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ABSTRACT

In this paper, the liquid-gas two-phase flow pressure drop signatures are analyzed for minichannels. The two-
phase flow pressure drops are measured in a 2mm x 1mm flow channel supplied with air and liquid water. The
ranges of air and water flow rates represent operating conditions of proton exchange membrane (PEM) fuel
cells. As a PEM fuel cell operates, chemical energy is converted into electrical energy with water and heat
as byproducts. The produced water can pass through the gas diffusion layer (GDL), a porous layer in PEM
fuel cell, and emerges on its surface within the flow channel. This causes liquid-gas two-phase flow in flow
channels. In this study, liquid-gas two-phase flow pressure drops are measured in an ex-situ PEM fuel cell
test section. The experimentally measure pressure drops are compared with three models of two-phase flow
pressure drop. Comparing 108 experimentally measured pressure drop data points with models proposed by
Saisorn and Wongwises [29], English and Kandlikar [24], and Mishima and Hibiki [28] revealed that the
latter showed the best prediction capability with a mean absolute percentage error as low as 10%. Moreover,

in this study the distribution of pressure signatures are plotted and analyzed.
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1. INTRODUCTION

Proton exchange membrane (PEM) fuel cells are efficient and pollutant free type of energy systems. Through
the electrochemical reactions in anode and cathode, they generate electricity with heat and water as the byprod-
ucts. The water produced during the operation of the PEM fuel cell can pass through the gas diffusion layer
(GDL), the porous layer in PEM fuel cell, and enters into the flow channel [1]. The porous structure of the
GDL has a significant impact on water transport from the catalyst layer, where the electrochemical reactions
occur, to the flow channels [2—4]. The water removal from the flow channel can be based on different mech-
anisms, depending on the gas flow rate and water production rate [S5]. When the water removal rate is less
than the water production rate, a water lens may form within the gas channel. As this lens grows, it can clog
the flow channel and cease the transport of the reactants to the catalyst layer. This is referred to as channel
flooding and has been reported to lower the performance of the cell [6-8]. The emergence of liquid water in

PEM fuel cell flow channel causes liquid-gas two-phase flow.

Liquid-gas two-phase flow in PEM fuel cell can be studied through direct and indirect methods. The direct
methods include studying liquid-gas flow within the flow channel through transparent cell [5, 8—14], neutron
imaging [15, 16], X-ray microtomography [17, 18], or gas chromatography [19, 20]. The indirect method of
studying liquid-gas two-phase flow in PEM fuel cell includes measuring the properties that are immediate
results of liquid-water accumulation within the flow channel. Liquid-gas two-phase flow pressure drop is an
appropriate property that can reveal information about the accumulation of liquid water in flow channel [21].
This is because the accumulated water resists the gas flow and therefore results in an added pressure drop

along the flow channel.

While the single-phase pressure drop in fluids is well understood and prediction can be done over a wide range
of operating conditions, the liquid-gas two-phase flow pressure drop is not well identified for researchers. The
physics behind liquid-gas two-phase flow is complicated to be modeled based on simplified mathematical

equations.

The two-phase flow pressure drop is the sum of frictional, gravitational and accelerational pressure drop:

APrp = APrpr + APrp.c + APrp A ()

The acceleration pressure gradient is expressed as:
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where mass flow quality, x, is defined as:

Gy

— g 3
Gg—l—Gf )

x
« is the void fraction and represents the gas hold-up in the liquid stream. As the liquid and gas superficial
velocities are low in PEM fuel cell flow channels, the acceleration pressure drop is a negligible term of the
overall two-phase flow pressure drop. The superficial velocity of the fluid is defined as the bulk velocity of the

fluid flowing within the channel cross sectional area.

