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Abstract

A numerical investigation of the dynamic behaviour of liquid water entering a polymer electrolyte membrane fuel cell (PEMFC) channel through
a GDL pore is reported. Two-dimensional, transient simulations employing the volume of fluid (VOF) method are performed to explicitly track
the liquid—gas interface, and to gain understanding into the dynamics of a water droplet subjected to air flow in the bulk of the gas channel. The
modeled domain consists of a straight channel with air flowing from one side and water entering the domain from a pore at the bottom wall of the
channel. The channel dimensions, flow conditions and surface properties are chosen to be representative of typical conditions in a PEMFC. A series
of parametric studies, including the effects of channel size, pore size, and the coalescence of droplets are performed with a particular focus on the
effect of geometrical structure. The simulation results and analysis of the time evolution of flow patterns show that the height of the channel as
well as the width of the pore have significant impacts on the deformation and detachment of the water droplet. Simulations performed for droplets
emerging from two pores with the same size into the channel show that coalescence of two water droplets can accelerate the deformation rate and
motion of the droplets in the microchannel. Accounting for the initial connection of a droplet to a pore was found to yield critical air inlet velocities
for droplet detachment that are significantly different from previous studies that considered an initially stagnant droplet sitting on the surface. The
predicted critical air velocity is found to be sensitive to the geometry of the pore, with higher values obtained when the curvature associated with
the GDL fibres is taken into account. The critical velocity is also found to decrease with increasing droplet size and decreasing GDL pore diameter.
© 2007 Published by Elsevier B.V.
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1. Introduction

Water management is central to achieving performance and
durability of low temperature PEMFCs. In an operating PEMFC,
water is often introduced into the cell through humidified reac-
tants and is also produced in the catalyst layer on the cathode
side. Since in most designs liquid water shares the same flow pas-
sages with the reactants, when liquid water is not removed from
the cell at a sufficient rate, partial blockage of the pathways takes
place, leading eventually to so-called flooding. Liquid water sat-
uration of the GDL pores reduces transport of reactant gases [1],
and may lead to complete starvation. In addition to performance

* Corresponding author.
E-mail address: ndjilali@uvic.ca (N. Djilali).

0378-7753/$ — see front matter © 2007 Published by Elsevier B.V.
doi:10.1016/j.jpowsour.2007.07.024

losses this can also induce local cell reversals, exacerbate degra-
dation [2] and compromise cold start operation. The emergence
of the excess liquid water into the gas channels can induce a
significant additional pressure drop, as well as local blockage
of gas channels that results in global flow maldistribution. In
situ observations and measurements of liquid water transport
in an operating unit cell is challenging, and understanding of
the dynamics of two-phase flow in the cathode microchannels
remains thus limited. The flow and surface conditions encoun-
tered in PEMFC microchannels result in flow regimes that are
generally different from those encountered in more classical
engineering applications, because of the small hydraulic diam-
eters (~500 wm), low Reynolds numbers (~10° or less) and
mixed wetting properties of the surfaces. The resulting micro-
scale flows in PEMFCs are for the most part laminar and are
characterized by much larger ratios of surface to volume forces.
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In particular surface tension and viscous forces become pre-
dominant. Thus most of the knowledge in the rich literature on
two-phase flow in channels is not readily applicable to PEMFCs.

A few studies have been undertaken in recent years tar-
geting specifically two-phase flows in PEM fuel cells using
transparent fuel cell hardware [3-8], neutron scattering imag-
ing [9-12], IR-thermography [13], NMR [14], MRI [15] and
fluorescence microscopy [16,17]. In custom made cells with an
optically accessible window, flow phenomena including droplet
formation, flow regimes, and scenarios of droplet—droplet and
droplet—wall interactions can be observed and often quantified
using image processing techniques. However, the materials used
for transparent windows typically have different bulk proper-
ties (thermal and electrical) and surface properties (roughness
and wettability) from those in actual fuel cells, thus dictating
a certain amount of caution in interpreting the observations.
Techniques such as neutron or magnetic resonance imaging cir-
cumvent the need for an optically transparent window but require
materials and/or cell designs that differ significantly from those
of operating systems. These promising techniques require fur-
ther advances to enhance their practicality as well as temporal
and spatial resolution.

