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bstract

In polymer electrolyte membrane fuel cells, power losses associated with slow reaction kinetics and mass-transport limits can be strongly
nfluenced by convective flow characteristics. Specifically, convection in the form of channel bypass may be utilized to simultaneously increase
eactant concentration and reduce product concentration in the catalyst layer, thus reducing the activation and mass-transport overpotentials. An
nalytical model is developed here to predict the flow pattern and pressure field in general single-serpentine flow field geometries. The model
redicts that a significant portion of the total flow through the fuel cell can occur as in-plane convective flow through the gas diffusion layer under
ealistic operating conditions. Further, by comparing the in-plane rates of diffusive and convective transport it is found that the dominant mechanism
epends on the geometric and material parameters of the flow field. In particular, it is found that the relative influence of convection depends highly

n in-plane permeability of the gas diffusion layer and channel length, and is relatively independent of gas diffusion layer thickness. By designing
uel cells to utilize enhanced in-plane convection, it is suggested that losses associated with low oxygen content as well as liquid water buildup in
he catalyst layer can be reduced.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Polymer electrolyte membrane (PEM) fuel cells utilize spe-
ially designed channels integrated within their bipolar plates
o distribute reactant gases and remove reaction products. A
idely used flow channel configuration for modern fuel cells

s the single serpentine. Shown in Fig. 1, single-serpentine flow
elds consist of one continuous channel that proceeds through
series of alternating 180◦ turns. The single-serpentine config-
ration forces nearly all of the reactants through a single, long
hannel. In contrast, flow channel configurations such as paral-
el, interdigitated, and parallel-serpentine hybrids distribute flow
ver many channels whose individual lengths are much shorter.
onsequently, a larger overall pressure drop has to be incurred
o generate sufficient flow to satisfy the stoichiometric require-
ents of a single-serpentine fuel cell.

∗ Corresponding author. Tel.: +1 302 831 2960; fax: +1 302 831 3619.
E-mail address: prasad@me.udel.edu (A.K. Prasad).
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The larger pressure drop across the single-serpentine con-
guration presents both challenges and opportunities for cell
esigners. The obvious disadvantage of such a design is that it
ncreases pumping requirements which adversely affects both
ystem cost and volume. However, the larger pressure drop may
e used to contribute favorably to cell performance in two ways.
irst, it can enhance the ability of the cell to remove blockages
uch as those created by liquid water produced on the cath-
de side of hydrogen fuel cells, or by carbon dioxide bubbles
roduced on the anode side of direct methanol fuel cells. This
mproves the ability of the fuel cell to operate at high current
ensities.

Because the flow typically proceeds along the serpentine
hannel at significant velocity, pressure differences can develop
etween adjacent channels due to viscous losses. This can lead
o a second avenue for improved performance, termed chan-
el bypass. Fig. 2 depicts the channel bypass mechanism. A

ressure difference between adjacent channels can cause the
uid to “short-circuit” from one channel to the next through the
orous gas diffusion layer (GDL) under the lands of the bipolar
late.

mailto:prasad@me.udel.edu
dx.doi.org/10.1016/j.jpowsour.2006.04.129
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Fig. 1. Diagram of a single serpentine flow field configuration.

In order to understand why channel bypass might benefit
uel cell performance, consider the two primary mechanisms
or mass transport in fuel cells, binary diffusion and convection.
he chemical species flux due to diffusion jdiff can be described
s being driven by a concentration gradient. Then according to

ick’s law,

diff = −D∇c (1)

