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Abstract

A comprehensive 3D, multiphase and non-isothermal model for a PEM fuel cell has been developed
in this study. The model has been used to investigate the effects of the size of the parallel-type cathode
flow channel on the fuel cell performance. The flow-field plate, with the numerically-predicted best
performing cathode flow channel, has been built and experimentally tested using an in-house fuel cell
test station. The effects of the operating conditions of relative humidity, pressure and temperature
have also been studied. The results have shown that the fuel cell performs better as the size of the
cathode flow channel decreases and this is due to the increased velocity which assists in removing
liquid water that may hinder the transport of oxygen to the cathode catalyst layer. Further, the
modelled fuel cell was found to perform better with increasing pressure, increasing temperature and
decreasing relative humidity; the respective results have been presented and discussed. Finally, the
agreement between the modelling and the experimentally data of the best performing cathode flow

channel was found to be very good.
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1. Introduction

Proton Exchange Membrane (PEM) Fuel Cells are promising power sources for portable applications
and this is due to their appealing features of low operating temperature, high efficiency and quick
start up [1-4]. There have been many theoretical and experimental studies that have #xplored
effects of the design parameters and operating conditions on the performance of the PEM fuel cell;
see for examplgp-12]. The parameters are normally optimized to achieve the best possible fuel cell
performance. For example, the relatively high and low humidity of the inlet gases could cause wate
flooding and membrane dehydration, respectively; therefore, the humidity of the inlet gases must be
optimized to prevent the occurrence of the above two detrimental phenomena [13-16]. However, the
optimization of the parameters influencing the fuel cell performance is not normally straightforward
because of the interactions existing between them. For example, in order to achieve the optimum level
of humidity, some other parameters, e.g. temperature and flow rate, should be controlled; therefore,
such interactions must be taken into account in the optimization procedures [13

Design-wise, there have been many numerical and experimental studies to investigate the effects of
the flow channel geometry on the PEM fuel cell performance; see for example [16-20].ethefeff
channel depth on the current distribution within the fuel cell was investigated numerically in [20].
Three channel depths were analysed, namely: 0.5, 1.0 and 1.5 mm. The results showed #it the eff
of the cathode channel depth was larger than that of the anode channel depth on the fuel cell
performance. They also reported that the fuel cell with the shallowest channel, i.e. 0.5 mm, performs
10% better than that with deeper channels and this is due to the increased oxygen transfer rate to the
active regions. However, compared to the deeper channels, the shallowest channel was found to
significantly increase the pressure drop along the channel andadass@niform current distribution

[20]. The non-uniform current density distribution may cause local hotspots, thus affecting the
longevity and durability of the fuel cell. Therefore, the global (e.g. the overall performance
degradation) and the local (e.g. hotspots) effects should be taken into account when investigating the
sensitivity of the fuel cell to various parameters.

Numerical modelling is an efficient and cost-effective way to optimize the operating conditions and
the design of the fuel cell as it significantly reduces the cost and time associated with dreltrial-

error experimentation approach. There have been some studies in the literature in which the effects
of the geometry of the flow channels have been numerically investigated and then corroborated with
some experimental data; see for example [18] and [31]. Khazaee and Ghazikhani [18] Hymerica
investigated the effects of the channel depth on the PEM fuel cell performance and they showed that
it increases as the channel depth on either side of the fuel cell increases from 1 to 1.5 mm. Further,
they showed that their numerical data for the cases in which the channels have been relatively deep




are in good agreement with the corresponding experimental data taken from Miansari et al. [33].
Ferng et al. [31] experimentally and numerically investigated the effects of non-uniform channel
depth on the performance of the fuel cell operating with either parallel or serpentine flquidiekd

They found that the fuel cell performs better with the parallel flow field plates of non-uniform depth.
However, they showed that the effects of non-uniform depth is almost negligible when using
serpentine flow field plates. In this work, we first numerically investigate the effects of the width and
depth of the cathode flow channel globally and locally. The best performing design for the cathode
flow channel is subsequently used when investigating the sensitivity of the fuel cell to the operating
conditions of relative humidity, temperature and pressure. Eventually, the best performing design of
the cathode flow channed manufactured and used in the operating fuel cell. Therefore, one of the
important features of this investigation is that the design of the flow field plate has been led by a CFD

modelling-based optimization study.