Most modeling and simulations of water transport in fuel cell
have to date focused on water flow in the porous components
of the cell, e.g., water saturation and capillary transport in the
GDL [18-23] and transport of absorbed water in the ionomer
phase [24-26]. These studies assume, explicitly or implicitly,
that water appears as a homogeneous phase within the represen-
tative volume. This approach cannot be extended to the analysis
of liquid water transport in a gas microchannel where large lig-
uid interfaces are expected as a result of strong interactions
between surface tension and the channel walls. Simplified stabil-
ity analysis based on macroscopic force balances and geometry
approximations have been reported in Chen et al. [27], Jiao et
al. [28], Quan et al. [29] and Kumbur et al. [30]. In these stud-
ies, a single droplet or an array of droplets are considered to be
either suspended in the channel, attached to the channel wall, or
in the form of a water film. None of these studies accounts for
the facts that in a PEMFC liquid water emerges from the GDL
pore into the gas channel, as well as the fact that GDL pores
are constructed by intersecting carbon fibres which impart cur-
vature to the pore outlet into the channel. Key questions that
remain from the view point of design are understanding of the
dynamics of liquid water droplets; of the detachment process and
ensuing entrainment and interaction with the channel walls and
other droplet; and the characterization of the pressure drop. We
recently reported on a numerical study of the dynamic behaviour
of awater droplet emerging from a pore into a microchannel [31].
In that work we examined the impact of surfaces of varying
wettability, and the effects of static contact angle, air veloc-
ity, and water velocity, and presented an analysis of the critical
air inlet velocity. In the present study, we focus on emergence
of water onto a hydrophobic surface, corresponding to a PTFE
treated GDL, and extend the volume-of-fluid dynamic model to
specifically account for salient geometric features of the pores
through which water emerges. We track and document the com-
plete droplet emergence and formation process as well as the

subsequent detachment and/or film formation, and also present
some results on the dynamic interaction of two droplets emerg-
ing from separate pores. A parametric study on the critical air
inlet velocity at which detachment and removal of water droplet
from the microchannel is induced is presented. Implications of
the present findings on PEMFC operation are also discussed.

2. Numerical model and VOF method

The volume-of-fluid (VOF) method employed in the present
study was first developed in the early 1980s [32] and has become
a popular technique for direct numerical simulation of time-
dependent flows of immiscible fluids. In VOF methods, the
location of the interfaces is determined by applying a surface-
tracking technique to a fixed Eulerian mesh and can thus be
readily implemented into a CFD framework. A volume fraction
indicator is used in conjunction with a reconstruction technique
to determine the location and shape of the interface. A key fea-
ture of the VOF method is the ability to capture the effects of
surface tension, which is an important and sometimes dominant
force in microchannel flows, using a continuum surface force
approach.

2.1. Numerical method

Unsteady, isothermal laminar flow conditions are assumed
to prevail for both air flow and water droplet motion inside the
microchannel, since the bulk flow Reynolds number is less than
650 [33,34] and the heat generation and heat transfer are negli-
gible. The two-dimensional numerical model was implemented
using the commercial CFD package, FLUENT 6.3, and the vol-
ume of fluid (VOF) method was employed in conjunction with
an interface reconstruction algorithm to track the dynamics of
the deforming water droplets [35].

In the VOF technique, a single set of momentum equations
is shared by both fluid phases, and the interface between phases
is tracked for each computational cell throughout the domain by
computing the volume fraction for the fluid &:

0 (outside kth fluid)
Ci(x,y,z,t) = ¢ 1 (inside kth fluid) €))]
0 ~ 1 (atthe kth fluid interface)

where Cy is the volume fraction function of kth fluid, and the
sum of the volume fraction functions is equal to 1.

Y=t @)
k=1

Cy is governed by a volume fraction equation [35] which is
solved in every computational cell:
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&(Ckpk) + V- (Crpxur) =0 3)



X. Zhu et al. / Journal of Power Sources 172 (2007) 287-295 289

The velocity field for the two-phase mixture in the microchan-
nel is governed by the Navier—Stokes equation:

3 . . . oo
E(pu)-‘rv (pui)=—Vp+ V - [W(Vi+Vi)+ps+F  (4)

where p is the static pressure, F a momentum source term related
here to surface tension, and p and p are the volume averaged
density and dynamic viscosity. These are computed to account
for the variable volume fractions for the two-phase air—water
system considered here:

p=p1+ Cap2 — p1) )

w =i+ Calpa — 1) (6)

where indices 1 and 2 represent air and water, respectively.
Surface tension is accounted for by using the continuum sur-
face force (CSF) model [36], and is expressed in terms of the
pressure jump across the interface, which depends on the sur-
face tension coefficient, and is implemented in the momentum
equation as a body force F:
A : @)
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where Ap is the pressure jump across the surface, o the surface
tension coefficient, and R is the surface curvature radii. The
curvature ki is computed from local gradients in the surface
normal at the interface.

