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The volume-of-fluid (VOF) approach is one of the most promising methods of investigating water trans-
port and water management in proton exchange membrane fuel cells (PEMFCs). A general PEMFC model
combined with the VOF method has been developed by our group to simulate the mechanisms of fluid
flows, mass and heat transport, and electrochemical reactions in a PEMFC, and it is necessary to validate
the numerical model through experiments. In this paper, both the numerical model and an experimental
visualization that can simulate the motion and transport behavior of liquid water in a cathode flow chan-
EMFC
OF
umerical validation
iquid water
xperimental visualization

nel of a PEMFC are presented. Direct optical visualization is used in this work to capture the droplets’
motions with high spatial and temporal resolutions. The numerical model and experimental setup have
similar geometric dimensions and operating conditions, and the results of the experiment are in good
agreement with numerical simulations. Moreover, the physics of droplet and liquid water behavior
based on certain material and liquid properties and the operating conditions in the fuel cell channel
are also addressed. This analysis also offers some basic understanding of the mechanism of liquid droplet

d ex
dynamics in numerical an

. Introduction

Proton exchange membrane fuel cells (PEMFCs) are considered
o be promising alternative energy sources for automobile, indus-
rial, and portable applications in the near future. A PEMFC is an
lectrochemical device composed of two electrodes and an elec-
rolyte to convert stored chemical energy from reactant gases into
lectrical energy. The processes in a PEMFC, however, are very com-
lex and involve flow dynamics, multi-phase, multi-component
pecies transport, heat and mass transport, and electrochemical
eactions that cannot easily be investigated in detail through exper-
ments. Specifically, water management and flooding due to excess

ater in the porous media and drying out of the membrane have
resented critical challenges for fuel cell design and optimization.
herefore, a large number of mathematical and simulation mod-
ls of water transport and management based on computational
uid dynamics (CFD) approaches have been developed over the

ast decade for different purposes and in different ways. The most

ecent, comprehensive, and novel PEMFC models involve solving
ulti-phase transport (gas mixture–liquid water phases) coupled
ith fluid flows, mass and heat transport, and electrochemical

eactions in all layers of the fuel cell in a three-dimensional (3D)
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perimental studies of micro-fluidics.
© 2010 Elsevier B.V. All rights reserved.

computational domain. General 3D, multi-phase PEMFC models
can be categorized into the following approaches: the multi-phase
mixture model (M2 model), the two-fluid model, and the volume-
of-fluid (VOF) model [1]. The M2 model introduces liquid water
saturation as a volume fraction of liquid water, and the multi-phase
mixture is essentially considered to be a single-phase fluid with a
varying phase composition. The mixture in the M2 model does not
have separate liquid and gas phases, and the multi-phase flow is cal-
culated with a mass-averaged mixture velocity. Wang and Cheng
[2] are the pioneering authors who proposed the M2 approach to
fuel cell modeling. Later M2 models were developed by Wang et al.
[3,4], Mazumder and Cole [5], and Ju [6]. The general idea behind
developing M2 models is solving the two-phase channel flow based
on the two-phase Darcy law, and the two-phase transport inside
the porous media is assumed to be governed by the capillary effect
between the liquid and gas phases. In these models, the mathe-
matical governing equations and numerical algorithms are solved
by commercial CFD software like Fluent®, Star-CD®, CFDRC®, etc.

Whereas the M2 models deal with two-phase flow with a single
fluid dynamics equation with averaged properties, the two-fluid
models analyze the two-phase water transport by solving a sep-

arate set of mass and momentum equations for each phase. By
introducing one more equation for liquid water in terms of the liq-
uid saturation, the two-fluid model looks more physically realistic.
Moreover, the phase transfer equilibrium between the liquid and
gas phases is also taken into account to describe condensation and

dx.doi.org/10.1016/j.jpowsour.2010.05.045
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:bzhou@uwindsor.ca
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Nomenclature

g gravitational acceleration, m s−2

P pressure, Pa
S the source term
s volume fraction
t time, s
u, v, w velocities in X, Y, and Z directions, respectively,

m s−1

Greek symbols
ε porosity
� surface curvature
�g gaseous permeability, m2

� dynamic viscosity, kg m−2 s−1

� density of gas mixture, kg m−3

� surface tension coefficient, N m−1

�w contact angle

Subscripts
g gas phase
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vaporation. Typical two-fluid models for two-phase transport in
EMFCs have been developed by Berning and Djilali [7], Ye and
guyen [8], He et al. [9], Berning [10], and Gurau et al. [11]. In

