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Abstract In this study, dynamics of droplets in the chan-
nels of proton exchange membrane fuel cells with straight
and serpentine flow-fields was investigated. Tapered and
filleted channels were suggested for the straight and ser-
pentine flow-fields respectively in order to improve water
removal in channels. Surface tension and wall adhesion
forces were applied by using the volume of fluid method.
The hydrophilic walls and hydrophobic gas diffusion layer
were considered. The mechanism of droplets movement
with different diameters was studied by using the Weber
and capillary numbers in simple and tapered straight chan-
nels. It was illustrated that the flooding was reduced in
tapered channel due to increase of water removal rate, and
available reaction sites improved subsequently. In addition,
film flow was formed in the tapered channel more than the
simple channel, so pressure fluctuation was decreased in
the tapered channel. Moreover, the water coverage ratio
of hydrophilic tapered surface was more than the simple
channel, which enhanced water removal from the channel.
The filleted serpentine channel was introduced to improve
water removal from the simple serpentine channel. It was
shown by observation of the unsteady and time-averaged
two-phase pressure drop that in the filleted serpentine chan-
nels, the two-phase pressure drop was far less than the sim-
ple serpentine channel, and also the accumulation of water
droplets in the elbows was less leading to lower pressure
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fluctuation. The numerical simulation results were vali-
dated by experiments.
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1 Introduction

Proton exchange membrane fuel cell (PEMFC) is a device
for converting chemical energy into electrical power. It pro-
duces just water and heat as byproducts during its opera-
tion. Low operating temperature, high efficiency, and com-
fortable setup make it popular among all types of fuel cells
[1]. However, there are some problems for commercializa-
tion of PEMFCs. Flooding of channels is one of these prob-
lems causing deficient operation of PEMFCs [2-4].

Water droplets accumulate on cathode side of PEMFCs
at high current densities and low operating temperature.
Temperature gradient, local pressure and electro-osmotic
drag, cause the water to pass through polymer membrane
and going to cathode side of PEMFC [5]. Then, the water
passes through a gas diffusion layer (GDL) and finally
enters the cathode channel. The fuel cell will operate with
lower efficiency, if the existed water in the channel accu-
mulates on the GDL surface. On the other hand, the poly-
mer membrane needs to be humidified for maintenance of
its ionic conductivity. However, if the existed water is more
than the necessity, the flooding occurs. Flooded channel
also causes excessive pressure drop. Therefore, channels
must be designed in a way that neither flooding nor dehy-
dration occurs in PEMFCs.

In the recent years, water management in the PEMFCs
was investigated experimentally by many researchers. Owe-
jan et al. [6] fabricated a PEMFC and investigated water
distribution on the channels of cell with neutron imag-
ing. Yamauchi et al. [7] used a triple-serpentine PEMFC
and make use of direct visualization of anode and cathode
channels to calculate water accumulation in the channels of
cell by manual calculation. Hussaini and Wang [8] studied
the effects of air stoichiometry, current density and relative
humidity on flow patterns of cathode side. Ous and Arcou-
manis [9] visualized droplets in a transparent PEMFC.
They concluded that droplets are formed in the middle of
channels and no water accumulation appears at the end of
channels. They also classified droplet detachment veloci-
ties based on gas velocity. Akhtar et al. [10] studied sev-
eral cross sections for the flow-fields. Their results showed
that triangular channels not only have no positive result on
water removal from channels, but also leads to increase of
pressure drop. However, rectangular cross sections lead to
moderate pressure drop and better water removal.

Visualization of two-phase flow arises many difficul-
ties in the studying of PEMFCs, so numerical simulations
and modeling together with experiments are used for pre-
dicting behavior of two-phase flow in the PEMFCs [11].
In numerical simulations, changes are easily made and
therefore various conditions can be simulated. Among vari-
ous methods used for numerical simulation of two-phase
flow, the volume of fluid (VOF) method is more utilized
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for simulation of PEMFCs. In this method, surface tension
and wall adhesion forces are applied. These forces influ-
ence the formation of two-phase flow in PEMFCs channels.
Zhu et al. [12] simulated a two-dimensional channel with
a one-dimensional pore for injection of water from surface
of GDL. They studied effects of water injection velocities,
airflow rates and pores diameters on droplet movement in
the channel. They also studied the effect of these param-
eters in a three-dimensional channel [13]. Zhou et al. used
the VOF method in several studies for analyzing two-phase
flow in cathode channels with various designs. They used a
three-dimensional model for determining water distribution
in serpentine, parallel and interdigitated channels [14-16].
Ding et al. [17] modeled a three-dimensional channel with
multi-pores. They concluded that humidity of GDL and
shape of the pores affect flow pattern within the channel of
PEMEC.

