable backing (plastic sheet), severe
maldistribution is observed for the same channels with porous GDL backing. The maldistribution caused
by the water blockage in an ex-situ test setup is further investigated and the results are verified by the
high-speed images of the two-phase flow in channels. The technique has also been applied in an in-situ
experimental setup to obtain the flow maldistribution under electrochemical reaction conditions in the
presence of two-phase flow in the cathode side gas channels.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Fluid flow devices often employ multiple parallel channels, for
example, to enhance heat transfer in heat exchangers, enhance
mass transfer in absorbers, or improve fluid transport and distribu-
tion in fuel cell gas channels. The smaller channels provide in-
creased surface area, while the inlet and exit manifolds facilitate
necessary distribution and provide connections to external inlet
and outlet conduits. Flow maldistribution in heat exchangers has
been studied by a number of researchers. Non-uniform flow in
channels leads to different performance penalties depending on
the process. For example, gross flow maldistribution leads to sig-
nificant reduction in effectiveness for high NTU heat exchangers
[1], about 7% for condensers, and up to 25% for cross-flow exchang-
ers [2]. Mueller and Chiou [1] list various factors responsible for
flow maldistribution in a shell and tube heat exchanger: entry
problems due to header design, bypass streams and fabrication tol-
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erances. Kitto and Robertson [3] provide a good summary of mal-
distribution in heat exchangers and indicate that the problem is
more severe in two-phase devices, such as evaporators, condens-
ers, absorbers, reboilers, etc.

In general, maldistribution in parallel channels is caused by:

(a) Uneven local pressure distribution in the inlet/exit mani-
folds apparent at the channel entrance/exit, caused by the
specific placement of the inlet/outlet pipes, fluid distribution
in the headers, buoyancy effects, two-phase separation and
resultant flow non-uniformity.

(b) Uneven flow resistances in the parallel channels caused by
variations in channel dimensions, different flow lengths,
uneven fouling, density and viscosity variations, and pres-
ence of two or more phases.

Lalot et al. [2] identified that the kinetic energy of the fluid brought
in by the inlet pipe into the inlet manifold causes local pressure
variations at the entrance to the channels. The local pressure distri-
bution at the face of the channels is affected by the local velocity
distribution. If the inlet pipe is facing the channel entrance, then
the pressure in the area immediately facing the pipe has an
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Nomenclature

A tube extension, 23-mm length
Ac cross-sectional area, m2

B tube extension, 34 mm length
CFD computational fluid dynamics
Dh hydraulic diameter, m
K modified coefficient
Kc contraction loss coefficient
MEA membrane electrode assembly

PEM proton exchange membrane
PEMFC proton exchange membrane fuel cell
Re dimensionless Reynolds number
um average velocity, m/s
x entrance length, m
x+ dimensionless hydrodynamic entry length
q density, kg/m3

Dp differential pressure drop, Pa
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additional pressure head of 1
2 qm2 due to the inlet velocity V. The

local velocity vectors at the entrance to each channel determine
this additional head, which could result in a reverse flow in the
channels under extreme conditions.

Plate heat exchangers have been investigated extensively for
the pressure variations in the inlet ports and its implication in flow
maldistribution and performance degradation. Tereda et al. [4]
measured the pressure distribution inside the port and individual
channels of a plate heat exchanger to estimate the flow rates in dif-
ferent channels without disturbing the flow. Bobbill et al. [5] devel-
oped a generalized mathematical model to study the effect of flow
maldistribution on the condensation in a plate heat exchanger.
Bobbill et al. [6] measured the port to channel pressure drop by
introducing pressure probes. Their results indicate that the flow
maldistribution increases with increase in the overall pressure
drop. Li et al. [7] used the particle image velocimetry (PIV) tech-
nique to investigate the flow characteristics of the flow field in
the entrance region of a plate-fin heat exchanger. Rao et al. [8] con-
ducted experimental and theoretical study to show that the perfor-
mance of a heat exchanger was affected by the port-to-channel
flow maldistribution in single-pass and multipass heat exchangers.
The maldistribution reduced with multipassing. The effect of the
manifold was investigated analytically by Baek and Jiao [9]. They
found that optimizing the distributor configuration greatly re-
duced the flow maldistribution. Rao and Das [10] confirmed the
validity of their analytical techniques that showed that the pres-
sure drop increases with the presence of flow maldistribution in
a plate heat exchanger. Zhang et al. [11] and Jiao et al. [12,13]
experimentally studied the flow maldistribution caused by the de-
fects in the inlet configuration and emphasized the need for proper
distributor design.

Gas channels in a PEMFC experience two-phase flow, which is
one of the main reasons for flow maldistribution. The effects of
flow maldistribution may be quite serious in gas channels of a fuel
cell, as it leads to non-uniform current density, localized hot spots
in the membrane, performance degradation, and material degrada-
tion. Although the problem has been addressed largely through
numerical simulation, experimental data and an insight into the
factors responsible for maldistribution continues to be an area of
intense current interest.

A uniform distribution of current density is of paramount
importance for fuel cell operation; it leads to uniform distribution
of temperature and liquid water production, and lower mechanical
stresses on the membrane electrode assembly (MEA) [14]. The cur-
rent density distribution in a PEMFC is determined by the unifor-
mity of the reactant gas supply over the catalyst layer. Flow
maldistribution is also an important factor in reducing the operat-
ing life of a fuel cell [15,16]. Proper reactant distribution is there-
fore critical to ensure high performance and long lifetime of a
PEMFC.

