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Performance analysis and optimization of PEM fuel cell stacks using
flow network approach
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Abstract

The performance of polymer electrolyte membrane (PEM) fuel cell stacks can be improved significantly by optimizing the design and
operating conditions. In this study, performance modeling and optimization of a PEM fuel cell stack have been conducted. The pressure and
molar flow rate distributions for the fuel and oxidant streams in the stack are determined with a flow network model incorporating the minor
losses. The distributions are then used in the single cell model developed previously to evaluate the performance of PEM fuel cell stack.
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nalysis has been carried out for different fuel and oxidant flow configurations and bipolar plate designs. It was found that the mi
ncrease the stack operating pressure and the power requirement for oxidant supply and alter the cell-to-cell voltage variations in
ymmetric double inlet–single outlet topology provides optimal stack performance with reasonably low compressor power requi
he reactant flow and minimum cell-to-cell voltage variations. The stack performance is considerably affected by the size and the
ow channels on bipolar plate. Optimal stack performance requires the matching of the stack manifold designs, flow channels on
lates and the stack operating conditions.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Polymer electrolyte membrane (PEM) fuel cells convert
he chemical energy of hydrogen and oxygen directly and
fficiently into electrical energy and are widely regarded as
lternative stationary and mobile power source. The main
haracteristics of PEM fuel cells are: they produce water as a
yproduct; they have higher efficiency when compared with
eat engines; they operate at low temperatures (up to 90◦C),
hich allows a fast start-up; they use a solid polymer as the
lectrolyte, which reduces concerns related to construction,

ransportation, and safety. Before PEM fuel cells can be
uccessfully commercialized, the production cost must
e reduced from the current estimate of approximately $
00/kW to $ 30/kW[1].

∗ Corresponding author. Tel.: +1 519 888 4567x6843;
ax: +1 519 888 6197.
1 Permanent address: Shiraz University, Shiraz, Iran.

E-mail addresses: gkarimi@engmail.uwaterloo.ca (G. Karimi);
6li@uwaterloo.ca (X. Li).

The output voltage of a single PEM fuel cell is limite
usually less than 1 V. In order to produce a useful vol
for practical applications, several unit cells are connecte
series to form a fuel cell stack. The output voltage dep
on the number of unit cells. Fuel and oxidant flow thro
the fuel cells in multiple channels arranged in a com
flow network. This produces major challenges for fuel
designers since the flow distribution within a fuel cell st
could have a significant impact on fuel cell performance
efficiency, and the heat and water management strat
which are successful for single PEM fuel cells, are difficu
implement in a stack environment. As a result, the efficie
and power output of a PEM fuel cell operating within a st
are lower than the performance of a PEM fuel cell opera
independently[2].

Over the past few years, a significant amount of rese
has been devoted to the study of PEM fuel cell stacks and
eral empirical and mathematical models have been deve
for the purpose of understanding and predicting PEM
cell performance. A comprehensive review of the publis
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Nomenclature

C molar concentration (mol m−3)
Cf wall friction coefficient
dh flow channel hydraulic diameter (m)
D diffusion coefficient (m2 s−1)
Dh manifold hydraulic diameter (m)
E cell or stack voltage (V)
fPt mass ratio of platinum to carbon support
F Faraday constant (96485 C mol−1)
H bipolar plate effective height (m)
J cell current density (A m−2)
KE electrokinetic permeability of polymer elec-

trolyte membrane (m2)
Kp hydraulic permeability of polymer electrolyte

membrane (m2)
l flow channel length (m)
�m fraction of catalyst layer void space occupied

by liquid water
L control volume length (m)
mPt platinum mass loading per unit electrode area

(kg m−2)
ṁ mass flow rate (kg s−1)
n exponent used to represent frictional/minor

losses
N number of cells/loops/branches/flow chan-

nels/turns
Ṅ molar flow rate (mol s−1)
Ṅ0 initially assumed molar flow rate (mol s−1)
Ṅr rate of reactant consumption in the catalyst

layer (mol s−1)
P pressure (Pa)
Pc compressor power (W)
r flow resistance coefficient
R universal gas constant (8.314 kJ kmol−1 K−1)
Re Reynolds number
S stoichiometry
SE voltage spread (%)
T stack temperature (K)
V average velocity (m s−1)
W bipolar plate effective width (m)

Greek letters
α ratio of pressure loss in the bipolar flow chan-

nels to that of the manifold
δ thickness (m)
� difference
η overpotential (V)
θ flow direction convention (+1 for clockwise,

−1 for counter clockwise)
κs conductivity of catalyst layer solid phase

(S m−1)
µ viscosity (N s m−2)
ρ density (kg m−3)

ρbulk
e resistivity of electrode backing (	 m)

φ porosity

Subscripts
a anode
bend flow channel bends
bp bipolar plate
branch branch (control volume)
c cathode/flow channel/catalyst layer
cell fuel cell
cp cooling plate
drag dragged molecules
e electrode backing
f friction
H+ protons
H2 hydrogen
O2 oxygen
i loop number
in, inlet in/inlet value
j branch number
loop loop
max maximum value
min minimum value
m minor loss/polymer electrolyte membrane
out, outlet out/outlet value
r reacting
rev reversible
stack stack
t total/turn

models can be found in Baschuk and Li[3,4]. The majority
of these stack models are extensions of the empirical and/or
mathematical PEM fuel cell models, originally developed for
a single PEM fuel cell. Reactant distributions within the stack
is modeled by treating the stack manifold and gas flow chan-
nels as hydraulic network, and the voltages of the cells in
the stack are determined using single cell models. Generally,
these models suffer from two limitations: minor losses are ne-
glected and the stack performance is studied under a specified
manifold configuration. As will be shown in this study, the
minor losses have significant influence for the typical PEM
fuel cell stack designs. As a result, these model predictions
may not be adequately justified.

