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HIGHLIGHTS

e Numerical modelling was performed for droplets in flow channels of fuel cells.
e The importance of GDL roughness on effective water management is demonstrated.

e Modes of droplet movement are identified based on detachment ratio and location.

e Increasing RMS roughness can significantly improve water drainage efficiency.
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ABSTRACT

Water management remains one of the major challenges in optimising the performance of
PEMFCs, in which liquid accumulation and removal in gas diffusion layers (GDLs) and flow
channels should be addressed. Here, effects of GDL surface roughness on the water droplet
removal inside a PEMFC flow channel have been investigated using the Volume of Fluid
method. Rough surfaces are generated according to realistic GDL properties by incorpo-
rating RMS roughness and roughness wavelength as the main characteristic parameters.
Droplet dynamics including emergence, growth, detachment, and removal in flow chan-
nels with various airflow rates are simulated on rough substrates. The influences of airflow
rate on droplet dynamics are also discussed by comparing the detachment time and
droplet morphology. The liquid removal efficiency subject to different surface roughness
parameters is evaluated by droplet detachment time and elongation, and regimes of
detachment modes are identified based on the droplet breakup location and detachment
ratio. The results suggest that rough surfaces with higher RMS roughness can facilitate the
removal of liquid inside flow channel. Whilst surface roughness wavelength is found less
significant to the liquid removal efficiency. The results here provide qualitative assess-
ments on identifying the key surface characteristics controlling droplet motion in PEMFC
channels.

© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

The increasing energy consumption, existing nature of tradi-

change alleviation have propelled researchers to investigate
renewable and sustainable energy as alternatives. Among
various newly proposed renewable energy devices like wind
turbines [1], photovoltaic panels [2], solar thermal systems [3]

tional energy sources, and raising awareness for climate
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and so on, hydrogen fuel cells have become an ideal candidate
as energy-conversion devices for generating portable, auto-
motive, and distributed power applications [4,5]. One of the
most widely used fuel cell types is polymer electrolyte mem-
brane fuel cells (PEMFCs) as they have advantages including
relatively low operation temperature (60—90°C), quick start-up
procedure, and simpler design [6,7]. Nevertheless, liquid water
removal from PEMFCs should be carefully monitored because
water management plays an important role in maintaining
the optimal performance and durability of PEMFCs [8,9].
Whilst the membrane needs to be sufficiently hydrated to
ensure the practical ionic conductivity, excessive liquid water
accumulated in the gas diffusion layer (GDL) and flow chan-
nels could block the pathways for reactants thus resulting in
performance degradation of PEMFCs. Liquid accumulation
and transport in the PEMFC components have been exten-
sively investigated to facilitate proper water management
[10-12].

Understanding the liquid dynamics inside the flow channel
greatly benefits the water management of PEMFCs, and
several strategies have been proposed to overcome the oper-
ational deficiency caused by excessive water in diffusion
media and flow channels. Firstly, water removal efficiency is
significantly influenced by the material properties of GDL,
which is typically made by carbon fibre or carbon cloth with
high porosity and electrical conductivity [13,14]. PTFE (poly-
tetrafluoroethylene) or FEP (fluorinated ethylene propylene) is
usually applied on GDL to increase the hydrophobicity of the
material, and therefore to assist the water drainage process
during the operation of PEMFCs. Studies have shown that the
wettability condition of GDL has significant influences on
droplet detachment size [15] and water drainage efficiency
[16]. Applying PTFE coating can improve the hydrophobicity of
GDL material, and the liquid removal efficiency is enhanced
by increasing PTFE loading where the droplets are found to
detach with smaller diameters. Some researchers have
managed to manipulate the spatial distribution of wettability
in GDL to facilitate the liquid removal and reactant delivery in
PEMFCs [17,18]. In addition to the wettability of GDL material,
the operational conditions of PEMFCs also strongly affect the
water accumulation and distribution, in which the airflow rate
[19—21], operation temperature [22,23], operating pressure [24]
and reactants humidity [25] are investigated. Finally, various
geometrical configurations of the flow fields have been pro-
posed by researchers to mitigate the water accumulation,

