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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 an
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
Analysis has been carried out for different fuel and oxidant flow configurations and bipolar plate designs. It was found that the minor losses
increase the stack operating pressure and the power requirement for oxidant supply and alter the cell-to-cell voltage variations in the stack. .
symmetric double inlet—single outlet topology provides optimal stack performance with reasonably low compressor power requirement for
the reactant flow and minimum cell-to-cell voltage variations. The stack performance is considerably affected by the size and the number o
flow channels on bipolar plate. Optimal stack performance requires the matching of the stack manifold designs, flow channels on the bipola
plates and the stack operating conditions.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction The output voltage of a single PEM fuel cell is limited,
usually less than 1V. In order to produce a useful voltage
Polymer electrolyte membrane (PEM) fuel cells convert for practical applications, several unit cells are connected in
the chemical energy of hydrogen and oxygen directly and series to form a fuel cell stack. The output voltage depends
efficiently into electrical energy and are widely regarded as on the number of unit cells. Fuel and oxidant flow through
alternative stationary and mobile power source. The main the fuel cells in multiple channels arranged in a complex
characteristics of PEM fuel cells are: they produce water as aflow network. This produces major Cha”enges for fuel cell
byproduct; they have higher efficiency when compared with designers since the flow distribution within a fuel cell stack
heat engines; they operate at low temperatures (Upt€80  could have a significant impact on fuel cell performance and
which allows a fast start-up; they use a solid polymer as the efficiency, and the heat and water management strategies,
electrolyte, which reduces concerns related to construction,which are successful for single PEM fuel cells, are difficult to
transportation, and safety. Before PEM fuel cells can be ijmplement in a stack environment. As a result, the efficiency
successfully commercialized, the production cost must and power output of a PEM fuel cell operating within a stack
be reduced from the current estimate of approximately $ are lower than the performance of a PEM fuel cell operating
200/kW to $ 30/k\/\4:l] independentNZ]_
Over the past few years, a significant amount of research
faxc +1 510 888 6197 has been_ c_zlevoted tothe stud_y of PEM fuel cell stacks and sev-
1 permanent address: Shiraz University, Shiraz, Iran. eral empirical and mathematlca_l models havg b_een developed
E-mail addresses: gkarimi@engmail.uwaterloo.ca (G. Karimi); for the purpose of understanding and predicting PEM fuel
x6li@uwaterloo.ca (X. Li). cell performance. A comprehensive review of the published
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Nomenclature

C molar concentration (mol nv)

Cs wall friction coefficient

dn flow channel hydraulic diameter (m)

D diffusion coefficient (Ms~1)

Dn, manifold hydraulic diameter (m)

E cell or stack voltage (V)

St mass ratio of platinum to carbon support

F Faraday constant (96485 C meé)

H bipolar plate effective height (m)

J cell current density (A m?)

Ke electrokinetic permeability of polymer elec
trolyte membrane ()

Kp hydraulic permeability of polymer electrolyte
membrane ()

l flow channel length (m)

m fraction of catalyst layer void space occupied

by liquid water

L control volume length (m)

mpy platinum mass loading per unit electrode area
(kgm2)

m mass flow rate (kgs')

n exponent used to represent frictional/minor
losses

N number of cells/loops/branches/flow chan-
nels/turns

N molar flow rate (molst)

No initially assumed molar flow rate (mot$)

Ny rate of reactant consumption in the catalyst
layer (mols?)

P pressure (Pa)

P compressor power (W)

r flow resistance coefficient

R universal gas constant (8.314 kJ kmbK 1)

Re Reynolds number

S stoichiometry

Se voltage spread (%)

T stack temperature (K)

% average velocity (msh)

w bipolar plate effective width (m)

Greek letters

o

DI >

ISEES

ratio of pressure loss in the bipolar flow char
nels to that of the manifold

thickness (m)

difference

overpotential (V)

flow direction convention (+1 for clockwise,
—1 for counter clockwise)

conductivity of catalyst layer solid phase
(sm)

viscosity (NsnT?2)
density (kg n3)

o2k resistivity of electrode backing(m)

¢ 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

HT protons

Hy hydrogen

(0] 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[8j4]. 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 reactantsin order to remove the heat produced by the PEM fuel cells
within the stack are examined, methods for the improvement and maintain a constant stack temperature.

of stack performance are described, optimization of stack de- The stack performance, often measured in terms of the
sign is performed, and optimal stack design is obtained. stack voltageFEsiack can be determined by:

Neell Neell

Estack= Z Ecel — Z NMcp 1)
1 1

A diagram of a typical section of a fuel cell stack is yvhereNce” is the total number of_fuel cells ir_1the stadel|
shown inFig. 1 The individual cells, referred to as mem- IS the voltage of each cell, andp is the ohmic loss due to a
brane electrode assemblies (MEA), are composed of a mem-cooling plate, and is d_etermlned by t.reatlng the (_Jhmlc loss for
brane electrolyte sandwiched between two porous electrodestn€ cooling plate similar to the ohmic loss for bipolar plate.
The MEAs produce direct current electricity. Bipolar plates, '€ stack model presented here consists of two parts: the
which are electrically conducting, separate the MEAs as well Single cell model and the stack flow network model. The sin-
as provide a means for delivery of the fuel and oxidant to gle cell model detgrmmes the voltage of each cell in the stack
the catalyst layer at the electrode—membrane interface. The?@sed on the cell inlet pressure, temperature, stoichiometry,
basic unit is repeated to build up a stack. A complete multi- @nd reactant composition in the gas flow channels, as well
cell stack may include cooling plates, which are specially @S the current density and design parameters. The flow con-
designed, and similar to bipolar plates. These plates are geditions around each cell is determined using the stack flow
signed to provide a uniform stack temperature. model.

The fuel and oxidant for each PEM fuel cell are supplied
by the stack manifold, with the anode manifold supplying 2-1- Single cell model
fuel and the cathode manifold supplying oxidant. The major
component of the fuel for a PEM fuel cell is hydrogen, with ~ The voltage of each cell in the stack is determined using
carbon dioxide and carbon monoxide being present if refor- the single cell model developed by Baschuk and Li (2002)
mate fuel is utilized. The oxidant used in a PEM fuel cell [3]. According to this model, the output voltage of a single
is oxygen, with nitrogen being present if air is used as the Cell can be determined as follows:
oxygen supply. The gas flow channels remove the water pro-
duced by the electrochemical reactions within the membrane
electrode assembly and supply the humidity required to avoid where Eyey is the reversible cell voltagey; and ¢ are the
polymer electrolyte membrane from dehydration. In addition overpotentials attributed to the anode and cathode catalyst
to fuel and oxidant, water is circulated through cooling plates layers, respectively. The voltage losses caused by the bipolar

2. Model formulation

cell = Evev — a — |n¢| — anp — 21e — Im (2)
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plate, electrode backing and polymer electrolyte membrane - W
are denoted bypp, ne, andnm, respectively. o ‘
The reversible cell voltage is the cell potential obtained S | * | StackManifolds ——e Dy
+

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 H ALl A
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 \ w

modeling of reaction kinetics and mass transport. Oxygen re- Gas %

duction is modeled with the Butler—Volmer equation in the Flow(g:hewnels 3

cathode catalyst layer, while in the anode catalyst layer the h

adsorption and desorption ofHCO and Q, the electro- Ne=3 N¢ =4

oxidation of the adsorbed hydrogen and carbon monoxide,

and the heterogeneous oxidation gf&hd CO by Q are in- Fig. 2. lllustration of the bipolar plate with serpentine flow channel config-

cluded in the reaction kinetics. The voltage losses attributed Uration with three channels per plate and four U-turns per channel.
to the bipolar plate and electrode backing are the result of

electron migration; the overpotential is calculated by con- |4 hractice, the electrochemical reactions start at the be-
sidering the electrode backing and bipolar plate as electrical 4inning of flow channels immediately after the reactants are
resistances. The overpotential associated with the proton mi-y 4t into contact with the catalyst layer. The reaction rates
gration in the polymer electrolyte membrane is determined 51y 510ng the flow channels as the reactant composition and
py_the Nernst—Planck equation assuming a constant Conduc'pressure change. However, the present network model uses
tivity for the fully hydrated polymer electrolyte membrane. 5 control volume approach to simplify the detailed analysis.

Determination of the reversible cell voltage and overpo- Thg 1o and bottom manifolds are segmented to account for
tentials requires several operating and design parameters. Dege fiow and composition change as they interactwith the flow
sign parameters depend on the manufacture of the PEM fueloyanneis. Each gas flow channel is divided into two sections
celland mclu_de proper_tles, suchas con_ductlvny and po_rosny, or branches of identical lengths. The upstream channel starts
and geometric dimensions. The operating parameters includéqm the top manifold and extends half way through the chan-
current density, temperature, pressure, reactant Compositioryg|s |ength. The downstream channel starts from the channel
and stoichiometry. _ o midpoint to the bottom manifold. The boundary between the