hese models, the liquid water transport through the gas diffusion
ayers GDL, catalyst layers, and the membrane is modeled using vis-
ous forces, gravity, and capillary pressure. Two-phase models are
apable of describing the three-dimensional nature of the physical
ransport and distributions of two-phase flow, pressure, temper-
ture, and species concentrations. Simulation results have shown
hat the presence of liquid water in the GDLs is strongly affected by
he material properties (pore size, porosity), relative permeability,
nd capillary pressure of the porous media. However, the saturated
ermeability, relative permeability, and capillary pressure in diffu-
ion medium are calculated differently in different models, and the
ccuracy of a model’s results can be affected if the parameters of
he simulation are incorrect.

Although multi-phase mixture and multi-fluid models account
or two-phase transport with liquid and gas phases and introduce
iquid water saturation as a liquid water volume fraction, these

odels are not capable of locating the presence of liquid water
n terms of liquid droplets or water slugs locally concentrated, dis-
ersed, or accumulated in the channels and porous media. Thus,
he formation and motion of liquid water cannot be observed on
he scales studied in experimental investigations. To overcome
hese limitations, Zhou et al. developed a powerful approach to
ealing with liquid water behavior in the cathodes of single PEM-
Cs or fuel cell stacks by incorporating the volume-of-fluid (VOF)
echnique to track the dynamic air–water interface [12–16]. The
esults showed that differences in GDL design significantly affect
he liquid water flow patterns, thus influencing the performance
f PEMFCs. Detailed liquid water flow patterns and droplet motion
nd removal were also shown in these works. Following the work
f Zhou et al., two-phase flow models incorporating the VOF algo-
ithm to study characteristics of liquid water behavior in the flow
hannels and/or GDLs were developed by Djilali and co-workers

17–19], Zhan et al. [20], Cai et al. [21], and Golpaygan and Ashgriz
22]. These models, however, do not account for the electrochemi-
al reactions, heat and mass transport, and phase change processes
n practical PEMFCs. Despite including the VOF technique to inves-
igate the dynamic behavior of two-phase flow, these models
rces 195 (2010) 7302–7315 7303

eliminate the “source” of water vapor and the phase change process
that transforms water vapor to liquid or liquid to vapor. Further-
more, these models do not consider the effects of liquid water
on physical and electrochemical transport. With further improve-
ments, Le and Zhou [23–25] have developed a general PEMFC model
that includes the electrochemical reactions, fluid dynamics, and
transport processes along with the VOF technique for solving the
two-phase problems. The aim of this general PEMFC model is to
understand the motion of liquid water and its effects on the perfor-
mance of fuel cells, so liquid water was supplied by water injection
to shorten the computing time.

Although the VOF method is considered to be one of the
most effective ways to model PEMFCs, it is necessary to vali-
date the numerical model and computational algorithm through
experiments. Numerical predictions can be considered reliable and
accurate if the numerical model is well-resolved and has been sys-
tematically validated against carefully obtained experimental data.
Hence, experimental investigations of liquid water transport in a
PEMFC are taken into account for the purpose of comparison. To
date, most investigations of liquid water behavior in PEMFCs have
been conducted using various imaging visualization techniques
[26]. The direct optical visualization technique has been used to
observe the formation of liquid water and subsequent transport in
the channels of transparent fuel cells [27–32] or at the surface of
the gas diffusion layer (GDL) [33]. The optical method is capable of
operating at time intervals as low as milliseconds per frame and at
various length scales from channel size (in mm-scale) to the scale
of porous media void regions (in �m-scale). Despite the advantages
mentioned above, the most significant disadvantage of optical visu-
alization is that it is unable to capture invisible water in the liquid or
vapor phase in the flow channels or inside of the porous media lay-
ers. To overcome the limitations of the optical method, the neutron
imaging technique has recently been employed in the literature
[34–42]. Using neutron radiographs to detect the invisible water in
opaque objects is well suited to observing the transport properties
of the water inside the GDLs and the membranes of PEMFCs. In con-
trast to the optical technique, the neutron imaging technique has
average resolution in time and space and requires expensive mod-
ern equipment such as neutron sources. Another technique similar
to neutron imaging is magnetic resonance imaging (MRI), which
can detect and visualize liquid water under the gas channels and
collector ribs of PEMFCs [43–46]. Each method mentioned above
has advantages and disadvantages, and in general, they each play
a significant role in understanding water management in PEMFCs
and investigating the effects of water transport on fuel cell perfor-
mance.