To this end, the present study formulates a PEM fuel cell
stack by incorporating multiple inlet/outlet topologies and
minor loss effects. The fuel and oxidant flow distributions
within the stack are determined by applying the conserva-
tion of mass and energy equations to the stack flow network.
Cell voltages are determined using the steady state, isother-
mal, single cell model developed previously by Baschuk and
Li [3]. A variety of flow configurations for a fuel cell stack
operating with humidified hydrogen and air are simulated,
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Fig. 1. Schematic illustration of a PEM fuel cell stack.

strategies for reducing the unequal distribution of reactants
within the stack are examined, methods for the improvement
of stack performance are described, optimization of stack de-
sign is performed, and optimal stack design is obtained.

2. Model formulation

A diagram of a typical section of a fuel cell stack is
shown inFig. 1. The individual cells, referred to as mem-
brane electrode assemblies (MEA), are composed of a mem-
brane electrolyte sandwiched between two porous electrodes.
The MEAs produce direct current electricity. Bipolar plates,
which are electrically conducting, separate the MEAs as well
as provide a means for delivery of the fuel and oxidant to
the catalyst layer at the electrode–membrane interface. The
basic unit is repeated to build up a stack. A complete multi-
cell stack may include cooling plates, which are specially
designed, and similar to bipolar plates. These plates are de-
signed to provide a uniform stack temperature.

The fuel and oxidant for each PEM fuel cell are supplied
by the stack manifold, with the anode manifold supplying
fuel and the cathode manifold supplying oxidant. The major
component of the fuel for a PEM fuel cell is hydrogen, with
carbon dioxide and carbon monoxide being present if refor-
m cell
i the
o pro-
d rane
e void
p ition
t ates

in order to remove the heat produced by the PEM fuel cells
and maintain a constant stack temperature.

The stack performance, often measured in terms of the
stack voltage,Estack, can be determined by:

Estack =
Ncell∑

1

Ecell −
Ncell∑

1

ηcp (1)

whereNcell is the total number of fuel cells in the stack,Ecell
is the voltage of each cell, andηcp is the ohmic loss due to a
cooling plate, and is determined by treating the ohmic loss for
the cooling plate similar to the ohmic loss for bipolar plate.

The stack model presented here consists of two parts: the
single cell model and the stack flow network model. The sin-
gle cell model determines the voltage of each cell in the stack
based on the cell inlet pressure, temperature, stoichiometry,
and reactant composition in the gas flow channels, as well
as the current density and design parameters. The flow con-
ditions around each cell is determined using the stack flow
model.

2.1. Single cell model

The voltage of each cell in the stack is determined using
the single cell model developed by Baschuk and Li (2002)
[3]. According to this model, the output voltage of a single
c

E

w
o talyst
l ipolar
ate fuel is utilized. The oxidant used in a PEM fuel
s oxygen, with nitrogen being present if air is used as
xygen supply. The gas flow channels remove the water
uced by the electrochemical reactions within the memb
lectrode assembly and supply the humidity required to a
olymer electrolyte membrane from dehydration. In add

o fuel and oxidant, water is circulated through cooling pl
ell can be determined as follows:

cell = Erev − ηa − |ηc| − 2ηbp − 2ηe − ηm (2)

hereErev is the reversible cell voltage,ηa andηc are the
verpotentials attributed to the anode and cathode ca

ayers, respectively. The voltage losses caused by the b
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plate, electrode backing and polymer electrolyte membrane
are denoted byηbp, ηe, andηm, respectively.

The reversible cell voltage is the cell potential obtained
at thermodynamic equilibrium. It is a function of tempera-
ture and reactant concentration through a modified version
of the Nernst equation. The cell voltage is reduced from the
reversible cell voltage by the overpotentials associated with
the various components of the PEM fuel cell. The anode and
cathode catalyst layer overpotentials are found by consid-
ering species conservation, and proton and electron migra-
tion within the catalyst layers. Proton and electron migration
through the catalyst layers are related to the protonic and elec-
trical current using Ohm’s law. Species conservation requires
modeling of reaction kinetics and mass transport. Oxygen re-
duction is modeled with the Butler–Volmer equation in the
cathode catalyst layer, while in the anode catalyst layer the
adsorption and desorption of H2, CO and O2, the electro-
oxidation of the adsorbed hydrogen and carbon monoxide,
and the heterogeneous oxidation of H2 and CO by O2 are in-
cluded in the reaction kinetics. The voltage losses attributed
to the bipolar plate and electrode backing are the result of
electron migration; the overpotential is calculated by con-
sidering the electrode backing and bipolar plate as electrical
resistances. The overpotential associated with the proton mi-
gration in the polymer electrolyte membrane is determined
by the Nernst–Planck equation assuming a constant conduc-
t e.
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Fig. 2. Illustration of the bipolar plate with serpentine flow channel config-
uration with three channels per plate and four U-turns per channel.

In practice, the electrochemical reactions start at the be-
ginning of flow channels immediately after the reactants are
brought into contact with the catalyst layer. The reaction rates
vary along the flow channels as the reactant composition and
pressure change. However, the present network model uses
a control volume approach to simplify the detailed analysis.
The top and bottom manifolds are segmented to account for
the flow and composition change as they interact with the flow
channels. Each gas flow channel is divided into two sections
or branches of identical lengths. The upstream channel starts
from the top manifold and extends half way through the chan-
nels length. The downstream channel starts from the channel
midpoint to the bottom manifold. The boundary between the
two sections is indicated by the plane A–A inFig. 2. It is
assumed that the pressure and compositions are uniform in
each control volume. Mass transfers due to electrochemical
reactions are considered to take place at average operating
conditions determined at the middle of the flow channels.
These reaction sites are denoted by the symbol “⊗” in Fig. 3.
Therefore, the simplified stack flow network consists of sev-
eral loops, with each loop comprising six branches: two in
the manifolds, and two in each flow channels. The interfaces
at which manifold branches meet are represented by nodes
as illustrated inFig. 3.