Several models have been introduced to study the drop-
let dynamics in channels of PEM fuel cells. Theodorakakos
et al. [18] analyzed droplet dynamics on the GDL surface
both numerically and experimentally. They stated that the
GDL surface cannot taken to be smooth due to its relatively
low roughness. Kumbur et al. [19] studied droplet dynam-
ics using an analytical model based on balancing of forces.
Their results suggested that droplets with relatively more
height are removed better than the other droplets, which are
relatively filmed. Cho et al. [20] introduced an analytical
model of detachment velocity and the forces imposed on
droplets comparing the results with experimental data.

In the literature, the movement mechanisms of small and
large droplets in micro fuel cells have not been considered
and only droplet dynamics in different operating conditions
and physical properties were investigated. In the current
study, we aim to select the optimum configuration between
simple and tapered channels by utilizing movement mecha-
nism of droplets with different diameters in different oper-
ating conditions and detecting the dominant force exerted
on droplets using the Weber and capillary numbers. To this
end, various parameters of both channels are investigated
including water adhered to hydrophilic surface, unsteady
and time-averaged two-phase pressure drop, departure
time of droplet related to its average velocity, which shows
water removal rate of channel. Simple serpentine channels
with sharp elbows are optimized from the perspective of
water management and lowering pressure drop introducing
an optimized filleted channel.

2 Numerical model
Generally, a PEMFC can be modeled two-dimensionally

by means of two methods as illustrated in Fig. 1. The first
method is modeling PEMFC in the normal direction of gas
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Fig. 1 Schematic of PEMFC

flow. In this method, the coordinate axes are located in the
direction of Y-Z plane. Modeling in the Y-Z plane is used
for investigation of species concentration and flow condi-
tion in the GDL, catalyst layer and polymer membrane. The
second method is two dimensionally modeling of PEMFC
in the direction of the gas flow, which is investigated in
the plane of X—Z or X-Y. In the present simulations, the
gas—liquid two-phase flow is investigated for the cathode
channel; therefore, dynamics of droplet is simulated on the
surface of GDL in the X—Z plane. Furthermore, the droplet
movement on walls and corner of channels is simulated in
the X-Y plane.

In current study, tapered parallel channels are intro-
duced in order to improve water removal in simple paral-
lel flow-fields. As the conditions in parallel channels are
similar to single channels, a single channel is analyzed and
compared. Accordingly, dynamics of droplet movement

(a) (b)

Table 1 Dimensions of simulated straight channels

Parameter Tapered channel Simple channel
Inlet height (um) 250 250
Outlet height (um) 125 250
Channel length (um) 1000 1000

in the single channel of straight flow-field and the drop-
let dispersion on the elbows of serpentine flow-field were
simulated in the X-Z and X-Y plane, respectively. The
tapered and filleted channels were introduced for the PEM-
FCs with the straight-parallel and serpentine flow-fields
respectively, for improvement of water removal from the
GDL surface. The schematic of simple and tapered straight
channels is shown in Fig. 2 and their dimensions are listed
in Table 1.

In the serpentine flow-fields, water droplets accumulates
on the channels corners [21] and occupy the permeation
surface of GDL. Therefore, less air reaches to the catalyst
layer, and the power of fuel cell decreases subsequently.
Filleting the channel corners is suggested for reducing
this excessive accumulation of water. Five passes are con-
sidered for simulation of two-phase flow in the serpentine
channels for the simple and filleted channels as shown in
Fig. 3. The inner and outer radii of channel corners are 0.5
and 2 mm, respectively.

2.1 Physical assumptions

The interaction of wall adhesion and surface tension leads
to different contact angles between solid and liquid phases
at interface of gas—liquid—solid phases. If surface tension is
greater than wall adhesion, contact angle will be >90° and
the surface is defined as a hydrophobic surface. Otherwise,
contact angle will be <90° and the surface is defined as a
hydrophilic surface. The schematic of hydrophobic and
hydrophilic surfaces is shown in Fig. 4.
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1-Anode channel
2- Anode GDL

3- Anode catalyst layer
4- Membrane

5- Cathode catalyst laye
6- Cathode GDL
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Fig. 2 a Schematic of a straight simple, b tapered and ¢ simulated cathode channels of PEMFC
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Fig. 3 Schematic of a simple and b filleted channel of serpentine
flow-field

Hydrophobic

Hydrophilic

Fig. 4 Hydrophilic and hydrophobic surfaces

On the hydrophobic surfaces, droplets reach a critical
diameter, and then they are removed. This critical diameter
depends on mass flow rates of water and air [22]. Otherwise
if the surface is hydrophilic, droplets do not detach from the
surface easily. For this reason, if the GDL surface is hydro-
philic, the amount of oxygen transferred to the catalyst
layer, and subsequently the reaction rate will be decreased.
According to this behavior of water droplet, the GDL sur-
face should be hydrophobic. The hydrophobicity of GDL is
different for various materials, which is typically between
120° and 145°. The contact angle between droplets and
channel walls is an important parameter for water manage-
ment in channels. Water film formation along the channel
is dictated theoretically by the Concus—Finn condition [23]:

0 + har < 90 D
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Fig. 5 Mechanism of droplet formation on the GDL surface

where 6 is contact angle between the water droplet and the
channel walls and @4 is half-angle formed by the chan-
nel corner. For a rectangular channel gp,r is equal to 45°.
Therefore, 6 has to be lower than 45° in order to start film
formation along the flow channels. In PEMFCs, walls are
usually hydrophilic and further hydrophilicity of the walls
surfaces is desired for proper water management since the
film flow on the walls is a preferable flow pattern for water
removal [17].

