Available online at www.sciencedirect.com

ScienceDirect

International Journal of

HEAT ..« MASS
TRANSFER

ELSEVIER International Journal of Heat and Mass Transfer 51 (2008) 5443-5453

www.elsevier.com/locate/ijhmt

Design of a deflected membrane electrode assembly for PEMFCs

Dewan Hasan Ahmed, Hyung Jin Sung*

Department of Mechanical Engineering, KAIST, 373-1, Guseong-dong Yuseong-gu, Daejeon 305-701, Republic of Korea

Received 12 December 2006; received in revised form 22 August 2007
Available online 28 April 2008

Abstract

Simulations were performed of a proton exchange membrane fuel cell (PEMFC) in which the membrane electrode assembly (MEA)
was deflected such that the adjacent shoulders of the channel assembly were at different heights. The effect on cell performance of varying
the MEA deflection was examined while maintaining the same reacting area and boundary conditions at high operating current densities.
A three-dimensional, non-isothermal model was employed with a single straight channel. Both humidification and phase transportation
were included in the model to obtain the total water management for systems operating at different current densities. The cell perfor-
mance was found to increase significantly at a certain, optimal deflection. The cathode overpotential decreased significantly with increas-
ing MEA deflection as the reactants became more evenly distributed over the reacting area. A preliminary investigation of the deflection
behavior of different MEA materials under clamping pressures taken from the literature indicated that MEA materials can be deflected
up to the optimal deflection condition provided the clamping pressure is within the elastic limit of the gas diffusion electrode (GDE).

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Optimizing the geometrical design of proton exchange
membrane fuel cells (PEMFCs) is a major issue in efforts
to commercialize these cells. In PEMFCs, fuel and oxi-
dant struggle to reach the shoulder region, and water
removal from that region to the channel area is a key
issue as the water produced in the oxidation reaction con-
gests the pores of the gas diffusion layer (GDL) and
increases the concentration losses. The clamping of the
two bipolar plates also reduces the permeability and
porosity of gas diffusion layer (GDL) in the shoulder
region, a problem that is particularly severe in the down-
stream region of the channel, especially when the system
is operated at high current density. Many efforts have
been made to improve cell performance, concentrating
on different aspects of PEMFCs. Among the various
aspects of PEMFCs that affect cell performance, geomet-
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rical parameters play a major role. To date, the channel
and shoulder widths have received particular attention
from researchers. It has been found that cells with smaller
shoulder widths (compared with the channel width) per-
form better than those with larger shoulder widths [1-4].
A small shoulder width helps to reduce concentration
losses by diffusing more reactants to the reacting area
under the shoulder, and also facilitates the removal of
water produced by chemical reaction. Other modifications
of the PEMFC geometry have also been investigated in
efforts to achieve effective distribution of the reactants
to the reacting area through the gas diffusion layer,
including varying the flow field (e.g., using a serpentine,
integrated flow field) [5,6], introducing baffles in the chan-
nel area [7], and using a converging channel cross-section
[8]. In addition, an improvement in PEMFC performance
was observed using a trapezoidal channel cross-section, in
which the channel face width increases by comparison
with the rectangular or square channel cross-section [9].
Much of the previous work in this area has focused on
achieving uniform reaction over the reacting area by
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Nomenclature

Aey specific surface area of the control volume, m ™'
Area., surface area of the control volume, m?
Cya concentration of water vapor at the anode,

mol m~—?

Cye concentration of water vapor at the cathode,
mol m~—?

Dy,;  diffusion coefficient of H, in a liquid water film,
6.3x10 " m*s ™’

Do,  diffusion coefficient of O, in a liquid water film,
24x 107 m*s™!

Dvw diffusion coefficient of water, m> s~

F Faraday constant, 96,487 C mole™!

H channel height, m

Hy,) Henry’s law constant for H, in a liquid water
film, 8.9 x 10° Pa

Ho,1 Henry’s law constant for O, in a liquid water
film, 2.12 x 10'° Pa

Nysen enthalpy of water formation, kJ K mol ™!

hg enthalpy of vaporization of water, kJ kg~!

1 local current density, A m ™2

Love average current density, A m 2

Iox exchange current density for reaction K, A m >

L length, m

/ distance between two applied forces (in Fig. 13),
m

M, gry equivalent weight of a dry membrane, kg mol ™!

M, molecular weight of species n, kg mol™!

my,;  mass fraction of liquid water

mass,, mass of species n, kg

n number of electrons

ng electro-osmosis drag coefficient

P saturation vapor pressure of water in stream &,

' Pa

P pressure, Pa

P, partial pressure of species n, Pa

R universal gas constant, 8.314 J (mol K)~!

r condensation rate, s~

S source term

tr liquid water film thickness, m
tm membrane thickness, m

T temperature, K

14 velocity, ms™!