With the present multiple inlet stack model, numerous
flow configurations can be examined for optimum PEM fuel
c eous
h ides,
w s re-
a

2
the

a y
ivity for the fully hydrated polymer electrolyte membran
Determination of the reversible cell voltage and ove

entials requires several operating and design parameter
ign parameters depend on the manufacture of the PEM
ell and include properties, such as conductivity and poro
nd geometric dimensions. The operating parameters in
urrent density, temperature, pressure, reactant compo
nd stoichiometry.

Due to the series connection, the current density in
ell will be equal. The circulation of cooling water mainta
uniform temperature for each cell in the stack. Howe

he pressure, reactant composition and stoichiometry can
rom cell to cell if the mass flow rate and pressure distribut
ithin the stack are unequal; this variation is analyzed

he stack flow model described in the next section.

.2. Stack flow model

The cross-section of a PEM fuel cell stack was shown
ore inFig. 1. Fig. 2illustrates the structure of a typical bip
ar plate with manifolds and three flow channels arrange
erpentine configuration. To model the flow distribution
he stack, the complex fuel and/or oxidant flow paths
isting of the stack’s inlet(s), outlet, manifolds and gas
hannels can be reduced into a graphical flow network a
icted inFig. 3. In this diagram, fuel cells are surrounded

he manifolds and flow channels. The top manifold supp
he reactants to the gas flow channels of the fuel cell s
nd the gas flow channels exit into the bottom manifold
ell stack performance. The inlets supply humidified gas
ydrogen and air (oxygen) to the anode and cathode s
hile the outlets remove the reaction product and exces
ctants.

.2.1. Conservation of mass
The inlet hydrogen and oxygen molar flow rates to

node and cathode sides of the stack are determined b
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Fig. 3. Simplified flow network configuration of a PEM fuel cell.

Ṅstack
H2

= SaNcellJAcell

2F
, Ṅstack

O2
= ScNcellJAcell

4F

whereSa andSc are the stack anode and cathode stoichiome-
tries, respectively. Total inlet molar flow rates can be calcu-
lated by adding the water vapor and nitrogen to the inlet
streams. The maximum amount of water vapor coming into
the stack with the reactants corresponds to 100% relative hu-
midity in the incoming gas streams.

The distribution of incoming components is governed by
the conservation laws. The conservation of mass principle
requires that total mass flow into and out of each node in the
flow network (Fig. 3) must be equal, or∑
in

ṁt =
∑
out

ṁt (for all nodes) (3)

The fuel and oxidant undergo electrochemical reactions
during which reactants are consumed and water is produced.
The amount of consumption in the anode and cathode catalyst
layers differ, but in general they can be written as:

�Ṅr =
∑

i=species

�Ṅi
r (4)

where the summation is over all the species taking part in
the reaction. For the anode catalyst layer, the species present
a s
c ogen
m aw:

�

w a
P

The exit stream from the anode is assumed to be fully sat-
urated with no condensed water. Since H2 is consumed in
the anode reaction sites, the excess water molecules are con-
sidered to migrate through the polymer electrolyte membrane
towards the cathode side as a net result of electroosmotic drag
and back diffusion. The molar consumption in the anode can
be expressed as:

�ṄAnode = �ṄH2
r + Ṅ

H2O
drag (6)

where Ṅ
H2O
drag is the net water transport from anode to the

cathode through the electrolyte membrane.
In the cathode catalyst layer, the species present are O2,

N2, and H2O. Nitrogen does not react in the cathode cata-
lyst layer and the amount of oxygen consumed and water
produced can be calculated with Faraday’s law:

�ṄO2
r = −JAcell

4F
(7)

�ṄH2O
r = JAcell

2F
(8)

Water molecules dragged from the anode side and those
produced in the fuel cell are assumed to enter the cathode
gas flow channels. Therefore, the molar accumulation in the
cathode catalyst layer becomes:

�

nels
i fied
t nt is
e alled
q ent
o ctant
re considered to be H2 and H2O. H2 is the only specie
onsumed in the anode catalyst layer. The rate of hydr
olar consumption can be calculated using Faraday’s l

ṄH2
r = −JAcell

2F
(5)

hereJ is the current density,Acell is the active area of
EM fuel cell, andF is the Faraday constant.
Ṅcathode= �ṄO2
r + �ṄH2O

r + Ṅ
H2O
drag (9)

As the water content of the cathode side flow chan
ncreases, the possibility of water molecules being lique
here also increases. The amount of liquid water prese
xpressed in terms of the thermodynamic property c
uality, and the thermodynamic quality in each segm
f the cathode side is determined based on the rea
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compositions, local temperature and pressure, and the flow
properties are modified accordingly.

2.2.2. Conservation of energy
In order to satisfy the conservation of energy, the sum of

pressure changes around each of the loops,i, should be zero:

Nbranch∑
j=1

θi,j�Pi,j = 0 (i = 1, 2, 3, . . . , Nloop) (10)

whereθi,j is a sign convention representing the direction of
flow in the branchj of loop i. θi,j is considered to be +1 when
fluid flows in clockwise direction and−1 if the direction is
reversed. Total pressure drop in branchj of loopi is composed
of frictional,�Pf ,i,j, and local or minor losses,�Pm,i,j, and
can be written in the form of

�Pi,j = �Pf ,i,j + �Pm,i,j (11)

The frictional pressure loss can be expressed by Darcy–
Weisbach equation

�Pf ,i,j = Cf ,i,j
Li,j

Dh,i,j

ρi,jV
2
i,j

2
(12)

whereLi,j and Dh,i,j are the branch (or control volume)
length and hydraulic diameter,ρi,j is the fluid average den-
s
i

R

C

w raulic
d

R

T rpo-
r sing
t
t nsi-
t 000
a

nges
i ary
r or
l cula-
t nal
l etry
a cts,
m k, on
t s are
s the
n , mi-
n e

Table 1
Branch, confluence, and bend head loss correlations[6]

�Pm,1−j = k1−j

ρ1V
2
1

2
(j = 2, 3), k1−2

=
[

10.65− 19.76
(

V2

V1

)
+ 11.2

(
V2

V1

)2
]

× 103

Re2

(
V2

V1

)2

, k1−3 = 7000

Re3

(
V3

V1

)2

�Pm,2−j = k2−j

ρ2V
2
2

2
(j = 1, 3), k2−1

= 2100

Re1

(
V1

V2

)2

, k2−3 = 7300

Re3

(
V3

V2

)2

�Pbend = 2k1−3
ρV 2

2
, k1−3 = 7000

Re

analysis. More specifically, these so-called minor losses can
be classified into three groups: (a) minor losses due to the
change in the flow direction in the sharp turns/bends in the
gas flow channels, and the minor losses associated with the
(b) confluence and (c) branching when the flow channels are
either charged from the top manifold or discharged into the
bottom manifold.