K=V - (”) 9)
In|

and the surface normal n is defined as the gradient of Cy, the
volume fraction of the kth phase.

®)

n=VCy (10)
2.2. Computational domain and mesh

Fig. 1 shows a schematic of the computational domain and
the corresponding mesh. In this study, the problem is simpli-
fied by assuming two-dimensionality. In the simulations, the
channel in the base line case is 250 wm high and 1000 pm long
with an injection pore of width D =50 pm. These dimensions
are representative of gas flow channels used in PEM fuel cells,

and the pore widths considered are typical of values observed
in microscope images of gas-diffusion layers (GDL) [16]; the
length of channel simulated is relatively small due to the very
high computational costs but sufficiently large to resolve the ini-
tial dynamics which is the focus of his work. Air flow enters the
channel from the left side at a velocity U. Water with a velocity
V enters the channel through the pore on the bottom surface.
This scenario simulates the transport into the channel of water
produced by the electrochemical reaction. The fixed location of
the GDL pore is consistent with experimental observation that
indicates water usually appears preferentially on certain site of
the GDL surface [16,17]. A structured orthogonal computational
mesh consisting of 15,810 cells is used for the base line case. The
adequacy of this grid was tested by increasing and decreasing
the number of grid nodes by +20%, and similar water droplet
transport and deformation processes were obtained with all three
grids.

2.3. Boundary and initial conditions

Uniform velocity profiles are specified at both air channel
and water inlet respectively, cf. Fig. 1. A convective outflow
condition is applied at the channel outlet. A no-slip bound-
ary condition is imposed along the walls of the channel. A
surface tension of 0.0725Nm™! is prescribed for all cases.
A static contact angle of 140° is used for the GDL surface
unless otherwise stated. The wall of the channel other than
the GDL surface is set to be hydrophilic with a static contact
angle of 45°. These values of static contact angle, or surface
wettability, are typical for PEMFC materials. We note that the
static contact angle is a measure of surface wettability, which
is obtained for water in a stagnant environment at low Bond
number (Bo = pgd? /o), and is thus specified as a boundary
condition in the problem formulation. The actual contact angle
at the liquid/gas/solid interface is the result of the net bal-
ance (or imbalance if the volume of water is in motion) of
the aforementioned forces in the vicinity of the triple phase
boundary. All calculations reported in this paper begin with an
initial field consisting of air flowing with a uniform velocity.
An air velocity of 10ms~! at a pressure of 1bar and temper-
ature 298 K is used. This air velocity is of the same order of
magnitude as the cathode flow velocities in a typical operating
PEM fuel cell at high current density conditions. The veloc-
ity of water entering the channel is taken as 1ms~! in the
simulations.

wall

0.00025

waterll v

wall

0.001

Fig. 1. Computation domain and mesh for the 2D VOF simulations.
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3. Results and discussion

The dynamics of a blob of water emerging from the bot-
tom surface of a microchannel and subjected to a cross air
stream are affected by several factors including: (1) chan-
nel dimensions, channel geometry, and GDL pore size, (2)
flow conditions, and (3) surface properties. The shape and
motion of a blob of water are determined by the com-
bined effects of shear stress, inertia force, surface tension,
pressure, gravity, and viscous force. Some pertinent dimen-
sionless numbers that represent the ratio of surface tension
to the other forces are the capillary number (Ca = pu/o),
Weber number (We = ,ouzd/a), and Bond number (Bo =
pgd? /o). For the baseline conditions in the present study,
and using the water injection pore size D as the char-
acteristic length, we have Ca=15%10"2, We=0.7 and
Bo=4x10"*. The relatively small values of Ca and Bo
indicate that surface tension is more influential than viscous
and gravitational forces for the microchannel flow conditions
considered. It should be noted that the surface properties,
e.g., wettability and roughness, of the channel wall and the
GDL surface do not manifest themselves directly in these
dimensionless number, though they clearly play an impor-
tant role in determining the actual dynamics of the two-phase
flow.
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In presenting the results, we first examine and discuss the
characteristics of liquid water flow in the microchannel for the
baseline case. A parametric study will then be presented to gain
insights on the impact of several geometric factors on flow pat-
terns and flow regimes. The implications of water motion on the
operation of PEMFCs will finally be discussed in terms of the
critical air velocity.