Voc open circuit voltage, V

Veen cell voltage, V
4 width, m
Xik mole fraction of species 7 in stream k

Greek symbols

o net water flux per proton
p permeability, m*

& porosity of the gas diffusion layer
n overpotential, V

A water content in the membzrane

u

dynamic viscosity, kg sm™
3

Pmdry density of the dry membrane, kg m™
0 density of the mixture, kg m >

Om membrane conductivity, S m~!

£ stoichiometric rate

Subscripts and superscripts

a anode

avg average

c cathode

ch channel

cv control volume

e electrochemical reaction

glif gas liquid interface
H, hydrogen

K anode or cathode

1 liquid

0]} oxygen

reac  reacting

sat saturated

v vapor

4 dummy variable for direction x, y or z

facilitating the distribution of reactants in that area.
Under conditions of high operating current density, how-
ever, oxygen molecules struggle to reach the reacting area,
especially in the downstream portion of the channel.
The performance of PEMFCs also depends on various
physical and electrochemical parameters. Recently, Tao
et al. [10] and Min et al. [11] examined the sensitivity of a
three-dimensional, non-isothermal model of a PEMFC to
variations in 11 parameters. In their simulations, the
parameters were linked so as to reflect the situation in real
PEMFCs; hence, a variation of one parameter in the model
that had a positive influence on the cell performance could
lead to variations in other parameters that negatively
affected the performance [11]. These studies showed that

the cell performance was sensitive to variations in the
transfer coefficient, exchange current density, water vapor
diffusion coefficient, oxygen diffusion coefficient, GDL
porosity, and membrane conductivity. However, other
parameters, such as the stoichiometric rate, pressure and
temperature, also influence the fuel cell performance [12],
especially the diffusion of reactants to the reacting area.
From a geometrical standpoint, the shoulder (bipolar
plate) and channel configurations also influence the flow
of reactants and have a marked effect on the fuel cell per-
formance. Moreover, these geometrical parameters affect
the inlet velocity at the anode and cathode [13]. Usually,
the inlet velocities of the reactants into the channels are
defined by the equation
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where ¢ is the stoichiometric rate, I, is the average current
density, R is the molar gas constant, 7 is the temperature, n
is the number of electrons, F is Faraday’s constant, P is the
pressure, X; is the mole fraction of species 7, and A,c,. and
A are the reacting area and channel cross-sectional area,
respectively. The subscript K refers to the anode or cath-
ode. A higher inlet velocity facilitates passage of the reac-
tants to the reacting area and leads to more uniform
reaction in the cell. Modifying PEMFC geometrical param-
eters such as the channel width, shoulder width or reacting
area leads to changes in the boundary conditions such as
the reactant inlet velocities and mass flow rates. To date,
however, most researchers have not reported the inlet
velocities and flow rates of the respective channels, nor
have they adequately defined the boundary conditions.
Changing the channel geometry or flow field design to a
non-planar [14] or wave-like pattern [15] usually leads to an
increase in the overall reacting area. In such cases, the
reactant inlet flow increases and the cell performance is
enhanced. Merida et al. [14] proposed new structural
designs for PEMFCs, including a non-planar PEMFC that
exhibited better performance than conventional PEMFCs,
as well as describing details of manufacturing challenges.
They suggested that extra care is needed when manufactur-
ing non-planar membrane electrode assemblies (MEAsS), in

Bipolar Anode Bipolar

Plate channel Plate

Bipolar Cathode Bipolar
Plate channel Plate

w »>

a

particular that an appropriate technique must be used to
bond the MEA between the two conducting plates or the
flow field must be redesigned to provide sufficient internal
structural support. Kuo and Chen [15] showed that the
gas flow velocity and convective heat transfer in PEMFCs
could be improved by using a wave-like gas flow channel.
Various aspects of PEMFCs can potentially be improved
in order to boost their penetration into the commercial
market for power generation. These include the structural
integrity, cost, weight, size, shape and mass production
scheme, as well as the power density. One approach to
improving the performance of PEMFCs is to maintain
the same boundary conditions for the same reacting area
while reducing the shoulder width compared with the chan-
nel face width. The best option for achieving this is to
deflect the MEA from shoulder to shoulder, as shown in
Fig. 1b. By using this option, the face width increases (as
occurs for a trapezoidal channel cross-section [9]) and more
reactants diffuse through the GDL to the reacting area.
In the present study, we performed simulations of PEM-
FCs with a new design for the channel shoulder geometry,
in which the MEA is deflected from shoulder to shoulder.
This new geometry was designed to improve the reactant
and temperature distributions over the cell and thus to
improve the cell performance. The deflection of the MEA
helped to increase the channel face width and reduce the
shoulder width while maintaining the same reacting area