Due to the series connection, the current density in eachy,,5 sections is indicated by the plane A—Afiig. 2. It is
cell vyill be equal. The circulation of cqoling water maintains  5ssumed that the pressure and compositions are uniform in
a uniform temperature for each cell in the stack. However, ¢ach control volume. Mass transfers due to electrochemical
the pressure, reactant composition and stoichiometry canvarye actions are considered to take place at average operating
from cellto cellifthe mass flow rate and pressure distributions conditions determined at the middle of the flow channels.
within the stack are unequal; this variation is analyzed with Thase reaction sites are denoted by the symboifi Fig. 3
the stack flow model described in the next section. 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
2.2. Stack flow model at which manifold branches meet are represented by nodes
. as illustrated irFig. 3

The gross—§ectlgn of a PEM fuel cell stack was.shovyn be-  ith the present multiple inlet stack model, nhumerous
forein Flg..]_ Fig. glllustrates the structure of a typical blpO-. flow configurations can be examined for optimum PEM fuel
lar plate with manifolds and three flow channels arranged in g stack performance. The inlets supply humidified gaseous
serpentine configuration. To model the flow distribution in hydrogen and air (oxygen) to the anode and cathode sides

the stack, the complex fuel and/or oxidant flow paths con- il the outlets remove the reaction product and excess re-
sisting of the stack’s inlet(s), outlet, manifolds and gas flow 5 ants.

channels can be reduced into a graphical flow network as de-

picted inFig. 3. In this diagram, fuel cells are surrounded by

the manifolds and flow channels. The top manifold supplies 2.2.1. Conservation of mass

the reactants to the gas flow channels of the fuel cell stack The inlet hydrogen and oxygen molar flow rates to the
and the gas flow channels exit into the bottom manifold. anode and cathode sides of the stack are determined by
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Fig. 3. Simplified flow network configuration of a PEM fuel cell.
Nstack SaNcellJAcell jstack ScNeellJAcell The exit stream from the anode is assumed to be fully sat-
oF ’ G2 = AF urated with no condensed water. Sinceg il consumed in

the anode reaction sites, the excess water molecules are con-

whereS, andS, are the stack anode and cathode stoichiome- sidered to migrate through the polymer electrolyte membrane
tries, respectively. Total inlet molar flow rates can be calcu- towards the cathode side as a net result of electroosmotic drag
lated by adding the water vapor and nitrogen to the inlet and back diffusion. The molar consumption in the anode can
streams. The maximum amount of water vapor coming into be expressed as:
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 where NgZ is the net water transport from anode to the

requires that total mass flow into and out of each node in the cathode through the electrolyte membrane.
flow network (Fig. 3 must be equal, or In the cathode catalyst layer, the species present are O

N2, and HO. Nitrogen does not react in the cathode cata-

H,O

x7Anod vH
N no ezANr2+Ndrag

(6)

th = Z"'“ (for all nodes) 3) lyst layer and the amount of oxygen consumed and water
in out produced can be calculated with Faraday'’s law:
The fuel and oxidant undergo electrochemical reactions . o JAcell
. ; . 2 — _ 7)
during which reactants are consumed and water is produced.=""r AF
The amount of consumption in the anode and cathode catalyst JA
layers differ, but in general they can be written as: AN = %e" (8)

ANy = > AN (4)

i=species

where the summation is over all the species taking part in
the reaction. For the anode catalyst layer, the species presen

are considered to beJHand HO. Hy is the only species

consumed in the anode catalyst layer. The rate of hydrogen
molar consumption can be calculated using Faraday’s law:

JAcell
—_— 5
oF (5)

whereJ is the current densityAce is the active area of a
PEM fuel cell, andF is the Faraday constant.

ANH2 = —

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
(Eathode catalyst layer becomes:

H,O

NCathOde ANOZ + ANH20+Ndrag

)

As the water content of the cathode side flow channels
increases, the possibility of water molecules being liquefied
there also increases. The amount of liquid water present is
expressed in terms of the thermodynamic property called
quality, and the thermodynamic quality in each segment
of the cathode side is determined based on the reactant
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compositions, local temperature and pressure, and the flowTable 1

properties are modified accordingly. Branch, confluence, and bend head loss correlaf@gjns
AP =k PV GZ 23
2.2.2. Conservation of energy {———=¢2 it T U=29 k- 5
In order to satisfy the conservation of energy, the sum of % _ [10_65 19.76 (E) 1112 (E) }
pressure changes around each of the lopghould be zero: 8 " "
10° [ V2)\? 7000 / V3\?
Novanch e (1) he= g ()
> 6 jAP ;=0 (i=123, ..., Noop (10) APz = kzij/’Zinz =13 ks
= (o2 2100/ Vi\E C 7300 (Va2
whered; ; is a sign convention representing the direction of 3 " Rer (@) T Res (Vz)
flow in the brancli of loopi. 6; ; is considered to be +1 when 3 pV2 7000
fluid flows in clockwise direction ane-1 if the direction is :W APpena= 2k1-3——. k13 = ——
|

reversed. Total pressure drop in brapohloopiis composed
of frictional, A Pt ; ;, and local or minor losseg, P, ; ;, and
can be written in the form of 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
The frictional pressure loss can be expressed by Darcy_gaS flow channels, and the minor losses associated with the