Litster et al. [24] concluded that transmission of water
to the channel and its emergence on the GDL surface
mainly is done by fingering and channeling mechanisms.
The droplets gradually become larger and at a certain diam-
eter, which depends on airflow and water flow rate, begin to
move and this process is repeated as shown in Fig. 5.

In the present simulations, standard air enters into the
channel and pure water is considered as the byproduct of
chemical reaction. According to the channel dimensions
and flow rates, the Reynolds number is <650; therefore the
flow regimes are considered laminar [25]. Gas mixture is
considered incompressible since the pressure gradient is
very small. Heat transfer and its effect on the phase change
from liquid to vapor and conversely are ignored in order to
report purely hydrodynamic study of droplet.

2.2 The governing equations

Two immiscible fluids can be simulated with solving a set
of momentum equations using the volume of fluid (VOF)
method. The volume fraction of each phase and the inter-
face between them can be followed in the entire solution
domain subsequently. Mass conservation equation is,

P v (ov) =0 2
o pv) = (2
In the gas-liquid flows, mixture density is defined as:

p = a1p1 + g g 3)

« is the volume fraction of each phase, which subscripts
1 and g represent liquid and gas phases, respectively. The
volume fraction of each phase is given by:
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o+ oy =1 @)
Volume fraction continuity equation is,

a(o -
Slenp) +V. <0t1,01V1) =0 ®)
ot
Then the volume fraction conservation equation for the
air phase is derived, if subscript 1 is replaced by g.

Momentum conservation equation is,

a(gf)w. (pw)

_ T .
=—Vp+uV-<V-v+V~v>+pg+F (6)

P is static pressure and F is source term, which is the sur-
face tension and wall adhesion forces in the present simula-
tions. u is the dynamic viscosity and given by

M= o1l + Ogllg @)

The continuum surface force (CSF) model which is pro-
posed by Brackbill et al. [26] considers the surface tension
effect. In this model, surface tension is applied as a source
term in the momentum Eq. (6) given by,

= prVoy
Fyvgo=0 +—m 8
" (1/2(Pl+pg)> ®

In the Eq. (8), o is the surface tension coefficient and «;
is the surface curvature of liquid droplet defined in terms of
the divergence of unit normal 7}, given by,

K=V (ﬁz> 9)
The unit normal is given by,
N V(Xl 10
ny =
Vel (10

Wall adhesion effects are considered by adjusting the
surface curvature near the wall which this method has been
proposed by Youngs [27]. The local curvature of this inter-
face is determined by the static contact angle 6y,, which is
the angle between the wall and the tangent of the interface
at the wall. The surface normal, 3 for the wall is given by,

7 = Ty COS Oy + 1 sin By (11)

where ny and ?W are the unit vectors normal and tangential
to the wall surface, respectively.

In the analysis of forces exerted on the droplet in the
channel, two dimensionless numbers are used as follows,

M
o

Ca (12)

_ p1viDg

We (13)

o

The Ca is the capillary number which is defined as a
ratio of viscous and surface tension forces. The We is the
Weber number which is defined as a ratio of inertia and sur-
face tension forces.

2.3 Solution methodology

The finite volume method is utilized to discretize govern-
ing equations. The pressure-based segregated algorithm
is used to solve the Navier—Stokes and volume fraction
equations consecutively. Two-phase flow in the channels
is simulated numerically by using VOF method based on
explicit-scheme. The PISO algorithm (pressure-implicit
with splitting of operators) couples the pressure and veloc-
ity. For discretizing pressure, the pressure staggering option
(PRESTO!) is selected. To minimize numerical diffusion,
the momentum equation is solved by quick differencing
scheme. The first-order implicit time marching scheme is
used for solving the unsteady formulation. Simulations are
performed by FLUENT®6.3.26 [28].

2.4 Validation of grid and time step independency

In order to verify solution independency from computa-
tional grids and time step, three grids and time steps are
utilized as shown in Table 2. As shown in Fig. 6, the Rich-
ardson extrapolation [29] with Grid Convergence Index
(GCI) and Time Convergence Index (TCI) are used to esti-
mate water volume fraction in the outlet for both the grid
size and time step of zero. The results of GCI and TCI
show that the estimated water volume fraction in the outlet
are 0.704695 and 0.7045 with errors of 0.036 and 0.02 %
respectively. Therefore, the grid with 10,000 cell is verified
for current simulation and further grids will not have sub-
stantial effect on the accuracy of results. The results also
suggest that the time step of 1078 (s) lead to independency
of solution from the time step, and further decrease of time
step value is not logical regarding the computational time.
For ensuring the solution convergence in each time step,
the number of iterations in each time step set as 200. The
convergence criteria for all parameters considered 10~°.