Flow field design and header configuration significantly affect
the flow non-uniformity. Various complex flow fields, such as ser-
pentine channels, multiple parallel channels and interdigitated
channels, have been investigated for flow maldistribution in PEM
fuel cells. Dutta et al. [17,18] examined the performance of straight
and serpentine channels. Jen et al. [19] predicted the cell perfor-
mance with straight channels. Kumar and Reddy [20] examined
the impact of channel dimensions and shape for serpentine flow
fields on cell performance and later for porous metal foams [21].
They observed a more uniform current density distribution with
metal foam compared to a multi-parallel channel flow field design.
Senn and Poulikakos [22] and Hontanon et al. [23] also found that
porous materials yielded better flow distributions and improved
mass transfer, and consequently higher cell performance compared
to grooved straight and serpentine flow channels. Barreras et al.
[24,25] implemented flow visualization by the laser-induced fluo-
rescence as well as measurements of the velocity field by dye trace
tracking to study the flow distribution in a parallel diagonal chan-
nel, a branching cascade type, and a serpentine-parallel flow topol-
ogy. They found that very homogeneous velocity and pressure
fields are obtained for both the serpentine-parallel and the cas-
cade-type flow topologies, while an uneven flow distribution was
obtained with the diagonal topology. Um and Wang [26] and Hu
et al. [27] compared the interdigitated flow channels with parallel
straight channels and reported that an interdigitated flow channel
could enhance mass transport and improve the PEMFC perfor-
mance compared to a parallel channel due to forced convectional
flow through the porous diffusion layer. Birgersson and Vynnycky
[28] numerically simulated and quantitatively compared the per-
formance of the interdigitated channels, parallel channels, and por-
ous foam, and concluded that the foam yielded the most uniform
current density distribution and the interdigitated channels can
sustain the highest current densities. The advantage and disadvan-
tage of some of the flow-fields have been discussed in several re-
views [29,30].

At the stack level, flow maldistribution is more severe due to
the multi-duct (individual cells are sometimes referred to as ducts)
configuration. However, due to the complexity of the problem and
the lack of an experimental technique to measure the instanta-
neous flow distribution, very few investigations have been re-
ported for the stack level maldistribution. Ganesh et al. [31]
mathematically defined a flow maldistribution parameter in terms
of the duct inlet velocity and numerically simulated the flow distri-
bution in a PEMFC stack by using flow channeling theory and found
a considerably skewed flow distribution which is dominated by
flow rate and port size. Bansode et al. [32] carried out a 3D numer-
ical single-phase study to analyze the flow maldistribution in a
PEMFC stack with four ducts. Their results showed that the varia-
tion in port diameter leads to different degrees of maldistribution
and the corresponding non-uniform water content in the mem-
brane. Koh et al. [33] reported a numerical model to investigate
pressure variation and flow distribution of stacks. Chen et al. [34]
constructed a 2D stack model composed of 72 cells filled with a
porous medium to evaluate pressure variation and flow distribu-
tion in the manifold of a fuel cell stack. Their modeling results indi-
cated that although both the channel resistance and the manifold



Fig. 1. Variation of pressure as a function of length in a tube or a channel.
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width can enhance the uniformity of the flow distribution, larger
manifold width is a better solution for flow distribution because
increasing the channel resistance requires an excessive pressure
drop which is not beneficial in practical applications.

Similar to the results obtained for heat exchangers [3], the flow
maldistribution is induced not only by the cell design but also by
local water blockage in the channels. Water accumulation (result-
ing from vapor condensation and/or product water) in the catalyst
layer, GDL, and in gas channels will fill the pores from micro- to
macro-sizes and block the gas pathways. This is the well-known
flooding phenomenon which can cause major problems with gas
distribution and consequently damage the cathode catalyst layers
[35]. Presence of water in the individual channels leads to different
two-phase flow patterns that affect the gas flow rates in those
channels as well as in the other parallel channels due to cross-com-
munication between the channels through the manifolds. An
important objective of this work is to identify the flow maldistribu-
tion caused by the presence of water in the channels and investi-
gate the flow interaction between adjacent channels.

Flow distribution studies in PEMFCs were primarily limited to
flow fields without considering the effect of the gas diffusion layer.
In a PEMFC the flow fields are in direct contact with the diffusion
layer which helps in distributing the reactants uniformly over
the catalyst layer. Consequently, the flow distribution in the flow
field needs to be further linked with the flow distribution in the
diffusion layer. Dole et al. [36] studied the interaction between
the diffusion layer with different permabilities and flow field de-
signs, and concluded that even a meander structure distributes
the reactants non-homogeneously on the electrodes due to the
additional flow paths available in the diffusion layer. Kanezaki
et al. [37] studied the cross-leakage flow between adjacent flow
channels in a single channel serpentine flow field and found a sig-
nificant amount of the cross-leakage flow. This flow is comparable
with the flow in the serpentine path due to the pressure gradient
set up across the porous diffusion layer between the adjacent
channels. Given the considerable influence of the diffusion layer
on the flow distribution in PEMFC channels, it becomes relevant
to measure the instantaneous flow rate in the channels with a dif-
fusion layer backing rather than in channels with impermeable
walls.

