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Pressure losses in laminar flow through serpentine
channels in fuel cell stacks
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Abstract

The pressure losses in the flow distributor plate of the fuel cell depend on the Reynolds number and geometric parameters of the small flow
channels. Very little information has been published on the loss coefficients for laminar flow. This study reports a numerical simulation of
laminar flow though single sharp and curved bends, 180◦ bends and serpentine channels of typical fuel cell configurations. The effect of the
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eometric parameters and Reynolds number on the flow pattern and the pressure loss characteristics is investigated. A three-regim
s developed for the excess bend loss coefficient as a function of Reynolds number, aspect ratios, curvature ratios and spacer len
he channels. These have been applied to calculate the pressure drop in typical proton-exchange membrane fuel cell configurat
ut the interplay among the important geometric parameters.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Fuel cells are electrochemical reactors and are being used
or a wide variety of applications. Due to their high efficiency
nearly twice that of the present generation of internal com-
ustion engines), portability and near-zero emissions, fuel
ells are attractive as a power source for automobiles. Of the
arious types of fuel cells, the proton-exchange membrane
uel cell (PEMFC) operates at near-room temperatures and is
onsidered to be a good choice for automotive applications.
n elementary PEMFC consist of two thin, porous electrodes

an anode and a cathode), which are separated by a polymer
embrane that passes only protons. In order to achieve high
tilization of the electrochemically active surfaces, a planar
rchitecture is usually used, in which the reactants, namely
ydrogen and oxygen (or their variants) are forced through
rooves etched on gas distributor plates. The grooves may be
f different patterns, i.e., parallel, single serpentine, parallel

∗ Corresponding author. Tel.: +91 44 4458227; fax: +91 44 2350509.
E-mail address:sjayanti@iitm.ac.in (S. Jayanti).

serpentine or interdigitated channels[1–4] (Fig. 1). Since the
voltage produced across a typical cell is about 1 V, a num
of such cells are stacked together and are connected in
to increase the voltage. Cooling of the fuel cells is achie
by inserting a plate between every second or third fuel
in the stack[5]. The cooling plate may also have serpen
flow channel. For optimum performance, good distribu
of the reactants throughout the stacks is necessary. It i
necessary to minimize the pressure drop in the flow of g
through the stack as pumping power reduces the overa
ficiency of the system. Thus, good knowledge of the
details in the serpentine channels of such stacks is nece
for optimum design.

The various flow configurations, shown schematicall
Fig. 1on a typical distributor plate, can be viewed as com
nations of straight and bend sections of ducts of rectan
cross-section. Typically, the channel sizes and the gas
rates are small and the flow is expected to be laminar.
poses special problems for the determination of the pre
losses because the loss coefficients in laminar flow de
strongly on the Reynolds number (Re). Examples of suc
378-7753/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2004.06.025
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Fig. 1. Different flow fields of bipolar plates in planar fuel cells for: (a)
single serpentine channel; (b) parallel serpentine channel.

Reynolds number dependence are the drag coefficients for
flow over a sphere[6] and the discharge coefficient for flow
through an orifice plate[7]. The channel aspect ratio also
has to be taken into consideration as the use of the hydraulic
diameter to evaluate the Reynolds number can lead to signif-
icant errors under laminar flow conditions[8]. Finally, there
is extensive literature on turbulent flow through circular and
non-circular ducts with bends.

Detailed measurements of the velocity field in bends of
circular and square cross-sections of varying bend radius-
to-duct diameter ratios have been reported by Humphrey
et al. [9], among others. Data on loss coefficients are well
documented for various curvature ratios (C) for curved pipes
[10–13]. The use of guide vanes to improve the flow distribu-
tion through sharp bends has been studied experimentally by
Ito and Imai[14] and computationally by Modi and Jayanti
[15]. By contrast, the literature on laminar flow through bends
is rather limited. There are relatively fewer studies of laminar
flow through 90 and 180◦ bends. Humphrey et al.[16] used
laser-doppler anemometry to study the laminar flow through
a square curved duct with a Dean number of 368 and a cur-
vature ratio of 4.6. These workers also conducted numerical
studies on developing laminar flow in circular cross-sectioned
bends. Miyaka et al.[17] reported numerical studies on
curved ducts of rectangular cross-section and described the
fl ea-
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structure and related phenomena in laminar flow through 90
and 180◦ bends over a range of curvature ratios and aspect ra-
tios. The effect of upstream bend on the bend loss coefficient
has also been systematically studied.