ig. 2. Schematic of channel bypass (bottom) and control volume used to
escribe mass balance (top).
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here D is the binary diffusion coefficient and c is the species
oncentration. The key feature of binary diffusion is that a gra-
ient in concentration is required to drive mass transport. In the
athode of PEM fuel cells, this leads to three undesirable con-
equences. First, it requires oxygen concentration to become
igher in the channels than in the catalyst layer which leads
o diffusion-limited reactant mass transport; this limit exists
ecause the largest concentration gradient that can possibly
ccur for a given channel concentration, cchan, corresponds to
ero concentration in the catalyst layer, so that jdiff,max = −D
chan/t, where t is the thickness of the GDL. Of course, even this
imiting flux cannot be reached because the cell will begin to per-
orm poorly due to the low concentration in the catalyst layer. A
econd, related phenomenon occurs with diffusion-driven water
apor transport; in order to remove water, a concentration gra-
ient must develop so that water concentration is highest in the
atalyst layer and lowest in the flow channel. These conditions
an favor the premature formation of liquid water and thus fuel
ell flooding. Third, diffusion-dominated mass transport causes
neven distribution of current density due to differing diffusion
istances; current density directly under the gas channels is high,
hile current density under the lands of the bipolar plate is sig-
ificantly less.

In contrast, convection does not require a loss in concentra-
ion to drive reactants. Rather, molecules are physically carried
t the local velocity, ũ, so that the flux of a particular species due
o convection is given by

conv = cũ (2)

he net flux of a species due to the combination of convec-
ion and diffusion is merely the sum of the two fluxes. Since
onvection does not require concentration losses, higher reac-
ant concentrations can be achieved in the catalyst layer under
onvection-dominated conditions. It is proposed that channel
ypass is a means by which to enhance cell performance by
ncreasing convective mass transport into the GDL. It is worth
oting that the concept of channel bypass is indeed the pri-
ary motivation for another successful class of flow channel

esigns, namely the interdigitated configuration [1]. It is also
orth noting that there is at least one counter-argument in the

iterature which refutes the logic of increased performance by
nhanced convection [2], with the claim that increased convec-
ion can cause reactant to be used prematurely, thus causing
ocalized concentrations in the catalyst layer which adversely
ffects the cell potential. Future experiments and computer
odeling efforts may be able to distinguish the merits of the

rguments for and against enhanced convection. Regardless of
he outcome, there is a clear need to know whether fuel cell
esigns operate in diffusion- or convection-dominated regimes
ecause of the fundamentally different physics involved. The
urpose of the current work is to develop an analytical model

apable of predicting the flow pattern and pressure field
nside a fuel cell based on the single serpentine flow chan-
el configuration. Using this information, the relative impor-
ance of convective flow can be determined for various design
arameters.
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where the subscript on the permeability takes into account the
geometric layout of the problem as well as any difference in the
in-plane permeability ki, and through-plane permeability kt, of
the GDL. However, the effective permeability, keff approaches
06 J.P. Feser et al. / Journal of P

. Model

Many current serpentine designs employ channels that are
pproximately 1 mm wide with land regions that are also about
mm wide. Thus, even for a small cell area on the order of
0 cm2, the serpentine makes about 16 180◦ turns; fuel cells
ith larger areas can have significantly more turns. Given the

epetitive nature of the serpentine geometry, it is expected that
fter an initial development length, the flow will settle to some
eriodically repeating velocity field. Then, the analysis can be
estricted to a ‘unit cell’ containing the periodic region (such
region is outlined in Fig. 1). The velocity in the channel is

hree dimensional; in the most general formulation it is pos-
ible to search for the velocity in the primary flow direction,
(x,y,z), as well as the secondary flows, v(x, y, z) and w(x, y, z),
hich must be present in order for channel bypass to occur.
omputer software can be used to solve the full set of Navier-
tokes equations in the flow channels with Darcy’s Law applied

n the porous medium. While computer solutions can potentially
imulate the full three-dimensional flow at high Reynolds num-
er, they are time consuming and can only be performed for a
nite number of parameter values. Analytical solutions for the
ull three-dimensional flow at high Reynolds number would be
ifficult if not impossible, but under some simplifications, an
nalytical solution is possible that contains most of the useful
nformation from the computational solution. We restrict our
nalysis to the cathode side of air breathing fuel cells because
1) the cathode side suffers from higher activation overpotential
nd mass-transport limitations in hydrogen PEM fuel cells, and
2) due to hydrogen’s high molecular diffusivity, the anode side
s less likely to be influenced by convection.