Minor losses are often measured experimentally and
expressed by empirical correlations. A comprehensive set
of formulations for laminar-to-laminar and turbulent-to-
turbulent flow regimes can be found in Jamison and Ville-
monte[6], Blevins[7] and Idelchik[8]. For fuel cell stack ap-
plications, although a laminar flow prevails in the flow chan-
nels over a wide range of operating conditions, a combination
of turbulent-laminar flow regime change might occur at the
manifold-flow channel intersections near the stack inlet(s) at
large current densities. The minor loss coefficients associated
with such flow regime changes have not yet been reported.
Hence, the formulations given by Jamison and Villemonte[6]
for laminar flow as listed inTable 1are used in the present
work. The locations of the minor losses are specified by “×”
in the table. It is seen that both frictional and minor losses
depend on the flow distribution in the stack.

3

sure
l s flow
c must
b ork
s rdy
C ed
t and
t thm
r erms
o ing
o

rary
fl ow
r en
ity, andVi,j is the average velocity in the branchj of the loop
.

The friction coefficient,Cf ,i,j, is a function of the
eynolds number[5]:

f ,i,j =
{

16Re−1
i,j Rei,j ≤ 2000

0.079Re
−1/4
i,j Rei,j ≥ 4000

(13)

here the Reynolds number is defined based on the hyd
iameter:

ei,j = ρi,jVi,jDh,i,j

µi,j

(14)

he density and viscosity of the fluid are calculated inco
ating the flow composition and operating conditions u
he equations described in Baschuk and Li[3]. A linear rela-
ionship is used to calculate friction coefficient in the tra
ion regime where the Reynolds number falls between 2
nd 4000.

Minor losses arise as a result of sudden or gradual cha
n flow directions leading to the formation of a second
ecirculatory fluid motion. Unlike frictional losses, min
osses are local and occur in regions where the recir
ions take place. The relative magnitude of minor to frictio
osses depends primarily on the hydraulic network geom
nd flow conditions. For hydraulic systems with long du
inor losses may be neglected. In a PEM fuel cell stac

he other hand, the top and bottom manifold branche
hort, the change in the flow direction is sudden, and
umber of turns in the flow channels is large; as a result
or losses may becomemajor and should be included in th
. Numerical procedure

Due to the non-linear relationship between the pres
osses and mass flow rates in the stack manifolds and ga
hannels, the mass flow rate and pressure distributions
e calculated using an iterative technique. The flow netw
olution algorithm devised in this work is based on the Ha
ross method[9]; however, it has been extensively modifi

o account for the variations of pressure and composition
o include the effect of minor losses. The modified algori
equires that all the conservation equations be written in t
f total molar flow rates. This approach simplifies track
f all components in the different parts of the stack.

The numerical solution begins with assigning a tempo
ow direction to the flow network. The sum of the molar fl
ates from all the inlets (with known compositions) is th
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Fig. 4. Schematic illustration for nodal mass conservation.

divided uniformly among the upstream sections of all the gas
flow channels. The molar flow rates and compositions in the
downstream sections of the flow channels are calculated by
subtracting the consumed reactants and adding the produced
components. Water transport through the membrane due to
the combined effects of electroosmotic drag and back diffu-
sion is also considered (Eqs.(6) and (9)). The next step is to
use the conservation of mole equation and calculate the molar
flow rates in the top and bottom manifolds based on the prede-
fined directions and the assumed molar flow rates in the flow
channels.Fig. 4illustrate three nodes in the top, middle (reac-
tion site), and bottom of a typical flow channel. Application
of the conservation of mole equation to these nodes result in
total molar flow rates,̇Nt , in branches 1 and 4 of theith loop
and branch 3 of the (i − 1)th loop, respectively, as follows:

Ṅi,1 = θi−1,1Ṅi−1,1 + Ṅinlet,i − θi−1,2Ṅi−1,2

θi,1
(15)

Ṅi−1,3 = θi−1,2Ṅi−1,2 + �Ṅi−1

θi−1,3
(16)

Ṅi,4 = θi−1,3Ṅi−1,3 − θi−1,4Ṅi−1,4 − Ṅoutlet,i

θi,4
(17)

where Ṅinlet,i and Ṅoutlet,i are the total molar flow rates
entering and leaving the stack at that particular location.
A negative molar flow rate (in any of the above equations)
indicates that the assumed flow direction in that branch is
incorrect and must be reversed.