2. Methodology

2.1. Problem formulation

The present calculation methodology is based on CFD
simulations in which the fundamental equations governing
the flow, namely the conservation of mass and momentum
for an incompressible isothermal flow are solved numerically.
The governing equations are non-linear, second-order, cou-
pled partial differential equations. Upon discretization either
by finite difference, finite volume, finite element or other sim-
ilar methods, each partial differential equation is converted
into a set of non-linear algebraic equations. The unknowns
are the values of the conserved variables associated with each
grid or node. These algebraic equations are linear zed and are
solved simultaneously using iterative methods to obtain the
field values of the variables at the pre-specified grid locations.
CFD techniques for fluid flow problems have become well
developed (see for example[19,20]) and give reasonably ac-
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ow mechanism in the entrance and the exit resions. M
urements of the pressure drop for laminar flow through◦
ends of circular cross-section have been reported by

18]. Correlations for bend loss resistances for various
onfigurations have been discussed in detail by Idel’
13], but these are applicable only forRe> 10000. It was
oted that the loss coefficient in the laminar regime wo
how a large variation but no guidelines were provided fo
alculation.

Thus, detailed information of the laminar flow throu
he serpentine channels of fuel cells is not available in
iterature. The present investigation is motivated by a ne
rovide an understanding of the flow in the channels of
ells and to develop design correlations for bend loss co
ients in the parametric range of interest to designers o
ell stacks. Given the small size of these channels, exper
al studies are difficult. Taking advantage of the reliabilit
omputational fluid dynamics (CFD) simulations for ste
aminar flows (as will be demonstrated later), a system
umerical study has been conducted to understand the
urate results for a range of single-phase flow problems.
ave previously been applied to fuel-cell applications[2,21].
he present objective is to conduct a systematic study of

nar flow through typical gas distributor plates in fuel c
ith the intention of developing design correlations. This
ot been done previously. The governing equations, assu

ncompressibility are:
ass balance equation:

∂ (Ui)

∂xi

= 0 (1)

omentum balance equation:

∂ (UjUi)

∂xj

= −1

ρ

∂P

∂xi

+ ∂

∂xi

(
v
∂Ui

∂xj

)
(2)

herei = 1, 2, 3.
Here,Ui is the component of velocity in thei-direction;
is the static pressure,� and v are the fluid density an

inematics viscosity, respectively.
In the present study, the CFX code (version 4.3), w

s a commercially available, finite-volume, method-ba
FD developed by AEA Technology, UK, is used for
alculations. It is a widely used code for a variety of flow
ations and contains a number of application-specific mo
uch as for turbulence, chemical reactions, combustion
adiation. These models introduce a degree of empiri
nto the governing equations, the severity of which dep
n the application and on the model chosen. In the pre
ase of laminar flow through bent ducts, no such empiri
s introduced except that related to the assumptio
ncompressible, isothermal flow of a Newtonian fluid. Th
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assumptions should be valid for typical fuel-cell applications
where the pressure drops are fairly low, the temperatures
are fairly constant and the physical dimensions, though
small, are sufficiently large for continuum hypothesis to
be valid. The estimated Knudson number for air flow is
around 0.00007, which is much less than unity. Also, the
hydraulic diameter of the channel is of the order of 1 mm,
and experiments[22,23]show that the flow remains laminar
up to aRe of about 2100. Hence, special considerations
associated with micro- or nano-scale phenomena[24] are not
warranted in the present problem, Therefore, main source
of error in the calculations arises from spatial discretization
and finite convergence limits imposed on the solution of the
discretized equations. These aspects are discussed later.

2.2. Details of the calculation scheme

The geometry studied in the present work consisted of
90 and 180◦ bend(s) in a duct of rectangular cross-section.
Simulations were carried out for: (i) a square bend, i.e., with
a curvature ratioC of Rc/Dh whereRc is the mean radius
of the bend andDh is the duct hydraulic diameter, i.e.,Dh
= 4wh/2(w + h), wherew andh are width and depth of the
channel (ii) gradual bends. Typically, each bend was pro-
vided with a 100 diameter-long duct section upstream and a
1 ent.
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for the mass conservation equation was used to monitor the
convergence of the iterative scheme.