This restriction allows two assumptions that greatly simplify
he analysis: the assumptions of constant density and viscosity
n the gas channel. Of course, neither is strictly true because
hemical composition and temperature will vary within the cell.
owever, air is composed of 78% nitrogen and only 21% oxy-
en. Thus, even if the chemical reaction completely consumes
fuel cell’s oxygen, the majority of the inlet gas would still

emain. In practice oxygen is never allowed to deplete entirely
s it would severely hinder cell efficiency. Also, while viscosity
s strongly dependent on temperature, computer-modeling work
ndicates that the fluctuations in temperature are small enough
o neglect local changes in viscosity [3]. The assumption of con-
tant density and viscosity may also be applicable on the anode
ide of a direct methanol fuel cell for analogous reasons. In order
o further simplify the analysis, we will assume that the mag-
itude of secondary velocities, v and w, are much smaller than
he velocity along the direction of the channel, u. We will also
ssume that u varies slowly with x and that the pressure p varies
lowly with y and z so that the Navier-Stokes equations reduce
o the unidirectional form

∂2u + ∂2u = 1 dP
(3)
∂y2 ∂z2 µ dx

he no-slip condition can then be applied to u at the bound-
ries of the channel cross section. Eq. (3) is of Poisson form
nd solutions are available for most geometries of importance.
Sources 161 (2006) 404–412

egardless of the specific geometry of the flow channel, the
verage velocity in a finite width channel can be expressed in
he form

mean = −f
Ac

µ

dP

dx
(4)

here Ac is the cross sectional area of the channel and f is a non-
imensional function of non-dimensional groups which defines
he geometry of the channel and may also include provisions for
ortions of the GDL which protrude into the channel. The term
Ac can be viewed as the ‘permeability’ of the channel, hereon
enoted as kc. The flow channel geometry most often employed
s rectangular. In this case, Ac = wh, where w is the width of the
hannel and h is the height. The function f = f (h/w) can be
nalytically computed from the solution of the Poisson equation
o be

=
∞∑

n=0

∞∑
m=0

64(−1)2(m+n)

π6(2m + 1)2(2n + 1)2

× 1

(2m + 1)2(h/w) + (2n + 1)2(w/h)
(5)

or illustrative purposes, the geometric factor is shown graphi-
ally in Fig. 3.

An expression similar to Eq. (4) can be obtained to relate the
hannel bypass to the pressure drop between adjacent channels
rom first principles. Fig. 2 shows a characteristic cross-section
f a fuel cell. It can be shown that the total flowrate traveling
nder the land is linearly related to pressure drop between the
wo channels. Then the average artificial velocity, vGDL, under
land of width b can be expressed as

GDL = keff

µ

Phigh − Plow

b
(6)
Fig. 3. Geometric factor, f, for a rectangular channel.
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he in-plane permeability under the condition

ki

kt

t2

b2 << 1 (7)

typical value of the ratio t/b is 0.2–0.4. Based on reported
alues of through-plane and in-plane permeability [4,5] the ratio
i/kt ≈ 1 for several materials of interest. Thus, inequality 7 is
atisfied for a wide range of applications.

In order to proceed further, symmetry of the infinite serpen-
ine can be exploited. To obtain the flow in the adjacent channel
whose primary flow is now in the opposite direction), all that
s needed are the symmetry relations

adj = −u(L − x) (8)

adj = v(L − x) (9)

adj = P(L − x) + P(L) (10)

here hereon the subscripts on u and v have been dropped and
re understood to represent the mean value in the channel and
DL, respectively.
A control volume (shown in Fig. 2) can be defined which

ncompasses the flow channel and GDL over the width of one
hannel and has infinitesimal depth in the x direction. The only
ass fluxes on the control volumes boundaries come from the
component of velocity in the channel and the v component of

elocity in the GDL. Then, for mass conservation

c
du

dx
+ t(v(x) − v(L − x)) = 0 (11)

he expression for u(x) is given by Eq. (4). Using the simplified
ersion of Eq. (6) in conjunction with Fig. 4, the GDL velocities
an be obtained as

(x) = ki

µb
(P2 − P3) (12)