2. Model development

To be as comprehensive as possible, the model of the fuel cell has been set to be 3-diemnsional,
multiphase and non-isothermal. Therefore, the transport phenomena in the modelled fuel cell are
governed by the equations of conservation of mass, momentum, species, charge and energy. The
current model is similar to the CFD model presented in a previous work [21] in which most of the
governing equations were presented and described. As most of the governing equations were listed
and described in [21], for brevity we only list these equations in Table 1 and we defingrtimtss

in the nomenclaturéAssuming unsaturated flow theory [22], the model in [21] was single phase and
therefore the transport of liquid and dissolved water was not considered. In the following paragraphs,
we therefore list and explain the governing equations associated with the transport of the liquid and
the dissolved phases.

Three phases of water are present in the PEM fuel cell: gaseous, liquid and dissolved. The first two
phases can be found in all the physical domains except the current collectors, and the third phase
could be only present in the catalyst layers and the membrane. The water produced in the cathode

catalyst layer is assumed to be in the dissolved phase [23].
[Insert Table 1]

The existence of all the water phases (i.e. gaseous, liquid and dissolved) and the mass transfer betweer
them depend on the local thermodynamic and fluid dynamic conditions. There are three phase transfer
mechanisms: condensation/evaporation between liquid water and water vapor, ionomer absorption

between the dissolved water and water vapor, and ionomer desorption between the liquid water and
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dissolved water. The transport of the dissolved water in the ionomer (or membrane) phase is given as
follows [23]:

>N
v'(lmFdMHzoj:v.(MHzoDva)-i_S)»+Sgd+Sd (1)

where A is the dissolved water contemly is the osmotic drag coefficienD,, is the diffusion
coefficient of the dissolved water contefs, is the water generation rate due to the cathode side

reaction in the catalyst laye§, is the rate of mass change between the gas and dissolved phases

and S is the rate of mass change between the liquid and dissolved phases. The mathematical

definitions of all the parameter shown in Equation (1) are presenfable 2.
[Insert Table 2]

Note that in Table 2, is the dry ionomer or membrane density (k§/nEW is the equivalent weight
of the membrane (kg/mol) .4 andyy are the gas and liquid mass exchange rate consfaptss

the water vapor partial pressure (Pa), and and A,_; are the water content at saturation and water

activity of unity, respectively.

Since water is generated andissolved form at the catalyst surface, it depends on the level of gas
phase saturation if the water leaves the dissolved phase as a gas or as a liquid. If the gas phase is nc
saturated, then water will leave the dissolved phase as vapor at the catalyst surface. Orhtedother

if the gas phase is saturated, then water will leave the dissolved phase as liquid at the catalyst surface
which will be mainly removed by capillary diffusion.

The model also takes into account the transport of liquid water. The driving force of the liquid water

transport is the liquid pressure gradiew{( ) [25]. Taking into account that the liquid pressure is the

sum of the capillary pressupg and gas pressure p, the transport equation for the liquid water inside

the porous electrodes and membrane can be given as follows [26]:

V,[WJA V(pe + p)j= Sy (2)
|




wherep, is the density of liquid wate, is the dynamic viscosity of liquid watek,is the absolute
permeability,K, is the relative permeability an8l, is the rate of mass change between gas and

liquid phases. The mathematical expressions of the parameters shown in Equation (2) are listed in
Table 3. On the other hand, the liquid water in the flow channels is governed by the following equation
[26]:

V. (pl i s): V- (D"q VS) 3)

where Dy, is the liquid water diffusion coefficient in the channglis the water saturation and is

the liquid velocity which is assumed to be a fraction of the gas velfbg:i@| = X';/g, x being the

liquid to gas velocity ratio).
[Insert Table 3]