including pin-type [26,27], parallel/straight [28,29], serpentine
[30,31], integrated [32], interdigitated [33], and so on.
However, to the best of authors’ knowledge, only few
studies have been conducted to investigate the effects of GDL
surface roughness on the efficiency of water removal inside
PEMFCs [34—38]. The heterogeneity of GDL material is revealed
by SEM images as shown in Fig. 1. The complex and nonuni-
form structures of GDL serve as the bottom substrate of flow
channel, and the rough surface can significantly influence the
liquid water transport and distribution in PEMFCs. Some re-
searchers reconstructed GDL surface structures with
patterned elements to represent the actual roughness, and
they investigated the effects of surface roughness on water
removal in PEMFC flow channel based on numerical models
[34—37]. For example, He et al. [34] generated the rough sur-
faces by rectangle and triangle elements, and the roughness is
defined as the ratio between the unit element and channel
height. The results highlighted that increasing roughness
element height facilitates the water drainage on hydrophilic
surface, and the triangle elements perform better than rect-
angle elements in terms of water removal efficiency. Chen
et al. [36] generated rough GDL surface by arrays of cubic
columns, and roughness is characterised by column size and
spacing. An analytical model is developed to predict the
detachment of emerging droplets based on the balance be-
tween detaching and retention forces. The results underlined
that the droplet removal time and coverage ratio decrease
with the increase of surface roughness. Chen et al. [37] further
examined the droplet transport inside flow channel with
different layouts of GDL carbon fibre such as crisscross dis-
tributions, parallel distributions, directional distributions, and
orthogonal distributions. It turned out that the surface mi-
crostructures influence the liquid water removal, and the
directional distributions of carbon fibres best facilitate the
liquid transport and reduce flooding. Ding et al. [35] investi-
gated the formation and growth of liquid emerging from inlet
pores of GDL with different number and diameter of inlet
pores are simulated, and found the surface microstructures
assist the liquid removal process especially for highly hydro-
philic or hydrophobic cases. In addition, Ashrafi and Shams
[38] modelled 2D rough surfaces characterised by different
RMS roughness (Rj)and roughness density (R;) values,
showing that increasing R; and Ry lead to the increase of
pressure drop, droplet elongation and water retention, but
decrease the amount of water adhered to the top wall.

100 um

Fig. 1 — GDL fibre surface (left) and side view (right) by SEM scanning.
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Nevertheless, the above-mentioned studies either simpli-
fied the surface roughness of GDL material by modelling
patterned elements which leads to insufficient representation
of surface roughness, or the dynamic processes of droplet
emerging from the GDL layer to flow channel are not fully
incorporated. Experimental observations serve as powerful
tools to reveal the droplet dynamics inside the PEMFCs
[39—42]. However, there are certain limitations for both in-situ
and ex-situ techniques due to the differences in time and
length scales between experimental setup and realistic oper-
ation conditions. Therefore, the computational fluid dynamics
(CFD) methods are applied to provide valuable solutions to the
gas-liquid interaction problems in PEMFCs [36,38,43—45]. CFD
models are capable of handling strong deformation of the
droplet, as well as reproducing different flow regimes such as
droplet flow, film flow, and slug flow. In this study, a 2D Vol-
ume of Fluid (VOF) model is applied to investigate the liquid
removal efficiency on rough surfaces considering the droplet
emergence, growth, detachment and removal. Rough surfaces
characterised by RMS roughness (R;) and roughness wave-
length (Ry,) are constructed to match realistic GDL material
roughness properties. The effects of GDL surface roughness
and airflow rate on liquid removal efficiency are examined by
comparing droplet detachment time and elongation, and the
different detachment regimes and flow patterns are identified
according to droplet breakup location and detachment ratio.

Numerical model

In this section, we will introduce the 2-dimensional Volume of
Fluid (VOF) method to study the gas-liquid interaction inside
the flow channel of PEMFC. The flow channels are modelled
with a rough GDL, with variable roughness features to perform
sensitivity studies. It is noteworthy that 2D computational
models were selected in this work to access meaningful sta-
tistical data for multiple cases over rough surfaces with
random features. Thus, the overall computational cost with
over 160 cases simulated were significantly reduced. More-
over, this study mainly focuses on the effects of surface
roughness by comparing the relative differences of droplet
dynamics among multiple 2D cases, where 2D results can be
qualitatively compared with similar 3D numerical solutions as
shown later in the result part.

