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Abstract

Parallel-channel configurations for gas-distributor plates of planar fuel cells reduce the pressure drop, but give rise to the problem of sever
flow maldistribution wherein some of the channels may be starved of the reactants. This study presents an analysis of the flow distributior
through parallel-channel configurations. One-dimensional models based on mass and momentum balance equations in the inlet and exha
gas headers are developed for Z- and U-type parallel-channel configurations. The resulting coupled ordinary differential equations are solve
analytically to obtain closed-form solutions for the flow distribution in the individual channels and for the pressure drop over the entire
distributor plate. The models have been validated by comparing the results with those obtained from three-dimensional computational fluic
dynamics (CFD) simulations. Application of the models to typical fuel-cell distributor plates shows that severe maldistribution of flow may
arise in certain cases and that this can be avoided by careful choice of the dimensions of the headers and the channels.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction uration, where the flow rate through each channel is signifi-
cantly less, also has the effect of decreasing the pressure drop
A planar architecture for the gas-distribution channels of substantially. There is, however, a possibility that the flow
fuel cells provides an effective approach to achieve high uti- distribution is non-uniform. Some channels may be starved
lization of the electrochemically active area. There are many of the reactants while some others may have them in excess.
flow configurations of the distributor plates for the flow of Since the reactant distribution manifolds of the anode and the
reactants, namely parallel, serpentine, parallel serpentine andtathode sides are hydrodynamically decoupled, severe mald-
interdigitated channels. For small fuel cells, where the pres- istribution of the reactants could occur across the distributor
sure drop is of the order of 0.5—1 a1, serpentine or inter-  plate unless the configurations are properly designed.
digitated channels can be used. For larger fuel cells, however, Intheory, itis possible to have a uniform flow distribution
it is not possible to use these channels as the pressure dro the parallel channels, for example, this can be achieved
would be of the order of a few bars. One way of decreasing the by having a very large header cross-sectional area compared
pressure drop would be to increase the depth of the channelswith that of a channel. Unfortunately, this has the effect
This would increase the hydraulic diameter of the channel of decreasing the active geometrical area of the distributor
and would thereby decrease the pressure drop significantlyplate. Indeed, as shown later in Sect#nit is very difficult
While increasing the depth does not change the utilization of to obtain uniform flow distribution practically in a typical
the electrochemically active area, it would increase the plate fuel-cell distributor plate with a parallel-channel configura-
thickness and therefore make the fuel-cell stack bulkier and tion. Several factors, such as the plate dimensions, the inlet
more expensive to produce. Using a parallel-channel config-and the exhaust header dimensions, channel dimensions,
flow rate and the aspect ratio, influence the flow distribu-
* Corresponding author. tion in a parallel-channel network and the designer must
E-mail addresssjayanti@iitm.ac.in (S. Jayanti). decide how to configure a channel network such that the
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Nomenclature

cross-sectional area of channel
cross-sectional area of header
depth of the channel

depth of header

constant in Eq(29)

constant in Eq(29)

constant in Eq(32)

constant in Eq(32)

turning loss factor at dividing junction of
header

turning loss factor at combining junction o
header

hydraulic-diameter of channel
hydraulic-diameter of header
flow parameter index

flow parameter index

friction factor

overall loss coefficient in channel
channel number

dimensionless quantity in E{L5a)
dimensionless quantity in E¢L5b)
frictional loss factor

length of channel

length of header

constant

constant

relative mass flow rate

number of channels

constant

contant

pressure in the inlet header
pressure in the exhaust header
perimeter of the header

velocity in the inlet header
velocity in the exhaust header
velocity in the channel header
cartesian coordinate

Greek letters

difference operator
absolute viscosity
density

wall shear stress

Superscript
all prime quantities are dimensionless variablg

studies are limited to one or two channels or the assumption
of uniform flow has been made implicitly or explicitly.

Much of the earlier experimental and theoretical work
[5-10]on flow distribution in manifolds has been done for tur-
bulent flow conditions through pipes of circular cross-section
for various industrial applications, such as heat exchangers,
irrigation systems and other chemical-processing streams. By
contrast, the literature on laminar flow through a parallel-
channel manifold is rather limited. Recently, Kim et[4l1]
studied, using computational fluid dynamics (CFD) simu-
lations, the effect of header shape on the flow distribution
under laminar flow conditions in an eight-channel configura-
tion. Boersma and Sammfi,13]devised a computational
model for the prediction of cell-to-cell distribution in solid
oxide fuel-cell stacks. Hirata et dlL4] used a CFD code to
study the pressure losses at dividing and combining junctions
at a T-junction in a molten carbonate fuel-cell stack. Kee et
al. [15] developed a numerical, one-dimensional model for
a Z-type parallel-channel configuration (d€g. 1) in a gas-
distributor plate that was claimed to be also applicable to a
fuel-cell stack. Koh et a[16] presented a resistance concept
based model for the evaluation of the flow distribution among
cells in a fuel-cell stack.