Numerical procedure and boundary conditions

All the above equations were solved using the Fuel Cell Module provided by the commercial
numerical solver ANSYS Fluent 17.0 [26]. The coupled set of governing equations is iteratively
solved until a converged solution is obtained, namely when the difference between two consecutive
residuals is less than $@nd the difference between the current produced in the ACL and the CCL

is less than 16 These values have been found to be small enough as any smaller value does not show
any graphical differences. Alsafew changes have been implemented in the solver options to attain

a faster convergence, namely: the multigrid cycle was changed to the F-CydldHeremuations

and the stabilization method BCGSTAB (Bi-conjugate gradient stabilization) was chosen for the
species concentrations, water saturation, electric and protonic potential [26]. The computations were
performed using parallel processing of ANSYS Fluent with 32 processes shared on 2 workstations,
each with two 8-core processors of 2.6 GHz and 64 GB of RAM. With these high performance
computing (HPC) capabilities, the time required for simulating one point from the polarization curve
was about 15 hours.

Since a single computational domain is used, the continuity in the fluxes of the various variables at
the interfaces between the various components of the model is ensured. Dirichlet boundary conditions
of constant mass flow rate, temperature, relative humidity and mass fractions were prescribed for the
channel inlets; see Table 4. On the lateral walls of the modelled fuel cell, the solid phase potential

was set to be 0 V at the anode side and between 0 and the open-circuit(Walpgethe cathode
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side. The ¥ in our simulations was that which we normally obtained from our fuel cell experiments,
namely 0.95 V. It should be noted that the theoreticab¥ PEM fuel cells operating with standard
conditions of temperature 298 K and 1 atmospheric pressure is about 1.23 V [27]; however this is not
achievable in practice due to gas cross-over and mixed potentials. Also, it worth noting that the mass
fraction of hydrogen (i.e. 0.6) represents the amount of hydrogen that has been produced from the

hydrolysis of the sodium borohydride.

[Insert Table4]

The active area of the modelled fuel cell is 44 ¢4n0 an x 11.0 cm); this is based on édimensions

of a real fuel cell. The configurations of the flow field for the anode and the cathode sides are 3-pass
serpentine and parallel, respectively; see Fig. 1. Each anode gas channeirisi.%idth and 0.5

mm in depth The dimensions of the cathode flow channel are the design parameters that are desired
to be optimized to maximize the fuel cell performaribey havea significantly larger effect on the

fuel cell performance than those of the anodic flow channel [15-20]. Therefore, the width and depth
of the cathode flow channels have been realistically varied, resulting in 8 simulation caJedjlee

5. The widths of the rib at the anode and cathode flow channels are 1.3 amd, te3pectively. The
number of the parallel flow channels at the cathode side was 44 when using the 1.5 mm channel width
and 36 when using the 2n@m channel width. It should be noted that, upon calculating the respective

Reynolds numbers, the flow for all the cases investigated was found to be laminar.

[Insert Table 5]

Gambif software was used to build and mesh the computational domain. The mesh of the geometry,
where the width and the depth of the cathode channels are 1.5 anioh,0:&spectively, is shown in

Fig. 2. The mesh has been refined until mesh-independent solutions were obtained for all the cases;
it was between 3.8 million cells for the 0.5 mm channel depth and 5.2 million cells fomihe 3
channel depth. The parameters used in the model are shown in Table 6. It should be noted that use of
different flow field at the anode and cathode sides of the fuel cell has led to what is known as non-
conformal interfaces at the mid-thickness of the membrane. The cell zones at these interfaces within
the FLUENT platform are permitted to be connected to each other by passing fluxes from one mesh
to another without any influence on the convergence of the solution [26].

Before the conclusion of this section, it is important to mention that the fuel cell investigated do not
have a customary shape (square) and this is because the fuel cell being developed is based on ¢




rectangular design, under an NDA contract with Baltic GmbH, in accordance with the portable
military applications where they are intended to be used. The shape and the size of the fiaslecells
been dictated by the amount of power required to power the military devices, taking into account that
using short parallel flow channels at the cathode side allows an efficient removal of liquid water, thus

facilitating the supply of oxygen to the reactive regions in the catalyst layer.
[Insert Table 6, Fig. 1 and Fig. 2]

3. Experimental investigation

The experimental work was performed using an in-house fuel cell test station; see Fig. 3. The 44 cm
PEM fuel cell has 12 mm thick aluminium compression plates anohgold-coated copper current
collectors. The anode and cathode flow field channels were grooved into Schunk FU 4369 graphite
plates. The GD& used in the fuel cell are H24C3 (Freudenberg, Germany), and the MEA is from
Baltic GmbH with 0.2 mg/ciplatinum loading at both the anode and the cathode electrodes.