A number of configurations were studied using the above
methodology. A typical variation of the velocity (plotted in
terms of contours of the magnitude of the velocity) in the
symmetry plane in the region of the bend (Reof 706, sharp
bend) is shown inFig. 2(a).

There is significant distortion of the velocity field as the
flow goes through the bend and a large recirculation bubble
downstream of the bend can be clearly seen. The variation of
the dimensionless static pressure drop (pressure drop/kinetic
head) along the center-line of the duct and along the inner and
the outer walls in the symmetry plane are shown inFig. 2(b)
As expected, the pressure variation is linear well away from
the bend; within the bend, however, there is a significant varia-
tion in pressure. The flow undergoes favourable and adverse
pressure gradients along the inner and outer walls, respec-
tively, before the bend. The trend is reversed in the latter part
of the bend; acceleration now occurs along the region near
the outer wall, while deceleration takes place along the inner
wall. These changes, if sufficiently strong, can lead to flow
separation and the formation of recirculation bubbles near the
outer wall in the initial part of the bend and near the wall in
the latter half of the bend in turbulent flow[6,12]. In laminar
flow, whether or not, flow separation occurs is a strong func-
t o, as
w
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00 diameter-long section downstream for flow developm
aking advantage of the symmetry, only one-half of the
ross-section was simulated. Accordingly, the boundary
itions imposed were:

normal velocity specified as the mean flow velocity at
upstream ‘inlet’;
fully developed flow condition specified at the downstre
‘outlet’;
no-slip condition (zero velocity for normal and tangen
velocity components) on the side walls;
symmetry condition (zero normal gradient) specified
the symmetry plane.

he nominal fluid properties corresponded to those of a
tmospheric conditions. The Reynolds number based o
ean velocity and the hydraulic diameter was varied betw
.7 and 2300.

The cross-section of the duct was discretized by u
structured mesh with 20 cells in the width direction

2 cells in the half-depth direction. Since the location of
aximum velocity gradient changes location as the flow

hrough the bend, a uniform mesh was employed in the c
ection of the duct. Along the axis of the duct, a non-unif
rid was employed to enable better resolution of the velo
radients near the bend. A systematic study of grid i
endence was carried out, as discussed later, to verify

his grid is adequate. All the simulations were conducte
eans of a segregated method using the SIMPLE schem[19]

or pressure-velocity decoupling. Nominally second or
ccurate schemes were selected for the discretization
overning equations. A residual reduction factor of 10−10
ion of both the Reynolds number and the curvature rati
ill be shown later.
Extrapolation of the linear sections of the pressure

tion in the upstream and downstream sections of the
hows that there is a net pressure drop as the flow goes th
he bend. The definition of the bend pressure loss refe
uch stations on either side of the bend where the static
ure is constant over the cross-section. The schematic
ressure variation shown inFig. 3(a) can be used to expla

he definition of the bend pressure-loss coefficient. Here,	P1
s the pressure loss in the straight pipe between points A

in the absence of a bend. In the presence of a bend	P2
s the pressure loss that is added due to skin friction o
traightened length of the bend region.	P3 is the pressur
oss associated with wake friction due to the bend. T
he bend pressure loss includes both	P2 and 	P3 and a
ressure-loss coefficient(Kb) can be defined[12] as:

b = ∆P2 + ∆P3

1/2ρV 2 (3)

hereV is the mean velocity. The excess loss coefficieξ,
n which the pressure loss associated with skin friction,	P2,
s subtracted, can be defined as:

= Kb − 4fCθ (4)

here:C is the curvature ratio,θ is bend angle in radian an
s f the friction factor for fully developed straight duct flo
or a sharp bend there is noC, but the effective center-line

he length between the entrance and the exit of the ben
e taken (C = 0). Typical variations of the bend and exc

oss coefficients withReas calculated above are shown
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Fig. 2. (a) Velocity contour plot in symmetry plane for sharp bend at Reynolds number of 700. (b) Variation of dimensionless static pressure along center-line
of duct and along inner and outer walls in symmetry plane for sharp bend.

