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Effect of the Phase Change on the Flow Distribution in the Manifold of Fuel Cell
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ABSTRACT: In this paper, the effect of water vapor phase change on the distribution of oxygen flow
in the cathode side of a polymer electrolyte membrane fuel cell stack with 26 cells is investigated by
using computational fluid dynamics. For this purpose, a code is developed in OpenFOAM software
and validated with experimental data for the single-phase flow distribution. Three different boundary
conditions are applied to the walls of the manifold: constant temperature, free and forced heat convection.
The results indicate that water generated from condensation on the lower wall of the inlet manifold
enters the first cell. Also, the accumulation of water in this area reduces the flow velocity at the entrance
of the first cell. The condensed water vapor on the upper wall of the inlet manifold moves to the end of
the stack. Part of the water enters into the last four cells, and the other part returns to the manifold due
to the vortex. Therefore, the first cell and the last four cells receive less reactant than other cells. The
non-uniform flow distribution parameter increases by up to 1425% on using saturated oxygen and under
the forced convection condition.
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1- Introduction

A single Proton Exchange Membrane Fuel Cell (PEMFC)
has a potential of 0.6-1.0 V depending on the load, therefore
several individual fuel cells are serially connected to create a
PEM fuel cell stack [1]. The manifold system is used to feed

2- Governing Equations

The unsteady laminar flow and conservative form of the two-
dimensional governing equations, including that for continuity,
momentum, energy, species and volume fraction in Cartesian
coordinate are given as the follows [5]:

reactant gases (fuel and oxidant) to each individual cell. Since
all cells in a stack are thermally and electrically connected
in series, the overall performance of a stack depends on the
satisfactory operation of all individual cells [2]. It is essential a_p +V ( pU ) -0 1
that the reactants are uniformly distributed from the inlet ot ) o (1)
manifold to the individual cells. Gas flow maldistribution from

cell to cell could introduce water flooding, membrane drying,

localized hot spots in the membrane, material degradation, 5 (pU)

which has a significant impact on the fuel cell efficiency. The _ T

flow maldistribution in the PEMFC stack has been studied ot FV(PIU) = VP4 pg +V.(u(VU +(VU) ) +F (@)
using numerical and experimental approaches [3-4]. Due to the
lack of experimental techniques to measure the instantaneous
flow distribution, experiments of flow maldistribution reported
for stack level are rarely found. Two-phase flow, turbulence,
heat transfer, and variation of fluid properties were neglected
in the most numerical methods. In a PEMFC, the proton
conductivity of the membrane depends on its water content
and using saturated reactants can improve the performance Mij,( pUy )=V.(pD.Vy )it (4)
of the fuel cell. The heat transfer between saturated reactants ot ' Y

and the walls causes condensation of part of the water vapor

in the inlet gas. In this paper, the effect of the water vapor

phase change on the flow distribution in the PEMFC stack is ooy Ua)+VU . (1-a) =it (L_ o (L_L)) (5)
investigated at the different operating conditions. o T M T ! o e o

o(pC,T)

B +V(pCUT)=V(KVT)+mH , 3)
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Fig. 1. Computational domain

Table 1. Operating parameters
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Fig. 3. Gas mass flow rate at the center of cells

Table 2. The non-uniform flow distribution parameter

Parameter Value
Cell temperature (K) 338
Ambient temperature (K) 298
Operating pressure (Pa) 101325
Inlet humidity 100%
Oxygen mass flow rate (gt/s) 2.267

Water volume fraction
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Fig. 2. Contours of liquid water volume fraction

Relevant properties, such as density, thermal conductivity,
heat capacity, and viscosity are calculated by volume fraction
weighted averaging:

P=go +oa, ©)

The non-equilibrium phase changes rates are expressed as

[6]:
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Boundary condition F

pure oxygen (no phase change) 0.0096
Constant temperature 0.1329
Forced convection 0.0864
Free convection 0.1464

Hy
umd (1 al) R—g

P(xgz”—xHZ”)

Hy > Hyo
sat xg - ant

(N

Hy _ 0) Hzo Hyo

sat

k 0 09, P(X, <X

evap

The saturation pressure of water vapor and the latent heat
of the water as a function of local temperature can be obtained
using the following expression [6]:

= 28464+ 41124 —273.15)
—10.554(T —273.15)* +0.166636(T" —273.15)° ®)

H,, =307090(647.15T '3 o)

3- Numerical Method and Boundary Conditions

A Two-Dimensional (2D) schematic of the simulated stack
is displayed in Fig. 1. The geometry consists of the inlet and
outlet manifolds and 26 cells. The dimensions for the geometry
are shown in Fig. 1.