3.1. Characteristics of liquid water movement in a
microchannel

The time evolution of an emerging water droplet for a
hydrophobic GDL surface is shown in Fig. 2. Several char-
acteristic patterns in the process of the droplet formation are
identified as (1) droplet growth (a and b), (2) droplet elongation
(c and d), (3) droplet collapse and wall attachment (e and f),
(4) recoil and film flow (g and h). Fig. 3 shows in a compact
form the results presented in Fig. 2 by superimposing the water
droplet interface at different times. The emergence of the water
from the pore into the channel and the gradual formation of a
droplet are clearly tracked in Fig. 2(a and b). At the early stage
of the process, surface tension is dominant and maintains the
shape of the blob of water close to circular. As time progresses,
the air flow upstream is gradually obstructed by the growing
water droplet, cf. Fig. 2(c and d). As the blockage increases, the

(e) T=0.6ms
0.00025
E
>
0
0 X (m) 0.001
(f) T=0.8ms
0.00025
E
>
0 !
0 X (m) 0.001
(g) T=1.0ms
0.00025
E
=
0 |
0 X (m) 0.001
(h) T=1.2ms
0.00025
E
>
0
0 X (m) 0.001

Fig. 2. (a-h) Time evolution of a water droplet emerging from a 50 um GDL pore in a 250 um microchannel; air flow velocity U= 10 ms~!, water injection velocity

V=1ms~L.
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Fig. 3. Evolution of water droplet shape corresponding to the cases shown in
Fig. 2.

air flow is first accelerated through the narrow gap between the
droplet and the top wall, and then decelerated as illustrated in
Fig. 4(a). The adverse pressure gradient downstream of the min-
imum gap, see Fig. 4(b), causes separation of the air flow, and
a recirculation zone behind the droplet forms as a result. The
pressure drop between the upstream and downstream sides of
the water droplet builds up, especially at the base of the droplet,
which together with the higher shearing stress on the top of
the droplet destabilizes and deforms the droplet. As the volume
and mass of the water droplet increase, the gravitational force
on the droplet also increases while inertial force decreases due
to the increasing surface area. In order to balance these forces
and maintain a continuous interface, the water droplet deforms
allowing adjustment of the interface curvature radii, cf. Fig. 2(e).
The contact line moves rapidly downstream to form a film flow,
and eventually starts rolling up, see Fig. 2(f). The air veloc-
ity decreases as the droplet attaches to the wall and channel
blockage is reduced, while surface tension restores a more cir-
cular droplet shape downstream, Fig. 2(g). Following the roll-up,
blockage with increased gap velocity and pressure drop becomes
dominant again, however, in this phase the air flow and pressure
fields are not as strongly affected as in Fig. 2(d), and the effect
of surface tension on the droplet is relatively higher. Therefore,
water droplet gradually spreads downstream and results in a film
flow, cf. Fig. 2(h).

3.2. Effect of channel size

The geometry and dimension of the gas channel are critical
for the performance of PEMFC. The dimensions of the channel
are primarily determined based on the pressure drop require-
ment of the balance of plant (BOP). As is discussed previously,
the narrowing gap between water droplet and the channel wall
creates a strong shear stress and causes a pressure gradient on

(a) 0.00025

(b) 0.00025

Y (m)

0

0 x (m) 0.001

Fig. 4. (a) Flow field at 7=0.5 ms and (b) pressure field.
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Fig. 5. Time evolution of a water droplet in a 0.5 mm height channel.

the droplet, both favoring removal of water from the GDL pore
where it enters the channel. Fig. 5 shows the time evolution of
a water droplet emerging into a channel with a 500 wm height.
The flow conditions and surface properties of this case are iden-
tical to those shown in Fig. 3. One can see in Fig. 5 that a higher
channel provides more space for the water droplet to grow up
and therefore, the area blocked by the water droplet is smaller,
the air flow field is more uniform, and the shearing stress and
pressure difference on the interface of the water droplet are rela-
tively weaker. Thus the water droplet grows under the dominance
of surface tension and inertial force at early time (#=0.1 ms,
0.3 ms, 0.6 ms), and the three phases contact line moves down-
stream slowly. As the water droplet grows, the shearing stress
and static pressure difference increase and the water droplet
deforms downstream (7=1ms, 1.06 ms). Thereafter, the water
droplet attaches to the GDL surface and its front become thinner
with large face to bear the static pressure difference (= 1.06 ms).
The film flow is formed finally (=1.2ms) without breaking
away.