Numerical method

In the VOF method, immiscible fluids are modelled by solving
a single set of momentum equations shared by both phases,
and the interface between phases is tracked in each compu-
tational cell throughout the domain. The volume fraction (C)
of liquid phase ranges from 0 to 1, and it has a value of 1 when
the cell is occupied by liquid and 0 is assigned for gas. The
effective properties of fluid such as density and dynamic vis-
cosity, are weighted average values in each cell based on the
volume fraction equation:

p=pC+py(1-C), (1)

ﬂ:f‘lc+#g(17c)7 (2)

where p is density, u is dynamic viscosity, and subscripts | and
g represent liquid and gas phases, respectively. The continuity
equation and the Navier—Stokes momentum equation are
applied as governing equations to model all fluids in the
computational domain:

%+V-(W):°7 @)
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where v is the fluid velocity, p is the pressure, and F, is the
surface tension force.

The surface tension force is modelled following the con-
tinuum surface force (CSF) model [46]:

(%)

where v is the surface tension (unit: N/m), k; is the surface
curvature of the liquid droplet and it is computed from local
gradients in the surface normal at the interface:

kI:V - Ny, (6)

where n; is the unit interface normal, and it can be approxi-
mated from the local gradients in the surface normal at the
interface as

vC
™= )

and the contact angle effects are considered by applying
Young's law at the triple line region:

n=n, cos frs + sin 6, (8)

with n, is the normal unit vector to the wall, 75 is the
tangential unit vector toward the wetting phase and ¢ is the
contact angle.

Generation of GDL surfaces

In practice, GDL materials have complex and heterogeneous
nature, where the mean surface roughness height of com-
mercial GDL ranges from 8 to 46 ym and RMS roughness (Ry)
ranges from 10 to 45 um for over 20 types of testing samples
[47]. Therefore, it is of great significance to have a satisfactory
representation of rough surfaces for simulating droplet dy-
namics on GDL. Various approaches have been proposed for
rough surface modelling, including the random process such
as Gaussian or exponential function [48] and fractal-based
techniques like the Weierstrass—Mandelbrot fractal function
[49]. In this work, the Gaussian height distribution function
and autocovariance function are adopted to generate the
targeted rough surfaces [50], and the roughness parameters
are characterised by the RMS roughness (Rq) containing the
vertical information and roughness wavelength (Ry) for the
lateral information. The lateral position of surface point x is
uniformly distributed on the surface with iy surface point
expressed as:
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xi=(-1 i=1,2,3,....N, ©)

) ﬁ;
where N is the total number of points used for surface gen-
eration and L is the total length of the surface.

The height of the rough surface point Z follows the
Gaussian distribution function:

p(Z)=—=e"7, (10)

where p is cumulative probability, and the h is the standard
deviation. Then convolution, inverse Fourier transform and
normalising prefactors are subsequently used to correlate the
surface:

2 e i, o
z—@-\/;-ﬂj 2]+ 7(G]), (12)

where c is the roughness wavelength (R,), representing the
typical distance between two similar features, e.g., valley or
peaks of a surface, . and f are the forward and inverse
transforms of Discrete Fourier Transform pair [51]:

k] = ZN: flje ™ " (k=1,2,-,N), 12)
finj =5 S0 TR (=12, N), 13)
k=1

and G is Gaussian filter based on the lateral location of surface
points x:

G=e <%) ‘ (14)

The morphology of the generated rough surface is
controlled by two key parameters. One is the standard devi-
ation h that determines the RMS roughness by altering the
height distribution of generated data points, and the other is
wavelength ¢ which describes the distances between similar
roughness features. In this study, the RMS roughness (Rg) is
selected as 10, 20, 30 and 40 pm which are within the range of
GDL surface roughness reported by El-Kharouf et al. [47], and
R, of each generated surface is recalculated to ensure the
deviation to the target value is within 2%, where R, =

N
137 Though the value of R, for GDL material is not
V=

mentioned in the literature, and in order to examine the ef-
fects of surface roughness lateral information on droplet dy-
namics, Ry, is selected as 10, 20, 50 and 100 um for simulations.

Ry, (um)

100;

50 | —— - . - e e e e P

20

10 | ———

In GDL, Ry, can be correlated to the carbon fibre arrangement,
as shown in Fig. 1. Here, N is selected as 1500 to provide a high
resolution of surface roughness. The samples of generated
surfaces with different roughness parameters are shown in
Fig. 2.

The height distribution of each generated surface is
examined by the Gaussian fitting as well as the Quantile-
Quantile (Q-Q) plot as shown in Fig. 3. The R-square of
Gaussian fitting on generated surface is required to be larger
than 0.9 for a qualified statistical representation, and the data
points in the Q-Q plot should be inbound the interval based on
95% confidence level.