The dry air and fuel are fed via a gas line (from pressurised cylinders), equippecesstrprgauges

and flow controllers. Bubble humidifiers with an adjustable water level and temperature are used to
humidify air and hydrogen streams. The pressure is set by using one-stage fix-value rrgskaice

and a normal closed position valve mounted at the end of the gas line.

The polarisation curve of the fuel cell was constructed by setting several cell potentials between the
open circuit voltage and 0.35 V and measuring the corresponding currents. This is performed by using
a PLA800 60-300 electrical load bridge (AMREL American Reliance Inc.,)USA

[Insert Fig. 3]
4. Results and discussions
From the polarization curves presented in Fig. 4, it can be seen that for high and wyeliatimg
voltages, the channel dimensions have a small influence on the performance, while at lower operating
voltages the impact of the size of the channel on the performance begins to becomergignifica
Namely, the fuel cell performs better as the channel depth and width decrease. This is in accordance
with the results obtained by Wang et al. [10], Inoue et al. [20] and Wang[&DJalvhich all show
that the fuel cell performance improves as the dimension of the flow channel decreases. For a given
flow rate, the velocity of the air increases as the dimensions of the flow channel decreases; higher
velocities lead to better liquid water removal and (consequently) less flooded pathways between the
channel and the catalyst layer, thus facilitating the supply of oxygen to the reactive sites in the cathode
catalyst layer and improving the fuel cell performance. The improvement in the fuel cell performance
with decreasing channel depth and width translates into more oxygen consumption and more water
production as presented in Fig. 5 which shows the average oxygen and water concentration at the

outlet of the cathode channel at 0.35 V. The 0.35 V cell potential was selected as it is the cell potential
7




at which the differences between the simulation cases in terms of cell performance are more profound
compared to other higher cell potentials. However, it should be noted that the fuel cell is normally
operated at 0.6-0.7 V buatt such potentials the variation between the simulation cases with the
investigated parameters was shown to be almost negligible. It is also worth noting that, in order to be

in line with the experimental data, there have been no simulations performed beyond 0.35 V.

[Insert Fig. 4 and Fig 5]

In addition to the global performance curves, it is important to analyse how the fuel cell performs
locally. Namely, the profiles of the key variables within the components of the fuel cell could give
insightful information on how uniform are the distributions of these variables. Less uniform
distribution of some key variables, e.g. the current density and temperature, may lead to the presence
of some undesirable phenomena such as hotspots, thus negatively affecting the lifetime and durability
of the fuel cell. Fig. 6 shows the distribution of the current density at 0.35 V at the interface between
the cathode catalyst layer and the MPL for all the investigated cases. It can be obserttesl fftots

in Fig. 6 thatthe current density along the pathways from the inlet to the outlets decreases. This is
directly linked to the distribution of the concentration of oxygen at the interface between the cathode
catalyst layer and the adjacent MPL,; see Fig. 7. As air trinosisthe inlets to the outlets, oxygen is
consumed and becomes less available for reaction in the downstream regions of the actinesarea
resulting in a smallemte of current generation; this is evident from Faraday’s law. One more general
observation is that the current density is higher under the flow channels than under the ribs; this is
due to the availability of more oxygen for reaction under the flow channel than under the.8b a

V where the fuel cell is mainly limited by the rate of the transport of oxygen to the catalyst layer.
More importantly, the current density profiles in Fig. 6 shows that the current density becomes more
uniform as the dimensions of the flow channels increase: the channels with 1.5 mm width and 0.5
mm depth present the least uniformity of the current density and the one with 2.0 mm width and 3.0
mm depth present the most uniformity of the current density. This is again attributed to how oxygen
is distributed across the plane of interest; Fig. 7 showstleas uniform distribution of oxygen is
attained as the dimensions, in particular the depth, of the channel de€easgiven flow rate, the
smaller channels result in higher velocity and consequently higher rate of supply of oxygen to the
active areas that are in particular beneath the flow channels. This will eventually lead to more
disparity of the current between the areas under the flow channels and the areas under the ribs.