This paper is organized as follows: In the first part, a technique
for experimentally measuring instantaneous flow rates in individ-
ual parallel channels is presented. The technique is validated using
a well-defined geometry with four circular tubes with different
individual lengths connected in parallel to a common header. In
the second part, the technique is implemented in an ex-situ exper-
imental facility that is developed for studying two-phase flow, GDL
intrusion, and GDL-channel interactions simulating the water
transport in a PEMFC. Finally, in the third part, the technique is ap-
plied to an in-situ PEMFC fuel cell test section to study the two-
phase flow phenomena in the cathode side gas channels.
2. Theory and validation of the entrance region pressure drop
method

In this section, the theory of the entrance region pressure drop
is first introduced and validated in a four-tube parallel channel
geometry. An experimental test section is designed to validate/
modify the theoretical equations using water as the fluid. The
experimental test section is then modified to intentionally intro-
duce flow maldistribution. Extension tubes with two different
lengths of 34 mm and 23 mm are added to one or two flow tubes.
By doing so, the flow resistances in the extended tubes increase
and flow rates in them decrease. The flow rate distribution is then
predicted from the theoretical equations based on the entrance re-
gion pressure drop measurements and compared with actual
measurements.

2.1. Theoretical work

The equations derived for the developing laminar flow in circu-
lar ducts is used to describe the entrance region pressure drop
within the tubes. Fig. 1 is a schematic representation of the channel
pressure as a function of length. There is a non-linear relationship
in the entrance region, beyond which the flow is fully developed
and a linear relationship emerges.

The pressure drop in the tube entrance region is the summation
of two components: a frictional pressure drop, which accounts for
the greatest portion of the total pressure drop, and the minor pres-
sure drop, caused by entrance region effects. An equation for the
core pressure drop has been determined by Hornbeck [38] through
previous studies. A contraction loss coefficient is used to account
for the minor losses.

Eq. (1), obtained by Hornbeck [38], accurately describes the core
frictional pressure drop, Dp, in the developing (entrance) region of
a circular duct.

Dpcore

ð1=2Þq u2
m
¼ 13:74ðxþÞ1=2 þ 1:25þ 64xþ � 13:74ðxþÞ1=2

1þ 0:00021ðxþÞ�2 ð1Þ

where q is the fluid density, um is the mean fluid velocity in the
channel, and the non-dimensionalized length is represented by x+.

xþ ¼ x=Dh

Re
ð2Þ

where x is the distance from the entrance, Dh is the hydraulic diam-
eter, and Re is the Reynolds number. The Reynolds number is a
function of the flow rate.

A minor loss coefficient, termed the contraction loss coefficient,
Kc, is introduced to account for the entrance losses [39]. Eq. (1) is
then replaced by the following equation as the final theoretical
relationship for the entrance region pressure drop and the mean
flow velocity in the channel.

Dp
ð1=2Þqu2

m
¼ Kc þ 13:74ðxþÞ1=2 þ 1:25þ 64xþ � 13:74ðxþÞ1=2

1þ 0:00021ðxþÞ�2 ð3Þ

where Kc is the contraction coefficient and x+ is the non-dimen-
sional channel length. From this equation, the mean fluid velocity
and hence the mass flow rate in a channel of known hydraulic
diameter can be estimated from the measured pressure drops in
the entrance region as long as the contraction loss coefficient Kc is
known. This coefficient is a function of the channel diameter, man-
ifold diameter and the entrance conditions [39].

Eq. (3) is valid for single phase flow in circular channels in the
laminar flow regime. For micro- and mini-channel applications,
such as PEMFCs, laminar flow generally exists due to the relatively
low flow rates and the small hydraulic diameters. Water is used in
the validation experiments because the flow rate can be easily and



Fig. 3. Baseline flow predictions based on entrance region pressure drop in each
tube.
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accurately measured by collecting the water from individual chan-
nel outlets over a known time duration.

The experimental test section is schematically shown in Fig. 2. It
comprises of an inlet manifold made of polycarbonate (Lexan�)
and four stainless steel tubes of 0.54 mm inner diameters and
82.5 mm length to serve as parallel channels. A common pressure
tap hole is made in the manifold from which the total entrance re-
gion pressure differential and individual entrance region pressure
differentials are measured. Two entrance lengths (defined from
the tube entrance to the center of the pressure tap) of 10 mm
and 15 mm (confirmed to be in the entrance region for all flow con-
ditions tested) are selected for the pressure drop measurements.
The entrance region pressure drops are measured by individually
calibrated Omega PX26-001DV differential pressure sensors, which
have an accuracy of ±.07 kPa in the range of 0–7 kPa. Deionized
water is degassed in order to ensure a single phase flow and is pro-
vided to the minitubes via an external gear pump (Micropump GA-
V23) and an Omega FLR1001 air/water flow meter. Prior to the
measurement of the pressure drops, the degassed water is allowed
to run through the test section for at least five minutes to reach the
steady state. The Micropump control, flow meter, and pressure
sensors are interfaced with LabVIEW. All experiments are con-
ducted with water at a temperature of 24 �C.