(L − x) = ki

µb
(P2′ − P3′ ) (13)

sing Eq. (9) to relate the pressures in adjacent channels,

3 = P2′ + P(L) (14)

3′ = P2 + P(L) (15)

his can be used with the continuity equation to arrive at the
ombined equation

d2P(x)

dx2 + 2

Ac

t

b

ki

kc
((P(L − x) − P(x)) = 0 (16)

f the total change in pressure over the entire cell is given by
Pcell and the total number of channel passes is Nc, then the

oundary conditions are given by
(0) = 0 (17)

(L) = ∆Pcell

Nc
(18)

3

d

Fig. 4. Geometric description of flow channel and coordinate system.

q. (16) subject to the boundary conditions 17–18 admits the
olution

(x) = ∆Pcell

2Nc

(
sinh(m(x/L − 1/2))

sinh(m/2)
+ 1

)
(19)

here

2 = 4L2

Ac

t

b

ki

kc
(20)

sing Eq. (4), the mean velocity in the channel is then

(x) = − kc

2µL

∆Pcell

Nc

(
m cosh(m(x/L − 1/2))

sinh(m/2)

)
(21)

nd the mean velocity in the GDL is

(x) = −keff

µb

∆Pcell

Nc

(
sinh(m(x/L − 1/2))

sinh(m/2)
+ 1

)
(22)
. Analysis

Using the results of the previous section, it is possible to pre-
ict the effect of geometric and material parameters on mass
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Fig. 5. Variation of pressure with x.

ransport. The shape of the pressure and velocity profiles is
ependent on the non-dimensional quantity m, which for many
erpentine configurations falls in the range of 0.5–5. The pres-
ure profile along the channel is shown in Fig. 5. When m is
mall, convective bypass is small, and the pressure drops linearly
ecause all of the gas flows along the channel. For increased val-
es of m, the pressure profile exhibits curvature. It is easier to
nderstand the curvature by looking at the u velocity profile
long the channel (Fig. 6). Velocity along the channel is slower
ear the midpoint; thus, the local pressure gradient is also lower
ear the midpoint. Likewise, pressure changes most rapidly at
he 180◦ turns corresponding to the maximum channel velocity.
he average velocity in the GDL v(x) is plotted in Fig. 7. When

he pressure drop is linear (low m), v(x) also varies linearly. As
xpected, v(x) is greatest at x = 0 because that is where the pres-
ure difference caused by viscous losses is a maximum. One

nteresting observation about flow through the GDL is that the
hannel-length-averaged velocity into the GDL (normalized by
he maximum) is a constant for all values of m.

Fig. 6. Variation of channel velocity u with x.
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Fig. 7. Variation of GDL velocity v with x.

A particular quantity of interest is the amount of flow, which
enetrates into the GDL during each pass. Using the velocity
rofiles computed in the previous section, the ratio of fluid going
round the corner of the serpentine to the flow through the GDL
s

Qcorner

QGDL
= u(x = 0)Ac

t
∫ L

0 v(x) dx
= 2

m tanh(m/2)
(23)

nd the ratio of flow going around the corner to the total flow is

Qcorner

Qtotal
= 2

m tanh(m/2) + 2
(24)

iven the large number of dimensionless parameters which pre-
cribe the geometric and material properties of the serpentine
etwork, it is remarkable that the ratio Qcorner/Qtotal is only a

unction of one combined dimensionless parameter, m. Shown
n Fig. 8 is the ratio Qcorner/Qtotal plotted against the dimension-
ess parameter m. For small values of m, practically all of the flow
ravels around the corner of the flow channel. Near m = 1, the flow

ig. 8. The fraction of flow along the channel as a function of the parameter m.
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is the Peclet number which compares the relative importance
of convection versus diffusion. Here the Peclet number will be
defined in such a way as to show the relative importance of con-
J.P. Feser et al. / Journal of P

round the corner quickly begins to decline, and for m greater
han about 2, the majority of flow travels through the GDL. Inter-
stingly, the typical range of m for currently employed cells can
e calculated to be somewhere between 0.5 < m < 5. Thus, for
he serpentine geometries used in current fuel cells, the amount
f reactant convectively penetrating into the GDL varies quite
idely. In one of the most commonly employed serpentine net-
orks, the channel cross-section is square; then m from Eq. (20)