Fig. 8 shows the distribution of water at the interface between the cathode catalyst layer and the MPL.
As expected, it follows the same uniformity trend as the oxygen distribution, namely: the channels

with 1.5 mm width and 0.5 mm depth present the least uniformity and the one with 2.0 mm width and
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3.0 mm depth present the most uniformity. More uniform distribution of water within the fuel cell
assists in evenly humidifying the membrane and reducing the likelihood of presence of hotspots.

In conclusion, it can be seen that smaller dimensions of the channel gives the best fuel cell
performance but least uniformity of the key variables. Therefore, care must be taken wheingpti

the dimensions of the flow channels as significant non-uniformity of the local current density may
cause some undesirable phenomena. This could be achieved through, for example, selecting the
dimensions for the flow channel that are neither very small (to avoid hotspots and local dry-out of the
membrane) nor very large (to avoid obtaining significantly reduced fuel cell performance due to the
small contribution of the convection flow). It should be noted that, in addition to the insights provided
by the CFD calculations, the fuel cell needs to be run under long-term operation in order tp identif

and confirm the best dimensions for the flow channels.

[Insert Fig. 6, Fig. 7 and Fig. 8]

In the next section, the effects of some of the key variables are investigated using the numerically

best perfoming cathode flow channel, i.e. the one with 1.5 mm width and 0.5 mm depth.

Effects of relative humidity, temperature and pressure

In this section, the effects of the key variables of relative humidity, temperature and pressure on the
fuel cell performance are analysed. The relative humidity is defined as the ratiorbdte/gartial
pressure of the water vapor and the saturation pressure of the water vaoreat temperature.
Therefore, keeping the temperature at the inlet constant, the mixture composition at the anode/cathode
inlet is varied in order to have a set of relative humidity (i.e. 35, 55 and 75%) through changing the
temperatures of the bubble humidifier; the large is the temperature of thdiffernthe larger is the

relative humidity. We have limited the relative humidity investigation to the cathode side as it, i.e.
the cathode relative humidity, has a substantially greater effect on the performance of tle#l fuel c
than that of the anode side [13]. It can be observed from Fig 9(a) that at high and medium voltages
there is virtually no difference between the resuiswever, at low voltages, the fuel cell performs
slightly better as the relative humidity decreases. This is in line with the findings of Lee and Hwang
[29]. The reason behind this can be inferred from Fig. 9(b) and Fig. 9(c) which show the water mass
fraction and saturation profiles at 0.35 V. As the relative humidity increases, the concentration of
water vapor increases, especially in the downstream regions, thus resulting in an increased saturation
(i.e. an increased presence of liquid water) and subsequently hindrance of transport of oxygen to the
cathode catalyst layer. Therefore, for the given base operating conditions, it is preferredukr the

cell investigated in this study to operate with relatively low humidity conditions at the cathode side.
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[Insert Fig. 9]

Fig. 10 shows that, for the given base operating conditions, an inare¢heecell operating pressure

leads to a better performance [32]; the current at 0.35 V has increased by 17% as the operating
pressure has increased from 1.0 to 1.5 atm. These results are in accordance with those presented i
[28]. This is expected as higher operating pressure means the presence of more oxygen being available
for reactions at the cathode catalyst layer, thus enhancing the rate of reaction as it is evident from
Butler-Volmer equation. Therefore, if there are no technical constraints, relatively high ceihgpera

pressure is recommended to be used to improve the fuel cell performance.

[Insert Fig. 10]

For the given base operating conditions, Fig. 11(a) shows that the fuel cell performs better as the
temperature increases from 293 to 353 K; this is again in line with the results presented in [28]. This
is mainly due to the positive effect of the temperature on the ionic conductivity of the membrane (Fig
11(b)), and gas diffusivity (Fig. 11))d Such effects are evident from the Springer modédl484 the
equation extracted from the Champan-Enskog theory [35] which both show that the membrane
conductivity and gas diffusivity increase as the temperature increases, thus leading to less ohmic and
concentration losses. Fig. 11(c) shows the distribution of the temperature at the interface between the
cathode catalyst layer and the GDL. As expected and as it can observed from Fig. (b-d), the
distributions of membrane conductivity and oxygen gas diffusivity are well correlated with the

distribution of the temperature.