APiyj = APf’i’j%—APm,[’j (11)

Weisbach equation (b) confluence and (c) branching when the flow channels are
) either charged from the top manifold or discharged into the

AP =Crij Lij PiiVi (12) bottom manifold. .
” "' Dnij 2 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 Idelchilf8]. 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

where L; ; and Dy ; ; are the branch (or control volume)
length and hydraulic diametey; ; is the fluid average den-
sity, andV; ; is the average velocity in the branotif the loop
i

The friction coefficient,Ct; ;, is a function of the

Reynolds numbefS]: of turbulent-laminar flow regime change might occur at the
16 Rei_jl Re; j < 2000 manifold-flow channel intersections near the stack inlet(s) at
fij = 14 13) large current densities. The minor loss coefficients associated
0.079Re; ;" Re; j > 4000 ; ;
ij +J with such flow regime changes have not yet been reported.
where the Reynolds number is defined based on the hydraulidience, the formulations given by Jamison and Villemdéfe
diameter: for laminar flow as listed irTable lare used in the present
pi Vi Dhii work. The locations of the minor losses are specified by “
Re; j = —L11 0] (14) in the table. It is seen that both frictional and minor losses
i, j depend on the flow distribution in the stack.

The density and viscosity of the fluid are calculated incorpo-

rating the flow composition and operating conditions using

the equations described in Baschuk and3li A linear rela- 3. Numerical procedure

tionship is used to calculate friction coefficient in the transi-

tion regime where the Reynolds number falls between 2000 Due to the non-linear relationship between the pressure

and 4000. losses and mass flow rates in the stack manifolds and gas flow
Minor losses arise as a result of sudden or gradual changeshannels, the mass flow rate and pressure distributions must

in flow directions leading to the formation of a secondary be calculated using an iterative technique. The flow network

recirculatory fluid motion. Unlike frictional losses, minor solution algorithm devised in this work is based on the Hardy

losses are local and occur in regions where the recircula- Cross methog®]; however, it has been extensively modified

tions take place. The relative magnitude of minor to frictional to account for the variations of pressure and composition and

losses depends primarily on the hydraulic network geometry to include the effect of minor losses. The modified algorithm

and flow conditions. For hydraulic systems with long ducts, requiresthatall the conservation equations be written interms

minor losses may be neglected. In a PEM fuel cell stack, on of total molar flow rates. This approach simplifies tracking

the other hand, the top and bottom manifold branches areof all components in the different parts of the stack.

short, the change in the flow direction is sudden, and the = The numerical solution begins with assigning a temporary

number of turns in the flow channels is large; as a result, mi- flow direction to the flow network. The sum of the molar flow

nor losses may becomwjor and should be included inthe rates from all the inlets (with known compositions) is then



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

N init; where Ninet; and Noyget; are the total molar flow rates
lr1 entering and leaving the stack at that particular location.
e S S— - A negative molar flow rate (in any of the above equations)
£ = indicates that the assumed flow direction in that branch is
% X incorrect and must be reversed.
§> (2 ; The conservation of energy equation must also be satisfied
X = 5 by the assumed molar flow ratdsg. (10)can be expressed
§ 5 14 <1= % in terms of molar flow rates as follows:
g g Npranch Cnyi np
S AP =Y 0lrLijN i 4 (r2ij + 130 )N, 7] =0
o (i=123, ..., Nioop) (18)

G——e——@— - : ,
= 3 where the frictional and minor losses have been expressed in
l the formrN". For every branch; is the coefficient associ-
N outer ated with the frictional loss;; is the coefficient associated

with the branch or confluence loss, andepresents the co-
efficient for the losses in the bends of gas flow channels. The
randn parameters are obtained by rewritiag. (12)and the
divided uniformly among the upstream sections of all the gas correlations listed iTable 1on the molar flow rate basis. For
flow channels. The molar flow rates and compositions in the instancery ; ; can be expressed as:

downstream sections of the flow channels are calculated by

Fig. 4. Schematic illustration for nodal mass conservation.