Bipolar Anode Bipolar
Plate channel Plate

2

T

Membrane
electrode

assembly
Bipolar Cathode Bipolar
Plate channel Plate
| J
< w
| il

Fig. 1. (a) Conventional PEMFC geometry and (b) new PEMFC geometry with deflected MEA.
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as for the system without any deflection. The performance
of the cell with this new configuration was compared with
that of the corresponding cell with the conventional chan-
nel shoulder geometry, in terms of characteristics such as
local water and thermal management, local current density,
and reactant distributions over the cell. A three-dimen-
sional model with single straight channel geometry was
employed for the computational analysis. In addition, the
feasibility of deflecting the MEA was assessed by analyzing
the bending characteristics of typical MEA materials under
clamping pressures taken from the literature. The simula-
tion results were validated by comparison with results in
the literature.

2. Numerical simulation

A schematic diagram of a conventional PEMFC with a
channel-to-shoulder width ratio of 1 is shown in Fig. 1. The
system consists of two channels (for hydrogen and air)
between which the membrane electrode assembly (MEA)
is sandwiched. There are bipolar plates (also known as
shoulders) on both the anode and cathode sides, which
function as current collectors with high electronic conduc-
tivity. Humidified hydrogen and air are introduced into the
respective channels, where the quantities of the two gases
are determined by the stoichiometric rate and average cur-
rent density, as in Eq. (1). The following assumptions are
made in the model: ideal gas mixture, steady state, laminar
flow, isotropic and homogeneous porous GDL, homoge-
neous two phase flow, and negligible potential drop in
the bipolar plates.

The governing equations for the numerical simulation
are conservation of mass, momentum transport, species
transport, and energy equations.

(1) Conservation of mass equation

v : (pﬁ) = Sma + Smc' (2)

The source terms are

Sma = SHZ + Sva + Sw,lp + Sawvea (21)

SmC = SOZ + Sva + SWJp + SCWVea 22
My, Al Mo, Al

where Sy, = —HZ—T and So, = —‘Z—F. (2.3)

The mass contributions of the water vapor at the anode
and cathode sides are

MHZ()ACVOCI

Sawv, = =z , (2.4)
MH OAcv] O(MH OACV[
Scwv- = Scwv Scwv = 2 :
¢ a P 2F F
1 + 20)My.o0dol
_ (29 Muodal (2.5)

2F

The change of phases between water vapor and liquid
water depends on the partial pressure, and is defined as [16]

Massuof v  psat
MHZOZnOfV M, |:Pwv - Pwv:| %
r7

(1 " ”T) -
(2.6)

where r is the condensation rate (set to 1 s~' in the model).
Eq. (2.6) shows that phase changes of water can be detected
by monitoring the partial pressure of water vapor com-
pared with the saturated pressure. Specifically, if the partial
pressure of water vapor exceeds the saturated pressure, the
water vapor will condense, whereas if the partial pressure
of water vapor is lower than the saturated pressure, the li-
quid water will evaporate.

In Egs. (2.4) and (2.5), « is the net water transfer coeffi-
cient per proton through the membrane, which is defined as

_ FDW [ch - Cwa]
It '

Swl = *Sva = -

P

o= ny (27)
Here, Dyy is the water diffusion coefficient. The electro-os-
motic drag coeflicient (74) can be correlated with the mem-
brane water content (4) [17]:

ng = 0.00294% + 0.052 — 3.4 x 107", (2.8)
(2) Momentum transport equation
V - (piid) = =VP + V - (uVii) + Sy, (3)

where S, ; is the sink source term for porous media in the x-
, y- and z-directions. The pressure drop in porous media
can be accounted for using Darcy’s law [18]. The source
term is defined as

3
1
Spi = —< E F#”j>7
j=1 FJj

where f§ is the permeability.
(3) General species transport equation

V- (pmyii) =V - (J,) + Ss, 4)

where n denotes H,, O,, water vapor, or liquid water. The
source terms are the same as those for the conservation of
mass equation. The transportation of the species is solved
with bulk mixture velocities and with diffusion mass fluxes.
The diffusion mass flux of each species is evaluated with
binary diffusion coefficients [19] and is reduced by 50% in
the diffusion layer to account for the effect of the porosity
and tortuosity of the pores [16]. It is assumed that the li-
quid water is in the form of small droplets freely suspended
in the gas flow. This means that the two phases flow to-
gether (homogeneous two phase flow) under normal, stea-
dy-state operating conditions but not under supersaturated
conditions. The diffusion mass flux (J) of species » in direc-
tion ( is

(3.1)

Oomy ,
¢’
where { is a dummy variable for direction x, y or z.
(4) Energy equation
V(pith) =V - (kVT) + Sh. (5)

JCﬁn = 7PDCJ!