In recent years, a number of new channel configurations
have been studied. Conventional flow fields used in PEM fuel
cells[17,18]are combinations of U-type flow configurations.
Interdigitated flow field§17,18] can be viewed as dividing
and combining flow headers with parallel channels without
forming any manifold. Jung et a]19] have used different
flow fields, such as parallel serpentine, spiral, Z-type and dis-
continuous channels in a three-dimensional PEMFC model,
which has been solved with a CFD code. They showed that Z-
type parallel channels offered the lowest pressure drop com-
pared with the other three flow configurations but that the flow
distribution in Z-type parallel channels was non-uniform. Hu
et al.[18] showed that, for PEMFCs cells at low current den-
sity, both conventional and interdigitated flow fields was per-
formed well, but that the pressure drop in interdigitated flow
field was significantly higher than that in a conventional flow
type.
ypThe present study is motivated by the need to have a
simple, ready-to-use hydrodynamic model for the calcu-
lation of flow rate and pressure drop in a parallel-channel
configuration on a gas-distributor plate. Given the small
size of these channels, experimental studies are difficult.
In view of this, a model based on an adaptation of the
analysis of Bassiouny and Martjf,10] has been developed
for Z- and U-type configurations of parallel channels on a
gas-distributor plate. The unique feature of this model is
that an analytical solution is possible with the result that
explicit, closed-form expressions can be obtained to predict
the relevant features. The accuracy of the model has been

appropriate flow rates and flow uniformity can be maintained validated by comparison with the numerical results of Kee
across the surfaces of the membrane-electrode assemblt al-[15] and with results obtained from CFD simulations
(MEA). This possibility has been neglected in the models for selected cases. Details of the model and its application

of proton-exchange membrane (PEM) fuel c§ls4]; here,

to typical fuel-cell situations are described below.
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Fig. 1. Schematic diagram of (a) Z-type and (b) U-type parallel-channel flow configurations.
2. Problem formulation mass balance:

Two types of parallel-channel configurations are consid- pAnV1 = pAn (Vl + % ~ AM) + pAcVe ()
ered, namely the Z-type and the U-type. These are shown !
schematically irFig. 1(a and b), respectively. Each configu- WwhereA, andA; are the cross-sectional areas of the header
ration has an inlet header (also called a dividing header) andand the channel, respectively; the velocity at the inlet
an exhaust header (also called a combining header) to which &0 the control volume and/; is the velocity in the side
number of parallel channels of identical dimensions, namely channel. SettingAx=N/L;, where N is the number of
width, depth and length, are connected. In a Z-type configura- parallel channels anid; is the length of the inlet header, Eq.
tion, the inlet to the assembly is near the first channel and the(1) can be simplified as:

outletis near the last channel. In a U-type configuration, both N
. 1
the inlet and the outlet of the assembly are connected nearAh—— = —L—VcAc 2
the first channel. Other configurations are obviously possible, ! !
but attention here is restricted to these two. The momentum balance equation for the control volume in
The objective of the study is to predict, for agiven flowrate Fig. &) can be written as
to the inlet header, the flow rate through each of the parallel dP,
channels and the overall pressure drop between the inlet andP1An — <P1 + T AX1) An — twhPh Axy
1

the outlet of the assembly. To this end, one-dimensional mass

and the momentum balance equations are written for the inlet

and the exhaust headers and the channel flow-rate equations ™= pAh(
are derived. The approach is similar to that of Bassiouny and ) )
Martin [9,10] for turbulent flow through Z- and U-type man- Here_Pl is the pressure at inlet to the CRg the pressure at
ifolds. The major difference is that some of the assumptions the side channet,, the wall shear stres¥|c the component
made by these authors are not applicable for laminar flow, Of the velocity at the channel entrance in the inlet header
Therefore, a new set of assumptions is made to derive thedirection andP, = 2(Wh + by) is the perimeter of the header.

. | | A .. _ 2 . . .
corresponding expressions. The details are discussed belowV"iting 7w = (fpV1)/2, wheref is the friction factor for the
wall shear stress and simplifying, the momentum balance

equation becomes:

dvi 2
Vi + E . Axl) — pAhV12 +pAcVeVie  (3)

2.1. Z-type configuration d 5

—(oVVq) = ——= M1
The mass balances and momentum balances on thed*1 (oava) dxg 24n AnL1

control volume (CV) may be written differential equation Bassiouny and Martif9,10] neglected the frictional term

form as derived by Bassiouny and Mar{#10]. Consider compared with the inertial term (last term) in the above

a section of lengtix in the inlet header that encompasses equation in their treatment of turbulent flow. In the present

the side channel through which part of the fluid enters from case of laminar flow, we retain the frictional term and

the left (Fig. 1). If V(x), P(x) are the velocity and pressure at neglect the inertial term to write the inlet header momentum

locationx and if V¢ is the average velocity through the side equation as:

channel, then, following Bassiouny and Mar{i10], the 5

continuity and momentum balance equations for this control i(plel) _ _% _ PnfoVi (5)

volume can be written as follows: dxy dx1 2Ah

VeVic (4)
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Fig. 2. Control volume in (a) inlet header and (b) exhaust header.