Fig. 3(b) for particular bend geometry. The strong variation
with Reynolds number is a significant feature of laminar flow
through bends. The present objective is to determine this vari-
ation in terms of the significant parameters of the flow and
to correlate the characteristics in such a way that the loss
factor can be estimated using algebraic expressions without
recourse to CFD simulation.

2.3. Validation

For laminar flow, the above calculation methodology does
not introduce any empiricism in the fundamental equations.
Accurate results can be obtained therefore if the solution
method is sufficiently accurate. The principal source of er-
ror is due to discretization and convergence of the iterative
scheme. To ensure the latter, both the residual factors for the
individual balance equations and field values at a particular
point within the flow domain have been monitored to obtain
four significant digits in the field values. The discretization
error depends on the grid density and to ensure grid indepen-
dence of the results; calculations have been performed for a
particular case of a sharp bend with a cross-sectional grid of

6 × 12, 10× 12, 20× 12, 40× 12, 20× 24, and 40× 24.
These show that the pressure drop obtained with a 20× 12
grid is within 1% of that obtained with a 40× 24 grid. The
predicted axial velocity profiles in the downstream length of
the bend with the two grids are also found to match well,
which thus shows that the results obtained with a 20× 12
are nearly grid-independent. Hence the 20× 12 grid size is
used for all the simulations. The computational grid of three-
dimensional geometry consists of 240,000 cells with 20×
12 grid size.

Further validation of the methodology is provided inFig. 4
where the predicted parameters are compared with those ob-
tained experimentally. In laminar flow, the friction factor in a
straight duct varies inversely with Reynolds number, i.e.,f =
Cs/Re, whereCs is a constant of proportionality that depends
on the shape of the cross-section. The predicted variation
of this constant with the aspect ratio (width/height) of the
rectangular duct is compared inFig. 4(a) together with that
predicted by the empirical correlations of Kays and Crawford
[25] and Bhatti and Shah[26] over the range of 0.25 <a <
20. Excellent agreement is obtained between the CFD pre-
dictions and the empirical correlations. Humphrey et al.[16]
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Fig. 3. (a) Schematic variation of center-line pressure in duct with bend (Ward-Smith, 1980) with identification of various pressure drop components. (b)
Variation of bend and excess loss coefficients withRefor sharp bend.

measured the velocity field using laser-doppler anemometry
in a 90◦ bend of square cross-section. The predicted axial
velocity contours at the bend exit plane are compared with
the measured values inFig. 4(b) at a Reynolds number of
790. It can be seen that very good agreement is obtained be-
tween the two. Finally, the predicted bend loss coefficient
for a 90◦ bend of rectangular cross-section is compared in
Fig. 4(c) with the experimental data of Beck[18] for a bend
of circular cross-section. Good agreement is obtained for
both the curvature ratios over the entire range of Reynolds
number.

The above comparisons show that accurate results of the
flow field and the pressure loss can be obtained using the
present calculation methodology. A number of cases have
been studied to investigate the influence of various geomet-
ric parameters on the bend loss coefficients. The results are
discussed below.

3. Results

3.1. Flow development

The development of the flow within the bend depends,
under laminar flow conditions, principally on the Reynolds
n tream

effects such as the presence of an upstream bend. The effects
of these are considered separately below.

3.1.1. Effect of Reynolds number
Contour plots of the velocity in the symmetry plane (z =

0) for a sharp 90◦ bend at differentRe.are presented inFig. 5.
There is no flow separation for the flow withRe< 50, which is
dominated by viscous forces, i.e., the skin friction would be
much more when compared with the form friction. Separation
at the inner corner appears atReof 100, while significant re-
circulation at the outer corner appears atReof about 200. The
size and intensity of both vortices increase with increasing
Re. At a Reynolds number of 706, the inner vortex occupies
20% of the width of the channel in the downstream of the
bend. ForRe1000 and above, the shape and size of the inner
recirculation bubble become almost constant.