In this study, in addition to the VOF numerical model, an experi-
mental visualization of the motion and transport behavior of liquid
water in the cathode flow channel of an experimental PEMFC, has
been developed. Direct optical visualization was used, as it can
capture the droplets’ motions and liquid water distribution with
high spatial and temporal resolutions. The numerical model of the
fuel cell is set up on a computational domain with the same geo-
metric dimensions and operating conditions as the experimental
fuel cell setup. The experimental data are used to qualitatively
and quantitatively validate the results of the VOF numerical
model.

2. Description of experimental devices and setup
The experimental system is composed of an experimental
PEMFC cathode, a fuel cell test bench (including air supply tanks,
flow controllers, flow and pressure transducers, and data acqui-
sition systems—DAQs), and a commercial camera supported with
optical lenses and a light source as shown in Fig. 1.
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Fig. 1. Schematic diagram of fuel

The experimental system is operated as follows: a series of liq-
id water droplets under various air flow conditions are injected

nto the flow channel via a liquid injector to visualize the tem-
oral evolution of the liquid transport process. The motion and
eformation of each droplet are captured by the camera, which
ill export the visualized data to the computer as a movie file. The

perating conditions in the flow controller, such as the air flow-
ate, are set via control signals sent from the computer via the DAQ
ardware. The output parameters, such as inlet and outlet pres-
ures, are obtained from pressure transducers and monitored by the
omputer through self-developed code in the LABVIEW® software
nvironment [47]. The characteristic length of the experiment is on
he order of microns and the characteristic time scale is on the order
f �s. The experimental visualization was focused on validating the
umerical results by identifying the lengths and shapes of droplets
nd liquid water and the characteristic of the liquid motion.

.1. Droplet generation

A number of droplets were injected into the channel via the

eedle of a liquid injector placed under the fuel cell cathode chan-
el and porous media (membrane electrode assembly (MEA)). By
pplying force to the plunger, liquid water was pushed out of the
ylindrical tube on demand, as shown in Fig. 2. The fluid volume ini-

Fig. 2. Droplet generation in the experimental visualization.
perimental visualization system.

tially oscillates upon injection and creates spherical droplets at the
point of the needle, as this configuration minimizes the interface
energy (i.e., the surface tension effect). The velocities and shapes of
the droplets are dependent on the force applied to the plunger, the
environment in which the droplets are created, and the diameters
and dimensions of the plunger, the cylindrical tube, and the needle.

This experimental work uses hypodermic needles with an inner
diameter of 400 �m. The working fluid is dyed liquid water. The
preliminary droplet created at the needle tip in an atmospheric
environment without convection (no air flow) has a maximum
diameter of 3.4 mm as calculated by the volume measurement
method. As calculated under the operating conditions of the exper-
iment, the droplet diameter is approximately 1 mm at an air flow
inlet velocity of 5.9 m s−1.

2.2. Properties of the water droplet

2.2.1. Contact angle of the droplet
Contact angle is one of the most important factors affecting liq-

uid transport in fuel cell channels and porous media. By definition,
the contact angle is the angle at which a liquid/vapor interface
meets the solid surface. Different types of liquid/gas interaction
and different solid materials create different contact angles. In this
experiment, we used a simple optical method to measure the con-
tact angle of a water drop in different solid materials used in the
experimental fuel cell. The values of the contact angle for different
materials are shown in Table 1.
2.2.2. Surface tension
Because the portion of the dye in the liquid water is insignif-

icant (approximately 1 g l−1), the surface tension of the droplet is
considered to be the surface tension of liquid water measured at the

Table 1
The values of contact angle of the droplet.

Liquid type Solid materials Location of
solid surface

Contact angle (◦)

Dyed water Glass Transparent
plate—up wall

43

Dyed water MEA 12E-W
MEA—surface

130

Dyed water Stainless steel Collector/channel
side wall

53
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ig. 3. (a) Structure of the transparent PEMFC cathode, (b) structure of the serpen-
ine flow channel, and (c) structure of the 12E-W MEA.

perating temperature. The value of the surface tension at 20 ◦C is
.072 N m−1.