\___

A similar analysis can be undertaken for the exhaust header.number and the high length to diameter ratio of the channel
Considering a suitable control volume located in the outlet (Lo/D¢>100). Eq.(8) then reduces to
header (seEig. 2(b)), the mass and momentum balance equa-

tions can be written, using similar simplifications, as follows: Ve = APp ( D¢ ) (12)
2iuLc(Re f)c
e mass balance: ) )
Assuming that the inlet and exhaust header lengths are of
Ah% — ﬁVcAc (6) same I(_angth L§1:L2:Lh) and subs.t?tuting this and non-
deo L2 dimensionalizing the lengths, velocities and pressures as:
e momentum balance: Vv P
x/:i’ V/:—" ' 20 (13)
d (PVaV) dP,  PnfoVZ @ Ln Vin pv
—(pPWV)=———
dx2 dxz 2An gives rise to the following coupled set of ordinary differential

Now, the flow rate through the channel is governed by the equations for the two velocities and the two pressures:

pressure difference between the inlet and the outlet of the gy,

channel, which is roughly the same as that between the inlet =—K1AP, (14a)
and the outlet headers at that channel. The velocity in the
channely,, is thus related to the pressure difference between dV;, K AP 14b
the inlet and the outlet headeR, — P», as according to: d TR1A (14b)
Pi— P> = APip= HipV? 8 dv; dp;
1— P2 12 20V¢ (8) 2v; o 14 e 1 Kkv=0 (14c)
whereH is overall loss coefficient in the channel given by: dv;
2vy—-2 K2V, =0 14d
H = Cu + Ci2 + Kiiic 9) 2 dy T dx’ Pt 272 ( )

whereCy; andCy, are the turning loss factors for dividing and whereK; andK; are given by
combining flow at the junctions (which are given empirically

. 2

by Blevins[20], among others) anidyic is the frictional loss K = <NhA°'OV'”> D¢ (15a)

coefficient, which for a straight pipe can be written as: An (Re f)e2Lcu

4fL _( Pap(Re f)nLn

Ktic = If)cc (20) K2 = < 2AnDnpVin ) (15b)

Here L is the channel lengthD its hydraulic diameter 2.2, U-type configuration

De = 2(‘;‘, C”g , where W, and b are the width and the

depth of the channel respectively, drid the friction factor The analysis for the U-type configuration (Jeig. 1(b))

given, for example, by the empirical correlation of Kays and s similar to that for the Z-type counterpart. The control vol-

Crawford[21]: umes in the inlet and exhaust headers remain the same as in
34 Fig. 2 The mass and momentum balance equations for these

Re f = 1384+ 10.38 exp(—') (11) control volumes, neglecting the inertial terms, can be written

4 as follows:

wherea is the channel aspect rateo=Wc/be. For typical e mass balance for the inlet header:

parallel-channel configurations, the dividing and the com-

bining loss coefficients can be neglected in comparison with 4 % _ —ﬂVcAC (16)

the straight pipe friction losses because of the low Reynolds dxy L1
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e momentum balance for the inlet header:

d dPy  PhfoV?
— (pV1Vi) = ——— — 17
dm(p 1V1) o 24, (17)
e mass balance for the exhaust header:
dv, N
Ap—=——V:A 18
hdxz L, c/Ac ( )
¢ momentum balance for the exhaust header:
d dP;  PnfpV3
—(oVoVo) = ——% 19
PV =g+ (19)

Using Eqg.(14a)to eliminate AP, the following second-
order ordinary differential equation for the Z-type configura-
tion can be obtained:

d?v; dv; .

o2 — 2K1W —2K1KoV) + K1K> =0
For the U-type configuration, the manifold continuity equa-
tion is given by:

(23)

vi= v (24)

and this leads to the following second-order equation for this
configuration:

Comparing these with the corresponding ones for the Z-type 42y,

configuration, itis found that the balance equations for the in-

1 _2K1KV; =0

/2 (25)

let header remain the same while those for the exhaust heade I _
are modified to take account of the fact that the flow rate for The flow distribution through the Z- and the U-type manifolds

a U-type configuration, decreases with increashairection
in the exhaust header.