The flow redevelopment length (Lr = downstream
length/hydraulic diameter) downstream of the bend, i.e., the
distance required for the flow to become fully developed, in-
creases with Reynolds number. This is illustrated inFig. 6(a)
where the dimensionless axial velocity profiles downstream
of the bend are shown at various distances forReof 50, 141,
282 and 564. At lowRe, the axial velocity profile is fully de-
veloped within 10 hydraulic diameters, whereas atReof 564,
a length of nearly 50 Dh is required for flow development.
S entine
umber curvature ratio and aspect ratio as well as on ups
 ince the distance between successive bends in a serp
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Fig. 4. (a) Comparison of predictedfRewith that of literature[25,26] for
different aspect ratios. (b) Predicted axial velocity contours and measured
values[16] at bend exit plane forRe= 790. (c) Comparison of bend loss
coefficients with data of Beck[18].

channel configurationFig. 1(b) is in the range of 5–25 Dh,
the above results show that the flow field approaching the
second bend is significantly distorted and may thus have a
different bend loss coefficient, as will be shown later. The
estimated flow re-establishment length, estimated from the
present calculations, is plotted inFig. 6(b) as a function of
the Reynolds number. As expected[8], a nearly linear vari-
ation is obtained and the numerical data can be correlated
as:

Lr = 0.1Re + 9 (5)

3.1.2. Effect of curvature ratio
The onset and extent of significant flow separation de-

pend on the curvature ratioRe defined as the ratio of the
mean bend radius to the hydraulic diameter of the duct. For
a gradual bend, i.e., for non-zero values ofRe, no recircula-
tion patterns are observed in the symmetry plane (z= 0) for
all theReandRc/Dh ratios investigated. On the other hand,
recirculation is observed at the outer wall near thez planes
away from the symmetry plane at highRe. This is illustrated
in Fig. 7where the velocity contours in the plane close to the
bottom wall are compared for different curvature ratios at the
same Reynolds number. For a curvature ratio of 1.41, a recir-
culation zone near the outer wall is found forReof 425. This
outer wall recirculation zone is confined to between 0 and
20◦ into the bend. For a curvature ratio of 2.83, there are no
recirculation zones throughout the bend as well as in the up-
stream and downstream sections. Some distortion in the flow
near the outer wall of the bend can be observed atRegreater
than 1500. At thisRe, however, inception of a very small re-
circulation zone can be observed near the outer wall at around
5◦. Similar results are obtained for a curvature ratio of 5.66.
These results, obtained for an aspect ratio of 2.77, agree qual-
itatively with the experimental results reported by Humphrey
et al.[16] for a curvature ratio of 2.5 in a duct of square cross-
section. These authors observed small circulation zones near
t ◦ m
w t ef-
f end
r ssed
l

3
are

c lts of
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i ct of
a ne by
r 5.66.
T y
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p aration
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r

he outer wall between 0 and 25and close to the top/botto
alls atReof 790. Thus, the bend radius has a significan

ect on whether or not flow separation occurs in the b
egion; its effect on pressure loss coefficient is discu
ater.

.1.3. Effect of aspect ratio
As shown inFig. 8(a), the present calculations for a squ

ross-section are in excellent agreement with the resu
umphrey et al.[16]. A square cross-section is not often u

n fuel-cell applications however and therefore, the effe
higher aspect ratio needs to be investigated. This is do

epeating the calculations for aspect ratios of 2.77 and
he results are summarized inFig. 8(a) where the velocit
rofiles in the symmetry plane upstream and downstrea

he bend are shown for different aspect ratios atReof 100.
hese show typically that as the aspect ratio increase
xtent of flow distortion within the bend decreases. T
he effect of streamline curvature is less if the aspect ra
ore.

.1.4. Effect of upstream bends
The effect of an upstream bend is illustrated inFig. 8(b)

here the velocity is presented for a case with two s
ends separated by a short distance viz., 2- and 6-ste
raulic diameters, at a Reynolds number of 700. The c
resence of an upstream bend suppresses the flow sep

o some extent in the second bend. This beneficial effe
educed as the bend separation distance increases.
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Fig. 5. Velocity contour plots at various Reynolds for sharp bend (a = 2.78) at different Reynolds number near bend.