3.3. Effects of pore size

The micro-structures of GDL materials are highly anisotropic
and are characterized by a range of pore diameters [16]. More-
over, the pore size on the GDL surface can be altered during
fabrication by changing the density of carbon fibre on the surface
as well as by adjusting the PTFE treatment. Because the water
produced by the electrochemical reaction in the catalyst layer
transports through a range of pore sizes into the gas channel,
the size of the GDL pore can potentially be used as a means of
controlling the water removal capability of a GDL. Figs. 6 and 7
show the time evolution of water entering the channel through
pore width of 25 and 10 wm, respectively. The conditions used
in both cases are identical to those in the baseline except the pore
size where water enters the channel. Compared with the baseline
case in Fig. 3, the growth and deformation of the water droplet
appear to be similar in the early stage, except that a longer period
is needed in the case with pore width of 25 pm, cf. < 1.2ms in
Fig. 6(a). For the 25 pm pore case, for > 1.2 ms, the horizontal
component of the surface tension is insufficient to counteract
the shear and pressure forces acting on the water droplet, and
consequently break up of the water droplet occurs, cf. =1.4 ms
in Fig. 6(b). As time proceeds, the break-away water droplet
moves downstream following the air flow with a shrinkage of its
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Fig. 6. Time evolution of a water droplet emerging from a 25 um GDL pore:
(a) initial phase and (b) post break-up phase.

attachment interface to the GDL surface due to hydrophobicity,
while the water left behind rolls upstream and relaxes to a quasi
circular droplet shape dominated by surface tension. Similar sce-
narios of droplet deformation recur subsequently. For an even
smaller pore size, e.g., 10 wm in Fig. 7, the water droplet grows
very slowly due to the smaller water volume flux and retains a
relatively stable shape as time progresses.

3.4. Effects of coalescence of water droplets

In an operating PEMFC, water droplets emerge into the gas
channel from various locations in the GDL, and when a water
droplet detaches from the GDL pore and is convected by the
air flow, it may encounter other water droplets downstream.
As an initial step to mimic this process, simulations of two
water droplets from two pores of the same size located 250 pm
apart are performed to examine the dynamic interaction of water
droplets. The growth, deformation, and coalescence stages of the
two water droplets are shown in Fig. 8. Both droplets enter the
channel at the same time (#=0), and initially each grows sim-
ilarly to a single droplet. Shortly after this stage, a remarkable
deformation occurs on the upstream water droplet first, and its
three-phase contact line is driven by shear stress and pressure
from air flow and moves downstream at ¢=0.4 ms; the corre-
sponding deformation of the downstream water droplet is much
less pronounced. Coalescence of the two droplets is initiated near
the top interfaces of both droplets at t=0.52 ms. The large water
volume concentration resulting from the coalescence induces a
substantial blockage of the channel flow. The air flow is accel-
erated through the correspondingly decreasing gap between the
water droplet and the top wall, and higher shear stress therefore
results on the interface. A large pressure drop along the flow

0.00025
3ms 4ms 6ms 8ms
‘E 1ms
> 0.4ms
% . 0.00
X (m) :

Fig. 7. Time evolution of water droplet emerging from a 10 wm GDL pore.
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Fig. 8. (aand b) Time evolution of two coalescing water droplets emerging from
separate pores.

direction is induced by the sudden coalescence and increased
blockage. The coalescence also yields momentum transfer from
the upstream droplet to the downstream one. The overall effect
is an increase in body and surface forces and acceleration of the
deformation process, especially near the top of the coalesced
droplet, see r=0.56 ms in Fig. 8(a). Moreover, the air flowing
between the two water droplets is entrapped at the beginning of
the coalescence and forms a bubble (+=0.58 ms and 0.64 ms).
Eventually, the water is removed from the channel by the air
flow and a film flow regime is established. In comparison to the
single droplet case, the time scale for water removal is much
shorter when droplet coalescence occurs in the microchannel.