[Insert Fig. 11]

Experimental demonstration

The sensitivity of the fuel cell performance to the size of the cathode flow channel has been studied
earlier. The relevant results showed that the fuel cell performs better as the cross-section of the
channel decreases; the best performance was obtained with the channel of 1.5 mm width and 0.5 mm
depth. A flow-field plate that houses the parallel flow channels of the latter dimensions have been
subsequently manufactured and experimentally tested employing the fuel cell test station described
in the Experimental Investigation Section and using the same base operating conditions. Fig. 12
shows the polarization curves obtained from the model and experiment for the cases 1 and 3 from the
Table 5. The figure shows that the agreement between the modelling and experimental data is very
good; the maximum difference between the two sets of data is about 6%. This imparts a high level of

confidence on the CFD model built and its usa dssign tool for any future improvements of the
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existing fuel cell. It should be noted that the only parameter that has been used to fit the numerical
data to the experimental data was the cathodic charge transfer coefficient; the value that has given the
best fit was found to be 0.8, which is in fact the average of the two values obtained experimentally

for this parameter at high and low cell potentials [36, 37].

[Insert Fig. 12]

5. Conclusions

A CFD modelling study has been conducted to primarily investigate the sensitivity of the fuel cell
performance to the width and depth of the parallel flow channels at the cathode side of a PEM fuel
cell. The study has been extended to explore the effects of the operating conditions of the relative
humidity, pressure and temperature on the modelled fuel cell performance. The CFD model built and
used in the study was 3D, multiphase and non-isothermal. Further, the numerically best performance
cathode flow channel was manufactured and in-situ tested. The following are the main findings of the
study:

() The modelled fuel cell performs better as the size of the cathode flow channel decreases. For
a given flow rate, the velocity increases as the cross-section of the flow channel decreases,
thus improving the removal of liquid water and clearing the pathways for oxygen transport
between the flow channel and the catalyst layer. However, small (shallow and narrow) flow
channels may result in significant non-uniformity of the distribution of the current, oxygen
and water within the MEA and potentially reduce the durability of the fuel cell. Therefore,
care should be taken when optimizing the geometry of the flow channels.

(i) For the given operating conditions, the modelled fuel cell was found to perform better with
decreasing relative humidity. High relative humidity was found to result in higher liquid water
saturation and subsequently increased hindrance of the transport of oxygen to the catalyst
layer.

(i) For the given operating conditions, the performance of modelled fuel cell was shown to
increase with increasing operating pressure. This is attributed to the increase in the amount of
oxygen available for reaction at the cathode catalyst layer. Likewise, the fuel cell performance
was shown to improve with an increase in temperature and this is due to the enhancement of
the ionic conductivity of the membrane phase and the diffusivity of the gases.

(iv) The agreement between the modelling and experimental data for the best performing cathode
flow-field plate was found to be very good, imparting a confidence in the model built as design

tool for future improvements.
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Nomenclature

a water activity

c Concentration, mol/fn

Cp heat capacity, J/mol/K

D diffusivity, mé/s

F Faraday’s constant, C/mol

i current, A

] volumetric transfer current, Afn
oo reference current density, A7m
k thermal conductivity, W/m/K

K absolute permeability, fn

L latent heat due to water condensation, J/kg
M molecular weight, g/mol

R universal gas constant, J/mol/K
S source term

S liquid water saturation

p pressure, Pa

T temperature, K

Y mass fraction

v velocity, m/s

Voc open circuit voltage, V

Greek symbols

a charge transfer coefficient

£ porosity

¢ specific active surface area, 1/m
n overpotential, V
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u dynamic viscosity, Pa.s

) potential, V

p density, kg/m

O sol/mem electric/membrane conductivity, S/m
c surface tension (N/m)