.2.3. Viscosity
The liquid water viscosity was chosen to be 0.001003 kg m−1 s−1

t 25 ◦C. If the liquid water is dyed, then the viscosity is slightly
ifferent. However, the difference is negligible, as there is only a
ery small amount of dye dissolved in the pure liquid solution.

.3. Experimental fuel cell design

The experimental PEMFC cathode assembly used in the exper-
mental visualization is shown in Fig. 3a. The flow channel used
n the experiment is serpentine (Fig. 3b) and was fabricated in a
.7 mm thick stainless steel plate. The channel is 2 mm wide and
80 mm long. The plate was placed on a 12E-W MEA made by BASF®
ith an active area of 70 mm × 70 mm (Fig. 3c). To capture the
otion of liquid water in the channel and connect the fuel cell cath-

de assembly, the steel plate and MEA were sandwiched between
wo plastic end plates, which were fixed by eight bolts distributed
round the plates’ edges. The channel inlet was also connected to
rces 195 (2010) 7302–7315 7305

the air gas feed from a fuel cell test bench by a flexible hose and the
channel outlet was vented to atmosphere.

2.4. Visualization method

The direct optical visualization method is used to capture the
liquid motion in a transparent PEMFC cathode. This method is
quite sensitive and has high spatial and temporal resolutions when
observing a flow field with velocities on the order of meters per
second. In some cases, a high-speed camera is required, as pictures
must be recorded at an acquisition rate of a thousand frames per
second. The frame resolution, however, is inversely proportional
to the frame rate, which may affect the quality of the recorded
pictures. In this experimental work, temporal resolution was only
required on the order of tens of �s, and a few seconds of pictures
of liquid motion were captured to validate the numerical results.
The commercial camera JVC GZ-MG 37 was utilized to visualize
the liquid motion. The obtained movie files were processed in a
PC and exported to picture files at a frame rate of 30 frames per
second (fps), or a time resolution of 1/30 s (approximately 34 �s).
The frame resolution was 640 × 480. During the recording process,
microscope mode was employed to magnify the droplet images.

3. Description of numerical model setup

3.1. Methodology description

Fluid flow transport processes in the PEMFC are mathematically
described by a set of conservation laws for mass and momentum
transport. The gas and liquid phases are considered to be a two-
phase mixture. To treat two-phase transport, including the liquid
and gaseous phases, the water vapor is treated as a gaseous species
in the species transport equations and the liquid water is tracked
by using the volume fraction equation. The appropriate equations
are numerically solved in the cathode channel and porous media
with various source terms to produce a set of solutions describing
the air and liquid flow in the computational domain.

3.1.1. Mass conservation equation
The mass (continuity) equation is expressed as follows:

∂ε�

∂t
+ ∇(ε��v) = Sm (1)

The transient term represents the change of mass with time and
the second term represents the change in mass flux; this is also
known as the convection term. The velocity and density of the flow
mixture, including the gaseous and liquid phases, are considered
to be a variable and a property in the continuity equation, respec-
tively. When the VOF method that will be described in the next
section is employed, the volume fractions of different phases in the
mixture are defined. The variables and properties are shared by the
phases and defined by a volume-averaging calculation, as the vol-
ume fractions of the liquid phase sl and gas phase sg are known. The
density in each computational cell is then [48]:

� = sl�l + sg�g (2)

where � is the mixture density, which is considered to be the
volume-averaged density of the liquid phase density �l and the gas
phase density �g . By definition, the sum of the volume fractions of
each phase in the mixture is unity.
l g

3.1.2. Momentum conservation equation
A single momentum equation is solved throughout the domain,

and the resulting velocity field is shared by the gas and
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Fig. 4. (a) Schematic diagram and (b) c

iquid phases [48],

∂

∂t
(ε��v) + ∇(ε��v�v) = −ε∇p + ∇[ε�∇�v] + Sv (4)

In the momentum equation, the transient term represents the
hange of momentum with time, and the second term describes
he advection momentum flux. The first two terms on the right
and side of the momentum equation represent the change of
omentum due to pressure and viscosity, respectively. The mix-

ure properties are dependent on the volume fraction of each phase.
he mixture viscosity � is defined as

= sl�l + (1 − sl)�g (5)

Gravitational effects are taken into account in the source terms
f the momentum equation. The other source terms are added in the
ifferent layers of the porous media to describe the flow of the fluid
hrough a porous zone by using viscous loss, or the Darcy drag force.
he use of Darcy’s law to represent the source terms of the momen-
um equation in porous media is valid because the flow is laminar
nd viscous with very low velocity. The source terms are different in
ifferent regions of the fuel cell. In the flow channel, only the grav-

tational force is considered. However, the viscous loss (the Darcy
rag force), the surface tension, and gravity are taken into account

n the GDLs and catalyst layers. In the membrane, the source term
hat accounts for the electrokinetic permeability is added.