The conservation of energy equation must also be satisfied
by the assumed molar flow rates.Eq. (10)can be expressed
in terms of molar flow rates as follows:

�Pi =
Nbranch∑
j=1

θi,j[r1,i,jṄ
n1,i,j

i,j + (r2,i,j + r3,i,j)Ṅ
n2,i,j

i,j ] = 0

(i = 1, 2, 3, . . . , Nloop) (18)

where the frictional and minor losses have been expressed in
the formrṄn. For every branchr1 is the coefficient associ-
ated with the frictional loss,r2 is the coefficient associated
with the branch or confluence loss, andr3 represents the co-
efficient for the losses in the bends of gas flow channels. The
r andn parameters are obtained by rewritingEq. (12)and the
correlations listed inTable 1on the molar flow rate basis. For
instance,r1,i,j can be expressed as:

r1,i,j=




0.0407Li,jµi,jRT

D4
h,i,jPi,j

(laminar)

1.3560× 10−6Li,jµ
0.25
i,j ρ0.75

i,j (RT )1.75

w ra-
t .
r lue of
n . It
i n-
d t of
o

un-
l nds
n is
i hes.
T ence
o
a re-
s er of

T
B he mol

.65− 1

.65− 1

−3 = 2

π

able 2
ranch, confluence, and head loss correlations rewritten in terms of t

�Pm,1−2 =
[

10

�Pm,1−2 =
[

10

�Pbend = 2�P1
 D4.75
h,i,jP

1.75
i,j

(turbulent)

(19)

hereR is the gas constant.T is the stack operating tempe
ure and considered to be constant throughout the stackPi,j

epresents the absolute pressure of the branch. The va
is equal to 1 for laminar flow and 1.75 for turbulent flow

s seen that the value ofr1 depends exclusively on the co
itions of the branch it is calculated for and independen
ther branches.

Minor losses can be expressed similarly; however,
ike frictional losses, the minor loss of a branch depe
ot only on the flow conditions of the branch but also

nfluenced by the conditions of the neighboring branc
herefore, extra care must be taken to include the influ
f neighboring branches in the calculations.Table 2is equiv-
lent toTable 1in which all possible minor losses are p
ented on molar flow rate basis. As indicated, the pow

ar flow rate, otherwise identical with those shown inTable 1

9.76
(

V2

V1

)
+ 11.2

(
V2

V1

)2
]

2µ2ρ1RT

πP2ρ2D
3
H2

Ṅ2, �Pm,1−3 = 14µ3ρ1RT

πP3ρ3D
3
H3

Ṅ3

9.76
(

V2

V1

)
+ 11.2

(
V2

V1

)2
]

2µ2ρ1RT

πP2ρ2D
3
H2

Ṅ2, �Pm,1−3 = 14µ3ρ1RT

πP3ρ3D
3
H3

Ṅ3

8µRT

PD3
H

Ṅ
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the molar flow rates for all different minor losses is equal to 1
(n2 = 1).

Although the initially assumed/calculated molar flow rates
satisfy the conservation of mass, the conservation of energy
may not be satisfied. Hence, the corrected molar flow rates,
Ṅi,j, can be related to the assumed flow rates,Ṅi,j,0, as:

Ṅi,j = Ṅi,j,0 + �Ṅi (20)

where�Ṅi is the correction.
For each branch, total pressure loss can be expressed as:

�Pi,j = r1,i,j(Ṅi,j,0 + �Ṅi)
n1,i,j

+(r2,i,j + r3,i,j)(Ṅi,j,0 + �Ṅi)

= r1,i,j(Ṅ
n1,i,j

i,j,0 + n1,i,jṄ
n1,i,j−1
i,j,0 �Ṅi + · · ·)

+(r2,i,j + r3,i,j)(Ṅi,j,0 + �Ṅi)

if �Ṅi is small compared witḣNi,j,0, all terms of the series
after the second can be dropped. The conservation of energy
principle requires that for every loopi in the flow network

Nbranch∑
j=1

θi,j�Pi,j
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i ause
i
l k
a

�

(

ex-
p nce,
t s of
� ork
a the
b g mo-
l The
i r the
p ached
i as
s

M )

The solution of the stack flow network model provides the
molar flow rate distributions, composition and pressure in the
flow channels. These values are used by the single cell model
to calculateEcell (andηcp) for each cell. Finally, the stack
voltage is obtained byEq. (1).

4. Results and discussion

The input parameters for the fuel cell and stack flow model
are classified as operating and design parameters. The design
parameters are the fuel cell size, stack manifold and flow
channel dimensions and configuration. Operating parame-
ters include the stack current density, temperature, pressure,
stoichiometry and the reactant composition at the stack inlet.
Table 3lists a summary of the operating and relevant design
parameters for various cell and stack components such as the
bipolar plate, electrode backing, catalyst layer and polymer
electrolyte membrane.

Fig. 5 shows the effect of minor losses on the pressure
distributions along the top and bottom manifolds of a U-
configuration PEM fuel cell stack as shown inTable 5(Run
#1 without minor losses and Run #2 with minor losses). The
stack consists of 51 cells and operates at 5000 A m−2. Fig.
5(a) and (b) shows the pressure distributions for the anode
and cathode sides of the stack without considering the mi-
nor losses. The inlet pressures are at the highest and drop

Table 3
Parameters and properties used in the present PEM fuel cell stack simulations

Component Parameter Value

Bipolar plate W 0.12 m
H 0.12 m
l 0.3–4.8 m
dh 5 × 10−4 to 2× 10−3 m
Nc 1–10
Nt 3–40

Electrode backinga ρbulk
e 6 × 10−5 	 m

δe 2.5 × 10−4 m
φe 0.4

Catalyst layera δc 2.0465× 10−5 m
mPt 0.004 kg m2

fPt 0.2
�m 0.9
κs 72700 S m−1

Polymer electrolyte membranea δm 1.64× 10−4 m
KE 7.18× 10−20 m2

Kp 1.8 × 10−18 m2

CH+ 1200 mol m−3

DH+ 4.5 × 10−9 m2 s−2

Stack Ncells 51
Ninlets 1–3
T 353 K
Pout 1 atm
J 1000–10000 A m−2

Sa 1.2
Sc 2.0

a Parameters associated with the single cell model[3].
=
j=1

θi,j(r1,i,jṄ
n1,i,j

i,j,0 + (r2,i,j + r3,i,j)Ṅi,j,0)

+�Ṅi


Nbranch∑

j=1

θi,j(n1,i,jr1,i,jṄ
n1,i,j−1
i,j,0 + (r2,i,j + r3,i,j))




= 0 (i = 1, 2, 3, . . . , Nloop) (21)

n which�Ṅi has been taken out of the summation bec
t is the same for all branchesj = 1, 2, 3 . . . , Nbranch in the
oop i. Eq. (21)is solved for�Ṅi in each loop in the networ
s