Subscripts and superscripts

alan anode
c/cat cathode
ref reference
s/sol solid
m/mem membrane

Abbreviations

ACL anode catalyst layer

CCL cathode catalyst layer

CFD computational fluid dynamics
CH channel

CL catalyst layer

GDL gas diffusion layer

MEA membrane electrode assembly
MPL microporous layer

PEM proton exchange membrane
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Table 1 The governing equations used in the model

Mass conservation equation:

S, +S,0in  ACL
VY=, S :{Soz i CoL
H,0

Momentum equation:

Vo (pwW)=-eVp+ V- (uVV)+S,  §=— ev

Species transport equations:

V-(swY,)=V(D,VY,) + S Sy, =My, /2F) i,

So, =—(Mo, /4F)- i

S z{—MHZOu in ACL
"0 T\ M o -a+ (M, /2F ) j, in CCL

Ng - ]
F

where a=

Electron transport equation:

—j, in ACL
\& (Gsolvd)sol) =S S = i in CCL
Proton transport equation:

jo In  ACL
-V '(Gmemvd)merr): Sher Sem = —j.in ccL

Gpem= (0.514- % — 0.326)- exp(1268 (1/303-1/T))

Energy transport equation:
V- (pc, VT )=V(kVT) + S;

isz/o-sol_sgl L

ja(nan_TASan/ZF)+ is/o-sol + iri/amem_(Sd + Sgl)' Lin ACL
jc(_ ncat_TAScat/ZF)-'_isz/Gsol—i_ irf]/o-mem_<3d + Sg|)' Lin CCL

S = i2/o in membrane
i2/o, in CC
0 in CH
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Closure relations:

ja = (Ca- 10 e, /cis" ' [explota P gay/ RT) ~eXp(- 0t Py /RT)]
je = (e 168 Yoo, /ot ¥ [~ explota Frica/ RT)+ €Xpl— ot /RT)]
Nan=Psol — Pmen

Necat™ ¢so| - ¢mem_VOC
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Table 2 The mathematical definitions of the parameters used in Equation (1).

Description Expression
Osmotic drag coefficientny (-)[24] ng = 294 -

Diffusion coefficient of water content
D,, (m?/s) [23]

D/, = g_\i/v' 411070 (%/25)0'15[1+ tantf - 25/ |

'Volumetric source term for dissolved
water contentS, (kg/m?s) [25]

S, :MHZO'jcat/ZF

Rate of mass change between gas a D

dissolved phases§, (kg/ns) [25] Sga = 1= 9)¥gaMn,0 ﬁ(keq - 7”)
Rate of mass change between liquid o}

dissolved phaseSy (kg/n?s) [25] | S = Mo ﬁ(xeq ~1)

Equilibrium water content).
(mol H,O/mol SQH) [25]

A eq = 03+6a(1-tani(a— 05))+ 0.6 ., —352)a® -

. (1+ tanl'(a_ 0'8%_23))+ S (}‘s=1 - ka:l)

Water activity,a (-) [24]

a= pwv/ Psat

Saturation pressures,; (Pa) [24]

log,, p5' =-2.1794+ 0.02953 (T — 27315) — 9.1837-
107° - (T —27315)? +1.4454-10 ' (T — 27315)
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Table 3 The mathematical definitions of the parameters used in Equation (2).

Description Expression
Relative S in GDL
- 2
permeability, K , , o EW
[27] K 7“5:1 S .
= P, Pi Y in  membran
M H,0 At EW Agy
Pi Pi
Rate of mass M _
change between Vg €S Dy M0 pln(mJ Puw < Psat
gas and liquid  |g _ RT P= Pw
phases S, [23] g My,0 P— Psat
v -€-(1-5) Dy RT2 pin - p: Py ) Psat
D |[25] 2.334 5
° 0.365-10‘4(%j {QJ anode
Y
Dgl = T 2.334 10°
1.79-10“{-] | =] cathode
343 P
Capillary

pressure,p, [25]

ccosﬂc\/%(l.417(l— 8 -21201-5)2+12631-9)°) 0, <90

pc -
ccosec\/%(lAl?s— 2125 +1263°)

0, >90
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Table 4 The boundary conditionsused in the model.