For flow channels,

v = ��g︸︷︷︸
Gravity force

(6)

For porous media,

v = ��g︸︷︷︸
Gravity force

− �

�g
ε2�v

︸ ︷︷ ︸
Darcy force

+ ��
2�∇sl

(�l + �g)︸ ︷︷ ︸
Surface tension force

(7)

here ε is the porosity of the porous media, � is curvature, and �g

s the permeability of the porous media (for each zone, such as the
embrane, GDL or catalyst layer).

.1.3. Volume fraction equation of liquid
The interface between the phases was tracked by using the VOF

ethod to solve a continuity equation for the volume fraction of
ne of the phases of the two-phase model

∂

∂t
(εsl�l) + ∇(εsl�l�vl) = Ssl

(8)
The motion of the interface between the gas and liquid of dif-
erent densities and viscosities was defined by the volume fraction
f liquid water sl and the volume fraction of the gaseous phase sg

48]. Eq. (8) was employed to track the volume of the liquid phase,
nd it was solved over the entire domain. The source term of the
tational mesh of the numerical model.

volume fraction equation is considered to be zero, as there are no
phase changes taken into account in this model.

3.2. VOF model

To solve for the two-phase transport in this model, the VOF tech-
nique was applied to the PEMFC model to track the movement of
the interfaces and boundaries of liquid water in the mixture to
explicitly investigate the transport and behavior of liquid water.
Following this method, each phase of the two-phase flow can be
represented by a single variable: the volume fraction of the phase in
the computational cell volume. The model also includes the effects
of surface tension and wall adhesion along the interfaces between
the gas and liquid phases.

3.2.1. Geometric reconstruction scheme
The geometric piecewise linear interface construction (PLIC)

scheme was chosen because it is more accurate and applicable
to general unstructured meshes than other methods such as the
donor–acceptor, Euler explicit, and implicit schemes. Basically, the
VOF geometric reconstruction scheme is divided into two parts: the
reconstruction step and the propagation step. More details describ-
ing this approach can be found in [48].

3.2.2. Implementation of surface tension
Surface tension is added to the VOF method in the source term

of the momentum equation. The pressure drop across the surface
depends on the surface tension coefficient �


p = �� = �
(

1
R1

+ 1
R2

)
(9)

where � denotes the surface tension coefficient, � is the surface
curvature, and R1 and R2 are the two radii, in orthogonal direc-
tions, that measure the surface curvature. The surface tension force
can be written in terms of the pressure difference across the inter-
face, which is expressed as a volumetric force F that is added to the
momentum equation

�F = ��
�∇sl

(�l + �g)/2
(10)

The term �/((�1 + �2)/2) is used to improve the capability of
the continuum surface force (CSF) method for modeling surface
tension in the presence of fine meshes at high-density ratio inter-
faces. This method is called “density-scaling of the CFS”, and it helps
to maintain a constant interface thickness when tracking the inter-
face between a dense phase (namely, liquid water) and a light phase

(namely, air) using the VOF algorithm [49]. The surface curvature �
can be defined in terms of the divergence of the normal unit vector
of the interface n̂

� = ∇n̂ = ∇(n̂SS cos �SS + t̂SS sin �SS) (11)
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Table 2
The geometrical dimension and physical properties of three different meshes.

Case no. Inlet air flow-rate
(kg s−1)

Inlet liquid
flow-rate (kg s−1)

Number of grid
cells in the channel
cross-section

Grid size in the
channel (mm)

Number of grid
cells in the domain

1 2e−5 1.65e−5
2 2e−5 1.65e−5
3 2e−5 1.65e−5

F
d
s

w
p
s
a

order for the two cases. Although the results from Case 2 and Case
3 at a certain time were not identical, the major features did not
change significantly. Therefore, the numerical simulation used Case
2 to reduce the calculation time but produce an adequate solution.

Table 3
Operating condition and physical properties of the experiment and numerical
model.

