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ABSTRACT: Polymer electrolyte membrane fuel cell with a combination of oxygen and hydrogen and
production of water converts the chemical energy of the fuel directly and through an electrochemical
reaction to electrical energy. One of the most crucial issues for commercializing this technology is water
management. In the present study, the motion of liquid droplets that emerged in the gas flow channels
with inlet and outlet manifolds is investigated. Due to the small dimensions of these channels, the
balance of surface adhesion and other dynamic forces influence the flow of fluid, therefore, the semi-
empirical Hoffman model with a two-phase flow method for simulating physics in an applied geometry
including gas flow manifolds are used. The effect of tapering the manifold cross-section on the liquid
water droplets is also investigated. The physical model used for the dynamic contact angle is validated
with data from an experimental study. Simulation results show that by changing the geometry of the
input and output manifolds, the problem created in conventional geometry, which causes the obstruction
of the last channel due to the accumulation of liquid water, will be resolved, thereby improving the
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geometry will improve the water management in the channels.

Dynamic contact angle

1- Introduction

Fuel cell technology in which hydrogen and oxygen
during a chemical reaction convert into electricity and heat
is one of the best options for generating electrical energy in
the future. But similar to all growing technologies, there are
some challenges toward development of its social penetration.
One of the most important issues that many researchers are
engaged with is the management of liquid water in the fuel cell
[1]. Some researchers [2] have proposed efficient techniques
for preventing liquid water to be emerged in the fuel cell
entrance manifold and consequently to fuel cell gas channels.
However, since the appearance of liquid water in the gas flow
field is unavoidable, it is necessary to examine the dynamics
and behavior of water and the effects of this movement in the
fuel cell [3]. Therefore, in the present work, after validating
the applied model with related experimental data, the dynamic
behavior of liquid droplets in a common gas flow field
is investigated. The dynamic contact angle of droplets is
considered using the Huffman function model, which considers
physical and fluid flow characteristics and was neglected in
previous studies. Also, the motion of the droplet dynamics in
applied geometry, which includes manifolds of gas flow field
in Polymer Electrolyte Membrane (PEM) fuel cell, has been
studied. Finally, a novel design for improving liquid water
management in the manifolds of gas flow field is introduced.

2- Numerical Methodology
Because of the nature of the two-phase flow that concerned
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with this problem, the volume of fluid method has been used
to solve the governing equations [3]. This method is used to
simulate the flow regime with unmixable fluids in an unsteady
state flow. The key feature of this technique is its ability to take
into account the effects of surface tension. Huffman function [5]
is used as the model of the contact angle or the hysteresis of the
contact angle. First, the value of capillary number is calculated
using the liquid phase properties and the contact line speed of
this phase from Eq. (1).

Ca=£y (1)
(e}

Then the dynamic contact angle is obtained as an indicator
of the dynamic effects of flow based on the capillary number

and static contact angle as an index of surface adhesion effects
as follows:

-1
QD ZfHoff [Ca +quff (ee )] (2)
where Hoffiman function is defined as Eq. (2):

f Hoff (x)=

¥ 0.706 (3)
arccos< 1—2tanh 5.16(—()9(,)
1+1.31x ™

The written code estimates the numerical value of the inverse
Huffman function by using the value of the static contact
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Fig. 1. Validation with experimental data
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Fig. 2. Moving of five droplets in the initial flow field

angle, then it sums obtained amount with the value of capillary
number so the dynamic contact angle is estimated and the
boundary condition of the wall in the code will be applied. Of
course, regarding the transient nature of the problem, the above-
mentioned process must be iterated at each step to update the
new value of dynamic contact angle.

3- Results and Discussion

First, according to the work carried out in reference [4]
and the preliminary speculation of the limits of suitable
grid density, the dependency of the numerical grid was
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Fig. 3. Moving of droplets in the corrected flow field

investigated. Then, in order to ensure the correctness of the
simulation and the applied model, the results were validated
with the results presented in Ref. [5]. In Fig. 1, the result of
this process is presented in the form of a comparison of the
position of the contact line position for the experimental data
and simulation performed by implementing the Hoffman
function for the effect of the contact angle hysteresis as the
boundary condition of walls and the volume of fluid method
for the two-phase model. As can be seen, the results initially
are in good agreement with experimental data, but in continue
a limited difference emerges. The most important factor
makes this difference caused is the difference between the
two-dimensional simulation and the actual three-dimensional
conditions in the experiment.