is governed, respectively, by Eq®23) and (25). These are
second-order equations for which the boundary conditions

Rearranging and non-dimensionalizing as before, yields can be written as follows:

the following set of dimensionless equations for the U-type

configuration:

dv;

dx} =—-K1AP}, (20a)

dv,

dx,z = —K1 AP, (20b)
,dvy dpj ,

2Vigs + g +KeVi=0 (20c)
dv, dp

2V, dx/z + 4o — Koz =0 (20d)

whereK; andK; are defined as in E¢15).
It is noted that Kee et a[15] obtained the same set of
relations as given in Eq14) for the Z-type configuration;

the U-type configuration was not considered. The authors
sought a numerical solution for these equations. We show

here that an analytical solution is indeed possible.

3. Analytical solution and validation

atinletto the inletheadeti.e., atx’ =0, V; = 1; (26a)

atthe dead-end of the inlet headee., atx’ = 1, V] = 0.
(26b)

3.1. Solution for Z-type configuration
The general solution for a velocity distribution equation
is:
Vi(x") = complementary function (CF)
+particular integral (PI) (27a)

For the Z-type configuration (E¢23)), the components can
be written as

, , , , = K1 +,/K? +2K1K>,
An analytical solution for the governing equations of the " Lt e

Z- and U-type configurations is possible with further manip-

ulation Eqs(14) and(20), respectively. Noting that the sum

CF = C1 expgnx’) + C2 expax’) (27b)
K1K»>
2K1K> ( )
wherem andn are functions oK1 andKs:
n=Ki—/K?+2K1K> (27d)

of the inlet and the exhaust header velocity at any given sec-The constant<; and C, have to be determined from the
tion in the manifold is equal to average Velocity at the inlet boundary Conditions; Substituting these in Wb)gives:

boundary yields:

Vi+ V=1 (21)

Subtracting Eq(14d) from Eg. (14c) and using Eq(21) to
eliminate one of the velocities, gives:
dv; d(AP,)

2 A1
dx’ dx’

+ K22V —1)=0 (22)

_ 0.5(1+ expp)) _ 0.5(1+ exp(n))

" exp) — expln)’ 2™ expn) — expl)

Once the velocity in the inlet header is known, the velocity in
the outlet header can be obtained from the manifold continu-
ity equation, i.e., Eq(22). The pressure drop in the channel
can be obtained from E¢L4a) Thus the pressure variation in
the inlet and the outlet headers can be determined. In terms of

1 (28)
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dimensionless quantities, these can be written for the Z-type Substitution of boundary conditions yields the value£ef

configuration, as follows:

e relative mass flow rate through the channel(m; =
VEAn/ Ag):

. — _ Cim expnx’) + Con exp@x’)

c= N (29a)
e channel pressure drop:
— / /
AP, = (C1m expmx’) + Con exppx’)) (29b)

K,
e pressure variation in inlet header:
P = Pin— | Ghtexp(an) - 1)+ lexplan) - 1)
KiC1+C
+ACCoexp(ln + my) — 1)+ FIELEC)

x (expenx’) — 1) + —(chz: Con)

x (exppx’) — 1) + 0.5K2x/} (29¢)
wherePy; is the pressure at the manifold inlet.
e pressure variation in outlet header:
Py=P]— AP, (29d)
e pressure drop in manifold:
AP{ = P1(0)— P5(1)
AP = C3(exp(2n) — 1) + C3(exp(2) — 1)
KiC1+C
+ 4C1Co(expn +n) — 1)+ %ﬂn
Ko>Co + Con
x (expen) — 1)+ —— ——(exp@) — 1)
C C
+ 05K, + 2" eXpQ"); 21 &XP1) (59
1

3.2. Solution for U-type configuration

The complementary function and the particular integral
for this case, i.e., Eq25) and boundary conditions given by
Eqg.(26)are

CF = C3 expn'x’) + C4 expf’x’) (30a)
Pl=0 (30b)
where

m = —n' =/2K1K>

(30c)

andCy as:

_ —expp)
exp() — exp)’

el
exp() — exp()
(31)

C3

The variation of the flow rate in the channels and the pres-
sure variations in the headers can now be found. In terms of
dimensionless quantities, these can be written for the U-type
configuration, as follows:

e relative mass flow rate through the channel,(m, =
VIAL/AL):

,  Cam" exp'x’) + Can’ expl'x’)
L=—
N
e channel pressure drop:

(32a)

—(Cam’ expn’x’) + Can’ exp@’x’))

AP, =
12 Kl

(32b)
e pressure variation in the inlet header:
P| = Pjjn — {Cg(exp(Zn’x’) — 1)+ C3(exp(&/x’) — 1)

+2C3Ca(exp(fn’ +n')x') — 1)