For an inclined channel with the inclination angle of ¢, the gravitational pressure gradient can be expressed

as

dP
_ (d) = [apg + (1 — o0)pg] g sin 4)
/) TP.G

For horizontal channels the inclination angle will be zero and therefore, the gravitational pressure gradient
will be zero too. In macrochannels, the gravitational pressure gradient is a dominant term which needs to
be considered in overall two-phase flow pressure drop but in mini/micro-channels, the dominant impact of
surface tension diminishes the gravitational effects. Therefore it can be concluded that for PEM fuel cell
application that includes minichannels, the only two-phase flow pressure drop term that remains in the right

hand side of Eq. 1 is the frictional two-phase flow pressure drop.

There are two common approaches in predicting the two-phase flow frictional pressure drop; homogeneous
equilibrium model and separated flow model. In homogeneous equilibrium model the two-phase mixture is
treated as a pseudo single phase fluid with properties weighted to the quality. This model has been proven
to result in accurate predictions at higher mass qualities [22—24]. Therefore, this model has less prediction
capability for PEM fuel cell application. In separated flow model, the two-phase frictional pressure drop is
calculated based on the single-phase frictional pressure drop by applying a two-phase flow frictional multi-

plier, 7. This method was originally introduced by Lockhart and Martinelli in 1949 [25].
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Table 1 Values of Chisholm parameter [27]

Two-phase flow characteristics Chisholm’s parameter C

Laminar liquid-laminar gas 5
Turbulent liquid-laminar gas 10
Laminar liquid-turbulent gas 12
Turbulent liquid-turbulent gas 21
(%), =t () )
z ) op dz )¢

where ¢7? is the two-phase frictional multiplier based on liquid and has been reported to depend on the flow

pattern [26]. The Martinelli parameter, X, is defined as:

(&), (&),

Chisholm [27] introduced the Chisholm parameter, C. This parameter is used to define the frictional multi-

1
2
X = (6)

plier:
(dP>
dz c 1
2 _ ™ _ 4, %
¢ ="7ip Ty T x 7)
dz )

The concept behind the Chisholm correlation (Eq. 7) is that the two-phase flow frictional pressure drop is
equal to the sum of the pressure drop for each of the phases of liquid and gas and the interaction between

these two phases:

1
dp _( dp dp dp dp\ |2
(i), = (&), (‘dz>g+c (&), (d)] ®

The Chisholm parameter, C, gives a quantitative value to the interaction between two phases which is a

function of flow regime. These values are listed in Table 1.

Different C correlations are proposed by different research groups. In this paper, liquid-gas two-phase flow
pressure drops are measured in an ex-situ PEM fuel cell experimental setup. The measured pressures are then
compared with three different C correlations proposed for minichannels. The pressure drop signatures are

also analyzed based on comparing the distributions of pressure signatures during a certain time period after
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initiation of experiments.

The three two-phase flow pressure drop models that have been compared in this study are proposed by En-
glish and Kandlikar [24], Mishima and Hibiki [28], and Saisorn and Wongwises [29]. Mishima and Hibiki
[28] measured two-phase flow pressure drop of air and deionized water in capillaries with internal diameter
between 1mm and 4mm. They observed that the C parameter is a function of internal diameter of the capillary
and proposed two sets of C correlation for circular and rectangular capillaries. For circular cross section, they

proposed C' = 21[1 — exp(—333D)] and for rectangular they suggested C' = 21[1 — exp(—319Dy,)].

Saisorn and Wongwises [29] measured the frictional pressure drop of air and water in capillaries with diame-

ters between 0.15 mm and 0.53 mm. They proposed a C correlation based on dimensionless numbers:

. 2
b= Hf]f’}\_ H

o proDy

C = 7.599 x 1073\ ~0:631,0.005 p-0.008

English and Kandlikar [24] measured liquid-gas two-phase flow pressure drop in an ex-situ PEM fuel cell test
section with 1.01 mm hydraulic diameter of the flow channel. They used air and water as working fluids. They
modified the model proposed by Mishima and Hibiki [28] and suggested a new C correlation for PEM fuel
cell application. For circular flow channels in PEM fuel cell, they proposed C' = 5[1 — exp(—333D)] and
for rectangular flow channel they proposed C' = 5[1 — exp(—319Dy,)]. Mortazavi and Tajiri [30] conducted a

comprehensive review on two-phase flow pressure drop models for the application of PEM fuel cell.