Figures 2 and 3 show the initial and modified geometries
of the problem, respectively. Figure 2a shows the initial
arrangement and Fig. 2b shows the final state of droplets.
After moving a little towards the end of entrance manifold,
single droplets stick to each other and form a larger one. This
larger droplet moves toward the last channel by encountering
the wall opposite the manifold. As a result, this large droplet
does not have the ability to pass through the channels. That
is, the last channel is blocked. Naturally, this problem will
exacerbate flooding if water continues to flow into the
structure. This led to the idea of a new design of the flow
field.

The flow of five drops in the modified geometry is shown
in Fig. 3. The expansion and contraction ratio is considered
0.5 in both input and output manifolds. It can be seen that the
geometric modification changes the behavior of the formed
droplet. It should be noted that the modification of geometry
in both the inlet and outlet manifolds causes this function, and
if the geometry of each of them is changed lonely, the problem
of channel obstruction will remain. On the other hand, the
slope created in the manifold should be in the direction of the
movement of the fluid.

4- Conclusions

The gas-liquid two-phase flow of five pre-embedded
droplets in parallel straight channels with the inlet and
outlet manifolds is simulated. For this purpose, the mass
and momentum conservation equations are solved using the
volume of fluid method and considering the Hoffman function
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for modeling the dynamic contact angle. The results show
that in the moving of five drops in the flow field of parallel
channels and common geometry of manifolds, with merging
of droplets and increasing the diameter of them, the dynamic
of their motion in the flow field is changed and due to the
effects of surface tension, the last channel gets blocked. But
by changing the geometry of the input and output manifolds,
the problem will resolve. As a result, improving geometry
improves water management in the flow field.
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Fig. 1. Schematic of a single PEM fuel cell
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Fig. 7. Results of validation with experimental data [18]
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Table 1. Important parameters that implemented in the simulation
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Fig. 8. Geometry of the problem and the generated grid
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Fig. 9. Moving of five droplets in the initial flow field
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Fig. 10. Moving of five droplets in the corrected flow field
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Fig. 11. Diagram of the pressure loss against velocity and time a) Direct channel b) Inclined channel

g o BB )3 Ul o e 900 G dutin

iy inlS | Wit )3 o slalug g ylib dl IS olis e
SaJUIS 5 o1 colalgs 5 5Lis ol polio .l e LinlS 53050 55
5 bedl gloj CoddS b Mt e g U 5 Lt bcwd
13 ol il 51 b o8l bl 5l L LIS )5 Lt sl ooy’
sl e 515 515 el JUtS

&lo

[1] F. Barbir, PEM fuel cells, in: Fuel Cell Technology,
Springer, 2006, pp. 27-51.

[2] A. Bozorgnezhad, M. Shams, H. Kanani, M.
Hasheminasab, G. Ahmadi, Two-phase flow and droplet
behavior in microchannels of PEM fuel cell, International
Journal of Hydrogen Energy, 41(42) (2016) 19164-
19181.

[3]E. Alizadeh, M. Rahimi-Esbo, S. Rahgoshay, S.
Saadat, M. Khorshidian, Numerical and experimental
investigation of cascade type serpentine flow field of
reactant gases for improving performance of PEM fuel
cell, International Journal of Hydrogen Energy, 42(21)
(2017) 14708-14724.

Al o 5K e U

& 5 4o -0
o Ju S8 Jisl gla U (i35 e o b pals dllde
3 03d ilole Gl Ollad )90 4 @lomj 5 93 (b2 (e
Olys 4 il lp (63959 (lr Gy g baojluil b (b2 laee
> g s o gyl edlital b Bgw S ()5 glite Ll
GBS 5y g pgiiege oy gl SYolae Julid oSb Jlal <Yols
2 Sl beS ©ppon Sealny ool 4yl (siloJde sl (08l &6
$39)9 Sginio olyon 4 (Slge pudine Sl U (b2 (e i
b g pile 4 3l 93 (IS 5k 4 el 0ad (gilodnd (295
5 odnliie g 69y 0 llad &S > gl 234
il ) g & Silodnd ol 5l Jobs @l ) lasd
awdin b gilge G JU ol e )3 0pkad oy dsgerme S > 0
(ol e aegazmo Jlab il33l g 0 o b el ol 5 Anlginto Jglize
e 4 45 0 sanldio g 03,8 sl e o g 8 o Cundg
ol g S (o dghn 1y el JUB wlo gl (oo (iSO
P9 o) dnogs XSy (Slajl 018 @7 Wodnie sl dwiin
015 ol dwin 9 (glge Oly e 3 0pkad gy dsgeme S > o
ol dbul S (29y5 5 (£99)5 sl st dwiin pusi b ilai)stse
Mol 4 )3 g o Byl p JUIS dladl )5 gl Jglate dwaia ;>