Table 2 Grid numbers and time steps for verification study

Grid numbers Time steps (s)

Mesh 1: 14,000
Mesh 2: 10,000
Mesh 3: 7142

Time step 1: 5 x 107°
Time step 2: 1 x 1078
Time step 3: 2 x 1078

@ Springer
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Fig. 6 Grid and time step independence test for the volume frac-
tion of water in the outlet at t = 450 ps. A droplet with the radius of
125 mm moves on the GDL at the airflow velocity of 5 m/s

2.5 Operational and boundary conditions

In the present simulation, a parabolic profile is set for the
boundary condition of the inlet air velocity. The maximum
velocity is in the middle of channel and in this study, it was
named as the inlet velocity of channel. The atmospheric
pressure was applied to the channel outlet as outlet bound-
ary condition and no-slip boundary condition and also wall
adhesion are applied to the walls. In Table 3, the values of
all parameters and constants used in the simulations are
given. The time step of solution was selected 1073 (s) in
order that the Courant Number be <0.25. In the present
simulations the initial location of the droplets is set on the
channel inlet and the initial velocities of them are zero, and
no air flow exists in the channel while the air flow enters
the channel in t = 0.

Table 3 Values of all parameters in the simulations

Parameter Value Unit
Air density 1.225 kg/m?
Air viscosity 1.78 x 107 kg/(ms)
Droplet radii 31.25,50, 125 pm
Gravity 9.81 m/s’
Inlet velocities of air 5,10, 15 m/s
Operating temperature 298.3 Kelvin
Static contact angle of water and hydro- 40 Degrees
philic surface
Static contact angle of water and hydro- 140 Degrees
phobic surface
Surface tension 0.0719 N/m
Water density 998.2 kg/m®
Water viscosity 0.001003 kg/(ms)
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3 Results and discussion

In this study, straight and serpentine channels are inves-
tigated, and optimized channels are introduced for both
of them from a water management and pressure drop
perspective.

3.1 Straight channel

In this section, a simple straight channel is studied first and
in the next part, a tapered channel is introduced as an alter-
native and optimized channel for improved water manage-
ment in straight channels.

3.1.1 Simple channel

The movement of a droplet with an initial radius of h/2 in
the simple rectangular channel is shown in Fig. 7.

For the velocity of 5 m/s, it is observed that three mech-
anisms are occurring simultaneously. First, the receding
point is moving in the flow direction. Second, the upper
part of the droplet has an ascending motion and along with
the entire droplet moves forward. Third, the advancing
point has a forward motion. The reason of these mecha-
nisms can be identified using the streamlines and the con-
tour of relative pressure shown Fig. 8. The pressure at the
contact area of air and the backside of droplet is high while
at the front of the droplet is low leading to a forward driv-
ing force. According to Fig. 9a, which represents capillary
and Weber numbers respectively, the surface tension force
other than the contact area of air and droplet is dominant
forces throughout of the droplet in t = 2 ps and therefore,
the shape of droplet remains unchanged. Simultaneously,
the airflow passing through the space above the droplet cre-
ates an inclined shear force toward the top, which causes
divergence of the streamlines at the top and bottom of the
droplet. So the top of droplet moves to upward.

Because of pressure drop, which is caused by induc-
ing vortex of airflow, the receding contact angle of drop-
let increases. As seen in Fig. 7 for the air velocity of 5 m/s
at state (d), streamlines are downward at the top of drop-
let, so the viscous and inertial forces are downward at this
moment. Consequently, the top of droplet moves downward
to the lower wall of channel and forms film flow on the
GDL surface.

As shown in Fig. 7 for the air velocity of 10 and 15 m/s,
initial states of droplets compared to the first case are more
unstable due to the amplification of inlet velocity. In addi-
tion, the Weber number is increased (Fig. 9b) and that is
interpreted as the momentum force increment because
of the constant surface tension in this study. In the early
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Fig. 7 Movement of a droplet with the radius of h/2 in the simple channel over time (blue, red and black colors are refereed to droplets, velocity

profile and streamlines, respectively) (color figure online)
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Fig. 8 Contour of relative pressure in the simple channel for the air
velocity of 5 m/s at state (a) (Fig. 7)

moments of droplet movement for the velocities of 10
and 15 m/s, the air passes through the top of droplet and
then departs to its front side. The advancing contact angle
of droplet is decreased due to the negative component of
the airflow velocity that is produced by the large clock-
wise vortex, which is in the front side of the droplet as
shown in Fig. 7. Decrease of advancing contact angle will
continue until the impact of impinging momentum on the
backside of droplet is greater than its impact on the front
side of droplet. Then, the advancing contact angle of drop-
let is gradually increased, because the effect of large vor-
tex of droplet front side is diminishing as shown in Fig. 7
for states (d), whereas the shear force of the airflow and
impinging momentum to the droplet is increasing as shown
in Fig. 9b. Deformation of the upper part of droplet occurs
faster due to the larger capillary number; in other words,
that is because of larger shear force as shown in Fig. 9b.
There is an important difference with the previous case;
In this case, the separated parts of the primary droplet

increase due to the more shear force exerted on the droplet.
The upper surface absorbs impinging droplets, which are
produced on the GDL because the upper surface is hydro-
philic. Therefore, effective surface for oxygen passage and
water removal increases, and film flow is formed on the
upper surface of channel as shown in Fig. 7.