Computational domain and operational conditions

The computational domain of the flow channel with a rough
substrate is shown in Fig. 4. The dimension of flow channel
and operation parameters are determined based on various
design and numerical studies [38,44,52—54]. The length and
height of the geometry is 1.5 mm and 0.3 mm, respectively.
The location of GDL pore is set at 0.2 mm right to the air inlet
to ensure a stable airflow profile is developed before reaching
the droplet, and the water injection pore size is 5 pm. The
generated data points are connected into rough surface using
AutoCAD software with all other boundaries being prescribed,
and the section designed for droplet emergence is replaced by
a water inlet channel. The geometry of computational domain
is then imported into the FLUENT as an SAT file [56]. To
describe the roughness features in the CFD domain, a refined
mesh shown in Fig. 4 with element size of 1.5 uym has been
generated at the rough surface layer to match point-by-point
with the substrate boundary. The left wall is set as velocity-
inlet boundary condition for airflow, and the right wall is a
pressure-outlet boundary condition (with gauge pressure
p = 0 kPa). The inlet velocity for airflow is chosen as 5, 15 and
25 m/s. The speed of 1 m/s is selected as the water inlet ve-
locity based on the existing literature on the choice of water
inlet velocity [36,52,55]. Although 1 m/s is beyond the water
production rate of PEMFCs at high power density operation
condition, this value is adapted for accelerating water accu-
mulation rate due to the limitation of the computational
resource. A practical actual water inlet speed can be imple-
mented, but this will not significantly impact on the depen-
dence of water removal efficiency on the GDL roughness, as
discussed in the later sections. The intrinsic contact angle for
GDL material typically ranges from 120° to 150° [15,16].
Therefore, the wettability of rough surface in this work is set
to 140° to ensure the hydrophobicity of the bottom substrate,
and the wettability of the top wall is set to 90°. No-slip

10 20

30 40 Rq (um)

Fig. 2 — Typical samples of surfaces with various roughness parameters.
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Fig. 4 — The computational domain of a flow channel with rough surface, with an insert showing a layer of refined mesh at

the rough surface.

boundary condition is prescribed for both the top wall and
rough substrate.

Numerical solutions

The airflow and liquid water in the simulation are assumed to
be isothermal and incompressible with constant fluid prop-
erties. The governing equations are discretised by finite vol-
ume method, and the segregated pressure-based algorithm is
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Fig. 5 — Grid independent test by recording droplet height
during the emergence process.

selected for solving the Navier-Stokes and volume fraction
equations. The momentum equation is solved by the quick
differencing scheme for minimizing the numerical diffusion,
and the transient formulation is solved by the bounded sec-
ond order implicit scheme. The pressure and velocity scheme
are coupled by the pressure-implicit with splitting of opera-
tors (i.e., PISO algorithm) to improve the convergence rate
with high accuracy. The simulation is performed in ANSYS
FLUENT®18.2 [56]. Mesh sensitivity analysis has been con-
ducted with three different element sizes: 3.2, 2.7 and 2.2 um,
and 2.7 pm is selected for mesh due to the mesh convergence
as shown in Fig. 5. Three different time steps 10~7, 5 x 107’
and 1078 s are used for time step independence test. Through
the sensitivity tests, 10’ s is chosen for the simulation as no
obvious difference in terms of the observed droplet dynamics
is recorded if the time step is further reduced (e.g., 5x 107’
and 10~% s). The maximal iterations per time step is 100, and
10~* is selected as the converge criterion for all the variables.
In addition, the repeatability and consistency of the emerging,
growing, detachment and removal cycle of liquid droplet are
examined on different surfaces. The droplet removal cycles
are repeated for several times, and no obvious difference in
detachment time or droplet shape for a given surface is
observed in every single test as shown later in Fig. 6(b) (only
three typical repetitions are presented out of over 10 simu-
lated cycles). It's worth noting that multiple droplets can be
present and removed at the same time in the flow channel
during the operation of PEMFCs [40,45]. Multiple droplets can
be either removed separately or merge into a single droplet
then blown away by the airflow, which could influence the
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Fig. 6 — (a) Emergence, growth, detachment, and removal
during droplet drainage process, and (b) Pressure drop
measured in GDL flow channel with the red solid dots
indicating the corresponding cases in (a). (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this
article.)

droplet volume being removed and flow field conditions such
as pressure drop and channel blockage. In this work, single
droplet removal with different volume and flow field condi-
tions are investigated in the following sections emphasising
the effects of surface roughness, therefore multiple droplets
removal scenarios are not incorporated in current study. The
model has been validated by simulating droplet movement
with fixed volume on both smooth and rough surface, and the
results are qualitatively comparable to the results reported
Refs. [38,52]. Therefore, the droplet dynamics is only simu-
lated for the first emerged droplet in this work due to the
repeatability demonstrated. Table 1 summarises the geomet-
rical and material parameters used in the simulation.