Ṅi = −
∑Nbranch

j=1 θi,j(r1,i,jṄ
n1,i,j

i,j,0 + (r2,i,j + r3,i,j)Ṅi,j,0)∑Nbranch
j=1 θi,j(n1,i,jr1,i,jṄ

n1,i,j−1
i,j,0 + (r2,i,j + r3,i,j))

i = 1, 2, 3, . . . , Nloop) (22)

With the initial guesses for the flow distributions, it is
ected to have nonzero molar flow rate corrections. He

he numerical solution proceeds as follows: the value
Ṅ ’s are calculated for all the loops in the flow netw
nd the molar flow rates are modified accordingly. For
ranches shared by two successive loops, the correctin

ar flow rates from both loops must be accounted for.
terations are continued until convergence is reached. Fo
resent study convergence is considered to have been re

f the maximum of�P ’s for all the loops is less than 1 Pa,
hown below:

aximum(|�Pi|, i = 1, 2, 3, . . . , Nloops) ≤ 1 Pa (23
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Fig. 5. Effect of minor losses on the pressure distributions in a U-configuration stack: (a and b) anode and cathode sides’ pressure distributions without the
minor losses, and (c and d) anode and cathode sides’ pressure distributions with the minor losses (Runs #1 and #2:Dh = 0.01 m,dh = 0.002 m,l = 0.3 m,
Nc = 10,Nt = 3 andJ = 5000 A m−2).

gradually along the manifolds as flows are discharged into
the flow channels. Significant pressure drops occur within
the flow channels as reactants pass through the tiny channels.
The unreacted components are then exited into the bottom
manifold, collected channel by channel, and exit the stack
at atmospheric pressure.Fig. 5(c) and (d) shows the effects
of minor losses on the pressure distributions in the anode
and cathode sides. With the minor losses present, larger inlet
pressures are required to drive flows in the stack. Numerical
results indicate that the minor-to-frictional loss ratios are in
the order of 4 for both anode and cathode sides of the stack.
Since the flow and pressure distributions within the stack are
strongly coupled, it is therefore expected that minor losses
play an important role in the stack performance.

Essentially, a large pressure drop in the manifolds may
lead to uneven gas flow distribution in the stack. Uneven flow
distribution causes a low reactant concentration in some of
the cells and degrades the performance of these cells, hence
the overall performance of the stack. On one hand, if the
pressure drop in the flow channels on the bipolar plates is
large, the manifold behaves like a plenum leading to a more

uniform reactant and hence stack voltage distributions. The
large pressure drop, on the other hand, puts extra load on
the air compressor. Therefore, the ratio of the pressure loss
in the flow channels to that of the manifold, herein after de-
noted byα, is a good indication of how the flow is distributed
throughout the stack and how the stack performs in general.
The value ofα is particularly important at the oxidant/cathode
side since the resistance of flow of hydrogen is very low due
to the low flow rate involved and therefore hydrogen pressure
losses are usually insignificant.

Table 4summarizes the pressure data fromFig. 5 and
lists theα values for comparison. As indicated in this table,
without considering minor losses, this ratio is much larger
for the anode side than that of the cathode side. Hence a
more uniform flow distribution is expected to prevail in the
anode side of the stack. However, when the minor losses are
included, the ratio decreases considerably for the anode side
and only a little for the cathode side. As a result, the presence
of minor losses degrades the flow distribution in the anode
side without affecting significantly the flow distribution in
the cathode side. This is illustrated inFig. 6(a) and (b) where

Table 4
Relative magnitudes of the frictional and minor losses in different sections of a U-configuration stack operating at 5000 A m−2

�P (Pa) Manifolds Flow channels Stack

Fr

A 1 1.6
C 2.5
Frictional Minor Total

node 30 591 621
athode 360 1472 1833
ictional Minor Total αf αt

84 846 1030 6.17
939 3735 4674 2.60
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Table 5
Stack performance for a variety of stack configurations operating at 5000 A m−2

Run no. Stack configuration �P (Pa) Pc (W) Estack (V) SE (%)

1a 797 2.6 26.0 4.2

2 4182 13.4 26.1 4.6

3 4188 13.4 26.2 3.1

4 4189 13.5 26.2 2.4

5 4188 13.5 26.2 1.7

6 4186 13.4 26.2 1.2

7 4184 13.4 26.2 1.2

8 4239 13.7 26.2 1.1

9 4231 13.7 26.2 0.4

10 4237 13.7 26.2 0.6

11 4238 13.7 26.2 1.0

12 4234 13.7 26.2 0.5

13 4185 13.4 26.2 2.3

Runs #1 and #2 are identical except that the minor losses are not considered for Run #1 and included in Run #2.
a�Pm = 0.

Fig. 6. Effect of minor losses on the stoichiometry distributions in a U-configuration stack: (a) anode stoichiometry and (b) cathode stoichiometry (Runs #1,
#2:Dh = 0.01 m,dh = 0.002 m,l = 0.3 m,Nc = 10,Nt = 3 andJ = 5000 A m−2).
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Fig. 7. Variations of molar flow rates and concentrations in the top and bottom manifolds of anode and cathode flow networks. (a and c) Variation ofṄH2

andCH2 in the anode side of the stack, and (b and d) variation ofṄO2 andCO2 in the cathode side of the stack, respectively (Runs #1 and #2:Dh = 0.01 m,
dh = 0.002 m,l = 0.3 m,Nc = 10,Nt = 3 andJ = 5000 A m−2).

Fig. 8. Variations of molar flow rates and concentrations in the upstream and downstream flow channels of anode and cathode flow networks. (a and c) Variation
of ṄH2 andCH2 in the anode side of the stack, and (b and d) variation ofṄO2 andCO2 in the cathode side of the stack, respectively (Runs #1 and #2:Dh = 0.01 m,
d −2
h = 0.002 m,l = 0.3 m,Nc = 10,Nt = 3 andJ = 5000 A m ).