4.1
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The source term S;, contains contributions from energy
losses and heat associated with phase transformations.
The heat source from the electrochemical reaction is given
by the difference between the total energy released by the
electrochemical reaction at the cathode membrane surface
and the electrical energy extracted out of the fuel cell
[20]:

1A,

She = Ny |:—:| — 1V Ay . (51)

2F

The heat source due to a phase change can be expressed
as

Shp = Sw,lp * hfg, (52)

where /i, is the enthalpy of formation of water. The local
current density of the cell is calculated from the open cir-
cuit voltage (Voc) and the losses

Om
I= I—{Voc — Vet — 11}, (6)
which can be rewritten as

Veen = Voc —n — I (7)
Om
The last term on the right hand side of Eq. (7) corresponds
to the ohmic loss, where t,, is the membrane thickness and
0m 18 the membrane conductivity, both of which are calcu-
lated as functions of the water content on the membrane
surface at the anode interface. The membrane conductivity
can be expressed as [16]

Mm iy 1 1
om= (051472 C . —0.326 | exp (1268 (— - —))
Pm.dry Iy T

(8)
where T, =303 K. The water vapor concentration is de-

fined as

pm,dry
Con = 2 9
Mm,dry ( )

where ppm 4ry and My, 4ry are the material density and the
equivalent weight of a dry proton electrode membrane,
respectively. The water content in the membrane (1) is de-
fined as

)= (0.043 + 17.8ax — 39.84% +36.0a3) if ax < 1,
A= (14+14(ax — 1)) if ax > 1,

(10)

where the subscript K stands for the anode or cathode. a, is
the water activity and is defined as
XyaP

a, = P57 y (1 1)
where P is the cell pressure and X, , is the mole fraction of
water on the anode side P is the saturation pressure of
anode water. The local overpotential () for a PEMFC is
included for both the anode overpotential (AOP) and cath-
ode overpotential (COP) and can be written as [21]

RT
o F

P
Iy, Po,

RT
o

P
Io,, Pu,

In In

n= ) (12)

where P is the pressure, o, and o, are the transfer coefficients
for the anode and cathode, respectively, and I is the ex-
change current density. The partial pressure is calculated
as Po, = Xo,P, and Py, = Xy,P. Here, Xo, and Xy, are
the oxygen and hydrogen mole fractions, respectively. By
including the partial pressure, the overpotential terms also
include the activation and concentration overpotentials.

In the present model, the source terms of different con-
servation equations correspond to the control volume, not
to the boundary conditions of the anode or cathode inter-
face. To determine the concentrations and activities at the
membrane-GDL interface correctly, the mole fraction of
each species is extrapolated to the membrane surface. This
extrapolation procedure is not, however, performed when a
liquid water film is generated on the membrane surface. If
liquid water is present at the MEA, the model accounts for
the mass transfer resistance of the gas diffusing through the
film of water. To achieve this, Henry’s Law is used to cal-
culate the solubility of the reactants in the liquid water film
[20]. The diffusion length of the dissolved gas is determined
by the thickness of the film of water on the MEA corrected
for the porosity of the GDL. Moreover, the average pore
flooding is accounted for by considering an average film
thickness:

I
- EM 0, = Po,Do,1

-1
Xo, gitPaitH o, ) — X 02]
b

tf,c

(13)

1
- ﬁMHZ = szDHz,l

~1
X, giit PatitHyy, ) — Xn, ]
b

Ita

where Py is the pressure at the gas-liquid water interface,
H is the Henry constant of the reactants in the liquid water
film, and #; g is the liquid water film thickness for the anode
or cathode, which is defined as

_ my1 (> massn). (14)

Itk
’ ep jArea,,

Here, ¢ is the porosity of the GDL, m,, is the liquid water
mass fraction at the membrane-GDL interface, and mass,,
is the mass of species n. The above governing equations are
solved using appropriate boundary conditions. The SIM-
PLE algorithm is used to solve the above equations. The
numbers of cells (62,976) are used in the present study,
which is enough to fulfill the convergence criterion for
the single unit fuel cell. To obtain the stability, computa-
tions efficiency and accuracy of the simulation results, the
model is computed for double precision. In addition, the
mass balance is up to 0.1% for simulations.