Table 1 — Geometrical and material parameters.

Parameters Symbols Value
Channel height (mm) h 0.3

Channel width (mm) 1y 1.5

Pore size (um) w 5

Airflow rate (m/s) Uq 5, 15, 25

Air density (kg/m°) Pa 1.225

Air viscosity (kg/m-s) Na 1.7894 x 10~
Water inlet velocity (m/s) Uy 1

Water density (kg/m?) P 998.2

Water viscosity (kg/m-s) Nw 0.001003
Water surface tension (N/m) v 0.00728

GDL contact angle (°) [ 140

RMS roughness (um) Ry 10, 20, 30, 40
Roughness wavelength (um) Ry 10, 20, 50, 100
Time step (sec) At 1077

Mesh element size (m) - 2.7 x 107

Results and discussion

The movement and geometrical shape of a droplet emerging
from a GDL pore are mainly influenced by a combination of
several forces: (1) pressure force that arising from the pressure
drop at different sides of the droplet; (2) shear force resulted
by the airflow passing above the droplet; (3) adhesive force
which is related to the contact area between the droplet and
rough surface; (4) surface tension force due to the pressure
difference at the water and air surface; and (5) other forces
such as inertia force, gravity force and viscous force. The
relative importance of surface tension force to other forces
can be characterised by dimensionless numbers: Capillary
number (Ca), Bond number (Bo) and Weber number (We):

v
Ca="Y 15
S (15)
pgw’
Bo=—"—, (16)
Y
pv?w
We = 17)
Y

which compares the contribution from viscous, gravity and
inertia forces, respectively, with the surface tension. With the
GDL pore width w used as characteristic length, we have
Ca = 0.014, Bo = 6.8 x 1077, We = 0.069. The relatively small
values of these dimensionless numbers suggest that the sur-
face tension force is more significant than viscous, gravity and
inertia forces. Since the water injection rate and surface
wettability are fixed in this work, the airflow rate that de-
termines the pressure force and shear force together with the
surface roughness that influences the apparent wettability
and the adhesive force at the liquid-solid interface will be
mainly studied in the following. Humidity of reactant gas
should be considered when evaluating the removal efficiency
of droplets in GDL and flow channel due to the potentially
resulted phase change phenomenon and change of surface
tension could. Nevertheless, this study mainly focuses on the
effects of airflow velocity and GDL roughness on droplet
removal, the effects of reactant gas humidity will be consid-
ered in future investigations.
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Droplet dynamics on rough surfaces

A typical liquid drainage process inside a GDL flow channel
including droplet emerging, growing, detachment, and
removal is demonstrated in Fig. 6(a). In the beginning, the
airflow is fully developed inside the flow channel and liquid
water is gradually injected from the emergence pore. Then the
droplet starts to grow until the pressure force and shear force
overcome the surface tension and adhesive force, and the
droplet is detached from the emergence pore, as a result. After
the detachment, the airflow drives the liquid droplet out of the
channel and another droplet emerges from the GDL pore
simultaneously. Pressure drop is an important indicator to
evaluate the water removal performance in flow channel, and
it is directly related to the flow resistance during the removal
process. In this study, the pressure drop is measured as the
pressure difference between the airflow inlet and pressure
outlet, and the value is averaged along the inlet/outlet
boundary. The corresponding pressure drop throughout the
whole liquid removal process is shown in Fig. 6(b). It can be
seen that pressure drop gradually increases as the liquid
water accumulates at the GDL surface. The pressure drop
reaches the largest value immediately after the detachment,
because the rolling droplet blocks part of the flow channel
during the removal process. Once the droplet is drained out of
the channel, the pressure drop falls down and the similar
process repeats for the next emerging droplet.