3.2. Pressure loss coefficients

The bend loss coefficients were calculated by using
Eqs. (3) and (4). Typical variations of the overall bend loss co-
efficient and the excess loss coefficient are shown inFig. 9(a)
as a function of the Reynolds number for three curvature ra-
tios. It is seen that at very lowRe, the loss coefficient is higher
for a gradual bend than for a sharp bend. This is due to the
fact that at these lowRe, the pressure loss is governed by skin
friction (as there is no flow separation) and this is higher in
the gradual bend due to the longer overall length. At highRe,
it is the losses resulting from flow separation that dominate
the overall bend loss coefficient and the bend loss coefficient
for a sharp bend is significantly higher than that for a smooth
bend. When the skin friction component is deducted, a clearer
picture of the loss coefficient value emerges as shown by the
variation in the excess loss coefficient given inFig. 9(b). It
is found that the excess loss coefficient is always higher for
a sharp bend even though it is negligibly small forRe< 100.

In addition to the curvature ratio and the Reynolds number,
the excess loss coefficient depends on the aspect ratio and
on the presence of an upstream bend, as expected from the
discussion inSection 3.1above. Examination of the results
obtained from the present calculations (totalling about 190
individual cases) reveals the following:

• cient
bove
xtent

• ex-
as the
isten
s
para
d by

Modi and Jayanti (2004) for turbulent flow. These authors,
however, noted that the effect is not always monotonic and
that certain bend combinations may lead to an increase in
the bend loss coefficient.

3.3. Correlation for the excess loss coefficient

Based on the above simulations, a three-regime correla-
tion is developed for the excess bend loss coefficient as a
function of the Reynolds number, aspect ratio (a), curvature
ratio (C) and the distance between successive bends, if any.
The three-regime correlations are based on the flow patterns
and structure, which has been discussed earlier (Section 3.1).
The division into three regimes is based on the Reynolds
number: forRe< 100, the excess loss coefficient is zero; for
Re> 1000, it is independent ofRe; for intermediateRe, it
is a strong function ofRe. The proposed correlations are as
follows:

ForRe< 100:

ξ = 0 (6a)

For 100 <Re< 1000:

ξ = 0.46 (Re1/3) (1 − 0.18C + 0.016C2)
2

ξ

As the aspect ratio increases, the excess loss coeffi
decreases. This is consistent with the observation a
that as the aspect ratio increases, the intensity and e
of flow separation decreases.
The effect of an upstream bend is beneficial in that the
cess loss coefficient for two bends in series decreases
distance between them decreases. This again is cons
with the flow pattern shown inFig. 8(b) that demonstrate
that a close upstream bend tends to suppress flow se
tion at the bend exit. Similar results have been reporte
t

-

×(1 − 0.2a + 0.0022a )

×
(

1 + 0.26

(
Ls

Dh

)2/3

− 0.0018

(
Ls

Dh

)2
)

(6b)

For 1000 <Re< 2200:

= 3.8 (1− 0.22C + 0.022C2) (1 − 0.1a + 0.0063a2)

×
(

1 + 0.12

(
Ls

Dh

)2/3

− 0.0003

(
Ls

Dh

)2
)

(6c)
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Fig. 6. (a) Velocity profiles along the downstream length of the sharp bend (a= 2.78) at Reynolds number of 50, 141, 282 and 564. (b) Variation of dimensionless
flow redevelopment length with Reynolds number after bend for sharp bend (a = 2.78).

The correlations given byEqs. (6(a–c))are valid for the
following range of parameters:

0 < Re < 2200

1 < a < 6

0 < C < 6

1 <
Ls

Dh
< 30

It should be noted that the aspect ratio here is de-
fined as the width divided by the depth of channel, where
the width is in the plane of the bend, while the depth
is in the direction parallel to the bend axis. When com-
pared with the CFD-generated data, the above correlations
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Fig. 7. Velocity contour plots for different curvature ratios (C) at Reynolds numbers: (a) 100 (b) 700 and (c) 2100 near the wall plane.

predict an excess loss coefficient with a standard deviation of
about 6%.

4. Application to fuel cell stacks

The above set of results and correlations can be used in a
typical fuel cell application. Consider for example, the case
of a serpentine configuration of fuel cell with sharp bends.
The serpentine channel consists of straight sections that are
connected in the corners where the flow is redirected, as can
be seen inFig. 1. Neglecting entrance and exit losses (that
are expected to be small in comparison with the overall pres-
sure drop), the total pressure drop between the inlet and the
outlet of the bipolar plate on the cathode or anode side can
be decomposed into two components, namely the pressure
drop due to straight pipe friction and that due to the bends.