In order to check the validity of Eq. (3), calibration testing is car-
ried out where only one tube is left open and others are blocked,
and the water flow rate and the pressure drop in the entrance re-
gion of the tube are recorded. The measured individual channel
flow rate and corresponding pressure drop are summarized in
Fig. 3. The pressure drop is also calculated from Eq. (3) with a Kc

value of 1.07 as suggested by Kays and London [39]. The pressure
drop is calculated using Eq. (3) and compared with the actual read-
ing. Large deviation is found between the theoretical and the mea-
sured values especially at higher flow rates, with an average
deviation of 12.4%. This discrepancy is attributed to the experimen-
tal uncertainties and the specific Kc value from Kays and London.
Their value is derived from macro-scale experiments and its appli-
cability to the micro-scale tubes used in the present study is in
question. In order to improve the agreement between predicted
pressure drops and experimental data in Fig. 3, the value of Kc

was actually determined iteratively from Eq. (3) over the full range
of flow rates for each tube. It varied between 1.0 to 1.45 over the
Fig. 2. Schematic of four tube test section used to validate the entrance region
pressure drop method. Not to scale.
Reynolds number range between 350 and 850. It is found that
the new Kc value is a function of Reynolds number rather than a
constant. The individual equations for Kc are given by the following
equations over the Reynolds number range of 350 6 Re 6 850:

Tube1 : Kc ¼ �0:9247þ 7:236� 10�3Re� 5:301� 10�6Re2 ð4Þ
Tube2 : Kc ¼ �0:1404þ 4:454� 10�3Re� 3:192� 10�6Re2 ð5Þ
Tube3 : Kc ¼ 1:376þ 1:134� 10�4Reþ 1:209� 10�7Re2 ð6Þ
Tube4 : Kc ¼ 1:047þ 1:287� 10�3Re� 8:436� 10�7Re2 ð7Þ

The modified Kc values are then substituted back in Eq. (3) to
predict the theoretical pressure drop values. The predicted pres-
sure drops are also plotted in Fig. 3 as the respective lines. A good
agreement is now obtained between the predicted values and the
measured ones, with an average deviation of 7.0% over the entire
flow rate range. It is worthy to note that the new Kc values obtained
here are specific to the test setup and operating conditions of the
present experimental work and may not be used under other
experimental conditions. They include the effect of specific header
distribution as well. Since these values are seen to differ signifi-
cantly from the macroscale values from Kays and London [39], it
is seen that there is a need for generating the contraction (as well
as expansion) coefficients for microscale flows (a range below
3 mm is suggested).

Eq. (3) with new Kc values is then used to predict the flow rates
while operated under different parallel channel configurations. The
results are presented in the following section.

2.2. Parallel channel validation experiments

Eq. (3) with modified Kc is seen to accurately predict the indi-
vidual channel flow rate based on the entrance region pressure
drop measurements. In this section, the validity of using Eq. (3)
to detect the flow maldistribution in parallel channel configuration
is investigated. Flow non-uniformity is intentionally induced by
adding extension tubes at the exits of a few selected tubes.

Two tube extension lengths of 34 mm (extension A) and 23 mm
(extension B) are employed. Single tube extension and combina-
tions of the tube extensions are used to induce flow maldistribu-
tion. A summary of all nine cases tested for the single tube
extension experiments is listed in Table 1. Table 2 lists the sum-
mary of the twelve multiple extension cases. The pressure drop
in individual tubes is recorded by LabVIEW. The total water flow
rate is monitored by an Omega FLR1001 air/water flow meter



Table 1
Single extension cases tested for validation of the entrance region pressure drop
method. (The 34 mm extension is represented by ‘‘A” and the 23 mm extension is
represented by ‘‘B”.)

Case # Tube #

1 2 3 4

0 – – – –
1.A A – – –
1.B B – – –
2.A – A – –
2.B – B – –
3.A – – A –
3.B – – B –
4.A – – – A
4.B – – – B

Table 2
Multiple extension cases tested for validation of the entrance region pressure drop
method. (‘‘A” represents the 34 mm extension and ‘‘B” represents the 23 mm
extension.)

Case # Tube #

1 2 3 4

1.2 A B – –
1.3 A – B –
1.4 A – – B
2.1 B A – –
2.3 – A B –
2.4 – A – B
3.1 B – A –
3.2 – B A –
3.4 – – A B
4.1 B – – A
4.2 – B – A
4.3 – – B A

Fig. 4. Results for case 1.A in which tube 1 has the 34 mm extension showing
decrease in flow of tube 1; experimental data – measurement of water flow through
individual tubes; predicted flow rates determined from Eq. (3).

Fig. 5. Results from case 1.2 with the 34 mm extension on tube 1 and the 23 mm
extension on tube 2; experimental data – measurement of water flow through
individual tubes; predicted flow rates determined from Eq. (3).
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before it enters the inlet manifold. The flow rate in each tube is
determined by collecting and weighing the water from the tube
outlets over a known time-interval after the flow is stabilized.

2.2.1. Single extension experiments
During the single extension experiments, the extension is

placed on only one tube. The total flow rate is chosen to be
50 ml/min, which corresponds to an average Reynolds numbers
for each tube in the range of 500–525 assuming uniform flow dis-
tribution in the four tubes. Fig. 4 displays the flow rate in each tube
for case 1.A, as a typical example. From this figure, it is seen that
the flow rate through the extended tube (tube 1) is greatly re-
duced, while the flow increases in all other tubes such that the to-
tal flow rate remains constant. This is expected because the extra
length in tube 1 results in an increased flow resistance.

The theoretical flow rates in each tube are then calculated by
using Eq. (3) with the modified Kc values obtained in Section 2.1.
The comparison between the predicted flow rates and the mea-
sured ones is also shown in Fig. 4. The agreement is seen to be
good, with an average error of about 2.5%. Other arrangements
have also been tested and similar results are obtained. All the re-
sults for the single extension experiments are summarized in Table
3.