It should be noted that the ratio of gravitational force to
surface tension force (Bo = pj gDﬁ /o), in the biggest drop-
let in the channel, with the radius of h/2, is 8.52 x 1072,
which is the maximum value compared to the other drop-
lets. However, this small value verifies that the surface ten-
sion force is more effective than gravitational force on the
dynamics of droplet movement in all states.

The movement of a droplet with an initial radius of h/5
in the simple rectangular channel with the velocities of 5
and 15 m/s over time is shown in Fig. 10. The difference
between the movement mechanisms of droplets with dif-
ferent radii is characterized by comparing the movement of
droplets with the radii of h/2 and h/5 over time. In Fig. 7,
the formation of vortex inside the droplet is not observed,
because the momentum force of air overcomes on the shear
force. The main mechanism of droplet movement is trans-
lational since the bulk of droplet is exposed to the momen-
tum force,. However, as the droplet is getting smaller, the
shear force is being applied to the droplet surface, so this
force creates a rolling moving within the droplet as shown
in Fig. 10. In this case, rolling mechanism is the dominant
mechanism of movement and together with the transla-
tional mechanism cause the droplet to move. Unlike the
larger droplets, the film flow is not formed, because the
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capillary and Weber numbers were reduced compared to
the larger droplet as shown in Fig. 11.

The movement of a droplet with an initial radius of
h/8 in the simple rectangular channel with the velocity of
15 m/s is shown in Fig. 12. In this case, the movement of
droplet is similar to the movement of droplet with the radius
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of h/5. Generally, as the droplet is getting smaller, the sur-
face tension and wall adhesion forces increase compared to
the momentum force and hence, the rolling mechanism is
appeared which is the dominant mechanism of the droplet
movement. The change in the mechanism of droplet move-
ment mainly affects the velocity of droplet in the channel.
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Fig. 11 Contour of Weber and capillary number of a droplet with the
radius of h/5 at the air velocity of 5 m/s
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Fig. 12 Movement of a droplet with the radius of h/8 and velocity of
15 m/s in the simple channel over time (blue color is referred to the
droplet) (color figure online)

3.1.2 Tapered channel

Transfers of reactant gases to the catalyst layer and water to
the channel are through the porous medium. Slow nature of
this phenomenon limits the efficiency of PEMFCs. There-
fore, some efforts to the transfer of chemical species through
porous medium using forced convection are performed. The
most important innovation in this area is the interdigitated
flow-field, where by blocking the end of channels, reactant
gases have to pass through the porous medium to reach to
the channel outlet. This forced convection flow improves
the transfer of reactant gases to the catalyst layer and water
movement toward the channel as well. However, the forced
convection flow in porous medium leads to a large pressure
drop along the path. Therefore, for compensating this pres-
sure drop, a stronger compressor is required. To mitigate
this problem, a proposed solution in the straight flow-fields,
which have lower pressure drop compared to serpentine
flow-fields, is the utilization of tapered channel. By reducing
the cross section area of channel, reactant gases are forced
to pass through the porous medium, which has two impor-
tant effects on the performance of PEMFCS. First, make an
easier transfer of reactant gases to the catalyst layer, which
results in an improvement in the performance of chemical

reactions in this layer. Second, the forced convection in the
porous layer and the resulting shear stress play an impor-
tant role in the removing of the generated water from the
reaction zone and better heat management in this layer. In
the following, this novel design in the straight flow-field
is investigated and its effects on the dynamics of droplet
movement, departure time of droplet, droplet velocity, and
two-phase pressure drop are identified.

The schematics of a simple straight flow-field and a
tapered channel flow-field are shown in Fig. 2. The ratio of
inlet to outlet height of the channel is defined as S,. Simu-
lations conducted by Shateri Amiri [30] revealed that for
the S, of 0.5, pressure drop in the channel is low while the
velocity is high. Therefore, in this section, the droplets with
diameters and velocities similar to the simple channels are
simulated for the S, of 0.5.

The movement of a droplet with an initial radius of h/2
in the tapered channel with the velocity of 5 m/s is shown
in Fig. 13. It is observed that the mechanism of droplet
movement is similar to simple channel. Unlike the sim-
ple channel, the film flow is formed on the upper surface
of channel. Water adheres to the upper surface because in
the tapered channel, the height of channel is lower than
the simple channel that causes the viscous and momentum
forces to have a significant increase compared to the simple
channel, as shown in Fig. 13.