As mentioned above, the latter is calculated in terms of an
excess loss coefficient defined byEq. (4), while the straight
pipe friction within the bend is to be accounted for separately.
Thus, the total pressure drop is given by:

∆Ptot = 1

2
ρV 2

(
K∗

f +
n∑

i=1

ξi

)
(7)

whereK∗
f includes the frictional loss suffered in the elon-

gated section of the bends, and the second term constitutes
the sum of excess loss coefficients forn U-bends in the ser-
pentine channels. For parallel serpentine channels, the above
equation is applied by assuming, uniform flow distribution
through each channel. The straight pipe frictional resistance
coefficient is given by:

K∗
f = 4f

Lt

Dh
(8)
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Fig. 8. (a) Velocity profiles in symmetry plane upstream and downstream of bend for different aspect ratios atReof 100. (b) Velocity contour plots for different
spacer lengths at a Reynolds number of 700 in symmetry plane of 180◦ bends.

Fig. 9. Variation of (a) bend loss coefficient and (b) excess bend loss coefficient of gradual bends with Reynolds number.

whereLt is the total length including the length (based on
mean radius of curvature of the bend) in the bends and/is the
friction factor given, for example, by the empirical correlation
of Kays and Crawford[25]:

Ref = 13.84+ 10.38 exp

(−3.4

a

)
(9)

By way of illustration, pressure drop calculations for a short
serpentine channel, single serpentine channels and parallel
serpentine channels for different aspect ratios in distributor
plates are discussed below.

4.1. Short serpentine channel

Consider the case of a serpentine channel with a total
length of 250 mm and containing five straight channels of
50 mm length connected by four 180◦ bends. The pressure

drops over a range of mass flow rates are calculated using
the above set of correlations and are compared inTable 1
with those obtained by a direct simulation using the CFX
computer code. Excellent agreement between the two sets of
data is obtained. This result shows that the approach outlined
above can be used to calculate the pressure drop for a given
configuration, and can thus be used to optimize the design.

Table 1
Comparison of pressure drop calculated directly from CFD simulations and
from developed correlations for short serpentine channel

Re 	P (Pa)

Direct simulations Correlations

100 2.03E+02 2.00E+02
212 4.73E+02 4.57E+02
424 1.10E+03 1.07E+03
706 2.13E+03 2.19E+03
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Fig. 10. (a) Variation of total pressure drop and its components with Reynolds number for single serpentine channel. (b) Pressure drop for various aspect ratios
of single serpentine chancel, parameter indicated in parentheses are (w× h,Dh (mm)):P1 = (2× 0.72, 1.06);P2 =(2× 1.5, 1.7);P3 = (1.5× 0.72, 0.98);P4 =
(1.5× 1.1, 1.2);P5 = (1× 0.72, 0.84); andP6 = (1× 1, 1). (c) Pressure drop for various parallel serpentine channels. Parameters indicated in parentheses are
(w×h, Dh (mm):P1 = four parallel channels (2.75× 0.72, 1.141);P2 = five parallel channels (2× 0.72, 1.06);P3 = six parallel channels (1.5× 0.72, 0.98);
P4 = seven parallel channels (1.14× 0.72, 0.88).

This is illustrated below with an example, which also iden-
tifies the principal contributors to the pressure drop in a fuel
cell stack.

4.2. Single serpentine channel–effect of aspect ratio

The Pressure drop has been calculated for a fuel-cell
distributor plate with an active area of 60 cm2 (100 mm×