G. Karimi et al. / Journal of Power Sources 147 (2005) 162–177 173

cell-to-cell stoichiometry distributions are plotted for anode
and cathode sides, respectively.

Fig. 7 displays the fuel and oxidant molar flow rate and
concentration distributions in the top and bottom manifolds
of the anode and cathode sides of the stack. The effect of
minor losses on the distributions are also included in the fig-
ure. As shown inFig. 7(a) and (b), the H2 and O2 molar flow
rates are maximum at the stack inlet and decrease along the
top manifold as the flow channels are fed with the reactants.
A similar trend is observed in the bottom manifold as unre-
acted components along with the product water are collected
from the flow channels towards the stack outlet. The con-
centration profiles calculated based on the control volumes’
molar volumetric flow rates are shown for H2 and O2 in Fig.
7(c) and (d), respectively. It is evident from these figures that
the effect of minor losses is more significant for the anode
side of the stack as just pointed out earlier.

The effect of minor losses on the fuel and oxidant molar
flow rates and concentration distributions in the upstream and
downstream flow channels are shown inFig. 8. Again, it is
seen that the presence of minor losses has an adverse effect on
the flow distribution in the anode side and minimal influence
on the distributions in the cathode side.

The logarithmic average of reactant concentrations along
with the pressure distributions in the stack flow channels are
used in the single cell model to calculate stack voltage distri-
butions for the U-configuration. Stack temperature is consid-
ered to be constant at 80◦C. Fig. 9shows how the resulting
voltage varies from one cell to another. As indicated in this
plot, the cell voltage is maximum near the stack inlet and
decreases as the distance from the inlet increases. The pres-
ence of the minor losses in the system tends to modify the
voltage distribution and increase the cell-to-cell voltage vari-
ation. The cell-to-cell voltage variation can be quantified by
the voltage spread of the stack defined as

SE = Emax
cell − Emin

cell
1

Ncell

∑Ncell
1 Ecell

× 100% (24)

Fig. 9. Cell-to-cell voltage distributions in the U-configuration stack (Runs
#1 and #2:Dh = 0.01 m, dh = 0.002 m, l = 0.3 m, Nc = 10, Nt = 3 and
J = 5000 A m−2).

Fig. 10. Effect of inlet location on the (a) anode stoichiometry, (b) cathode
stoichiometry, and (c) cell-to-cell voltage distributions (Runs #2 to #7:Dh =
0.01 m,dh = 0.002 m,l = 0.3 m,Nc = 10,Nt = 3 andJ = 5000 A m−2).

whereEmax
cell andEmin

cell are the maximum and minimum cell
voltages, respectively, within the stack. For the present U-
configuration and operating conditions, the voltage spread
is increased by about 10% from 4.2% without considering
system minor losses to 4.6% when minor losses are taken
into account. This figure also shows that a slightly larger
stack voltage (about 0.3%) is achieved when minor losses
are taken into account.

High voltage spread is an indication of stack poor perfor-
mance. In practice, a low voltage spread, uniform cell-to-cell
performance, and low energy loss due to the pressure drops
are desirable in order to maximize stack performance. There-
fore, it is very helpful to examine other stack configurations
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Fig. 11. Variations of (a)̇NH2, (c) CH2 in the top and bottom manifolds of the anode side and (b)ṄO2, and (d)CO2 in the top and bottom manifolds of the
cathode side of a symmetric double inlet stack (Run #9:Dh = 0.01 m,dh = 0.002 m,l = 0.3 m,Nc = 10,Nt = 3 andJ = 5000 A m−2).

to study the effect of inlet and outlet locations, the effect of
number of inlets, and bipolar flow channel design conditions
on the PEM fuel cell stack performance.

With minor losses considered, the stack inlet is moved
from the present location (U-configuration) towards the stack
other end-plate (Z-configuration) and the resulting anode and
cathode side stoichiometries and cell-to-cell voltage distribu-
tions are calculated.Fig. 10(a) and (b) depicts variations in
the anode and cathode stoichiometries as functions of the in-
let location. The resulting voltage distributions are displayed
in Fig. 10(c). It is clear from these figures that all the dis-

tributions are improved by moving the inlet away from the
outlet. When inlet is placed close to, or at the opposite side
of the outlet (e.g. Z-configuration), the PEM fuel cell stack
operates with the minimum voltage spread. This is in agree-
ment with the results recently reported by Baschuk and Li
[4] in the absence of minor losses. Other stack configurations
with variant inlet/outlet topologies were examined and the
numerical results are summarized inTable 5. In this table, in
addition to the stack voltage data, the average pressure drops
for the cathode side of the stack and representative compres-
sor power requirements for the oxidant supply,Pc, are also

F e symm
d

ig. 12. Pressure distributions along the top and bottom manifolds of th

h = 0.002 m,l = 0.3 m,Nc = 10,Nt = 3 andJ = 5000 A m−2).

etric double inlet stack: (a) anode side, and (b) cathode side (Run #9:Dh = 0.01 m,
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Fig. 13. Variations of (a)̇NH2 and (c)CH2 in the upstream and downstream flow channels of the anode side and (b)ṄO2 and (d)CO2 in the upstream and
downstream flow channels of the cathode side of a symmetric double inlet stack (Run #9:Dh = 0.01 m, dh = 0.002 m, l = 0.3 m, Nc = 10, Nt = 3 and
J = 5000 A m−2).

calculated for different configurations. It is evident from this
table that a two-inlet configuration (Run #9) leads to the low-
est voltage spread. Hence this configuration has been chosen
for further investigations.

Fig. 11(a) and (b) depicts variations of fuel and oxidant
molar flow rates in the manifolds of the anode and cathode
sides, respectively. The reactants molar flow rates are de-
creased linearly from the inlets (located in both end-plates)
towards the manifold midpoint indicating even molar distri-
butions in the flow channels. Electrochemical reaction occurs
at the reaction site of each cell, and the unreacted components
and the reaction product are collected from the flow channels
and accumulated as they move towards the stack outlet(s) at
the center of the stack. The corresponding H2 and O2 con-
centration profiles calculated in the control volumes along
the manifolds are displayed inFig. 11(c) and (d).