3.5. Critical air inlet velocity for detachment

Removal of water from the gas channel and the GDL is essen-
tial to preventing build up of water saturation and flooding and
avoid transport limitation of the reactants to the catalyst sites
[1]. Passive removal of water by the air flow is advantageous.
However, the air stream may not be effective in achieving this
under certain conditions, e.g., at low current density conditions
when the air velocity is not sufficiently high to blow out the water
droplets. Determination of the critical air inlet velocity at which
detachment of water from the GDL pore occurs is therefore of
great interest to practical fuel cell design and determination of
appropriate operating conditions. This is investigated here by
examining in particular the effects of the GDL pore structure
and pore size on this critical velocity.

In addition to air velocity, GDL surface wettability and the
shape of the droplet, the detachment of water from a GDL pore
may also depend on how the droplet is pinned to the GDL sur-
face. Most GDLs currently used in PEMFC:s are fabricated from
carbon fibres, which typically have diameters of 5—10 pum. The
pores on the GDL surface through which water enters the gas
channel are formed by such intersecting and overlapping lay-
ers of carbon fibres. It is therefore more likely that liquid water
emerges into the channel following a curved edge rather than a
right angle edge.

The critical air inlet velocity, U, above which the air flow
induces break away of the water droplet, is computed in the
following simulations to assess the effects of the fibre structure
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and the pore size. The influence of the connectivity of the water
droplet to the water in the pore and the sensitivity of the pres-
ence of a fibre are investigated by performing the simulation
with water emerging into channel from a pore with an arc near
the GDL surface, as opposed to the case for a single stagnant
water droplet sitting on a channel surface without a pore. In these
simulations, we consider a water droplet of a specific equivalent
diameter, dy, defined as the diameter of a circular shape droplet
having the same volume, attached to the water inside a pore
and vary the air flow velocity at the channel inlet. The simu-
lations begin with initial conditions which are obtained from a
specific time step for a water droplet emerging from a pore of
width 50 wm, with a velocity of 1 ms~! and zero air velocity at
the channel inlet. The subsequent simulation proceeds with no
additional water entering the computational domain. The shape
of the droplet at the beginning depends on the pore structure
and surface wettability, but the total volume is the same for
the same equivalent droplet diameter. Fig. 9 shows the varia-
tion of the dimensionless droplet height, which is normalized
by the height of the channel, as a function of the dimension-
less equivalent droplet diameter. The height of the initial droplet
basically increases with increasing equivalent droplet diameter
and only differs slightly for the three different configurations.
For the case of water emerging from a pore with right angle
edge (Fig. 9(a)), the droplet height is almost identical to that
of a stagnant droplet and only a slightly higher height at the
larger droplet equivalent diameter is noted. The droplet height
for this case is slightly higher than that with an arc edge mim-
icking the structure of a fibre 10 wm in diameter, cf. Fig. 9(b).
This is because the water droplet becomes shorter and wider
due to the arc edge of the fibre. Fig. 10 shows the critical air
inlet velocity as a function of the equivalent droplet diameter
for the three cases shown in Fig. 9. For the case of a stagnant
droplet sitting on a flat surface without a GDL pore, the criti-
cal air inlet velocity is relatively insensitive to the initial droplet
diameter, showing less than 30% decrease for the larger droplet
sizes. For the cases of a droplet initially connected to a pore, the
critical air inlet velocity is much higher overall and decreases
with increasing droplet size. This is consistent with the bal-
ance of the forces acting on the droplet discussed previously,

1.0 —r ¥+ r r r i r v 1+ 1 T
66— —o stagnant droplet on the surface
= — B water inlet without fibre structure (a) A
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Fig. 9. Variation of dimensionless droplet height equivalent droplet diameter
for sharp edge pore and rounded edge pore geometries.