0.0407L,‘JM,’JRT

subtracting the consumed reactants and adding the produced 7 (laminar)

components. Water transport through the membrane due to Dy iPij

the combined effects of electroosmotic drag and back diffu- "1.:7= \ 1 3560x 1061, 025 p0T5(RT)LTS

sion is also considered (Eg$) and (9). The next step is to D4-7’5P’~j75 - (turbulent)
use the conservation of mole equation and calculate the molar hi,ji.j

flow rates in the top and bottom manifolds based on the prede-
fined directions and the assumed molar flow rates in the flow ] ) )
channelsFig. 4illustrate three nodes in the top, middle (reac- Wherer is the gas constarit.is the stack operating tempera-
tion site), and bottom of a typical flow channel. Application ture and considered to be constant throughout the stagk.

of the conservation of mole equation to these nodes result inféPresents the absolute pressure of the branch. The value of
total molar flow ratesy;, in branches 1 and 4 of thith loop nis equal to 1 for laminar flow and 1.75 for turbulent flow. It

and branch 3 of the ( 1)th loop, respectively, as follows: IS Seen that the value of depends exclusively on the con-
. . ditions of the branch it is calculated for and independent of
0i—1,1Ni—1,1 + Ninlet,i

(19)

—0;_12N;_12

Nii= (15) other branches.
’ 0i.1 Minor losses can be expressed similarly; however, un-
like frictional losses, the minor loss of a branch depends
: 0;_1.2N;i_12+ AN;_1 not only on the flow conditions of the branch but also is
Ni-13= 613 (16) influenced by the conditions of the neighboring branches.
' Therefore, extra care must be taken to include the influence
. . . of neighboring branches in the calculatiomable 2is equiv-
Nig= 0i-1.3Ni-1.3 — i-1.4Ni-1.4 — Noutlet (17) alent toTable 1in which all possible minor losses are pre-
’ 6i.4 sented on molar flow rate basis. As indicated, the power of
Table 2

Branch, confluence, and head loss correlations rewritten in terms of the molar flow rate, otherwise identical with those Eiade/A in

1?2
1$2
i

APoend= 2AP) 3 =

APy o= {10.65

APy1-2= |:10.65 —

V. V2\2| 2u2p1RT 141301 RT |
19.76(—2) +112 (i) A Ny APyg = 2P

Vi V1 wP2p2Dy, 7 P303D Y4

v V2\?| 2u2pRT | 14501 RT
1976 (i) i1z (i) A Ny, APy = 22

" Vi mP202Dy, 7 P3p3Dy3

28uRT .
= N
7 PDy,
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the molar flow rates for all different minor lossesisequaltol  The solution of the stack flow network model provides the

(n2 =1). molar flow rate distributions, composition and pressure in the
Although the initially assumed/calculated molar flowrates flow channels. These values are used by the single cell model

satisfy the conservation of mass, the conservation of energyto calculateEce (andrncp) for each cell. Finally, the stack

may not be satisfied. Hence, the corrected molar flow rates,voltage is obtained biq. (1)

N;.j, can be related to the assumed flow rafés;o, as:

Nij = Nijo+ AN; (20) 4. Results and discussion

whereA N; is the correction. )
For each branch, total pressure loss can be expressed as: The input parameters for the fuel cell and stack flow model
are classified as operating and design parameters. The design

AP = rl,i,j(Ni,j,O + AN;)'ti parameters are the fuel cell size, stack manifold and flow
channel dimensions and configuration. Operating parame-

+r2ij + 730 )(Nijo + ANi) ters include the stack current density, temperature, pressure,

= ‘(Nl’llfi.f +ny; ,N(t;,i,j—lAN_ o) stoichiometry and the reactant composition at the stack inlet.
HIATEO 0 T Table 3lists a summary of the operating and relevant design
+(r2i,j + 13 ;)(Nijo+ AN;) parameters for various cell and stack components such as the

. . . bipolar plate, electrode backing, catalyst layer and polymer
if AN; is small compared withV; ; o, all terms of the series electrolyte membrane.