+K;/C3 (expn’x’) — 1)+ Ki/C“ (exp@'x’) — 1)}
(32¢)

wherePsjj is the pressure at the manifold inlet.
e pressure variation in exhaust header:

Py =P, — AP, (32d)
e pressure drop in manifold:

AP{ = P1(0) — P5(0) = AP3,(0)

AP = _%Jrlam’ (32e)

3.3. Flow distribution maps

The flow distribution among the parallel channels can
now be examined with the help of Eq29a)and(32a)for
Z- and U-type configurations, respectively. Examination of
these equations shows that the relative flow-rate distribution
among the channels is influenced by the param&terand
Ko. Kee et al[15] generated a flow distribution “map” based
on the numerical solution of Eq14) for the Z-type con-
figuration. Similar maps obtained from the present analytical
solution for the Z- and the U-types of configuration are shown
in Fig. 3. Here, contours of the parameter are defined as
mé:,max - m/c,min

(33)

/
me max
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1.0E+09 uniform distribution with the U-type configuration at lower
1.0E+07 values ofK; at a giverKj.
1.0E+05 The flow rate distribution for a 20-channel case is shown
' 1.0E+03 in Fig. 4 for the Z- and the U-type configurations for four
1.0E+01 different combinations oK; andK;. The results show that
1 0E-01 for some combinations df; andK; (e.g.,Fig. 4a)), both
configurations are equally good; for some other combination
1'°E'?ZE_;);“"" . 0504 10E02 ) 0E+00 | ';"E+02 (e.g.,Fig. 4b)), the Z-type is patently better; for certain other
(a) ’ ’ ' K, ’ ' combinations (e.d5ig. 4(c)), the U-type is better and finally,
for some other combinations &f; andKs (e.g.,Fig. 4(d)),
1.00E+09 both configurations are equally bad as far as flow uniformity is
1.00E+07L concerned. The pressure distributions in the inlet and exhaust
headers for these arrangements are showkign5. These
1.00E+05 . .
show that the pressure may remain practically unchanged,
o 1O0E+03; decrease or increase along the length of the header. If the
1.00E+01} pressure difference across the headers is constant, a nearly
1.00E-01L uniform flow results; otherwise (e.dg=ig. 5d)) severe non-
1.00E-03 , e uniformity of flow may occur.
1.00E-06 1.00E-04 1.00E-02 1.00E+00 1.00E+02 In addition to the flow distribution paramet&t which
(b) K, is based on the maximum and minimum values of the flow

rates, the root mean square (rms) value of the deviation from

Fig. 3. Flow distribution contour maps for (a) Z-type and (b) U-type con- the mean flow rater», defined as:
figurations.

n N
> (e~ mg)
/ / : P i=1
wheremc,m_ax andmg, ;) are the maximum and minimum g, — — (34)
flow rates in a set of parallel channels and are plotted as a Nmy

fun dctllon gf,Kdl. and KZH The valu? ofFy vgfrles _beW:e;}a n f? also characterizes the relative flow split. The two parameters,
g_n _bar_1 n |cates:1 © extlenﬂt?o_ gonhunrll ormltlya the hOW F1 andF;, are listed inTable 1for various cases including
Istribution among channels.f, =0, all channels have the 0 ¢ giscussed above. Both the parameters can be used

same flow rate, whilé, =1 indicates that one (or more) of . to define acceptable levels of flow uniformity for practical
the channels have zero flow rate. The lowermost contour 'Sapplications

for F1=0.1 and the uppermost is fér; =0.9; others vary
for F1 between 0.1 and 0.9 with an increment of 0.1. The
region inFig. 3 to the left of and below the contours in-
dicates nearly uniform distribution, while the region to the
right of and above the lines shows poor distribution. The data
in Fig. 3(a) are identical to those produced by Kee efk8]
from their numerical solution of the same set of relation-
ship as Eq(14). Comparing the flow maps for the Z- and the e By comparison of the results of the Z-type configuration
U-type configurations, it is found that although there are sim-  with the numerical solution of Kee et 4l5] who solved
ilarities, they are not identical and that it is possible to have the same set of equations. The flow pattern map for

3.4. Validation

The accuracy of the present solution, which exhibits the
complicated parametric dependence showhigs. 4 and 5
is verified in two independent ways, as follows:

Table 1
Effect of K1 andK; on flow distribution
K1 K2 Z-type U-type

F1 F> AP F1 F2 AP
1.0E-04 1.0E-02 3.6E- 05 5.8E- 05 1.0E+04 3.6E- 05 2.8E-07 1.0E+04
1.0E-04 1.0E+01 3.6E- 05 1.0E- 04 1.0E+04 3.6E- 05 2.8E—04 1.0E+04
1.0E-04 1.0E+02 3.6E- 05 7.7E-04 1.0E+04 7.5E- 03 2.5E-03 1.0E+04
1.0E-02 1.0E-02 1.9E-02 5.8E—03 6.8E+01 8.0E- 05 2.8E—05 1.0E+02
1.0E-02 1.0E+01 3.9E- 02 1.0E-02 1.1E+02 8.5E- 02 2.8E-02 1.1E+02
1.0E-02 1.0E+02 2.1E-01 7.3E—02 1.7E+02 5.1E-01 2.4E-01 1.6E+02
1.0E+00 1.0E- 02 8.5E-01 5.9e-01 3.5E-02 7.4E- 03 2.8E-03 1.0E+00
1.0E+00 1.0E+01 7.9E01 6.3E—01 7.4E+00 9.7E-01 9.9E-01 4.5E+00

1.0E+00 1.0E+02 1.0E+00 1.8E+00 5.7E+01 1.0E+00 1.7E+00 1.4E+01
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Fig. 4. Relative mass flow rate distribution for 20 channels at diffeergndK> values.

this configuration obtained from the present analytical
solution (Eq.(28) andFig. 3(a)) is identical to that given
by Kee et al[15]. Since both solve the same equations,
this shows that the analytical solution for the Z-type
configuration is correct.

e Asecond and more reliable source of confirmation of accu-
racy comes from three-dimensional CFD simulations car-
ried out for specific cases as part of the present study. Here,
laminar flow through 10- and 20-parallel channels in Z-
and U-type configurations has been simulated for different
Reynolds numbers using the commercial CFD code CFX

developed by AEA Technology, UK. CFX has been previ-
ously been used by the present autlib}$o study pressure
losses in serpentine channels and the same methodology of
calculation is used in the present case for parallel channels
of configurations shown ifrig. 1. A comparison of the
dimensionless (relative) mass flow rate obtained from the
analytical and the CFD solutions for both flow configu-
rations at a header Reynolds number of 650 is given in
Fig. 6. There is good agreement between the analytical and
the CFD solutions. The effect of Reynolds number on the
relative flow distribution is shown iRig. 7for the Z- and U-
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type configurations. Both the CFD and the analytical solu-
tions are in good agreement and further indicate thReas
increases, the flow becomes non-uniform. By contrast, the
relative flow distribution is independent of the Reynolds
number for a U-type configuration; this fact is borne out
well by both CFD and analytical solutions. Finally, the
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predicted pressure drop across the manifold by the CFD
and the analytical solutions for a Z-type configuration are
compared irFig. 8as a function of Reynolds number. This
again shows excellent agreement. Given that no approx-
imations are made in the momentum balance equations in
the CFD solution, this good agreement shows that neglect-
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Fig. 5. Dimensionless pressure variation along dimensionless header length at di€feasatK, values.
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Fig. 6. Comparison of relative mass flow rate distribution obtained from analytical and CFD solutions for 20 channels in (a) Z-type and (b) U-type flow
configurations.
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Fig. 8. Comparison of manifold pressure drop obtained from analytical and
CFD solution for 20 channels in Z-type flow configuration. i W,

ing the inertial term in the momentum balance equations is N
justified.

3.5. Algorithm for flow distribution calculation

The above comparisons with numerical and CFD solutions
show that the present analytical approach is accurate. The
steps leading to the calculation of the flow distribution and
pressure drop in the manifold are summarized here in the | ARERARERARERERARE
form of an algorithm. i

We denote (sekig. 9) the width and the length of the polar
plate byW, andLy, respectively. The termélk, Lc, Wh, Ln Fig. 9. Representation of dimensions in Z-type parallel-channel configura-
are the width and the length of the channel, and the width andtion.
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length of the header, respectively. The active area of the plateStep 7. Calculate the flow uniformity indiceB; and F»
is thusLp(Lc + 2Wh). The termsb, andbg, the depth of the  using Egs.(33) and (34) and the pressure drop across the
header and depth of the channel, are not show#ign9. The manifold using Eqs(29e)and(32e) If the flow uniformity

rib width between the two channels is denoted/s The indices and the pressure drop across the manifold are not
number of channeld\) to be hewn out of the plate is given satisfactory, go back t8tep land try with different values
by: for W;, etc.
L W,
L= NWe+ (N — )W, or N = -2t W (35)
We + Wr 4. Application to fuel-cell stacks
With this nomenclature, the algorithm can be written as fol-
lows: We now consider the above results for a typical fuel-cell

application. We start by rewriting the important flow distribu-

Step 1. For a given active area and for a given parallel tion parameter&; andKy in terms of dimensionless groups