The movements of droplets with the initial radii of h/5
and h/8 in the tapered channel with the velocity of 5 m/s
are shown in Fig. 14. The motion mechanism of the small
droplets inside the tapered channel is rolling, which is simi-
lar to the simple channel, because the surface tension is the
dominant force acting on the droplet.

3.1.2.1 Effectof tapering on departure time of droplet The
times required to complete departure of droplets with differ-
ent diameters and velocities in the simple and tapered chan-
nels are shown in Fig. 15. The time that there is no water on
the hydrophobic surface is considered as the departure time.
It can be concluded with respect to Fig. 15 that the departure
time of all droplets decreases with increase of the inlet flow
rate. In other words, the average velocity of the droplets
increases with the increase of the inlet flow rate. It is con-
cluded that the departure time in the tapered channel is less
than the simple channel for a specified diameter. Therefore,
the water removal rate and available reaction sites increase.
Due to the change in the mechanism of droplet motion from
the translational to the rolling mechanism, departure time
for the smaller droplets is much further than the largest.

3.1.2.2 Effect of tapering on pressure drop and pressure
Sfluctuation The pressure drop over the departure time for
the droplet with the radius of h/2 is shown in Fig. 16a. It is
observed that by increasing the air velocity, the pressure drop
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in both tapered and simple channel is increased significantly.
At the beginning of droplet movement in the tapered channel,
pressure drop is further than the simple channel. However,
the pressure drop and pressure fluctuation are getting lower
than the simple channel by dispersing of the droplet over the
departure time because of further film flow formation on the
upper surface compared to the simple channel, which is desir-
able for the water removal of PEMFCs. The pressure drop of
tapered channel at the end of droplet movement is further than
simple channel due to the lower height of channel outlet. The
pressure drop over the departure time is shown in Fig. 16b
for a droplet with the radius of h/S. The pressure drop is simi-
lar to the previous case. However, the fluctuation of pressure
drop over the departure time is lower. Since the upper part
of the droplet is more open for the airflow passage. As seen
in Figs. 10 and 14, the droplet with the radius of h/5 retains

@ Springer

its shape because of the domination of surface tension force;
therefore, the pressure fluctuation decreases. Similarly for
this radius, the pressure drop increases at the end of tapered
channel, since the height of channel is lower than inlet, and
droplet all over the channel keep its shape, therefore less area
exists for air passage, and then the pressure drop increases.
However, generally the pressure drop of tapered channel is
not more than the simple channel substantially.

3.1.2.3 Effect of tapering on the adhered water to the hydro-
philic surface As the upper surface of channels is hydro-
philic, it absorbs impinging droplets forming film flow on this
surface, which is desirable for water management of PEMFCs.
The adhered water ratio (water coverage ratio) is defined as,

Ro = 2 x 100
A (14)
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Fig. 15 Departure time of droplets with different diameters and
velocities in the tapered channels

where A, is the area of adhered water to the upper surface of
channel, and A, is the initial area of the droplet. The water
removal from the surface of GDL and effective surface for
passage of reactant gases from the GDL will decrease, if
the adhered water ratio (R,) decreases. Figure 17 shows the
amount of adhered water to the upper surface of simple and
tapered channels.

The amount of adhered water increases by increasing
the airflow velocity since the amount of momentum force
of air increases and dominates to surface tension force of
droplet; so droplet is easily detached and dispersed on the
upper wall. In addition, R, increases by tapering of chan-
nel because the height of channel decreases in the tapered
channels. No water adheres to the upper surface at the
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velocity of 5 m/s for simple channel unlike the tapered
channel; therefore the amount of water removal and surface
available for gas transport decrease for the simple channel.

3.2 Serpentine channels

In this section, droplets dispersion in the serpentine chan-
nel and influence of changing simple rectangular corners to
the rounded corners on the two-phase flow are investigated.
Channel dimensions are shown in Fig. 3. Inlet velocity is
parabolic and its maximum is 0.5 m/s.

In some areas of flow-field that airflow does not pass
through there, the momentum and viscous forces will be
less than other areas. Therefore, the probability of water
flooding is high in these areas. By use of a steady state and
single-phase simulation of airflow, these areas are identi-
fied. The velocity contours of simple and filleted serpen-
tine flow-fields are shown in Fig. 18. It is observed that the
magnitude of velocity is less than a quarter of inlet velocity
at the corners. A strategy to remove these areas, is fillet-
ing the elbows of the channels corresponding to the stream-
lines. In this study, the effect of filleting of channels on sin-
gle-phase flow pressure drop, unsteady and time-averaged
pressure drop of two-phase flow, water coverage ratio of
elbows and flow regimes in channels are investigated.