In addition to model comparison, the normal distribution of pressure signals are also analyzed in this study.

The probability density function (PDF) for the normal distribution is defined as

1 “H)z
fz|w, o) = e 2\ © )

where W is mean and o2 is the variance.
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2. EXPERIMENTAL SETUP

Liquid-gas two-phase flow pressure drops were measured in an ex-situ experimental setup of PEM fuel cell.
The test section included two parallel flow channels, each 2mm wide and Imm deep. The flow channels were
machined on a 0.5 inch thick polycarbonate plate and Toray carbon paper (TGP-060) was inserted between
the two polycarbonate plates. The GDL sample was treated with Polytetrafluoroethylene (PTFE) based on
the procedure explained in [31]. The flow channels were 24 cm long, and the pressure drop was measured
over the 20 cm length of the channel through 0.396 mm diameter holes in a polycarbonate plate. Deionized
water was injected through two 250 pm diameter stainless steel capillaries (Upchurch-U111) into the flow
channels. Pressure drop was acquired at 50 Hz frequency with a high-precision pressure transducer 0-500
Pa (Omega, PX653-02D5V). The uncertainty associated with the pressure transducer was +0.25Pa. Table 2
lists the experimental conditions of this study. The Reynolds number in this table was calculated based on the
superficial velocities of air or water. Figure 1 shows the schematic of experiments setup used in this study.

Table 2 Experiment conditions

Property Air Water Mixture
Mass flux (kg/m2s) 1.36-5.44  0.04-0.45 1.56-5.78
Superficial velocity (m/s) 1.13-4.52 4.4 x 107°-4.53 x 10~% -

Reynolds number 96.0-385.3 0.063-0.654 -

Mass Flow Quality, x - - 0.869-0.986

3. RESULTS AND DISCUSSION

In this section experimentally measured two-phase flow pressure drops are first compared with three separated

flow models that have been proposed for minichannels. The pressure drop signatures are also analyzed by

Air Flow

Compressed
Air

Pressure
° ITransducer

Syringe 1=y 1] jmmm—— — 4
Pumps DAQ[

Fig. 1 Experimental setup
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studying the normal distribution during the first and the third 100s, i.e. 0s < time < 100s and 200.02s <
time < 300s, respectively. Fig. 2 compares the experimentally measured two-phase flow pressure drops with
the three models. In each graph, the horizontal axis represents the experimentally measured two-phase flow
pressure drop and the vertical axis belongs to predicted two-phase flow pressure drop. A 30% margin for each
model is also provided on each graph. It should be added that the two-phase flow pressure drops presented in
Fig. 2 are the average values of pressure drop data after the pressure signatures passed the initial increasing

trend, as discussed in Fig. 3.

In order to compare the accuracy of different models, four different parameters of A, w, 0, and € were defined.

The mean absolute percentage error (MAPE) is shown by A which is determined according to

1 |APF,pred - A-PF exp|

MAE = NE N x 100% (10)

Also, w, 0, and ¢ are defined as the percentage of data points predicted within +10%, +30%, and +£50% of

accuracy, respectively.