after the second can be dropped. The conservation of energy  Fig. 5 shows the effect of minor losses on the pressure

principle requires that for every loapn the flow network distributions along the top and bottom manifolds of a U-
Noranch configuration PEM fuel cell stack as shownTiable 5(Run
Z 0 AP : #1 without minor losses and Run #2 with minor losses). The
1, 1, . .
= ! ! stack consists of 51 cells and operates at 5000°A rfig.
5(a) and (b) shows the pressure distributions for the anode
Noranch e . and cathode sides of the stack without considering the mi-
= Y 600N, ;6 + (2 + r3i )i jo) nor losses. The inlet pressures are at the highest and drop
j=1
Npranch 1 Table 3
. nygi— . . . .
+AN; Z ei,j(nl,i,jrl,i,jNi,j’o'/ + (rz,i,j + V3,i,j)) Parameters and properties used in the present PEM fuel cell stack simulations
j=1 Component Parameter ~ Value
=0 ((=123,....N 21 Bipolar plate w 0.12m
( joop) (21) " o12m
in which AN; has been taken out of the summation because ! 0'3_4'84”‘ .
L ) ; dn 5x10%t02x 103m
it is the same for all branchegs= 1,2, 3.. ., Npranchin the Ne 1-10
loopi. EQ. (21)is solved forA N; in each loop in the network N 3-40
as Electrode backiry ok 6x10°Qm
branch . (. . A7Lij o 8 25x 107%m
AN‘ o ijrfmc Gl,J(rl,t,/Ni’jyo + (rZ,z,/ + VS,l,j)Nz,/,O) ¢z 0.4
L snygi—1
S 2ENG; j(naijrai N6+ (2 +r3i5) Catalyst layet 5 2.0465x 10-5m
) mpt 0.004 kg n?
(l = 1, 2, 3, ey N|00p) (22) fot 0.2
, . e . ¢ 0.9
With the initial guesses for the flow dlstrlbutlo_ns, itis ex- ,{:1 72700 S 't
pected to r_lave nonzero molar flow rate corrections. Hence,Polymer electrolyte membrafie o 164%10-*m
the numerical solution proceeds as follows: the values of Ke 718x 10-20m2
AN'’s are calculated for all the loops in the flow network Kp 1.8 x 1078 m?
and the molar flow rates are modified accordingly. For the Ch+ 1200 mol m 32 ,
branches shared by two successive loops, the correcting mo- Dy 45x 107" m"s”
lar flow rates from both loops must be accounted for. The Stack Neels 51
iterations are continued until convergence is reached. For the Ninlets 1-3
present study convergence is considered to have been reached f) ifnf
. . , . out
if the maximum ofA P’s for all the loops is less than 1 Pa, as 7 1000—10000 A m2
shown below: Sa 1.2
Se 2.0

Max'muquPiL i=123,..., N|00P5) <1Pa (23) @ Parameters associated with the single cell m{glel
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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 distributitmes with
minor losses, and (c and d) anode and cathode sides’ pressure distributions with the minor losses (Runs #2aad#Pt m,d, = 0.002m,/ = 0.3m,
Nc¢ = 10, Ny = 3 andJ = 5000 AnT2).

gradually along the manifolds as flows are discharged into uniform reactant and hence stack voltage distributions. The
the flow channels. Significant pressure drops occur within large pressure drop, on the other hand, puts extra load on
the flow channels as reactants pass through the tiny channelsthe air compressor. Therefore, the ratio of the pressure loss
The unreacted components are then exited into the bottomin the flow channels to that of the manifold, herein after de-
manifold, collected channel by channel, and exit the stack noted by, is a good indication of how the flow is distributed
at atmospheric pressuréig. 5c) and (d) shows the effects throughout the stack and how the stack performs in general.
of minor losses on the pressure distributions in the anode The value ofris particularly important at the oxidant/cathode
and cathode sides. With the minor losses present, larger inletside since the resistance of flow of hydrogen is very low due
pressures are required to drive flows in the stack. Numericalto the low flow rate involved and therefore hydrogen pressure
results indicate that the minor-to-frictional loss ratios are in losses are usually insignificant.
the order of 4 for both anode and cathode sides of the stack. Table 4summarizes the pressure data frétig. 5 and
Since the flow and pressure distributions within the stack are lists thea values for comparison. As indicated in this table,
strongly coupled, it is therefore expected that minor losses without considering minor losses, this ratio is much larger
play an important role in the stack performance. for the anode side than that of the cathode side. Hence a
Essentially, a large pressure drop in the manifolds may more uniform flow distribution is expected to prevail in the
lead to uneven gas flow distribution in the stack. Uneven flow anode side of the stack. However, when the minor losses are
distribution causes a low reactant concentration in some of included, the ratio decreases considerably for the anode side
the cells and degrades the performance of these cells, hencand only a little for the cathode side. As a result, the presence
the overall performance of the stack. On one hand, if the of minor losses degrades the flow distribution in the anode
pressure drop in the flow channels on the bipolar plates is side without affecting significantly the flow distribution in
large, the manifold behaves like a plenum leading to a more the cathode side. This is illustratedrig. 6(@) and (b) where

;aell)alftzi\fe magnitudes of the frictional and minor losses in different sections of a U-configuration stack operating at 5600 Am
AP (Pa) Manifolds Flow channels Stack