60 mm). The reference case is that of a single serpentine chan-
nel with sharp bends and a channel width of 2 mm, a depth
of 0.72 mm and rib width of 2 mm between channels. The
straight pipe friction component and the bend loss compo-
nent for this configuration are shown inFig. 10(a) for a range
of Reynolds numbers. In order to facilitate comparison at low
Re, the pressure drop is plotted on a logarithmic scale. It can
be seen that forRe< 1000, the bend component of pressure
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drop is significantly less (by a factor of two or more) than
the straight pipe friction. At higher Reynolds numbers, how-
ever, it is nearly as much as the straight pipe component. The
effect of changing the dimensions of the channel (width and
depth), which will exert an influence on the hydraulic diame-
ter and thus on the straight pipe friction component, is shown
in Fig. 10(b) Since both the mean velocity and the hydraulic
diameter are changed in this process, it is no longer possible
to compare the results on a Reynolds number basis, and the
pressure drop for a given mass flow rate (of air) are compared
here. The reference case with a width× depth× hydraulic
diameter of 2 mm× 0.72 mm× 1.058 mm is shown as a solid
line, while the geometric parameters corresponding to other
combinations are marked in the legend. It can be seen that de-
creasing the channel width while keeping the depth constant
decreases the hydraulic diameter and leads to a large increase
in the pressure drop. By contrast, increasing the depth while
keeping the width constant increases the hydraulic diameter
and the pressure drop decreases by a large factor. In the case
of a 1.5× 1 × 1.2-system, an increase in hydraulic diameter
increases the pressure drop when compared to the reference
case at higher mass flow rates while there is virtually no effect
at lowRe. This must be attributed to the higher bend losses
that resulting from the higher mass flow rate due to the de-
creased cross-section, which nullifies the beneficial effect of
i e rib
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for different combinations can vary by a factor of two. The
active area of the distributor plate, that is the area of fluid
exposed to the porous electrode, also varies by about 25%.
Calculations of this type can be combined with other criteria
such as high pressure drop that is required to prevent flood-
ing of the electrodes[27,28] and low pressure drop that is
required to reduce pumping costs, and the rib width/active
area considerations can be used to optimize the distributor
plate configuration.

5. Conclusions

The pressure losses in a fuel cell stack are one of the im-
portant factors for overall fuel cell efficiency. The pressure
drop in a fuel cell distributor plate depends on the plate con-
figurations, and for a given serpentine channel configuration,
it depends on geometric factors such as channel hydraulic
diameter and bend geometry.

CFD-based simulations have been conducted for 90◦
bends with different curvature ratios (C) and different aspect
ratios (a). The effect of successive bends for various spacer
lengths(Ls 2–30 Dh) for full range of Reynolds numbers un-
der laminar flow regime has been examined. The calculations
show that there is a significant effect ofReon the bend loss
c and
t bend.
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22.

rces
ncreased hydraulic diameter. The effect of decreasing th
idth is to increase the overall length of the single serpe
hannel and this increases simultaneously both the pre
rop and the active area.

.3. Parallel serpentine channels–effect of number of
hannels

One way of decreasing the pressure drop in a distrib
late is to have parallel serpentine channels instead of
le serpentine channel. This has the effect of reducin
ow rate through each channel, which decreases the pre
rop. At lowRe, the pressure drop variation with the num
f parallel channels will be linear. A more than linear v
tion may be expected at highRebecause the bend loss
hich are proportional to the square of velocity at highRede-
rease more dramatically than the straight pipe friction c
onent. This situation is illustrated inFig. 10(c), in which the
ibwidth is assumed to be 1 mm. It can be seen that th
f five parallel channels in a serpentine configuration
ve turns, instead of a single channel (with about 20 tu
ith the same cross-section, decreases the pressure d
n order of magnitude. The effect of changing the width
epth of the parallel channel serpentine configuration is
hown inFig. 10(c). If the channel’s width is reduced, it
ssumed that extra parallel channels are added as a
f compensation, while an increased channel width is
ommodated by reducing the number of parallel chan
hus, the length of each serpentine configuration is rou

he same. Under these conditions (other configuration
ossible), the data inFig. 10(c) shows that the pressure dro
y

s

oefficient, which is also influenced by the curvature ratio
he aspect ratio as well as the presence of an upstream

correlation has been developed to predict the bend
oefficient as a function of these parameters. Applicatio
his correlation to typical fuel cell configurations shows
he bend losses constitute a significant portion of the o
ll pressure loss forRe> 1000. Considerable scope ex

or the optimization of the channel configuration (in te
f width, height and gap) to achieve a desired pressure
nd keeping in view the need to reduce pumping costs w
aintaining a sufficiently high pressure drop to avoid flo

ng of the channels. The results from this work will be v
seful for such an optimization.
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