akes the form

= 2L

w2

√
tkGDL

f
(25)

rom this equation it is clear that m is most sensitive to changes
n the channel width, w. However, increasing m by decreasing w

s not always preferable as large pressure drops can be incurred.
nother way to achieve a higher value of m is by changing the

ength of the channel, L. To understand why this would be the
referred way of increasing convection under the lands, consider
he following example. A small square fuel cell with 10 cm2

ctive area would typically have parameters L = 3.1 cm, w =
mm, b = 1 mm, t = 300 �m, and kGDL = 1 × 10−11 m2. From
q. (25), it is calculated that m ≈ 0.6 and subsequently that
nly about 8% of flow travels through the GDL on each pass.
owever, if the area of the cell is held constant but the channel

ength is increased to 10 cm (i.e. the active area is made into a
0 cm × 1 cm rectangle), then m ≈ 1.9 and 41% of flow travels
nto the GDL on each pass. Although the channel length for
ach pass is increased, the total length of the serpentine channel
emains the same because the active cell area was maintained.
hus, no penalty due to pressure drop is incurred; meanwhile,
ow to the GDL is increased substantially. Therefore, there it
ay be advantageous from this viewpoint to employ rectangular

ather than square geometries for single-serpentine flow fields.
While experimental methods such as particle image

elocimetry are being pursued to measure velocity fields in fuel
ells [6,7], we must currently rely on computational models
o quantify such flows with high resolution. We validate our
urrent model against a recent computational study of single-
erpentine geometries [8]. Similar to our analytical model, the
omputational model also employs the assumptions of constant
as density and viscosity and thus does not capture the chemi-
al reaction physics. However, unlike the analytical model, the
omputational model considers a full three-dimensional treat-
ent of convection through a unit cell of a serpentine network
ith a range of Reynolds number between 100 and 400. In order

o model the interaction of the GDL with the flow channel, the
tudy employs a modified version of the Navier-Stokes equations
hich uses a momentum source term consistent with Darcy’s
aw; Figs. 9 and 10 compare computational solutions from

8] with the analytical solution from the current study. Fig. 9
xamines the percentage of flow moving around the corner at
e = 100 for two different channel lengths. For the analytical

olution, this ratio is independent of Reynolds number due to
he assumption of creeping flow. However, the figure shows that
he analytical solution and computational solutions are in good
greement despite being applied at relatively high Reynolds

F
m

ig. 9. Comparison of the fraction of the total flow that remains in the channel
or the current analytical model and a computational model [8].

umber. The analytical solution slightly under-predicts the pres-
ure drop across the land and thus over-predicts the flow through
he GDL; by removing the assumption of inequality 7, the agree-

ent can be improved. Fig. 10 shows the anticipated pressure
rop over two lengths of the serpentine for the same set of
onditions. Again, analytical predictions agree well with the
omputation; here too the analytical curve deviates slightly due
o the assumption of inequality 7.

While it has been shown that proper choice of the dimension-
ess parameter m can increase the percentage of the flow traveling
nder the lands, it has not yet been shown that this parameter
hould influence fuel cell performance. It will clearly not be
mportant if molecular diffusion outpaces transport by convec-
ion. Thus, a more important gauge of the influence of convection
ig. 10. Comparison of the pressure drop predictions in the current analytical
odel and a computational model [8].
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Table 1
Parameters used to generate Figs. 11–13

Description Parameter Value Unit

Porosity ε 0.8
Channel width w 1 mm
Fluid viscosity µ 2.0 × 10−5 Pa s
Land width b 1 mm
Stoichiometric ratio λ 2
Current density i 1 A cm−2

Binary diffusion coefficient D 3.2 × 10−5 m2 s−1

Density of air ρair 1.2 kg m−3

F
f
a

The most striking feature of Figs. 11–13 is that the Peclet
numbers are in the intermediate range. This means that at
a particular cell size, the choice of GDL can significantly
alter the primary mass transport mechanism. Experimental
10 J.P. Feser et al. / Journal of P

ection underneath the lands in the in-plane direction and will
e denoted P||. Then

e|| = ν(x)b

εD
(26)

here ε is the porosity of the GDL; inclusion of the porosity term
s justified because the actual fluid velocity is always higher than
he artificial velocity. However, for most current gas diffusion

edia, porosities are relatively high (60%–90%) meaning that
he artificial and actual velocities are close to one another.