Frictional Minor Total Frictional Minor Total of at
Anode 30 591 621 184 846 1030 6.17 1.6

Cathode 360 1472 1833 939 3735 4674 2.60 25
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Table 5
Stack performance for a variety of stack configurations operating at 5006FA m

Run no. Stack configuration AP (Pa) P (W) Estack (V) Se (%)
U-Configuration
18 797 26 26.0 4.2
2 4182 134 26.1 4.6
11
3 1::::::iiiiii: I 4188 134 26.2 3.1
21
4 MMMMWM 4189 135 26.2 2.4
31
5 Eﬁﬁﬁﬁﬁﬁﬁﬁﬁﬂﬁmm 4188 135 26.2 1.7
141
6 1|| 4186 134 26.2 1.2
Z-Configuration 51
7 R R 4184 134 26.2 1.2
26
8 A 4239 137 26.2 11
1 51
9 mmmmmmmmmmm 4231 137 26.2 0.4
11 Ja1
10 o 4237 137 26.2 0.6
2 s
11 MEEEEEEEWW 4238 137 26.2 1.0
1 26 51
12 R Wﬂﬂﬂﬁ 4234 137 26.2 0.5
] 51
13 N 4185 134 26.2 23

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

5 5 °
£ E
(=] k=]
= =
[&] o H
S o |
2 7] L
) I
o |
c = L

g 0
< 3

0 10 20 30 40 50

(a) Ncel\ (b) Ncell

Fig. 6. Effect of minor losses on the stoichiometry distributions in a U-configuration stack: (a) anode stoichiometry and (b) cathode stoidRiométty (
#2: D = 0.01m,dy = 0.002m,/ = 0.3m, N = 10, Ny = 3 andJ = 5000 AnT2).
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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 irfig. 7(a) and (b), the Bland @ 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 fopldnd G in Fig.
7(c) and (d), respectively. Itis 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 showrFig. 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 8C. Fig. 9 shows 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- 2 .

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

Eggﬁx— Eeell . 10006 (24)

SE = —
Neell
Ncell Zl Ece”

_ ;AP -0,8 =42 |
0.525| oy e AP >0,8,=46 I

Eceﬂ[\[
o
a
w

N

cell

Fig. 9. Cell-to-cell voltage distributions in the U-configuration stack (Runs
#1 and #2:Dp, = 0.01 m, dp = 0.002m,/ = 0.3m, N; = 10, Ny = 3 and
J =5000AnT?).
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Fig. 10. Effect of inlet location on the (a) anode stoichiometry, (b) cathode
stoichiometry, and (c) cell-to-cell voltage distributions (Runs #2 td3#/=
0.01m,dn = 0.002m,/ = 0.3m, N, = 10, N; = 3 andJ = 5000 AnT2).

where EM&* and EMN 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)VHZ, (€) CH, in the top and bottom manifolds of the anode side andf\(@), and (d)Co, in the top and bottom manifolds of the
cathode side of a symmetric double inlet stack (Run&#9= 0.01m,dn = 0.002m,/ = 0.3m, N¢c = 10, N; = 3 andJ = 5000 AnT2).

to study the effect of inlet and outlet locations, the effect of tributions are improved by moving the inlet away from the
number of inlets, and bipolar flow channel design conditions outlet. When inlet is placed close to, or at the opposite side
on the PEM fuel cell stack performance. of the outlet (e.g. Z-configuration), the PEM fuel cell stack
With minor losses considered, the stack inlet is moved operates with the minimum voltage spread. This is in agree-
from the presentlocation (U-configuration) towards the stack ment with the results recently reported by Baschuk and Li
other end-plate (Z-configuration) and the resulting anode and[4] in the absence of minor losses. Other stack configurations
cathode side stoichiometries and cell-to-cell voltage distribu- with variant inlet/outlet topologies were examined and the
tions are calculatedrig. 10(a) and (b) depicts variations in  numerical results are summarizedTliable 5 In this table, in
the anode and cathode stoichiometries as functions of the in-addition to the stack voltage data, the average pressure drops
let location. The resulting voltage distributions are displayed for the cathode side of the stack and representative compres-
in Fig. 1Q(c). It is clear from these figures that all the dis- sor power requirements for the oxidant sup@y, are also
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Fig. 12. Pressure distributions along the top and bottom manifolds of the symmetric double inlet stack: (a) anode side, and (b) cathode sitie {Rou0#9n,
dnh =0.002m,/ = 0.3m, N; = 10, Ny = 3 andJ = 5000 Ant?).
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calculated for different configurations. It is evident from this in the molar flow rates in the anode and cathode manifolds
table that a two-inlet configuration (Run #9) leads to the low- as shown irFig. 11(a) and (b). The corresponding fuel and
est voltage spread. Hence this configuration has been chosepxidant molar flow rates and concentration distributions are
for further investigations. shown inFig. 13 As seen in these figures, the symmetric dou-
Fig. 11(a) and (b) depicts variations of fuel and oxidant ble inlet configuration forces the fuel and oxidant molar flow
molar flow rates in the manifolds of the anode and cathode rates and concentrations to increase in the stack midpoints
sides, respectively. The reactants molar flow rates are de-as shown inFig. 13a) and (b). As a result, more uniform
creased linearly from the inlets (located in both end-plates) fuel and oxidant concentrations are formed in the stack as
towards the manifold midpoint indicating even molar distri- indicated inFig. 13c) and (d), respectively.
butions in the flow channels. Electrochemical reaction occurs ~ The sizing optimization of the bipolar flow channels for
atthe reaction site of each cell, and the unreacted componentsa given basic geometry is a complex task in which sev-
and the reaction product are collected from the flow channelseral requirements must be balanced. The issue generally
and accumulated as they move towards the stack outlet(s) atequires more consideration on the cathode side. The op-