Parameters Value

Inlet gas flow-rate 2 × 10−5 kg s−1

Inlet liquid flow-rate 1.65 × 10−5 kg s−1

Operating temperature 20 ◦C
Surface tension 0.072 N m−1

Contact angle of the
transparent glass

43◦

Contact angle of the
collector/channel plate

53◦
ig. 5. Grid dependency: (a) pressure drop, (b) liquid water amount, and (c) droplet
eformation at needle point, in the channel for the three cases with different grid
izes.
here n̂ is the unit vector normal to the interface between the two
hases near the solid surfaces, n̂SS is the unit vector normal to the
olid surfaces, t̂SS is the unit vector tangential to the solid surfaces,
nd �SS is the static contact angle at the solid surfaces. Different
6 × 6 0.333 26,984
12 × 12 0.166 160,768
18 × 18 0.055 408,780

static contact angles can be assigned to electrode surfaces with dif-
ferent wettabilities, leading to different surface tensions (�F) and
influencing water transport.

3.3. Numerical algorithm

3.3.1. Computational domain and numerical procedure
The computational domain of the fuel cell used for the numeri-

cal model was set up with the same geometrical dimensions as the
cell used in the experiment, which consists of a MEA, a cathode flow
channel, and a collector plate, as shown in Fig. 4. The computational
grids were implemented with 285,168 grid cells by the Gambit®

2.3 mesh generation software package and solved using Fluent®

6.3. The number of computational cells in the cross-sectional area
of the channel was 12 × 12. The VOF algorithm was incorporated
along with a flow field solver to investigate the behavior of liq-
uid water in the channel. The Pressure-Based Segregated Solver
incorporated in the SIMPLE algorithm [50] was implemented in a
parallel computing setup, and the solution was considered to have
converged when the residual criteria reach a value accurate on the
order of 10−4.

3.3.2. Validation of grid independency
To ensure that the grid resolution is sufficient to resolve the

physical scales of the model and does not significantly affect the
calculation time, the solution was checked at different grid sizes,
and a range of grid sizes in which the solutions are reasonably
independent on the size of grid was obtained. In this study, three
serpentine channel meshes with different grid sizes were examined
with the geometry and flow conditions shown in Table 2. In Fig. 5,
the pressure drops and amounts of liquid water in the channel for
the three cases are examined and compared. The numerical simula-
tion shows that Case 1, with a coarse grid, resulted in an unreliable
pressure drop and amount of liquid. In Case 2 and Case 3, the defor-
mation and injection time of droplets were grid-dependent, and the
scales of the pressure drop and amount of water were on the same
Contact angle of the MEA 130◦

Air viscosity at 20 ◦C 1.7894 × 10−5 kg m−1 s−1

Liquid water viscosity at
20 ◦C

0.001003 kg m−1 s−1
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Fig. 6. Visualization of liquid motion in the channel at different time steps.
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Fig. 6. (Continued )
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Fig. 6. (Continued )
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Fig. 6.

. Results and discussion

.1. Operating conditions and physical properties

To compare with experiment and validate the numerical results,
he experiment and numerical model were set up with the same
perating conditions for fluid flow and material properties, shown
n Table 3.

To set the physical fluid flow and material properties, these
arameters were measured in the experiment and then used in the
umerical model. The inlet gas flow-rate was measured by a flow-

ate controller on the fuel cell test bench. The liquid flow-rate was
easured by the “Bucket-and-stopwatch” method. The liquid flow-

ate was measured in the experiment by examining displacement
f a volume of liquid water moving in the syringe over a certain
ime period.
inued ).

4.2. Dimensionless number

To compare the experimental and numerical results and exam-
ine the physics of liquid flow dynamics under the same operating
conditions in both cases, the dimensionless Reynolds (Re), Weber
(We) and Bond (Bo) numbers were determined as follows:

Reynolds number: The Reynolds number of the air flow repre-
sents the ratio of the inertial force to the viscous force and is defined
as

Re = UDh

�
(12)
where U is the air flow velocity, Dh is the hydraulic diameter of the
channel, and � is the kinematic viscosity of air. Because the inlet air
flow velocity in the channel was 5 ms−1 and the hydraulic diameter
of the rectangle channel was 0.0018 m [51], the Reynolds number
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e = 5 × 0.0018

1.6 × 10−5
= 562.5 (13)

Weber number: The Weber number is considered to be the ratio
etween inertia and surface tension. It explains how significantly
he surface tension force affects the droplet behavior. It can be
xpressed as

e = �V2L

�
(14)

here V is the velocity of the droplet (assumed to be the air velocity
hen the liquid is in motion in the air flow field), � is the density

f liquid water, L is the characteristic length (the contact radius of
he droplet), and � is the surface tension.