The droplet movement inside the simple channels is
shown in Fig. 19. In the experimental studies conducted
by Bozorgnezhad et al. [21, 31], it was found that drop-
lets mainly form at the elbows of channel. In the present
simulation, droplets are located at the elbows of channel at
different moments, which are proportional to water genera-
tion rate in the fuel cell. The water generation rate of this
simulation is 2 x 107 kg/s for the current density of 0.8 A/
cm?. Then, droplets move in the channel over time and ulti-
mately adhere to the corner of channel, because airflow is

(b) ——&—— Simple channel, v=15 m/s
~ — -A—~ — - Tapered channel, v=15 m/s
—-—-—-—-- Simple channel, v=5 m/s
—-—--@—-=-- Tapered chinnel, v=5 m/s

1 1 1 1 1 1 1 1 l‘ >\?
0.1 02 03 04 05 06 0.7 08 09 1
Time scale

Fig. 16 Pressure drop over departure time for the droplet with radius of a h/2 and b h/5
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Fig. 18 Velocity contour of single serpentine channel PEMFC

slow in these parts, which reduces the shear and momentum
forces compared with the surface tension force. In other
words, at these locations the Weber and capillary numbers
are lower than elsewhere. The droplet dispersion within the
filleted channels in the same conditions of simple channels
is shown in Fig. 20. The airflow passes through the corner
of filleted channels more than the simple channel; there-
fore, shear and momentum forces increase, and droplets do
not accumulate in the corners.

3.2.1 Effect of filleting elbows on water coverage ratio

The water coverage ratio of elbows can be used for better
understanding the effect of filleting channels. The water
coverage ratio of elbows is the ratio of the area covered by
water in the channel elbows to the area of channel elbows.
This value is calculated by using the numerical result. As
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Fig. 19 Dispersion of droplets in the simple serpentine channel over
time
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Fig. 20 Dispersion of droplets in the filleted serpentine channel over
time

shown in Fig. 19d, droplets adhere to the channel elbows
at the final state. In this state, the water coverage ratio
of elbows is 70 %, so only 30 % of the total area of this
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location is open for the passage of oxygen. In the final state
of the filleted serpentine channel, which corresponds to
Fig. 20d, the water coverage ratio of elbows is 12 %. There-
fore, there is no water in the 88 % of elbow, and the area of
oxygen passage has significantly increased consequently.

3.2.2 Effect of filleting of elbows on pressure drop

One of the most important parameters in design of flow-
fields is pressure drop in channels. Here, the steady-state
single phase pressure drop and also the two-phase pres-
sure drop for simple and filleted serpentine channels are
compared. As shown in Fig. 21a, the single phase pres-
sure drop in filleted channel is less than simple channel
since the minor loss of pressure drop in elbows is lower.
The filleted serpentine channels also have other advantage
to simple serpentine channels. As shown in Fig. 21a, in
the presence of water in the channel, time-averaged pres-
sure drop of single and filleted serpentine channels increase
substantially showing the great effect of two-phase flow on
pressure drop. But, it is showed that the two-phase pressure
drop of filleted serpentine channel is far less than simple
channels regarding the unsteady two-phase pressure drop
for both channels. As shown in Fig. 21b, in initial times the
pressure drop of both channels increased due to temporary
blockage of channel by the injected droplets. During the
time and movement of droplets, they accumulate in elbows.
In the simple channel, the airflow does not pass through the
corner of elbows and this leads to accumulation of water
in the elbows and forming the slugs until the air momen-
tum and viscous forces dominate the wall adhesion force.
Then, this slug starts to move and blocks the major parts of
channel leading to instantaneous increase of pressure drop
as shown in Fig. 21b. But, in the filleted channels the slugs
do not form in the elbows. In addition, the slugs formed in
the elbows of simple serpentine channel are large leading
to pressure drop. In the simple channels, usually there are
some droplets in the elbows leading to pressure drop in end
of simulation time.

3.3 Experimental validation

In order to validate numerical results with experiments, an
experimental setup for simple straight and serpentine chan-
nels is designed as shown in Fig. 22. Water is injected to
channel by means of a micro syringe pump exactly with
same amount of numerical simulation. The data acquisi-
tion system is designed using LabView 15 to integrate the
micro syringe pump (UMP3-2 with SYS-Micro4 Control-
ler, World Precision Instruments), air flow meter (F-101D,
Bronkhorst) and high-speed camera (Phantom MIRO-4,
Vision Research). The channels walls (hydrophilic surface)
and gas diffusion layer (hydrophobic surface) are made from
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Fig. 21 Comparison of pressure drop of simple and filleted serpen-
tine channel a single and two-phase pressure drop b unsteady two-
phase pressure drop

Plexiglas and teflonated carbon papers (TGP-H-090, Toray),
respectively. The flow parameters and properties of materials
and surfaces in simulations and experiments are identical.