configuration (Z-type or U-type), fixVy, W, and W, Ly, as:
NA VinD
Dy, andD. and evaluatéy,, Ac, N andLe. K1 = KiiK1oK13K1a — < c) (p in c)
An M
Step 2. Calculate the product of Reynolds number and fric- D¢ 1
tion factor for the headeRe ), and the channeRe ). as a x (2_) ( ) (36)
. . . . Lc (Re f)c
function of their aspect ratios using H41). o1
2 h
K = K21K22K 23 = <D v > <7> (Re f)n (37)
Step 3. From the volumetric flow rate and the header di- h/fVin h
mensions, calculate,, the velocity at the header inlet. K1 has dimensionless groups such as ratio of the total cross-
sectional area of the channels to that of the header, channel
Step 4. CalculateK; andK by Egs.(15a)and(15b) Reynolds number based inlet velocity at the header, channel

length to diameter ratio, a constafRRgjc. For typical fuel-

cell sizes, the area ratid{/An) will be not be less than 0.25,
and so the groufy; is of the order of 10. The grouki2
(which is Re: based on inlet velocity) will be of the order

of 100.K;3 will be of the order of about 0.01 ari 4 will

be around 0.05. Thus, for typical fuel-cell applicatioks s

of the order of 0.5. SimilarlyK, has dimensionless groups,
Step 6. Fix the number of points along the headers as the sych as header Reynolds number, based on inlet velocity at
number of ChannGIN, calculate the flow rate distribution and the inlet header' header |ength to diameter ratioy a constant
pressure variation in the headers using Eg8a) (29c)and (Re . For typical fuel-cell applicationg,1, K2 andKas
(29d)for Z-type and Eqs(32a) (32c)and(32d)for U-type, will be of the order of 0.001, 100 and 20, respectively. Thus,

Step 5. Calculate the set of constar{ts), n, C1, Cy} or (m,
n’, Cs, C4) as appropriate using Eq&7c) and(28) for Z-
type and Eqs(30c)and(31) for the U-type configurations,
respectively.

respectively. K2 will be typically of the order of 2. Indeed, calculations
Table 2
Effect of header/channel dimensions on flow distribution and pressure drop
Header dimensions; Channel dimensions; K1 Kz Z-type U-type
width x depth (mm) width x depth (mm)

F1 F2 AP F1 F2 APga
4x0.72 2x 0.72 3.06 4.10 0.92 0.138 759.16 0.98 0.173 410.84
4x0.72 1.5x 0.72 2.74 4.09 0.91 0.113 781.57 0.97 0.155 468.17
4x0.72 1x 0.72 2.18 4.07 0.88 0.081 806.26 0.97 0.122 485.49
4x15 2% 0.72 0.70 2.30 0.62 0.053 183.76 0.66 0.060 169.25
4x1.5 1.5x 0.72 0.63 2.29 0.59 0.043 192.95 0.64 0.048 180.62
4x15 1x0.72 0.50 2.28 0.53 0.029 216.53 0.57 0.032 209.06
8x0.72 2x 0.72 0.76 7.72 0.74 0.066 396.70 0.93 0.140 282.51
8x0.72 1.5x0.72 0.69 7.70 0.71 0.053 405.56 0.92 0.115 298.20
8x0.72 1x 0.72 0.54 7.67 0.65 0.037 429.41 0.89 0.082 335.12
8x 15 2% 0.72 0.18 3.96 0.27 0.015 119.00 0.42 0.030 116.89
8x 15 1.5x 0.72 0.16 3.94 0.27 0.013 128.31 0.40 0.023 125.71
8x 15 1x0.72 0.13 3.93 0.22 0.009 151.66 0.34 0.016 150.65
8x 15 2x 0.72 0.08 5.69 0.17 0.009 106.05 0.31 0.020 104.96
8x 15 1.5x 0.72 0.07 5.67 0.16 0.007 115.50 0.29 0.016 114.74

8x 15 1x0.72 0.06 5.65 0.10 0.004 138.98 0.25 0.010 138.53
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Fig. 10. Effect of Reynolds number on flow distribution of in (a) Z-type and (b) U-type flow configurations.

over a range of the parametric values (3able 2 indicate data inTable 2 it is clear that for the header dimension of
that 0.05<K; <5 and 1<K, <10. Examination of the flow 12 mmwidth and 1.5 mm depth, the flow distribution is nearly
distribution maps Kig. 3) shows that, in this range df; uniform. This shows that to have uniform flow distribution, it
andKo, significant variations in the performance parameters is necessary to have very large header dimensions compared
are possible. We use the above calculation methodology as awith channel dimensions. If the header dimension is in-
basis to investigate what scope for optimization exists for a creased, the land area (i.e., non-active area for the flow) will
typical fuel cell. decrease near the header and this may increase the resistance
To this end, flow distribution and pressure drop calcu- in collecting the current as the bipolar plates also act also
lations have been done for a range of channel dimensions,as current-collectors. The dimensions of the header and the
header dimensions and flow rates for a fuel-cell distributor channels and also the land area for the current-collectors can
plate with an active area of 300 én150 mmx 200 mm). be optimized.
The reference case is that of a parallel-channel configuration It is observed for all the Z-type flow configurations illus-
with a header width of 4 mm and depth of 0.72 mm, a channel trated above, a minimum exists in the flow distributions. The
width of 2 mm, depth of 0.72mm and a rib width of 2mm minimum flow rate was found to be almost in the central
between channels. Variations of these geometric dimensionschannel (e.g., 38—75 channels). By contrast, the U-type con-
which are within the scope of a designer, are considered forfiguration always shows a monotonic variation in the flow
both Z- and U-type configurations and the results are dis- rate. These results can be confirmed analytically.
cussed below.