Bond number: The Bond number is defined as the ratio between
he gravitational force and the surface tension force.
o = 
�gR2

�
(15)

here 
� is the difference between the density of the liquid and
he density of the surrounding fluid, g represents the gravitational Fig. 7. Development of pendant droplet in the channel.

Fig. 8. Development of flattened droplet in the channel: (a) from top view and (b) from bottom view.
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cceleration, � is the surface tension, and R is the typical dimension
f the droplet.

.3. Experimental and numerical visualizations of liquid water
otion in the channel—comparison and analysis

.3.1. Model comparison
Fig. 6 shows a comparison of the experimentally measured

nd numerically simulated liquid droplet motion in the serpen-
ine channel of a fuel cell under the operating conditions listed
n Table 3. The processes were visualized over 1 s, which is suf-
cient to describe and investigate the motion and behavior of the

iquid water at any instant from the beginning, when the liquid
s injected into the channel, to the end, when the liquid water
s removed from the channel by the air-flow field. In Fig. 6, the

iquid water in the channel is dyed red in the experiment. The
eries of images in Fig. 6 show that the experimental visualization
nd numerical simulation provide comparable results, with similar
roplet shapes and spatial-temporal positions of liquid water in the
hannel.
inued ).

4.3.2. Physics of the droplets and liquid motion
The droplets are injected into the channel via the needle

placed inside. When a drop appears at the point of needle, it
is deformed by the shearing force from the air flow field and
takes on a pendant shape. This drop is called a “pendant drop”
[52]. The shape of the droplet is determined by the Weber
number, which is the ratio between inertia and surface ten-
sion. In other words, the inertial force tends to elongate the
droplet along the flow direction, whereas the surface tension force
tends to minimize the interface by making the droplet spheri-
cal. Fig. 7 shows the time evolution of the droplet deformation,
with a Weber number and a Bond number that are calculated
as

We = 1000 × 52 × 0.0007
0.072

= 243 (16)
Bo = (1000 − 1) × 9.81 × 0.00072

0.072
= 0.067 (17)

Obviously, based on the Weber and Bond numbers, it can be
concluded that the droplet shape is mainly governed by the inertial
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ig. 9. Comparison of pressure drop in the channel under the presence of liquid
ater.

orce rather than by the surface tension force in the Y direction. Note
hat, the effect of gravity can only be considered in the Z direction
normal to the X–Y plane).

Under shearing stress from the air flow, the droplet is deformed
nd then detached from the needle point. It moves along the direc-
ion of the air flow and hits the wall at the turn in the channel due
o its inertia. After hitting the wall, as shown in Fig. 8, the liquid
nterfaces in contact with the solid wall tend to spread to the cor-
ers between two different solid walls (sidewall and top wall for
he transparent glass, or sidewall and bottom surface for MEA). In
ig. 8, the volume fractions of the liquid are indicated by the color,
hich varies from blue (sl = 0.2) to red (Sl = 1). The contact angles of
ifferent walls are different, and the shapes of droplets are depen-
ent on the values of these contact angles. This phenomenon is
lso known as the Concus–Finn relation, described in [52]; the liq-
id droplet tends to spread into a corner when the contact angles
f the surfaces are small (hydrophilic materials), and it tends to be
pherical, without wetting the tip of the corner, when the contact
ngles of the surfaces are large (hydrophobic materials). Because
iquid droplets are continuously provided to the channel from the
eedle, a stretched liquid forms along the channel from t = 0.1 s to
= 0.8 s, as shown in Fig. 8. The formation of the droplet shape in the
hannel can be explained by several factors: the inertial force due

o the air flow moving in the channel, the contact angles of the walls
hat form the channel, and the geometry of the channel. If shearing
tress is caused by strong air flow, then the liquid droplet tends to be
idely flattened. In other words, the liquid droplet is driven by the
rces 195 (2010) 7302–7315

shearing stress from the air flow field. The liquid droplets always
move along a side of the channel wall, even in the regions where
the channel turns. The second factor is the contact angle, which
follows the Concus–Finn relation. One of three morphologies (fila-
ment, wedge, or droplet) is formed depending on the contact angle.
Filaments are formed if the contact angles are smaller than 45◦, and
stretched droplets or droplets are formed if the contact angles are
larger than 45◦. Structures that are nearly filamentary occur in the
corner between the upper wall (transparent glass) with a contact
angle of 43◦ and the side wall (stainless stain plate) with a contact
angle of 53◦.