Airflow rate

Airflow rate should be carefully monitored during the opera-
tion of PEMFCs for maintaining a stable and reliable perfor-
mance. At the cathode side, air/oxygen is feed into the flow
channel through the GDL, and liquid water is produced at the
catalyst layer. A sufficient supply of airflow is desired for
PEMFCs to ensure a high current density output, and the effects
of airflow on the droplet dynamics have been investigated in
several studies [19-21,52,57]. In this section, the droplet
detachment, elongation, and moving mechanism subject to
various airflow rates on rough surfaces will be studied. Rough
surfaces with Ry of 10, 20, 30 and 40 pm and Ry,0f 10 um are
applied to study the effects of airflow rate on droplet dynamics.
Three realisations of rough surfaces with same roughness pa-
rameters are generated, and airflow rate with 5, 15 and 25 m/s
are employed for simulations and analysis.

Droplet detachment time and elongation

The detachment time is referred to the time required for a
droplet from emergence to detachment. For the constant in-
jection rate, this is also directly associated with the maximum
droplet size before the detachment. The droplet detachment
time is critical for the evaluation of water removal efficiency
as quick detachment of droplet leads to less water accumu-
lation and faster flow drainage rate, and therefore facilitates
water management inside the flow channel. Fig. 7(a) demon-
strates the liquid droplet detachment time with three
different airflow velocities, i.e., 5, 15 and 25 m/s on rough
substrate. It's observed that a higher airflow rate significantly
decreases detachment time of emerging droplet on same

surface. Compared with airflow rate of 25 m/s, the

detachment time is about doubled for the counterparts with
15 m/s and tripled for counterparts with 5 m/s. Moreover, the
effects of surface roughness on the detachment time can also
be clearly observed and will be discussed with more details in
GDL roughness

The droplet elongation is another important parameter for
assessing the water management efficiency, which describes
the droplet contact area on the rough surface before the
detachment. The elongated droplet blocks the pathway for air
and water passing through the gas diffusion material, there-
fore this blockage should be minimized during the water
drainage process. Fig. 7 (b) shows the effect of airflow rate on
the droplet elongation and the results suggest that the droplet
elongation is significantly reduced by increasing the airflow
rate. This trend is similar to the effects on droplet detachment
time because a larger droplet contact area can be typically
observed with higher droplet volume.

The effects of airflow rate on droplet detachment and
elongation reduction are mainly attributed to the pressure
drop resulted from different flow rates. The pressure drop
throughout the liquid removal process on a given surface
subject to different airflow rates are demonstrated in Fig. 8. It
canbe seen that a higher airflow rate leads to a quicker change
in the pressure drop, i.e., a larger sudden change of inlet
pressure at the moment of detachment, while the pressure
drop values required for the detachment are similar. There-
fore, the time required for reaching the critical detachment
pressure drop is less for the case with higher airflow rate, in
which the droplet is blown away at earlier stage.

Modes of droplet motion

The motion and shape of the detached droplets are greatly
influenced by airflow rate. Fig. 9 shows three typical droplet
movement modes (rolling, lifting, and breakup) after the
detachment. In the rolling mode, the droplet demonstrates a
transitional behaviour on the rough substrate. The lifting
mode refers to the droplet is lifted in the channel after its
detachment, and the droplet may touch the top substrate
before its drained out. For the breakup mode, the droplet
firstly rolls on rough surface after the detachment and then
breaks up on the substrate. The occurrence of three different
moving modes is mainly influenced by the airflow rate as
shown in Fig. 10, and no obvious effects of surface roughness
on droplet movement modes are observed. For airflow rate
with 5 and 15 m/s, rolling mode has more occurrences, and for
25 m/s the breakup mode dominates. The breakup mode is not
favourable for the water management as some of the sepa-
rated droplets keep adhering to the rough surface as shown in
Fig. 9. These small droplets staying in the valleys of rough
surface are very difficult to be removed from the channel, and
these droplets block the pathway for air and water transport
through the gas diffusion media. For the rolling mode, the
detached droplet is in contact with the GDL surface during the
removal process, however, this blockage is almost negligible
considering the relatively short period of time of removal
process and therefore makes the rolling mode favourable.
Lifting is the optimal mode to facilitate the water removal
efficiency since the gas diffusion media keeps uncovered and
drained after the detachment, and the droplet can be easily
removed even it is temporally adhered to the top wall.
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Based on the above analysis on the detachment time,
elongation and movement modes, 15 m/s is considered as the
optimal operational parameter for airflow rate in water
management, as 5 m/s leads to a relatively larger droplet
detachment time and elongation, and 25 m/s could result in
water accumulation and blockage in flow channel due to the
separated droplets remaining on the GDL surface.