2.2.2. Multiple extension experiments
For the multiple extension experiments, two extensions of

lengths 34 mm and 23 mm are placed on two different tubes. As
a typical example, Case 1.2 from Table 2, in which the 34 mm
extension is placed on tube 1 and the 23 mm extension is placed
on tube 2, is discussed in detail here. The measured flow rates in
each tube for this case with a total flow rate of 50 mL/min are
shown in Fig. 5. As can be seen, the flow rates in tube 1 and 2
are greatly reduced, while the flow rates in tubes 3 and 4 are in-
creased correspondingly. This is again expected due to the in-
creased flow resistance in these two tubes caused by the extra
length. It is also noted that that the measured flow rate in tube 1
is a slightly lower than that in tube 2. This is attributed to the long-
er extension in tube 1, causing greater flow resistance. Likewise, it
is also observed that tube 3 shows a slightly higher flow rate than
tube 4. This may be due to local pressure variations within the
header.

The predicted flow rates from the entrance pressure drop mea-
surements are also plotted in Fig. 5 for comparison. Again, a good
agreement is obtained between the predicted and measured flow
rates. This indicates that Eq. (3) can be used for detecting the flow
maldistribution. Other arrangements have also been tested, and
good agreement is consistently obtained between prediction and
measurements. An average error of 3.3% is obtained from all multi-
ple extension experiments. Table 4 summarizes all the results for
the multiple extension experiments. Error bars are shown in fig-



Table 3
Summary of case 1.A- 34 mm extension on tube 1. (The difference and the percent difference are between the measured and predicted flow rates. The total is the sum of the tube
values, excluding the average.)

Case 1.A Measured flow rate (mL/min) Predicted flow rate (mL/min) Difference (mL/min) % Difference

Tube 1 7.458 7.188 0.270 3.622
Tube 2 13.752 13.956 0.203 1.478
Tube 3 13.564 14.250 0.685 5.053
Tube 4 13.539 13.332 0.207 1.526
Average 12.078 12.181 0.341 2.920
Total 48.313 48.725 0.412 0.853

Table 4
Summary of case 1.2 with a 34 mm extension on tube 1 and a 23 mm extension on tube 2. (The difference and the percent difference are between the measured and predicted
flow rates. The total is the sum of the tube values, excluding the average.)

Case 1.2 Measured flow rate (mL/min) Predicted flow rate (mL/min) Difference (mL/min) % Difference

Tube 1 8.353 8.528 0.175 2.092
Tube 2 9.218 8.665 0.553 5.996
Tube 3 15.052 15.522 0.471 3.126
Tube 4 14.859 14.678 0.181 1.215
Average 11.870 11.848 0.345 3.107
Total 47.481 47.393 0.088 0.185

Fig. 6. Header of ex-situ experimental test section including channel pressure tap
locations, inlet pressure tap, air inlet, and dowel pin holes. Not to scale.
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ures to represent the experimental uncertainties associated with
the measurements.

Figs. 4 and 5, along with Tables 3 and 4, demonstrate the effec-
tiveness of the entrance region method in detecting flow distribu-
tions across parallel channels. Although water is used as the
working fluid, this technique should also be well-suited for detect-
ing gas flow maldistribution. It may be noted that Eq. (3) is appli-
cable here because circular tubes are used. However, in real fuel
cell applications, the tubes may be of different shapes, and it
may not be possible to accurately predict the contraction coeffi-
cient Kc. To overcome this difficulty, a calibration curve may be
developed for predicting the individual channel flow rate based
on the entrance region pressure drop in that channel. This calibra-
tion curve is then used to predict the flow rate from the entrance
region pressure drop measurements under parallel channel opera-
tion. This approach will be used in the next section to predict the
air flow distribution in parallel channels of a PEMFC.

3. Ex-situ and in-situ PEMFC experiments

The entrance region pressure drop method introduced and val-
idated for four parallel tubes in the above sections is applied to
measure the instantaneous flow distribution in PEMFC gas flow
channels. With this information, it is possible to assess the effects
of certain parameters on the distribution of reactants and water
products of fuel cell reactions in the channels.

3.1. Ex-situ experimental setup

Ex-situ experiments are designed to study the water transport
characteristics in a gas channel by forcing water through a GDL
into the gas channels mimicking the actual fuel cell channels. In
the present work, eight channels, 0.7 mm wide, 0.4 mm deep and
183 mm long with land widths of 0.5 mm, are employed in parallel.
The channel path is weaving with a 5� weaving angle to avoid
mechanical shear on the GDL associated with straight channels.
The channel dimensions and geometry are based on an actual fuel
cell flow design which ensures the best fuel cell performance based
on the Department of Energy targets for automotive fuel cells [40].
The header is specially designed to allow the measurement of the
pressure drop in the entrance region. Three rows of holes are made
in the straight section of the channels to hold the pressure taps,
which allow the measurement of the entrance region pressure
drop for individual channels. Downstream of the pressure tap
holes, another set of holes is drilled to create a provision for dowel
pins, which will be used to block all the other channels while cal-
ibrating each channel individually. Fig. 6 is a schematic of the
header design.

In order to facilitate the measurement of flow distribution in
PEMFC parallel channels, an ex-situ experiment is developed
[41]. The test section is assembled under compression of
2068 kPa (300 psi), which is equivalent to the clamp pressure nor-
mally used in fuel cell stacks. Deionized water (18.2 MX, Millipore)
is independently delivered to each of the four water chambers
through four syringe pumps. However, during the calibration pro-
cedure and the dry GDL experiments, no water is injected. Dry
clean air generated by a Zero Air Generator (Parker) flows through
a bank of rotameters and then into the gas inlet manifold. Fig. 7
shows a schematic for the ex-situ experimental set up.