It can be observed from Fig. 2 that while the model proposed by Saisorn and Wongwises [29] generally over-
predicts the pressure drop, the model proposed by English and Kandlikar [24] under-predicts the pressure
drop. Fig. 2 also shows that the model proposed by Mishima and Hibiki [28] has the best prediction capability
with the lowest MAPE, A = 10.0. Another general observation from this figure suggests that the model
proposed by Saisorn and Wongwises [29] has relatively better prediction capability at lower pressure drops

while the model proposed by Mishima and Hibiki [28] has stronger prediction capability at higher pressure

drops.
(@) 600 —— (b) , () g
_ +30%, 1" +30% ° il
DG_! /7 ’ /S
:400- iy L r ’ P r ’ o
g ,:;- 7 ) ~-30% ,/ . : 0% ,/ ::‘- - 30%
N .G )\:14.%3 L5 =268 I ,’5,;, 7 A=100
< 1 w=35. a4 w=0 1" w=53.7
/- 6=96.3 o 6=67.6 Al 6=100
0 A . l<E=100 A . , €100 4 ) , €=100
0 200 400 600 O 200 400 600 O 200 400 600
AP (exp) [Pa] AP (exp) [Pa] AP (exp) [Pa]

Fig. 2 Experimentally measured two-phase flow pressure drops compared with different models. (a) Saisorn
and Wongwises [29], (b) English and Kandlikar [24], (c) Mishima and Hibiki [28]. 108 experimentally ob-
tained data points are evaluated in this study.
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In addition to lower MAPE calculated for Mishima and Hibiki’s model [28], it can be observed from fig 2 that
all data points are within 30% accuracy of this model. This percentage is 96.3% for the model proposed by

Saisorn and Wongwises [29] and 67.6% for English and Kandlikar’s model [24].

In addition to model comparison, the pressure drop signatures were analyzed by fitting to normal distribution
at different time intervals. Fig. 3 shows the two-phase flow pressure drop signatures at five different water
flow rates. For each water flow rate, experiment starts with dry channel and the pressure drop measured at
time = Os represents the single-phase air pressure drop along the flow channel. It can be observed in Fig. 3b
that as the water flow rate increases, the pressure signature increases with a greater slope at the beginning
of the experiment. This is due to a higher rate of water introduction into the flow channel that causes higher
pressure drop at a shorter period of time. In addition, a closer look at three graphs in this figure shows that as

the water flow rate increases, the changes in pressure signature between spikes and dips become faster.

Fig. 4 compares the PDFs for different water flow rates and during the first 100 s (Fig. 4a) and the third 100

a) ., 0 oo
FI a b (I1y 1400 ih Fig (c

D 450 pmm—vm 2 e i L —  WFR=600 ul/h
E 400 [~ N n i ) ————  WFR=900 pl/h
S5 350 — w . i - ———  WFR=1400 pl’h
§ 300 ——— WFR=1900 pl/h
£ 250 ——— WFR=2400 pl/h

pin [t N N NN N B

0 50 100 150 200 250 300 350
Time [s

b) [s]
f— 500 () 600 plh
© | | (1) 900 pih
o, 490 [Tan o  WFR=600 i
@ 400w za00pin — WFR=900 pl/h
; 350 PSR e e, e —— WFR=1400 pl/h
@ 300 [~ S AE T b ———— WFR=1900 pl/h
S ogo |- W2 —— WFR=2400 pl/h

200 | | | | |

0 20 40 60 80 100 120

—— WFR=600 pl/h
—— WFR=900 pl/h
—— WFR=1400 pl/h
—— WFR=1900 pl/h
—— WFR=2400 pl/h

Fig. 3 Two-phase flow pressure drop signatures
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s (Fig. 4b) of each experiment. While the PDF are relatively similar in shape in Fig. 4a, it can be observed
that changing water flow rate changes the mean value of the pressure drop. In Fig. 4a, as the water flow rate
increases the distributions shift to the right, suggesting an increase in the mean value of pressure drop at higher

water flow rates.

Fig. 4b shows the PDFs of pressure signatures during the third 100 s of the experiments which is equivalent to
time between 200.02 s and 300 s. A discernible trend can be observed in this figure that suggests as the water
flow rate increases, the standard deviation of pressure signatures decreases. Based on test of hypothesis, the

difference between two means of pressure drop for 6001l /h and 2400/ h are statistically significant.