Rolling

GDL roughness

In this section, the effects of GDL surface roughness on water
management are examined. The RMS roughness (R;) is
selected as 10, 20, 30, 40 um with roughness wavelength (R, )of
10, 20, 50, 100 um, and airflow rate is fixed as 15 m/s. In total of
16 combinations of surface parameters are employed, and for
each combination, 10 random samples of surface geometries
are generated to provide statistical analysis. Thus, a total of
160 simulations are conducted and analysed.

Droplet breakup position and detachment ratio

The breakup position (x;) is the horizontal location where the
droplet is detached from the emergence pore. x;, ranges from
0.2 mm to 1.5 mm except for the cases with no detached
droplet, i.e., x, > 1.5mm. The detachment ratio («) is defined as
the ratio between volume of detached droplet V; and total
liquid volume emerged V; as a = V—f Three regimes of droplet
detachment are identified according to the different breakup
positions and detachment ratios, and Fig. 11 demonstrates
samples of droplet morphology in each regime and breakup
positions for all simulations. In Regime 1, x;, is smaller than
0.4 mm and the detachment ratio is above 95%. For Regime 2,
Xp is between 0.4 mm and 1.5 mm, and detachment ratio is
below 95%. In Regime 3, the droplet is not detached and a
liquid film is formed on the substrate even after the liquid
front reaches the pressure outlet.

Breakup

Fig. 9 — Evolutions of droplet morphology under different movement modes.
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Fig. 11 — (a) Droplet morphology for three different
detachment regimes and (b) Smoothed probability density
histogram of droplet detachment position for all
simulations (from 40 cases for each RMS roughness).

Fig. 12(a) summarises the number of cases in each regime
on different rough surfaces, at the given operational condi-
tion. There are in total 40 cases for each R, value, which in-
cludes samples with all 4 different R, scenarios. It can be seen
that Regime 1 accounts for the majority of the cases for all
surfaces with different roughness parameters, and Regime 2
has much fewer occurrences compared with Regime 1.
Regime 3 only happens on smoother surfaces with Ry of 10 and
20 pm. This result can be attributed to the different wetting
types when a droplet contacts with the solid rough substrate.

The first type is Wenzel state where the droplet fills the gaps
between the heterogeneous microstructures and a complete
wetting is observed [58]. Cassie state is another wetting type
which refers to the droplet resting on top of surface and
leaving air trapped in the gap beneath the droplet [59].
Experimental observations have reported the coexistence of
Cassie and Wenzel state on GDL surface [60]. Fig. 12(b) pre-
sented two simulation snapshots for droplets growing on
different rough GDL surfaces demonstrating Cassie and
Wenzel states, respectively. It is found that the emerged
droplets in Regime 1 and 2 are mostly in Cassie state, and the
contact area between the rough surface and droplet is signif-
icantly small compared to the projection area. Therefore, the
adhesive force is greatly reduced at the solid-liquid interface,
and the pressure force overcomes the resistance force easily
and blows the droplet out of the flow channel. A typical
example existing in nature to illustrate the droplet removal
behaviour with Cassie state is lotus leaves, where droplets
resting on super-hydrophobic surfaces with micro-patterns
are easily to be removed [61]. For Regime 3, the simulation
results suggested that Wenzel state dominates the wetting
type. The contact area at the interface and resulted adhesive
force keep increasing with the formation and elongation of
water film, and the pressure force can only stretch the droplet
instead of breaking up the droplet. Regime 1 is the favourable
detachment mode for water management because of the
relatively higher detachment ratio, and the breakup position
is near the GDL pore leading to less blockage of GDL surface as
a result. Regime 2 is less favourable for water removal as part
of GDL surface is covered by the droplet before the detach-
ment, and the detachment ratio is smaller than Regime 1. In
Regime 3, the formed water film completely blocks the
pathway for both air and water, and no detachment occurs
even after the droplet reaches the end of flow channel.
Though the probability of having Regime 3 is low, this could
result in serious performance degradation and it should be
avoided during the operation of PEMFCs.