3.2. Experiments with a plastic sheet

Since the theoretical equations describing the individual chan-
nel flow rates as a function of the entrance region pressure drop
are not readily available for the specific geometry tested, a calibra-



Fig. 7. Schematic of ex-situ experimental setup for simulation of flow maldistribution in a fuel cell. Not to scale.
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tion curve is experimentally developed for each channel. A plastic
sheet instead of a GDL is used for the calibration since it will allow
air flow to be completely blocked off with the use of dowel pins.
During the calibration, only the channel of interest is kept open
while all other channels are closed using the dowel pins, and air
is passed through the channel. The flow rate is measured with a
digital flow meter (Omega FMA-1620A), which has an accuracy
of ±10 sccm over a range of 0–1000 sccm. The pressure drops in
each channel are measured with differential pressure sensors
(Honeywell FP2000) and recorded on a computer through a Lab-
VIEW program. This procedure is repeated for each of the eight
channels.

Once the calibration procedure is completed, the dowel pins are
removed and the holes are carefully sealed leaving all flow chan-
nels open. Air with a known flow rate, in the range of 100 to
6000 sccm, is passed through the test section and the entrance re-
gion pressure drops in each channel are measured again. Since in
this case air flows through all the eight channels, the instantaneous
Fig. 8. Comparison of summation of calculated channel flow rates and the
measured air flow rates; average of three plastic sheet data used.
flow rate in individual channel and the flow distribution are ob-
tained from the respective channel calibration curves.

3.3. Experiments with GDL

For GDL experiments, the plastic sheet that is used in the earlier
experiments is replaced with a GDL material. Three different GDL
samples are investigated: a baseline sample which is provided by
General Motors, a commercial SGL-25BC sample, and a commercial
Toray carbon paper (TGPH-060). Both the baseline and the SGL
samples are PTFE treated and have a micro-porous layer (MPL)
coating. The thickness of both samples is approximately 250 lm.
The Toray TGPH-060 is a PTFE treated but non-MPL coated carbon
paper with a thickness of about 190 lm.

For calibration purposes, only air is passed through the channels
under dry conditions without any water injection. The total air
flow rate in the range of 100 to 6000 sccm is passed through the
ex-situ test section and the entrance region pressure drops in each
channel are recorded simultaneously. In addition, the total pres-
sure drop across the flow field, i.e., the pressure difference between
the inlet and the outlet manifolds, is also measured. This set of
experiments provides the flow maldistribution information with
single-phase air flow in the flow channels.

In order to identify the flow maldistribution under more realis-
tic two-phase flow conditions in the gas channels, deionized water
is injected into the water chambers. Water flows through the GDL
under pressure, emerges in the channels and then forms a two-
phase flow in the channels. The instantaneous pressure drops in
the entrance region for individual channels are recorded. It is wor-
thy to note that the water injection region begins beyond the en-
trance region pressure taps (see Fig. 6) which guarantees that the
pressure measurements are taken in the single phase region and
are not interrupted by liquid water. Water injection rates and air
flow rates are specially selected to represent the actual water pro-
duction rates and air flow rates in a real PEMFC with the same flow
field design operating steadily at normal operating current densi-
ties. In this work, a specific water injection rate of 0.04 mL/min,
which corresponds to a current density of 0.4 A/cm2, is employed.
The air flow rate of 400 sccm, corresponding to a stoichiometric ra-
tio of 4, is selected for the present experiments.

A Photron Fastcam-Ultima high-speed camera with an Infinity
model K2/STM long-distance microscope lens is used to capture
water formation and the associated two-phase flow patterns inside
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the gas channels. Recorded videos had a resolution of 1024 � 1024
and a frame rate range of 60–2000 fps. A dual light guide fiber optic
light is used to illuminate the test section. All optical equipment
and the test setup are mounted on a vibration isolation table. All
the experiments were carried out at ambient temperature and
pressure.
4. In-situ experimental setup

An actual operating PEMFC is used to study the effects of elec-
trochemical reactions and two-phase flow on flow maldistribution
in gas channels. The test section contains 22 cathode side channels
with an active area of 50 cm2. It also has visual access to visualize
the two-phase flow patterns similar to that for the ex-situ setup.
The test section design is very similar to the ex-situ design
(Fig. 6), except for the current collectors which act as the lands be-
tween the channels. The cell was tested using a fuel cell test station
(Hydrogenics). The tests were carried out at a cell temperature of
35 �C using dry as well as water saturated hydrogen and air
streams. In the future, the cell will be operated at higher tempera-
tures and under different material set and operating conditions.
5. Results and discussion

The entrance region pressure drop technique, established in
Section 2 by using water as working fluid, is extended to measure
Fig. 9. Flow distribution patterns for plastic sheet and low, medium, and high flow condit
at an input air flow rate of 1000 sccm. (c) Flow distribution at an input air flow rate of
the flow maldistribution in PEMFC parallel channels under both
dry and wet conditions.

5.1. Flow distribution with a plastic sheet in ex-situ setup

As described in Section 3.2, channel calibration is first carried
out to establish the relationship between the entrance region pres-
sure drop and the gas flow rate through each channel, which is
done by passing dry air with a known flow rate through one chan-
nel while the other channels are all closed. A plastic sheet instead
of a GDL is used during the calibration. The variation of flow rate as
a function of the entrance region pressure drop is plotted and a
monotonic relation is found between them for the open channel
while other channels (blocked) show almost a zero pressure drop.
The collected data is fitted with a 5th order polynomial, which is
then used as the calibration curve to predict the flow distribution
under parallel channel configuration.