in particular the result of weaker surface tension for a larger
radius of curvature. A larger droplet also results in higher chan-
nel blockage, accelerating the air flow and inducing a higher
streamwise pressure difference and a larger drag force. It is
instructive to consider these results in relation to the simpler but
related case of a circular cylinder (equivalent to a 2D circular
droplet) placed in a channel. Chakraborty et al. [37] considered
this problem for Reynolds numbers in the range considered here.
They found that the drag coefficient (Cp = Fyrag/(0.5 pU%dy)
decreases with Reynolds number, but increases with blockage
ratio (dy/H) due to the interplay between frictional and pres-
sure drag. In the context of the present problem, for a droplet
diameter of 98 pm, Ui ~5m s~!, we have Re~31 and the
blockage ratio d/H =~ 0.39; whereas for a droplet of 187 um,
Ueit ~3.5ms™ !, giving Re~41 and dy/H=0.75; the slight
decrease in the critical velocity for the larger droplet indicates a
net effect of a slightly lower drag coefficient. The small change
is qualitatively consistent with the results of Chakraborty et al.
[37]. In the case of the droplet attached to a pore, the surface
tension plays a greater role and the simpler “circular cylinder”
analysis does not apply. As shown in Fig. 10, the critical velocity
for droplets attached to either shape of pore are initially much
larger than for the droplet on the surface, and drop significantly
with increasing droplet size. The critical air velocity for the case
with an rounded pore edge is overall higher than the case with a
right angle edge except for dg < 100 wm. This can be explained
by noting that the arc fibre edge helps maintain the stability of
the water droplet and result in less deformation by surface adhe-
sion due to the gradual change in the surface orientation. The
shear stress and pressure forces are thus lower, and a higher crit-
ical air inlet velocity is therefore required in order to break the
connection of the water droplet to the water inside the pore.
Fig. 11 shows the dimensionless droplet height as a function
of equivalent droplet diameter for water emerging from three
different pore width: 50, 25 and 10 wm. The droplet heights are
very similar in all three cases, and the slight decrease in the slope
shows a gradual reduction of the droplet aspect ratio for larger
droplets. The critical air inlet velocity decreases monotonically
with increasing droplet equivalent diameter as expected, and

25 —r— I S !
v— -v stagnant droplet on the surface

L B — B water inlet without fibre structure ]
20 - o——= water inlet with fibre structure

U,/ (mls)

O_.‘.lj.‘l.‘.\..‘li..
Q0 110 130 150 170 190

dy /(um)

Fig. 10. Variation of critical air inlet velocity as a function of equivalent droplet
diameter and comparison of predictions including droplets initially pinned to a
pore and droplet initially stagnant on flat surface.
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Fig. 11. Variation of dimensionless droplet height with equivalent droplet diam-
eter for different pore sizes.
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Fig. 12. Critical air inlet velocity as a function of equivalent droplet diameter.
Predictions obtained using curved pore outlet accounting for fibre structure on
the GDL surface.

shows a small but noticeable dependence on pore width as shown
in Fig. 12, with droplets emerging from small pores detaching
at lower velocities. In an actual PEMFC, a range of effective
pore sizes as well as a range of droplet sizes will be present on
the GDL surface. Based on the present findings it is therefore
expected that under the same air velocity in the gas channel,
some water droplets will detach and move out of the channel
while others will remain pinned. Other factors, such as pore
structure and droplet volume, may also play a role in the water
eruption mechanism [16] and the associated growth rate of the
water droplet.

4. Conclusions

A numerical investigation on the dynamic behaviour of
a water droplet emerging from a single pore into a straight
microchannel was presented using a two-dimensional model in
conjunction with the volume of fluid (VOF) method. The effects
of the gas channel size, coalescence of droplets, and pore size
on the water droplet dynamics were investigated, document-
ing in particular the critical air inlet velocity at which droplet
detachment occurs and the effect of the connectivity of the water
inside pore as well as the curvature of the edge of pore. The main
findings and conclusions are summarized below.

(1) A water droplet emerging onto the hydrophobic surface
(GDL) of a fuel cell channel and its interaction with the
air flow yields a complex pattern of droplet growth, defor-
mation, collapse and wall attachment, breakup, recoil and
eventual film formation.

(2) In large microchannels, the downstream deformation of the
water droplet slows down and droplet breakup may not
occur.

(3) Coalescence of two water droplets accelerates deformation
and liquid water motion in a microchannel.

(4) The critical air inlet velocity predicted taking into account
the connectivity of water to the pore is much higher than
those reported in previous works considering processes
starting from a stagnant droplet sitting on the GDL surface.
Furthermore, a higher critical air velocity is predicted when
taking into account the curvature of the pore.

(5) For the same initial droplet size, the critical air velocity
decreases with decreasing pore width.

While the present 2D simulations provide some rich insights,
it should be noted that a complete representation of some of
the dynamic processes requires three-dimensional simulations.
These computationally intensive simulations are planned for
future work.
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