Parameter Value Unit
Mass flow rate at anode inlet 3x10° kg/s
Mass flow rate at cathode inlet 2x10° kg/s
Mass fraction for Hlatanode inlet {, ) 0.6 -
Mass fraction for KO at anode inletY(; ) 0.4 -
Mass fraction for @at cathode inletY, ) 0.242 -
Mass fraction for O at cathode inlet(;, ;) 0.0699 -
Relative humidity at anode inlet 35% -
Relative humidity at cathode inlet 55% -
Temperature at anode and cathode inlets 333 K
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Table 5 The depth and width of the cathode flow channel in the simulation cases.

Case number

Depth (mm)

Width

(mm)

0.5

1.0

1.5

3.0

15

0.5

1.0

1.5

Q| N O gf M| W| N

3.0

2.0
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Table 6 The parametersused in the base case of the model.

Parameter Value Unit
Porosity of GDL/MPL/CL ) 0.7//0.5/0.4 -
Permeability of GDL/MPL/CL (K) 2x10%%1x10%%2x102  m?
Reference exchange current density at anggé)( 10000 A/m?
Reference exchange current density at cathgghé)( 1 A/m?
H2 molar concentrationd(;") 54.6x10° kmol/n?®
Oz molar concentrationc(;jf) 3.39x10° kmol/m?
Anodic transfer coefficientd) 0.5 -
Cathodic transfer coefficientes) 0.8 -
Contact angle GDL/MPL/CL4,) 110/110/95 0
Anode/cathode specific surface aréga,() 2x10 m!
Surface tension between gas and liquid phage ( 0.0625 N/m
Open circuit voltage (M) 0.95 V
Gauge pressure 1 atm
Membrane thickness 178 pm
GDL thickness 250 pm
MPL thickness 40 pm
Catalyst layer thickness 5.4 pm
Liquid water diffusion coefficientD,, ) 1x10° m?/s
Dry membrane density() 2000 kg/m?
Equivalent weight of the membranE\V) 1100 kg/kmol
Gas mass exchange rate constanjX 0.5 -
Liquid mass exchange rate constan X 0.5 -
Water content at saturationy,) 16.8 -
Water activity of unity(4,_;) 9.2 -
Geometric factor of the droplet size () 1x10° m-2
Specific active surface area of catalys) ( 200000 1/m
Liquid to gas velocity ratioy) 0.005 -
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Fig. 1 The 3-pass anode ser pentine flow channel (Ieft) and parallel cathode flow channel (right).
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(b)
Fig. 2 (a) The meshed computational domain, and (b) zoomed-in view of the mesh of the MEA.
Table 6 The parametersused in the base case of the model.
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Fig. 3 Photograph of the fuel cell test station (left), anode flow-field blate, cathode flow-field plate and the
housing of the fuel cell used (right).
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Fig. 4 The performance curves of the modelled fuel cell for various sizes of cathode flow channel.
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Fig. 5 (a) Oxygen massfraction, and (b) water massfraction at cathode channel outlet at 0.35V cell potential .
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Fig. 6 The current density profile (A/m?) at the interface between the CCL and MPL at 0.35V cell potential.
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Fig. 8 The profile of water massfraction at theinterface between the CCL and MPL at 0.35V cell potential.
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Fig. 9 (a) Thefudl cell perfomance curvesfor the investigated inlet cathoderelative humdity , (b) water mass
fraction at theinterface between the CCL and MPL at 0.35V, and (c) liquid water saturation at the interface
between the CCL and MPL at 0.35V.
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Fig. 10 Thefuel cell polarisation curves as a function of operating pressure.
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Fig. 11 (a) Thefuel cell polarisation curves asa function of temperature, (b) the membrane conductivity (S/m)
profileat the mid-thickness of the membrane, (c) the temperature profile at the mid-thickness of the membrane

and (d) oxygen diffusivity (m?/s) profile at the interface between the cathode GDL and the catalyst layer. Note

that the cell potential at which the above profiles were computed was 0.35 V.
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Fig. 12 The modelling and experimental performance curves.
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