the center of the stack. The correspondingdtd G con- timization of channels is not very thoroughly discussed in
centration profiles calculated in the control volumes along the literature. Some general issues, however, can be out-
the manifolds are displayed Fig. 11(c) and (d). lined. In the present study, the effects of the manifold and

The pressure variation in the stack plays an important role flow channel design conditions are studied for the two-inlet
in the flow distributions in the flow channelBig. 12a) and stack and bipolar plate configuration illustrated previously in
(b)illustrate how the pressure varies along the anode and cath+ig. 2
ode top and bottom manifolds. Careful examination of pres-  Fig. 14(a) shows the strong effect of manifolds’ hydraulic
sure data indicates that the flow channel-to-manifold pressurediameter on the cathode pressure loss ratioZkpr 0.01 m
drop ratios, is about 6.2 and 9.2 for the anode and cath- the ratio &) increases considerably such that the top mani-
ode sides, respectively. The larg®alues for the symmetric  fold behaves like a plenum, and distributes reactants uni-
double-inlet stack configuration (as compared with 1.6 and formly into the flow channels. As a result, cell-to-cell volt-
2.5for U-configuration ifable 4 is a good indication of uni-  age distribution becomes more uniform as displayefiin
formity in the flow distribution and verifies the linear drop 14(b). However, if D, < 0.005m, the pressure drop in the
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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 €
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 ATR

Manifolds, Bipolar Plate Stack
Dn (M)

Ne Ne I(m) dn (M) « Se (%) Estack Pc (W)

V)

0.01 10 3 0.30 0.002 9 0.390 26.2 14
0.01 10 4 048 0.001 139 0.054 27.2 127
0.01 8 5 0.60 0.001 178 0.047 273 147
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 20 240 0.001 1488 0.019 301 370
0.01 1 40 480 0.001 3254 0.011 316 447
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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), = 0.01 m,dy = 0.002m,/ = 0.3m, and

N¢ =10, Ny = 3).

mance are indicated ifable 6 The flow channel diameter,

dn, length,l., number of flow channelsy. and number of
turns, N; are all relatedKig. 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 gasole in the stack performance. Although a Z-configuration
flow channel improves the stack voltage distribution and re- stack is preferable to U-configuration, simulation results have
duces voltage spread and helps to remove water droplets irrevealed that a symmetric double inlet—single outlet topology
the stack, its obvious drawback is that the system efficiency provides excellent performance with reasonably low com-
is reduced because the power consumption of the air supplypressor requirement demand and minimum voltage spread.
is increased as indicated in the table. Numerical results indi- The stack performance can also be quantified by the bipo-
cate that for small number of flow channels the stack voltage lar plate-to-manifold pressure loss ratin, For « values of
spread remains close to zero. greaterthan 10, the stack voltage spread of less than 1% can be
The stack performance is also affected by the cell's cur- achieved. The size and the number of flow channels carved on
rent densityFig. 15a) and (b) shows that the voltage spread the bipolar plate are also very important. Flow channels with
increases and the stack voltage decreases as the current deemaller cross-sectional area and longer lengths increase the
sity is increased. The system pressure drop and the powercompressor power demands considerably without improving
requirement increase at higher current densities, since largetthe stack voltage spread appreciably.
reactant molar flow rates are now fed into the stack. Variation
of the power requirement versus the current density is shown
in Fig. 15c). Acknowledgments
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