As previously discussed, if convection can be made the dom-
nant mechanism of mass transport in a fuel cell, then reactant
oncentration in the GDL and likely the catalyst layer can be
aised to a level near that in the channel which will improve cell
erformance. Also, if convection is the primary mechanism of
ransport at high current densities, then diffusion-limited mass
ransport can be overcome. Furthermore, channel bypass can
rovide an escape mechanism for water vapor produced at the
atalyst layer although, since the binary diffusion coefficient
f water vapor in air is more than twice that of oxygen in air,
arger velocities are required to achieve convective dominance
or water removal. Substituting Eq. (22) in Eq. (26), the Peclet
umber can be expressed as

e|| = 2

ε

keff

kc

L

w

tanh(m/2)

m

(
1 − sinh(m(x/L − 1/2))

sinh(m/2)

)
ScRe

(27)

here Re and Sc are the Reynolds number and the Schmidt num-
er respectively, defined as Re ≡ u(x = 0)w/ν and Sc ≡ �/D.
he Reynolds number can be related to the mass flowrate of air

nto the fuel cell. For a fuel cell operated at current density i and
toichiometry λ, the Reynolds number is

e = iλMair

4FγO2µ

NcL(b + w)w

Ac

(
2

m tanh(m/2) + 2

)
(28)

here Mair is the molar mass of air, F is the Faraday constant, and
O2 is the mole fraction of oxygen in air. For fuel cells employing
quare active areas, the number of channels N is approximately

= L/(b + w). For analysis purposes, it is convenient to aver-
ge the Peclet number along the length of the channel. Then,

e||,avg = 2

ε

keff

kc

L

w

tanh(m/2)

m
ScRe (29)

nlike the ratio Qcorner/Qtotal, the Peclet number depends on
any parameters. In order to understand the relative importance

f convection in current fuel cells, consider changes made to
nly three of the important variables, the GDL in-plane perme-
bility keff, the channel length L, and GDL thickness t, while
olding all other parameters constant (see Table 1). Also, for
he purposes of the example, let the active area and the channel
ross-section be square (although, as mentioned earlier, there
re compelling reasons not to do so in practice). Figs. 11–13
how contours of Peclet number over a range of channel length

nd GDL permeability at particular values of GDL thickness.
he jaggedness of the contours is not an artifact, but rather a

esult of setting the number of channels, N = L/(b + w); N is
ounded to achieve a discrete value, thus the jaggedness.

F
f
a

ig. 11. Relative influence of convection (as determined by the Peclet number)
or various GDL permeabilities and channel lengths with GDL thickness fixed
t 100 �m.
ig. 12. Relative influence of convection (as determined by the Peclet number)
or various GDL permeabilities and channel lengths with GDL thickness fixed
t 200 �m.
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ig. 13. Relative influence of convection (as determined by the Peclet number)
or various GDL permeabilities and channel lengths with GDL thickness fixed
t 300 �m.

haracterization in our work [9] and elsewhere in the lit-
rature, shows that in-plane permeability for commercially
vailable GDL materials can take on a wide range of values
5 × 10−13 m2–5 × 10−11 m2). For a GDL at the upper end of
hat range, the results indicate that any cell with active area
arger than 15 cm2 will be dominated by convection. In contrast,
t the lower end of the range it will not achieve convective dom-
nance for any realistic cell size. Thus, in-plane permeability is
n important parameter governing fuel cell operation.