In the simple straight channels, departure times of drop-
lets with radii of 31.25 (h/8), 50 (h/5) and 125 (h/2) pm,
are selected as validation parameters, which their distances
from channel outlet are 0.9 mm as shown in Fig. 23a. The
channel length is 4 mm in order to ensure that the flow
profile in the initial droplet location is fully developed and
parabolic. In Fig. 23b, the droplet completely left the chan-
nel. Departure times of droplet are calculated and com-
pared with experimental data for velocities of 5, 10 and
15 m/s. The experiments are repeated 10 times, and the
average of experimental departure times of droplet are cal-
culated while the data repeatability is 96.29 %. As shown
in Fig. 24, the numerical results are consistent with experi-
mental data, and the average error is 6.85 %.

In serpentine channels, water coverage ratio of elbows
is calculated for experimental validation of numerical
simulations. Water coverage ratio is the ratio of the area of
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Fig. 22 Schematic of experimental setup for validation

Fig. 23 Droplet in simple
straight channel
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elbows covered by water to the total area of elbows. Water
coverage ratio of elbows is calculated by image processing
methods in ImageJ 1.47 software. Before start of the exper-
iments, a video of channel with no droplet (dry video) is
recorded, and reference image (dry image) is processed by
averaging frames of dry video eliminating any likely noise,
and then the reference image is converted to a grayscale
image. After this procedure, the air enters the channel, and
the droplet is injected to the channel by means of the micro
syringe pump, and video recording is started. The frames of
the experiment video are converted to a series of grayscale
images as shown in Fig. 25a. The difference image is pro-
cessed by differencing the dry and experiment images. The
water is detected using threshold values referring to the
water pixels of the difference image, so the threshold image
is processed. Due to the similarity of pixels values in the
difference image, some other irrelevant pixels are detected
as water, so the morphological image processing opera-
tions are used to improve the accuracy of water detection
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Fig. 25 Water coverage ratio (a experiment image, b final processed
image)
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in the channel achieving more precise results. Finally, the
final processed image (binary image) is processed in which
the detected pixels as water are shown by black pixels,
and other areas are shown by white pixels, as shown in
Fig. 25b. The elbows regions are extracted from the other
regions by masking the final processed image. The experi-
mental water coverage ratio of elbows (Fig. 25b) is 67 %
which its difference with numerical simulation is just 3 %
and the relative error is 4.4 %. As stated by Hussaini and
Wang (8], the two-phase flow patterns in microchannels of
PEM fuel cells are in the forms of droplet, film and slug
flow. The time-averaged two-phase flow patterns distribu-
tion in the numerical simulation and experiments are given
in Fig. 26, and the time steps for image processing is 0.1
(s). The relative error is <7 %, so the numerical simulation
data of two-phase flow patterns distribution is in a satisfac-
tory agreement with experimental data. The dominant two-
phase flow patterns are slug and film flows, while the distri-
bution of droplet flow is relatively low.

4 Conclusions

In the current study, we found the optimal flow-fields
between simple and tapered straight channels by utilizing
movement mechanism of droplets with different diameters
in different operating conditions and detecting the domi-
nant force exerted on droplets. Various parameters of both
channels are investigated including water adhered to hydro-
philic surface, unsteady and time-averaged two-phase pres-
sure drop and departure time of droplet. In the next part,
simple serpentine channels with sharp elbows are opti-
mized from the perspective of water management and low-
ering pressure drop introducing an optimized filleted chan-
nel. The particular conclusions drawn from this study could
be listed as follows:

e The momentum was the dominant force for the large
droplets (r = 125 pm), so their movement mechanisms
were translational. For the small droplets (r = 50 and
31.25 pm), the momentum force was reduced compared
to surface tension force so that it could not change the
form of droplet, so they had rolling movement. Due to
the change in the mechanism of droplet motion from the
translational to the rolling mechanism, departure time
for the smaller droplets was much further than the larg-
est.

e The pressure drop and pressure fluctuation of tapered
channel were getting lower than the simple channel
by dispersing of the droplet over the departure time
because of further film flow formation on the upper sur-
face compared to the simple channel, which was desir-
able for the water removal of PEMFCs.

e For the small droplets (r = 50 and 31.25 um), the fluc-
tuation of pressure drop over the departure time was
lower.

e The amount of adhered water to hydrophilic surface
increased by increasing the airflow velocity. It increased
by tapering of channel because the height of channel
decreased in the tapered channels. No water adheres
to the upper surface at the velocity of 5 m/s for simple
channel unlike the tapered channel.

e The water coverage ratio of elbows for filleted and sim-
ple serpentine channel were 70 and 12 %, respectively.
Therefore, the area of oxygen passage was significantly
increased in the filleted channel.

e It was shown that the two-phase pressure drop of filleted
serpentine channel was far less than simple channels
regarding the unsteady two-phase pressure drop for both
channels.

e In the filleted serpentine channels, the slugs did not
form in the elbows, while the slugs formed in the
elbows of simple serpentine channel were large leading
to pressure drop.
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The dominant two-phase flow patterns for simple ser-
pentine channel were slug and film flows, while the dis-
tribution of droplet flow was relatively low.
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