YFAA



TER B YFVA doio VYRR Jlo A o)loud DY 093 ¢S ool SilSo odio &y

hydrophilic/hydrophobic  properties on the water
behavior in the micro-channels of a proton exchange
membrane fuel cell, Journal of Power Sources, 161(2)

(2006) 843-848.

[13] E. Shirani, S. Masoomi, Deformation of a droplet in a
channel flow, Journal of fuel cell science and technology,

5(4) (2008) 041008

[14] K. Jiao, B. Zhou, P. Quan, Liquid water transport in
parallel serpentine channels with manifolds on cathode
side of a PEM fuel cell stack, Journal of Power Sources,

154(1) (2006) 124-137.

[15] K. Jiao, B. Zhou, P. Quan, Liquid water transport in
straight micro-parallel-channels with manifolds for PEM

fuel cell cathode, Journal of Power Sources, 157(1)

(2006) 226-243.

[16] P. Quan, M.-C. Lai, Numerical study of water
management in the air flow channel of a PEM fuel cell
cathode, Journal of Power Sources, 164(1) (2007) 222-
237.

[17] A.D. Le, B. Zhou, A general model of proton exchange
membrane fuel cell, Journal of power sources, 182(1)
(2008) 197-222.

[18]S. Sikalo, E. Gani¢, Phenomena of droplet-surface
interactions, Experimental Thermal and Fluid Science,
31(2) (2006) 97-110.

[19] S. Litster, D. Sinton, N. Djilali, Ex situ visualization
of liquid water transport in PEM fuel cell gas diffusion
layers, Journal of Power Sources, 154(1) (2006) 95-105.

[20] I. Fluent, FLUENT 6.3 wuser’s guide, Fluent

documentation, (2006(.

YFAL

[4] M. Rahimi-Esbo, A. Ranjbar, A. Ramiar, E. Alizadeh,
M. Aghaee, Improving PEM fuel cell performance and
effective water removal by using a novel gas flow field,
international journal of hydrogen energy, 41(4) (2016)
3023-3037.

[5] M.E.A.B. Amara, S.B. Nasrallah, Numerical simulation
of droplet dynamics in a proton exchange membrane
(PEMFC) fuel cell micro-channel, International journal

of hydrogen energy, 40(2) (2015) 1333-1342.

[6] S. Malekzadeh, E. Roohi, Investigation of different
droplet formation regimes in a T-junction microchannel
using the VOF technique in OpenFOAM, Microgravity
Science and Technology, 27(3) (2015) 231-243.

[7] M. Ashrafi, M. Shams, A. Bozorgnezhad, G. Ahmadi,
Simulation and experimental validation of droplet

dynamics in microchannels of PEM fuel cells, Heat and
Mass Transfer, 52(12) (2016) 2671-2686.

[8] T. Skiba, C.J. Carnevale, Fuel cell gas inlet manifold
drain, in, Google Patents, 2015.

[9] J.P. Owejan, T.A. Trabold, W.H. Pettit, T.W. Tighe, J.M.
Keogan, E.J. Connor, S.G. Goebel, Pem fuel cell stack
inlet water regulation system, in, Google Patents, 2015.

[10]J.P. Owejan, Fuel cell assembly manifold heater for
improved water removal and freeze start, in, Google
Patents, 2013.

[11] E. Kumbur, K. Sharp, M. Mench, Liquid droplet
behavior and instability in a polymer electrolyte fuel cell
flow channel, Journal of Power Sources, 161(1) (2006)
333-345.

[12] Y. Cai, J. Hu, H. Ma, B. Yi, H. Zhang, Effects of