3. Design of the deflected membrane electrode assembly

In conventional PEMFCs, the channels for the anode
and cathode are straight with a serpentine or integrated



5448 D.H. Ahmed, H.J. Sung | International Journal of Heat and Mass Transfer 51 (2008) 5443-5453

flow field and the MEA is in a single plane. The conven-
tional single straight channel geometry with a channel-to-
shoulder width ratio of 1 is shown in Fig. la, and our
new concept of a channel flow field with a deflected
(non-planar) MEA is shown in Fig. 1b. The major feature
distinguishing the proposed geometry from the conven-
tional one is that whereas the heights of the two pairs of
adjacent shoulders (ribs) of the anode and cathode chan-
nels are the same in the conventional geometry, they differ
in the proposed geometry. As a result, the MEA, which
consists of a gas diffusion electrode (GDE) and membrane,
is deflected according to the difference in height between
the shoulders of the anode or cathode channel. In the pres-
ent study, we define the difference in height between the
two adjacent shoulders of the anode or cathode channel
as the ‘deflection’ (J), where 6 = H, — H;, as shown in
Fig. 2. The average height of the anode or cathode channel
will therefore be H,y, = (H; + H>)/2, which is the same as
in the conventional geometry (see Fig. 1). A major aspect
of the present study is that the reacting area is kept the

same as in the base case (no deflection), which ensures
the same reactant flow rates and boundary conditions for
all cases. To achieve this, the shoulder widths of the
deflected MEA are reduced according to the deflection of
the MEA. This means that the face width (channel face
width) is increased compared with the base case of no
deflection. As a result, the width of MEA is kept to be
the same (MEA width = channel face width + shoulder
width). This ensures that the reacting areas are the same
for all the deflection cases. The relevant geometrical
parameters of the different cases are listed in Table 1.

4. Results and discussion

A series of simulations were carried out on the base case
(no deflection) from low operating current density to high
operating current density; the geometrical and physical
parameters for the base case are listed in Tables 2 and 3,
respectively. The polarization curve for the base case,
shown in Fig. 2a, shows three distinct regions of losses.
The variations in the different overpotentials or losses as
a function of operating current density, shown in Fig. 2b,
also follow the typical trend for conventional PEMFCs

Present model (@
> 08¢ — — — Experiment (Cheng et al. [36])
g
g 0.6
]
2 04f
]
O o2}
0 ! ! ! ! ! ! ! ! ! ! !
0.5
aop (Anode over potential) _ -4
> gaf ----- cop (Cathode over potential) ~  _ _-~--"
p | === ohmicloss  __--=--""
g f T ohmiele - (b)
g 03| .-
=2 P e .,,/
g o02f -
g -
e ' —=T
Lot - -
u o
0 = . . . . . . . . .
0 02 04 06 038 1 12 14 16 18 2 22 24

Current density, Alcm®

Fig. 2. (a) Polarization curve and (b) different types of voltage loss. (See
above-mentioned references for further information.)

Table 1
Different deflection case studies with related channel-to-shoulder width
ratio

Deflection 8/ Channel Channel face  Half Ch:Sh
(0), mm H,,, width width (Wcnyg), shoulder
(Wen), mm  mm width

(Sh/2),

mm
0.0 (no 0.0 038 0.8 04 1:1

deflection)

04 04 038 0.89443 0.35279 1:1.2677
0.6 0.6 0.8 1 0.3 1:1.67
0.8 0.8 038 1.1314 0.2343 1:2.4142
1.0 1.0 038 1.2806 0.1597 1:40,098

Table 2

Geometrical parameters

Parameter Value (mm)
Channel length 34.7
Channel width 0.8
Channel height 1
Membrane length 31.7
Membrane thickness 0.05
Anode gas diffusion layer 0.25
Cathode gas diffusion layer 0.25
Table 3

Physical and electrochemical parameters

Parameter Value
Anode pressure 1 atm
Cathode pressure 1 atm
Stoichiometric rate at anode 1.2
Stoichiometric rate at cathode 2.0

Cell temperature 70 °C
Anode inlet temperature 80 °C
Cathode inlet temperature 70 °C
Open circuit voltage 0.96 V
Relative humidity at anode 100%
Relative humidity at cathode 100%
Oxygen inlet mole fraction 0.146
Oxygen exchange current density 200 A m~2
Hydrogen exchange current density 2000 A m 2
Anode transfer coefficient 1.2
Cathode transfer coefficient 0.6
Porosity 0.7
Permeability 1 %1072 m?
Anode top surface temperature (z-direction) 70 °C
Cathode top surface temperature (z-direction) 70 °C
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[10]. It should be noted that the ohmic loss in Fig. 2b shows
a non-linear trend rather than the linear trend reported in
the literature because the present model was implemented
with variable membrane conductivity.