For the highest water flow rate, 2400ul/h, a jump in the PDF can be observed in Fig. 4b. This suggests a
smaller standard deviation in pressure signature at this high water flow rate compared to lower water flow

rates.

This study is a basic statistical analysis of pressure signatures and suggests that pressure signature can be
further studied statistically. Further statistical analysis of pressure drop signals are required to learn more

about the frictional pressure drop caused by the interaction between liquid and gas phase in PEM fuel cells.

4. CONCLUSION

In this study, liquid-gas two-phase flow pressure drop was measured in a minichannel. The measured two-
phase flow pressure drops were compared with three models proposed for minichannels. The following con-

clusions can be drawn from this study:

a) 0.012 b) 0.05
A « WFR=600 pl/h
001 Lo « WFR=900 pl/h
0.04 . « WFR=1400 pl/h
0.008 |- . + WFR=1900 pl/h
003+ =« ° « WFR=2400 pl/h
L w .
9 0.006 - o -
002+ 2
0.004 | \
0.002 0.01
1 1 1

0 < 0
200 250 300 350 400 450 500 250 300 350 400 450
Pressure Drop [Pa] Pressure Drop [Pa]

Fig. 4 Probability distributions drawn for (a) the first 100 s (b) the third 100 s of experiments. Legend applies
to both figures.
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. Over the range of flow conditions tested in this study, it was observed that the model proposed by

Mishima and Hibiki [28] has the strongest prediction capability compared to the two other models

evaluated.

. While the model proposed by Saisorn and Wongwises [29] generally over-predicts the value of pressure

drop in the range of flow condition tested in this study, the model proposed by English and Kandlikar

[24] was observed to under-predict values of pressure drop.

. Comparing the model proposed by Saisorn and Wongwises [29] and the model proposed by Mishima

and Hibiki [28], the former was observed to be more accurate at lower pressure drops (around 200 Pa)

while the latter was observed to be more accurate at higher pressure drop (around 400 Pa).

. The normal distributions of pressure signatures at different water flow rates showed that while the stan-

dard deviation was almost constant during the first 100 s of the experiments (Fig. 4a), the mean value of
pressure drop increased with water flow rate. However, the standard deviation was observed to decrease
during the third 100 s of experiments (Fig. 4b) as the water flow rate increased. In addition, increasing
water flow rate was observed to decrease the mean value of pressure drop during the period of this plot.
Further statistical analysis is required to learn more about the interaction of liquid and gas phase in the

overall two-phase flow pressure drop equation.
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C Chisholm Parameter

D Channel diameter

Dy Channel hydraulic diameter

G Mass flux

Jt Superficial liquid velocity

Je Superficial gas velocity

N Number of data points

Neong  Confinement number

P pressure

Re Reynolds number

Reg Reynolds number based on
superficial liquid velocity,
Rer = G(1 — ) Dy /ue

T mass flow quality, coordinate

X Lockhart-Martinelli parameter

Greek symbols

A Difference

104 void fraction, corner half-angle

B channel aspect ratio (3 < 1)

€ percentage of data points predicted
within £50%

0 percentage of data points predicted
within £30%

05 static contact angle

11
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NOMENCLATURE
(-) A mean absolute percentage error
(m) n  dynamic viscosity
(HI{) p  density
(75;) o  surface tension
(nHll/s§ ¢  two-phase flow frictional multiplier
(m/s) channel inclination angle
) w  percentage of data points predicted
) within £10%
(Pa) Subscript
) A acceleration
F  frictional
G  gravitational
©) TP two-phase
) f saturated liquid
) g saturated vapor
z stream wise coordinate
©) fg  difference between saturated
-, °) vapor and saturated liquid
) fo  liquid only
go  vapor only
(%) tt  turbulent liquid-turbulent vapor
tv  turbulent liquid-laminar vapor
(%) vt laminar liquid-turbulent vapor
©) vv  laminar liquid-laminar vapor

(%)
(Ns/m?)
(kg/m?)
(N/m?)
)

)

(%)
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