In order to test the validity of the calibration equations, a mea-
surement is made where all eight channels are opened and air of a
known flow rate is passed through and the pressure drops in each
channel are recorded. The flow rate in each channel is calculated
from the entrance region pressure drops by using the individual
channel calibration equations. The individual channel flow rates
are then added and compared with the measured total air flow
rate. A small correction factor is then introduced to account for
the channel interaction effects (which are seen to be quite small)
to further improve the overall agreement. Fig. 8 shows the compar-
ions. (a) Flow distribution at an input air flow rate of 300 sccm. (b) Flow distribution
3107 sccm.
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ison between the summation of calculated channel flow rates and
the measured air flow rates. It is seen that the results agree to
within 5 percent up to a flow rate of 5000 sccm.

The flow distribution in parallel channels with a plastic sheet is
then investigated. Fig. 9a–c shows the predicted flow distribution
through each of the channels for three different total flow rates
of 500, 1000 and 3100 sccm. It is seen that flow is quite uniform
for these cases, except for a slightly higher flow rate in the central
channels due to possible manifold effects.

5.2. Flow distribution with dry GDL in ex-situ setup

Similar experiments have been performed on three GDL sam-
ples: baseline GDL, SGL-25BC and Toray TGPH-060. For these
experiments also, the total measured and predicted flow rates
are compared and respective correction factors are obtained for
the GDL samples similar to the plastic sheet. The results for the
baseline GDL are shown in Fig. 10. Contrary to the plastic sheet
case, where the flow is relatively uniform in all the channels, se-
vere flow maldistribution is observed for the baseline GDL at the
tested total flow rates. The highest flow rate is found to occur in
channel 4 and the lowest in channel 8 for all three total flow rates.
A maximum deviation of about 25% is obtained from the mean flow
rates at the total flow rates in the range of 300 to 3100 sccm. The
possible cause for the maldistribution may be due to different
intrusions resulting from the compression effects of the GDL. Flow
cross-leakage between adjacent channels, as suggested by Kane-
zake et al. [37], may also contribute to the maldistribution, but
Fig. 10. Flow distribution patterns for the Baseline A sample at low, medium, and high fl
distribution at an input air flow rate of 1000 sccm. (c) Flow distribution at an input air
to a lesser degree since parallel channels rather than serpentine
flow fields are used here.

The flow distributions with SGL-25BC and Toray TGPH-060 are
shown in Fig. 11 (a) and (b), respectively. Severe flow maldistribu-
tion is also observed for both GDLs at different total flow rates. The
deviations in the individual channel flow rates from the mean flow
rate vary from 8% to 16% for SGL-25BC, and from 11% to 27% for
Toray TGPH-060 samples respectively in the tested flow rate range.
A careful analysis of Figs. 10 and 11 reveals that SGL, Toray and
baseline GDLs all show different flow maldistribution patterns.
For example, the channel 4 shows the highest flow rate for the
baseline GDL case, while the channel 4 and 6 for SGL and Toray
sample have almost the same flow rate and are higher than other
channels.

5.3. Flow maldistribution during two-phase flow

An important goal of this study is to detect the flow maldistri-
bution caused by the obstructions to reactant flow through PEMFC
channels caused by the liquid water blockage. For this purpose, li-
quid water is injected at the back side of the GDL, simulating the
water production in the cathode catalyst layer within a PEMFC.
Two-phase flow is thus obtained in the parallel channels and the
flow is severely interrupted by the accumulation of water in the
channels. Fig. 12 shows the flow distribution and corresponding
image of the test section at a water flow rate of 0.04 mL/min and
an air flow rate of 400 sccm. As seen from Fig. 12(a), at about
715 s, the flow rate in channel 6 drops sharply. This indicates the
ow conditions. (a) Flow distribution at an input air flow rate of 300 sccm. (b) Flow
flow rate of 3107 sccm.



Fig. 11. Flow distribution patterns for the (a) SGL sample and (b) the Toray paper
sample. The cross-hatched bars represent the flow rates for 300 sccm input, the
diagonal top left to bottom right represent the flow rates for 1000 sccm input, and
the diagonal bottom left to top right represent the flow rates for 3107 sccm input.

Fig. 12. The ex-situ multi-channel experiment observation, (a) the flow distribution
and (b) the flow pattern, at water flow rate of 0.04 mL/min and air flow rate of
400 sccm for the baseline GDL. The numbers in the figures represent the channel
number.
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formation of a slug in this channel, which is further confirmed by
the visual observation obtained from the high-speed image as
shown in Fig. 12(b). The flow rates in other channels, channels 1,
3 and 4 in this case, increase to maintain the constant total flow
rate. This slug resides in channel 6 for about 15 sec until it is re-
moved by the air flow, reflected by an increase in the air flow rate
in channel 6 at 730 s. It may be noted that in Fig. 12(a), the flow
rate in channel 6 did not recover to its original value. This may
indicate the change of the water flow pattern from the slug to film
flow. Due to the strong hydrophilic effect of the channel wall and
the corner flow, the slug flow in the gas channel always transforms
to a film flow in the later stages of the slug motion. At a time of
around 760 s, another slug is formed. It is difficult to identify the
location of the new slug because of the limited visual access com-
pared to the entire channel length of 183 mm. This slug resides in
the channel until the end of the data recording period. The two-
phase flow studies at other air and water flow rates have also been
carried out and detailed flow pattern maps will be presented in fu-
ture publications.