In order to investigate the performance of cells with the
proposed geometry, we studied four deflection cases
(0=0.4,0.6, 0.8 and 1.0 mm) as well as the base case with-
out deflection (6 = 0.0 mm). Conventional PEMFCs show
poor cell performance at high current density due to
concentration losses or mass transport limitations. In the
present study of the cell performance and the related dis-
cussion, we concentrate on high current density operation
(2.4 A cm2). In the remainder of this paper, we consider
the systems in terms of the deflection () normalized by
the average channel height (H,y,),0/H,e. After this nor-
malization, the four deflection cases considered here are
0/H,ye = 0.4, 0.6, 0.8, and 1.0. The cell voltages for the dif-
ferent deflection cases at an operating current density of
2.4 A cm™? are shown in Fig. 3. It is clearly observed that
the cell performance increases with increasing 6/H,y, (and
increase of the channel-shoulder width ratio (see Table 1))
up to 6/H,ye = 0.6, but decreases for 6/H,,, > 0.6. This
observation indicates that for a certain channel-shoulder
width ratio, a certain degree of deflection improves the cell
performance but too great a deflection degrades the
performance.

The local current density distributions at the mem-
brane—cathode GDE interface for the various deflection
cases are shown in Fig. 4. At the high operating current
density considered here (/,vg =24 A cmfz), the local cur-
rent density is high at the channel-shoulder interface for
all deflection cases, which is consistent with previous
results for conventional PEMFCs obtained by our group
[22] and others [23]. The improvement of the local current
density distribution, especially at the shoulder area, for the
cells with higher deflections can be attributed to the easy
access of the reactants to the shoulder region in these sys-
tems. In confirmation of this hypothesis, the oxygen mass
fraction distribution at the membrane—cathode GDE inter-
face is significantly improved for the higher deflection
cases, as shown in Fig. 5. However, it is important to note

Cell output voltage at /,,q = 2.4 Alcm®
0.2

0.19 7 7

o
o
®

Voltage, V
o
3

7 n

8/H,,4=0.0

o
o
=)

0.15

8/Hpq=0.4  8/Hq=0.6  8/H,q=0.8  8/H,4=1.0

Fig. 3. Output cell voltage at an operating current density of 2.4 A cm™>.

2.8;
26
2.4
e 22F
o -
< f gy
18E 3/H,,, = 0.0 (No deflection)
- - - - &M, =04
16 Fa -—o— &M, =06
. ———— &H,.=08
Wk ——Gm 8Ho.=1.0
g b
08 -06 04 -0.2 0 0.2 0.4 06 08

Width, mm

Fig. 4. Local current density distribution for different deflection cases at

an operating current density of 2.4 A cm™>.

that the variation of the oxygen mass fraction in the two
shoulder regions (width in the positive direction and width
in the negative direction in Fig. 5) depends strongly on the
deflection (9). In the deflected systems, the higher oxygen
mass fraction in the width in the positive direction arises
from the lower shoulder height at the cathode side, which
makes it easier for the reactants to diffuse through the
GDL. The temperature distributions at the membrane—
cathode GDE interface for the various deflection cases
are shown in Fig. 6. This result indicates that a uniform
temperature distribution can be obtained even when the
membrane is deflected. The reason for this is that the fixed
temperature is set for the bipolar plate, which has good
thermal conductivity. The AOPs and COPs along the
width are shown in Figs. 7 and 8, respectively. The COP
decreases markedly at higher J/H,,, especially in the
shoulder region. The reduction in COP can be attributed

0.12
[ 8/H,,, = 0.0 (No deflection)
[ - - - 3H,.=04
01f ——o-— OH..=06
[ ———— &H,, =038 SEEEEas,
c - BlHavZ =1.0 Eﬂa.nﬂ ESGQ:E‘
2 o008 L
15 I - -~
«© - - N
2 | -7 S
@ 0.06f OO0, -
L MDA
E‘;’, L /& aas “ fa, &&%
154 0.04 r o SO
£ a
o i A
B a
0.02| g
L AN
L 069'
' 00®
0 E il b b b b b 1T
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
Width, mm
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to better and more uniform reactant distributions over the
reacting area at higher deflections, as shown for the oxy-
gen mass fraction in Fig. 5. On the other hand, the ohmic
overpotential (see Fig. 9) is higher at higher values of ¢/
H,.s. When larger quantities of reactants diffuse through
the GDL to the reacting area, the local membrane conduc-
tivity decreases [4]. As a consequence, the ohmic overpo-
tential increases with increasing 0/H,,,. The local
membrane conductivity profile at the membrane—cathode
GDE interface is shown in Fig. 10. Lessening the mem-
brane conductivity specially in the shoulder region can
be attributed to the higher reactant availability (see
Fig. 5) which cases more chemical reaction over the react-
ing area in systems with higher 6/H,y,. Furthermore,
membrane conductivity depends on anode water activity
and temperature distribution as shown in Eq. (8). In gen-
eral, at high operating current density, a much greater
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Fig. 8. Cathode overpotential distributions at the membrane—cathode
GDE interface.
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interface.