4.2. Effect of flow rate on flow distribution
4.1. Effect of header/channel aspect ratio on flow
distribution Flow distribution calculations were undertaken for a wide
range of mass flow rates that are typically used in fuel-cell

The effect of changing the dimensions of the header (width stacks. The calculations are based on a header width of 8 mm
and depth), channel (width depth) and rib width, which  and depth of 1.5 mm, a channel width of 1 mm, a depth of
will have an effect on flow distribution and pressure drop is 0.72mm and a rib width of 1 mm. Flow distribution curves
shown inTable 2 where the flow uniformity indices;1 and are plotted against the number of channels for various flow
F2, corresponding to each case are listed. It is to be recalledrates inFig. 1Q It is seen that the non-uniformity in the flow
that the lower the values &f; andF», the better is the flow  distribution increases with increase in flow distribution for
distribution through the parallel channels. The header width the Z-type flow configuration. It is found that, in this con-
was varied from 4 to 12mm, depth from 0.72 to 1.5mm, figuration, the last channel always receives the highest mass
channel width from 2 to 1 mm, rib width from 2 to 1mm. flow. The minimum flow rate channel lies near the centre, but
For all the combination of header and channel dimensions, it shifts towards the first channel as the Reynolds member in-
the mass flow rate was kept constant at <08 °kg~!s. creases. With the U-type configuration, the flow distribution
By keeping the header dimensions constant, by decreasings independent of flow rate and there is a monotonic varia-
the channel width and also rib width, the number of parallel tion in the flow rate from the first to the last for all the flow
channels will increase from 38 to 75 approximately. One rates. It is noted that the U-type configuration gives better
would expect a decrease in pressure drop as the number operformance than the Z-type at high flow rates. The values
channels increases but in this case the channel hydraulicof F1 andF2 and the pressure drop are tabulatedaile 2
diameter decreases as the number of channels increases dor all flow rates. The pressure drop in the plate can also
the pressure drop increases. The flow distribution parametersbe seen inTable 3 The pressure drop varies linearly with
increase with increase in the number of channels. From theflow rate.
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Table 3
Effect of inlet flow rate on flow distribution (header81.5 mm, channel X 0.72 mm)
Flow rate (kgs?) Rewin K1 Ko Z-type U-type

F]_ F2 AP (Pa) F]_ F2 AP (Pa)
5.00E-06 58 0.01 380 0.11 4.27E 128 0.34 0.015 197
1.00E-05 116 0.03 1%5 0.13 4.51E 382 0.34 0.015 3@7
2.00E-05 235 0.05 B3 0.15 5.30E 635 0.34 0.015 558
3.00E-05 467 0.08 &5 0.17 6.36E 952 0.34 0.015 960
5.00E-05 584 0.13 33 0.22 8.90E 1567 0.34 0.015 1568
1.00E-04 1170 0.25 B7 0.35 1.61E 2925 0.34 0.015 30¥2
1.60E-04 1870 0.40 3 0.50 2.50E 4503 0.34 0.015 482

4.3. Effect of fuel-cell size

The calculations were repeated for two more fuel-cell
plate sizes, namely, for a much smaller active are of 25cm
(50mmx 50mm) and for a much larger active area of
750 cnt (250 mmx 300 mm). For all the sizes, a header
width of 4 mm, depth of 0.72 mm, a channel width of 2 mm,

of these configurations, such as the discontinuous channel
arrangemenfl9], double-U arrangement and interdigitated
flow configurationg17,18] This enables the designer to op-
timize the channel configuration to ensure near-uniform flow
distribution while maintaining a low overall pressure drop
across the distributor plate.

depth of 0.72 and a rib width of 2 mm were used. The mass Acknowledgements

flow rate at the inlet boundary of the inlet header was kept
at4.17x 10~°kgs 1. The increase in the size adversely af-
fected the flow distribution due to increase in the number of
channels from 26 to 150. The data in Sectdbshowed that

an increase iMN will increaseK1, which will affect the flow

distribution adversely. It can be recalled that one should have
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