5.4. In-situ flow maldistribution

The flow maldistribution was also measured in an in-situ exper-
imental setup. Fig. 13 shows the flow maldistribution with the dry
air at a flow rate of 830 sccm. In this case, only air is passed through
the cathode side channels (no hydrogen is passed through the cath-
ode side; therefore there is no electrochemical reaction present) and
flow maldistribution is obtained using the same technique as de-
scribed under the ex-situ testing with GDL. It is noted that flow is
not uniform in the channels. The reasons for the maldistribution
are: channel dimension non-uniformity, varying local GDL intrusion
under compression, and the influence introduced by the specific
manifold design. The inlet pipe leading into the inlet manifold en-
tered from the left side. This causes the dynamic head to be higher
on the right side channels. In addition, channel dimension non-uni-
formity and varying local GDL intrusion into the channels are other
factors leading to flow maldistribution. Similar flow maldistribution
patterns are observed with dry air at other flow rates.

Fig. 14 shows the instantaneous flow maldistribution in the pres-
ence of electrochemical reaction. The channel to channel variation
needs to be compared with the respective dry case to identify the
presence of water in the channels. However careful analysis is war-
ranted because of the cross-communication across the channels. It is
seen that the flow distribution is different from the dry case result
presented in Fig. 13. For example, the flow in channel #18 is reduced
from about 42 sccm in the dry case to about 28 sccm in the wet case.
It indicates that there is water present in the channel blocking the
flow. The maldistribution in the dry case is caused by the manifold
design, and channel dimension reduction due to different GDL intru-
sion in each channel. In the two-phase case, additional effects due to
two-phase flow characteristics in the individual gas channels are



Fig. 13. Flow distribution in individual channels on the cathode side in the in-situ
setup without hydrogen (no electrochemical reaction, dry operation), 22 channels,
airflow rate 830 sccm.
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also present. In studying the effect of water blockage on the fuel cell
performance, the reduction in the air flow due to water blockage can
be assessed as a function of various system parameters and operat-
ing conditions.

The results presented herein are believed to be the first of their
kind providing instantaneous flow rate measurements in the gas
channels of ex-situ and in-situ fuel cell test setups under both sin-
gle-phase and two-phase flow conditions. Since the non-uniform
flow distribution leads to performance degradation, this study is
expected to provide useful insight in the design of flow fields and
surface treatment of the GDL and the channel surface.

5.5. Additional notes

These measurements clearly demonstrate the effectiveness of
the entrance region pressure drop technique. This technique is
readily applicable to channels of any cross-section, and therefore
will be useful in many other applications, such as heat exchangers,
Fig. 14. Flow distribution in individual channels on the cathode side in the in-situ
setup with electrochemical reaction, 22 channels, current density of 0.15 A/cm2,
airflow rate 830 sccm.
and other heat and mass transfer devices. If theoretical equations
are not available for the desired geometries, individual channel cal-
ibration plots may be generated using the same method described
in this paper. All channels need not have the same geometry since
the calibration plots are generated individually for each channel.
However, access to the pressure taps in the entrance region of indi-
vidual tubes is required to implement this technique and may be a
limiting factor in its implementation in operating devices.

The entrance region method can be used to monitor maldistri-
bution resulting from fouling downstream of the entrance region,
but cannot be applied if fouling occurs in the entrance region itself.
In such a case, an increased pressure drop would not correctly re-
flect an increased flow rate. If it is known that fouling will occur in
the entrance region, but not in the channels themselves, the en-
trance length method may be modified to measure the pressure
drop between a single point in the entrance region and another
point downstream in the fully developed region or in the exit head-
er. Appropriate calibration plots must be generated for each config-
uration. In the future, the experimental data for specific fuel cell
geometries may be employed to generate and validate the analyt-
ical/numerical models for predicting flow maldistribution for dif-
ferent flow channel configurations, GDL material and operating
conditions.

6. Conclusions

A new technique is proposed to measure the instantaneous flow
rate through individual channels in a parallel channel array. Such ar-
rays are used in a number of applications, including fuel cells and
heat exchangers. The experimental setup is specifically designed to
allow calibration of the individual channel flow rates. The ability of
this technique to accurately predict flow maldistribution in parallel
channels is experimentally validated in this paper. The method has
been implemented in ex-situ and in-situ setups designed to study
two-phase flow in gas diffusion channels of a PEMFC to develop
effective water management strategies for PEMFCs.

The method is readily applicable to channels of any cross-sec-
tion and is useful in PEMFC research as shown here. The instanta-
neous flow rates within a fuel cell can be used to reveal the existing
air-water two-phase flow patterns in the gas channels. The method
also provides a means to predict and find individual channel
obstructions in real time. Understanding and quantifying maldis-
tribution within PEMFC channels is of great importance to the opti-
mization of fuel cell design and performance. The method
presented will aid in addressing the concerns related to inefficient
usage of the electrochemically active area due to poor water
management.

One of the limitations of this technique is the difficulty in
accessing the individual channels in the entry region in operating
heat transfer devices or fuel cells. However, if implemented in spe-
cially designed experimental setups under laboratory conditions, it
provides a valuable tool to study maldistribution and its relation
with other system parameters.

Further experimentation is needed to define the effectiveness of
monitoring only a specific set of channels in an array in order to
quantify the overall maldistribution. The application of this meth-
od at the fuel cell stack level will prove to be challenging due to the
geometry of fuel cell stacks and alterations necessary to implement
the method. The experimental stack can be designed to facilitate
this measurement, and is planned in the future work.
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