Detachment time and elongation

The effects of GDL surface roughness on droplet detachment
time and elongation in Regime 1 are investigated, since
Regime 1 is the most preferable detachment mode and ac-
counts for the majority of simulated cases. Fig. 13 presents
the effects of RMS roughness on droplet detachment time
and elongation. It is demonstrated that both detachment
time and elongation decrease with the increase of Ry for all
surfaces with various roughness wavelength. The Pearson's
correlation coefficient r is employed to evaluate the linear
correlation between the variables and Ry [62]. The value of
Pearson's r between 0 and 0.3 (0 and —0.3) suggests a weak
positive (negative) linear relationship. Value between 0.3 and
0.7 (-0.3 and -0.7) refers to a relatively strong positive
(negative) linear relationship. Value between 0.7 and 1.0 (0.7
and —1.0) indicates a strong positive (negative) linear rela-
tionship [63]. In terms of the correlation between detachment
time and Ry, the Pearson's r is —0.70 for simulations con-
ducted with Ry, of 10 pm, which indicates a strong correlation,
and for the cases with Ry, of 20, 50 and 100 pm, relatively
strong correlations are suggested with —0.50, —0.55 and —0.63
for Pearson's r. For droplet elongation, all simulations
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respectively.

reported a relatively strong correlation between elongation
and Ry, which is similar to the results for detachment time.
The average reduction of detachment time and elongation is
about 30% and 20%, respectively, when R, is increased from
10 um to 40 pm based on all simulation cases. Therefore, the
simulation results suggest that increasing the surface RMS
roughness can accelerate detachment of droplet and mitigate
the surface blockage on GDL material. This conclusion is in
accordance with experimental observations, where Fishman
et al. (2010) reported that GDL surfaces with smaller average

roughness demonstrate a stronger pinning effect compared
with ones with rougher surfaces, indicating that rough sur-
face is favourable for the droplet detachment [64]. In addi-
tion, the results demonstrated the benefits of increasing RMS
roughness on liquid removal, which is supplementary to
numerical findings conducted on patterned surfaces by He
et al. (2010) and Chen et al. (2013) [34,37]. The results can be
compared with 3D numerical solutions to verify the effects of
surface roughness on droplet removal in GDL channels. Chen
et al. (2012) constructed rough GDL surface with cubic
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Fig. 14 — Effects of R, on droplet detachment time and elongation with R, fixed to (a) 10, (b) 20, (c) 30, (4) 40 um respectively.

columns, in which the spacing and height of columns are
altered to represent surfaces with different roughness [36].
They concluded that increasing surface roughness assists the
removal of emerging droplet in terms of shorter removal
time, which is in accordance with our findings as discussed
above.

The results report a relatively large standard deviation of
data for surfaces with same roughness parameters, and this
can be attributed to the heterogeneity of the generated GDL
surface profile and geometry. Since all the simulations taken
into consideration is in Regime 1, the different surface ge-
ometry near the GDL pore region has significantly influenced
the droplet detachment and elongation even with same
roughness parameters. Although the standard deviation is
relatively large, a clear correlation is identified to prove the
effects of RMS roughness on droplet detachment.

Moreover, the effects of R, on droplet detachment time
and elongation are presented in Fig. 14. The results suggest
that the Ry, has a weak positive linear relationship with both
droplet detachment time and elongation as none of the
Pearson's r values is above 0.4. This conclusion indicates that
roughness wavelength is less significant to water removal
efficiency compared with RMS roughness.

Conclusion

In this study, the effects of airflow rate and GDL surface
roughness on the droplet detachment and removal efficiency
are investigated using the VOF method. The rough surfaces
are characterised by RMS roughness (R;) and roughness

wavelength (Ry) containing both lateral and vertical rough-
ness information, and the dynamics of droplet from emer-
gence to removal are fully incorporated. Rolling, lifting, and
breakup are identified as three different droplet movement
modes on rough surface subject to various airflow rates, and
numerical solution suggests an optimal airflow rate best
facilitating the water management inside GDL channel for the
given channel geometry. Moreover, the water removal is
further examined on surfaces with various roughness pa-
rameters, and different regimes for water removal are classi-
fied based on detachment ratio and droplet breakup location.
The results demonstrate the existence of two wetting types,
where rougher surfaces usually resulting in Cassie state are
favourable for the liquid detachment because less water film
and surface blockage are observed on such surfaces.
Furthermore, increasing RMS roughness can significantly
improve water drainage efficiency by reducing the droplet
detachment time and elongation, while the effects of rough-
ness wavelength on liquid removal are less influential. Our
study highlights the importance of GDL surface roughness on
the effective water management in fuel cells, and warrants
future studies incorporating such morphological effects in the
GDL design.
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