quantity of reactants are involved in the chemical reaction
and a larger amount of water is dragged from the anode to
the cathode by electro-osmosis. The anode water activity
at the membrane-anode GDE interface is shown in
Fig. 11 for the various J/H,,, cases. A comparison of
the losses (AOP, COP, and ohmic overpotential) for the
different 0/H,, cases is shown in Fig. 12. The AOP is rel-
atively insensitive to deflection of the membrane, whereas
the COP decreases as 6/H,,, increases. However, signifi-
cant reduction of COP is observed for smaller 6/H,yo
but further increase of 6/H,y, does not help to reduce
COP remarkably. On the contrary, the ohmic overpoten-
tial gradually increases with increasing /H,,,. Consider-
ing the different trends in the losses, the maximum
output cell voltage is obtained at a 6/H,,, of around 0.6,
which corresponds to a channel-to-shoulder width ratio
of around 1.67.



D.H. Ahmed, H.J. Sung/ International Journal of Heat and Mass Transfer 51 (2008) 5443-5453

10 £ 8/H,,, = 0.0 (No deflection)
-—& - M, =04

9 — == 3H,.=0.6
———— &H,.=08

L N N N R R RN YA R

% 8 90¢ ——— 8/H,,,=1.0
o A
o7 a®
& 0900
6 Q‘?e
5
4 8 A
E'Bﬂs E-E‘BBE
g b b b e b b b
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
Width, mm

Fig. 10. Membrane conductivity distributions at the membrane—cathode
GDE interface.

&/H,,, = 0.0 (No deflection)
0.9 - - —4& - §H,=04
| Bag —--—&-— &H, =06
’E. i ———— 0&H,,=08 o
= 0.8 -~ A
g f 2@
- L
8 i —
© L
Zorf
U - A anl
° L
c L Q
< L I \'%
0.6 |- m \BR g ot
B Lo \\// o
L S'El o
L ELE-E.E-E'E
ol U
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
Width, mm

Fig. 11. Anode water activity at the membrane-anode GDE interface.

5451
5. Related technical issues

The major components of a fuel cell stack are the bipolar
plates and the MEA, which constitute almost 90% of the
total cost of the cell [24,25]. Furthermore, the bipolar plates
account for about 80% of the total weight and 45% of the
stack cost [25]. The major advantages of the cell geometry
proposed in the present work are that it allows the size
and weight of the fuel cell to be reduced (as the shoulder
width is reduced to maintain the same reacting area and
boundary conditions), and also reduces the materials costs
of the bipolar plates. In addition, the cell performance is sig-
nificantly improved for 6/H,y, around 0.6, which corre-
sponds to a channel-to-shoulder width ratio of around
1.67. For this condition, a uniform local current density dis-
tribution is obtained throughout the cell. Moreover, a less
variation of temperature in the cell is achieved, which is
essential to avoid thermal distortion of the fuel cell.

A major concern regarding the proposed geometry is
whether the deflection leads to degradation of the physical
and chemical properties of the MEA. Since the heights of
the two adjacent shoulders are different, the membrane
and GDE properties will be affected after long periods of
operation. As a result, the cell performance may be reduced
in practical situations. Every material can bend or deflect
to some extent when a force is applied. When the applied
force is within the elastic limit of a material, there are usu-
ally no changes in its internal properties. The bending or
deflection of the different material components of the
MEA can be calculated for a given clamping pressure or
force and the related material properties are available in
the literature [26-29] and are shown in Table 4. The arca
of the surface to which the force is applied is calculated
according to the dimensions labeled in Fig. 13. The deflec-
tion can be varied by varying the clamping force, although
too high a clamping force may damage the GDE and mem-
brane materials. In the present calculation, we only consid-
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Fig. 12. Comparison of different overpotentials.
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Table 4

Calculated deflections of different MEA materials from the literature

Length,  Width, Height, Area Applied clamping Applied clamping Modulus of Moment of Deflection,

[, m b, m h, m (I x b), m? pressure, Pa force, N elasticity, Pa inertia, m* mm

0.0032 0.0317 0.00025 0.00010144  3E+06 [26,27] 304 1.00E+10 (GDE) 4.1276E—14 0.503
(28]

0.0032 0.0317 0.00005 0.00010144 2.49E+08 3.3021E—-16 2526.689
(membrane) [28]

0.0032 0.0317 0.00025 0.00010144  5W+05 [26,27] 50.7 1.00E+10 (GDE) 4.1276E—14 0.083886
(28]