A second important result is that the Peclet number is insen-
itive to GDL thickness over the range of typical use. Despite
300% change in GDL thickness between Figs. 11 and 13, the
eclet number changes only a few percent. This has important

mplications for fuel cells since reducing the thickness of the
DL can reduce material cost, stack volume, and the ohmic over-
otential. It should be noted however, that if a thin GDL is used
nder diffusion-dominated conditions instead of convection-
ominated conditions, the reactant and product concentration
istributions could be highly uneven due to the varying diffusion
istances; this would adversely affect fuel cell performance.

. Discussion

The analysis thus far indicates that under judicious yet rea-
onable choices of channel geometry and GDL characteristics,
substantial amount of the total flow in a fuel cell can be
ade to convect through the GDL by the mechanism of chan-

el bypass. Further, by comparing the rates of convections to
hat of diffusion, it was found that convection could also be

ade the dominant form of mass-transport. It can be concluded
hat convection will strongly influence cell performance. One
ignificant weakness of the current model is that it cannot pre-

ict the cell performance since it ignores the reaction kinetics;
hus, while it is simple to determine whether a given cell will be
trongly influenced by convection, it is not immediately appar-
nt what the corresponding boost (or drop) in performance will

i
s
l
e
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e. Fortunately, the current generation of computational fuel cell
ynamics (CFCD) models are capable of supplying such infor-
ation. Future research based on CFCD and experiments will be

ecessary to demonstrate the benefits of convection-dominated
ass-transport.
While the current model applies to single-serpentine chan-

el geometries, many practical fuel cells employ variants of this
esign. For example, multi-serpentine designs have several par-
llel channels which make repeated 180◦ turns in tandem. The
urrent model provides a framework for describing convective
ow in multi-serpentine designs both qualitatively and quanti-

atively. Quantitatively, the quasi-1D model based on the prin-
iples of mass conservation, in-channel viscous losses, Darcy’s
aw in the GDL, and symmetry will yield powerful analytical
escriptions of convection, albeit more complicated than the
urrent single-serpentine solution. Qualitatively, the concept of
ressure drop due to viscous losses as the driving mechanism for
hannel bypass predicts that significant convective bypass can
ccur between adjacent channels with primary flows traveling
n opposite directions, whereas adjacent channels with the same
ow direction will experience little channel bypass. Then, multi-
erpentine flow fields can be expected to have comparatively
arge portions of the active area which are diffusion dominated
similar to parallel channel flow fields). Again, verification of
hese qualitative predictions would be a convenient application
f CFCD. To date, the literature has not explicitly examined the
elative influence of diffusion and convection for these and other
hannel designs.

. Conclusions

There are compelling reasons to believe that channel bypass
an improve the performance of fuel cells such as the ability
f convection to deliver higher oxygen concentrations to the
atalyst layer as well as the ability to remove water vapor at lower
oncentrations. While not explicitly modeled here, convection
ay also improve the ability to move liquid water from the GDL

o the channels of the bipolar plate. Experimental evidence of
he positive influence of convection has been demonstrated by

illiams et al. [10], and has specifically been linked to material
roperties of the gas diffusion layer.

The analytical model developed here admits a simple method
or determining the amount and relative influence of fluid con-
ecting into the GDL by channel bypass in single-serpentine
ow fields. The model shows that the percentage of flow which

ravels through the GDL on any given ‘pass’ is directly related to
he lumped non-dimensional parameter m (see Eq. (20)) which
ontains material and geometric parameters; this confirms the
elief that the GDL and the bipolar plate are strongly coupled
n determining fuel cell performance. Also, by means of the
eclet number, the relative influence of convection can be deter-
ined. It is found that GDL thickness has little affect on the

elative influence of convection, while GDL in-plane permeabil-

ty is crucial. In addition, convective bypass can be increased in
ingle-serpentine flow field geometries by simply increasing the
ength of the flow channel. It may therefore be advantageous to
mploy rectangular rather than square active areas.
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The principles of the single-serpentine model may also be
sed to give a qualitative assessment of multi-serpentine con-
gurations. It is suggested that future research focus on the
se of computational fuel cell dynamics (CFCD) incorporat-
ng reaction kinetics to determine how much improvement can
e achieved by encouraging convection dominance.
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