4.3.3. Qualitative comparison between the numerical and
experimental models by evaluating the pressure drop in the
channel

The numerical and experimental results are validated through a
quantitative comparison of the pressure drop in the channel. Fig. 9
shows values of the pressure drop in the channel while liquid drops
are being continuously injected into the channel over 1 s. The pres-
sure drop indicates the difference between the pressures at the inlet
and outlet of the channel. The pressure drop increases as time pro-
gresses and more and more liquid droplets appear in the channel.
Although liquid water is continuously added to the channel by the
constant liquid flow-rate from the syringe, the rate of appearance
of liquid droplets at the needle point is not constant. Recall that liq-
uid water does not stream out of the needle point into the channel.
Actually, a liquid droplet is formed, gradually grows, and is removed
due to the shearing force from the air flow. After that, another
droplet is formed, and the process continues. Obviously, this pro-
cess is discontinuous. The pressure drop increases as a droplet is
formed and decreases when the droplet is removed. This leads to
the pressure oscillations observed in Fig. 9. The differences in pres-
sure drop over 1 s in the numerical simulation and experiment are
of similar orders of magnitude. However, the pressure indicated in
the experimental pressure transducer is higher than that indicated
in the numerical simulation, because the position of the pressure
sensor in the experiment is not the same as the position at which
the inlet pressure is calculated in the numerical model. It is nec-
essary to account for the pressure drop in the manifold, the hose
connected to the fuel cell inlet, and the extra channel used to con-
nect the fuel cell to the fuel cell test bench. The pressure drops in the
manifold, the connected hose, and the extra channel are calculated
by using Darcy’s formulation [51] for laminar flow


PL = f
L

D

�V2
avg

2
(18)

For the manifold,


P1 = 64
Re

L

D

�V2
avg

2
= 64

562.5
0.1

0.002
1.125 × 5.22

2
= 86.5 Pa (19)

For the extra channel,


P2 = 57
Re

L

D

�V2
avg

2
= 57

562.5
0.07

0.0018
1.125 × 5.22

2
= 60 Pa (20)

For the connected hose, the pressure drop is measured to be
approximately 20 Pa. Thus, the total pressure drop due to the con-
nection is approximately 167 Pa. Subtracting this pressure drop
from the pressure drop measured by the pressure transducer in the
experiment, we obtain the actual experimental value of the pres-
sure drop in the channel. Fig. 9 shows that the scale of this pressure
drop is similar to that obtained from the numerical results.
5. Conclusions

Experimental visualization of droplet motion in the cathode
channel was developed to validate a numerical simulation that uses
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he VOF model and to investigate the physics of liquid droplets in a
athode of PEMFC. The experimental devices and setup, including
n experimental PEMFC, a liquid injection system, an optical cam-
ra, and a light source, were used to observe liquid motion in the
hannel over a short period of time. The experimental data were
hen analyzed and compared with the results of numerical simula-
ion. The geometric dimensions, material properties, and operating
onditions were the same in the experimental setup and the numer-
cal model, to allow for comparison. The main conclusions can be
ummarized as follows:

The shapes and locations of the droplet at a given time in the
numerical model and the experiments are in good agreement. The
pressure drop in the channel and the pressure rise due to liquid
injection were also examined in both cases. The similarity of the
pressure scale and pressure changes ensures that the operating
conditions used in the simulation model and the experiments
were identical and reasonable. Hence, it can be concluded that
the general, 3D, numerical PEMFC model using the VOF method
for multi-phase flows is suitable for investigating the physical
and transport phenomena in PEMFCs.
The physics of the droplet and liquid water transport in a fuel
cell channel were also investigated. The results show that the
shapes of the droplets and the behavior of the liquid water were
quite similar to results described in previous studies with similar
liquids, material properties, and operating conditions. The key
factors that determined the shapes and behaviors of the droplets
were the velocity of the air flow, the contact angle, the surface
tension, and the viscosity of the droplet.
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