The pressure variation in the stack plays an important role
in the flow distributions in the flow channels.Fig. 12(a) and
(b) illustrate how the pressure varies along the anode and cath-
ode top and bottom manifolds. Careful examination of pres-
sure data indicates that the flow channel-to-manifold pressure
drop ratios,α, is about 6.2 and 9.2 for the anode and cath-
ode sides, respectively. The largeα values for the symmetric
double-inlet stack configuration (as compared with 1.6 and
2.5 for U-configuration inTable 4) is a good indication of uni-
formity in the flow distribution and verifies the linear drop

in the molar flow rates in the anode and cathode manifolds
as shown inFig. 11(a) and (b). The corresponding fuel and
oxidant molar flow rates and concentration distributions are
shown inFig. 13. As seen in these figures, the symmetric dou-
ble inlet configuration forces the fuel and oxidant molar flow
rates and concentrations to increase in the stack midpoints
as shown inFig. 13(a) and (b). As a result, more uniform
fuel and oxidant concentrations are formed in the stack as
indicated inFig. 13(c) and (d), respectively.

The sizing optimization of the bipolar flow channels for
a given basic geometry is a complex task in which sev-
eral requirements must be balanced. The issue generally
requires more consideration on the cathode side. The op-
timization of channels is not very thoroughly discussed in
the literature. Some general issues, however, can be out-
lined. In the present study, the effects of the manifold and
flow channel design conditions are studied for the two-inlet
stack and bipolar plate configuration illustrated previously in
Fig. 2.

Fig. 14(a) shows the strong effect of manifolds’ hydraulic
diameter on the cathode pressure loss ratio. ForDh ≥ 0.01 m
the ratio (α) increases considerably such that the top mani-
fold behaves like a plenum, and distributes reactants uni-
formly into the flow channels. As a result, cell-to-cell volt-
age distribution becomes more uniform as displayed inFig.
14(b). However, ifD ≤ 0.005 m, the pressure drop in the
h
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Fig. 14. Variation of (a)α, and (b) voltage spread as functions of manifolds
hydraulic diameters in a symmetric double inlet stack (dh = 0.002 m,l =
0.3 m,Nc = 10,Nt = 3 andJ = 5000 A m−2).

top manifold is comparable with (or even less than) that of
flow channels, leading to a larger voltage spread. Numerical
results indicated that enlarging the manifold diameter does
not change significantly the energy requirement of the stack
(e.g. compressor power) hence it can be concluded that a
hydraulic diameter between 0.01 m and 0.02 m is optimum
for which the least voltage spread is achieved at minimum
compressor power requirement.

Numerical results have also provided some guidelines for
bipolar plate design. The effect of number of flow channels
per bipolar plate of the cathode side on the stack perfor-

Table 6
Effect of bipolar design parameters on the performance of a double-inlet
stack operating at 5000 A m−2

Manifolds,
Dh (m)

Bipolar Plate Stack

Nc Nt l (m) dh (m) α SE (%) Estack

(V)
Pc (W)

0.01 10 3 0.30 0.002 9 0.390 26.2 14
0.01 10 4 0.48 0.001 139 0.054 27.2 127
0.01 8 5 0.60 0.001 178 0.047 27.3 147
0.01 6 7 0.72 0.001 242 0.040 27.6 174
0.01 4 10 1.20 0.001 387 0.032 28.0 219
0.01 2 20 2.40 0.001 1488 0.019 30.1 370
0.01 1 40 4.80 0.001 3254 0.011 31.6 447

Fig. 15. Variations of (a) voltage spread, (b) stack voltage and (c) estimated
power requirement for oxidant supply as functions of current density for a
symmetric double inlet stack (Dh = 0.01 m,dh = 0.002 m,l = 0.3 m, and
Nc = 10,Nt = 3).

mance are indicated inTable 6. The flow channel diameter,
dh, length,lc, number of flow channels,Nc and number of
turns,Nt are all related (Fig. 2). If the number of flow chan-
nels is decreased, the flow channel length(s) and the number
of turns must be increased (to cover the same transport area)
both of which augment the minor and frictional losses in the
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bipolar plate. Although the increased pressure loss in the gas
flow channel improves the stack voltage distribution and re-
duces voltage spread and helps to remove water droplets in
the stack, its obvious drawback is that the system efficiency
is reduced because the power consumption of the air supply
is increased as indicated in the table. Numerical results indi-
cate that for small number of flow channels the stack voltage
spread remains close to zero.

The stack performance is also affected by the cell’s cur-
rent density.Fig. 15(a) and (b) shows that the voltage spread
increases and the stack voltage decreases as the current den-
sity is increased. The system pressure drop and the power
requirement increase at higher current densities, since larger
reactant molar flow rates are now fed into the stack. Variation
of the power requirement versus the current density is shown
in Fig. 15(c).

5. Conclusions

The performance of a PEM fuel cell stack consisting of
51 active cells, with various inlet–outlet configurations, was
studied under various design and operating conditions. Mo-
lar flow rate and pressure distributions in the stack manifolds
and gas flow channels are determined using a modified ver-
s harp
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r ngle
c rfor-
m ions
c pres
s ead in
t tant

role in the stack performance. Although a Z-configuration
stack is preferable to U-configuration, simulation results have
revealed that a symmetric double inlet–single outlet topology
provides excellent performance with reasonably low com-
pressor requirement demand and minimum voltage spread.
The stack performance can also be quantified by the bipo-
lar plate-to-manifold pressure loss ratio,α. For α values of
greater than 10, the stack voltage spread of less than 1% can be
achieved. The size and the number of flow channels carved on
the bipolar plate are also very important. Flow channels with
smaller cross-sectional area and longer lengths increase the
compressor power demands considerably without improving
the stack voltage spread appreciably.
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