0.0032 0.0317 0.00005 0.00010144 2.49E+08 3.3021E—-16 421.1149
(membrane) [28]

0.0032 0.0317 0.00025 0.00010144  3.75E+06 380 [29] 1.00E+10 (GDE) 4.1276E—14 0.628
(28]

0.0032 0.0317 0.00005 0.00010144 2.49E+08 3.3021E—-16 3155.04

(membrane) [28]

/

le N
[ l g

Fig. 13. Schematic diagram for deflection calculation.

ered clamping pressures (available from the literature) that
are within the yield strength limit of the MEA materials.
The yield strength and tensile strength of different fuel cell
components vary depending on the manufacturer and the
production process used. For example, E-TEK division
cites the tensile strength of the gas diffusion electrode
(GDE) LT 250E-W as around 0.225 MPa and the gas dif-
fusion layer (GDL) LT 2500-W as around 0.22 MPa [30],
while GRAFCELL® cites the tensile strength and compres-
sive yield strength for its gas diffusion electrodes as wide
ranges of 0.5-2 MPa and 1-5 MPa, respectively [31]. In
the case of membranes, the yield strength varies over the
range of 3-7 MPa or more depending on the temperature,
water swelling, thickness, and so on [32,33]. Table 4 indi-
cates that under a given clamping pressure, the GDE is
deflected to a much lesser degree than the membrane due
to the brittle nature of the former [34]. Hence, the mem-
brane can easily sustain the clamping forces and allow suf-
ficient deflection within its elastic limit. It has been reported
that the Nafion® membrane is characterized by high tenac-
ity and toughness [32], and that Nafion 117 has no effect on
elongation at break [35]. Moreover, the chemical properties
and chemical bond of HSO; groups and their hydrophobic
and hydrophilic properties, water swelling and temperature
dependency are much more sensitive for the membrane
than for the GDE. On the other hand, the physical proper-
ties of GDEs (or layers), in particular the permeability and

porosity, are more important than the chemical properties
because they affect the diffusion of the reactants to the cat-
alyst layer. However, the applied clamping pressures taken
from the literature that we have used in the present deflec-
tion calculations are close to the elastic limit of the GDE.
Furthermore, the optimum deflection we obtained in the
present numerical study also falls within the calculated
deflections shown in Table 4. It should be noted here that
the dimensions of the system (from Fig. 13) significantly
affect the results of the deflection calculation. For example,
in Fig. 13, if /=0.004 m is used instead of the value of
0.0032 m to obtain the results in Table 4 (/ = 0.004 will cor-
respond to a channel width of 1 mm and a channel-to-
shoulder width ratio of 1), the deflections of the GDE will
be 1.2288, 0.2048 and 1.2275 mm for clamping pressures of
3, 0.5 and 3.75 MPa, respectively. From a physical
(mechanical) viewpoint, the membrane and GDE can be
used in their deflected (non-planar) states provided the
applied clamping pressure is less than the elastic limit (yield
strength). However, during long-term operation, the chem-
ical properties and performance of a fuel cell may vary.
Thus, detailed experimental investigations of the mechani-
cal and chemical properties of fuel cells during long-term
operation are required, so as to examine the effect on cell
performance of different MEA deflections. Moreover,
research should be conducted on the chemical properties
of membranes and GDEs under deflection or non-planar
conditions.

6. Conclusions

In the present study, we carried out numerical simula-
tions of PEMFCs with a single straight channel geometry
in which the MEA was deflected from shoulder to shoul-
der. In the present examination of cells with a deflected
MEA, the major aim was to examine the effect on the cell
performance of reducing the shoulder width while main-
taining the same reacting area and boundary conditions.
Numerical simulations showed that the cell performance
increased with increasing 0/H,y, (ratio of deflection to
average channel height) and channel-to-shoulder width
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ratio. However, the cell performance deteriorated when ¢/
H,,, was increased beyond 0.6. The simulation results also
revealed that the reactants diffused uniformly over the
reacting area though the GDL, and hence uniform local
current density was obtained in these deflected cells. The
results also showed that a less variation of temperature in
the cell was achieved for larger deflections of the MEA.
In addition, the COP decreased significantly for higher
deflections of the MEA, leading to an improvement in
the cell performance. We further performed calculations
to examine the deflection of different MEA materials under
clamping pressures taken from the literature. This preli-
minary analysis showed that the different materials of the
MEA could be deflected up to the optimum deflection for
clamping pressures within the elastic limit of the GDE.
Taken together, our findings indicate that use of a deflected
MEA in PEMFCs can improve the cell performance while
also affording other advantages such as reduced materials
costs, weight, and size.
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