A no-slip boundary condition was applied to all solid
walls. A velocity inlet boundary condition was assumed at
the inlet. A zero-gauge pressure was used at the outlet. Three
thermal boundary conditions were applied to the stack outer
walls: constant temperature, free and forced heat convection.
The governing equations were solved using the finite volume
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software OpenFOAM. The pressure-velocity coupling was
accomplished by the PISO algorithm. The central differencing
and Euler schemes are used to discrete spatial and temporal
terms.

The operating parameters used in the simulation are shown
in Table 1.

4- Results

Due to the temperature difference between the inlet flow
and environment, the temperature of the mixture and the
saturation pressure of water vapor decreased. As the mixture
cooled down, water vapor condensed to the liquid water. The
contour of the volume fraction of liquid water is shown in
Fig. 2.

Condensed water at the lower wall of manifold entered the
first cell. The liquid water at the upper wall moved to the end
of the manifold. As seen in Fig. 2, a vortex formed at the end
of the manifold of the stack and returned part of the liquid
water to the manifold. The mass flow rate of the gas mixture
at the center of cells is calculated and is shown in Fig. 3. The
first cell and the last four cells receive less reactant than other
cells.

The non-uniform flow distribution parameter is used to
measure the flow maldistribution [7]:

o max(m,...m, ) —min(m,...n, )

1

10
max(m,...m,) a9

The non-uniform flow distribution parameter for different
boundary conditions is listed in Table 2. This parameter
increases by up to 1425% under forced convection condition.

5- Conclusions

In this paper, the effect of phase change of water vapor on
the flow maldistribution in the manifold of the fuel cell stack
is investigated. The results show that the non-uniform flow
distribution parameter increases by up to 1425% on using
saturated oxygen and under forced convection condition.
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Fig. 1. Flow chart of the simulation process

S50 3 Gl asiine a5 jghailen .l ook oole ol VS o
G Slubre glad ojls (i o515 4l b sl 5 jleo
ko Y7 5 (29,5 5 09,5 Ve Jold 5 samgd O)j50
ko b Jskw 2 alols 5 oL JUS jo ppe ol (S55m
O0ges ol B s 4 0Bl oo fa oo YIOF 5 2 A i 5 o

Wyhrio )0 (iS5 0 Ol pae g aBbaxws S oy Lulyd

YFad

12
a T b 13 s 1 1
D =— P.P )T T ) —_—t—
=5 '_Tc,ch,z) GTE) R USEY) (M] sz (YY)

ST gl 5 YIPYE o /oo ¥$F Uy 6l b ga colyo
ooz S b Wolae o 511V axsb o VAYY g ¢/« - YVED
3B i oy Jolae dedizr il 0,5 )18 eolil o550 Ol
4 5B yeis anTb (285 Sl b ez oS Aolas el oaied

IVV] el 15 @90

%+v.(Ual>+v.(U,.a1(1—a]))=—ﬁz<pi]—al(’%l—piz)) (\a)

gl 4l ;0 5 oo ol (Fopud cep Uy Ggb aba, 4o
Al 5T 005 oo iy yai ol Sgas Caz o g jligs S it
5 o S (J¥se o (S I S S5l goue
Sgdse dmlre W35 oS 5 Lol b (60,0 55 ole S bl

(V)5 () Lls )

_. M,
'x: —J/, M{ (\A)
sz :zyicp,i (\ﬂ)

Sos oy ki pyinl S e 5 G Ly
e Jol aspe <30 b Shgl 25k 5l Gley Slibe iluainns
Sl S (slp pgo dsiye s b 635 e S £ b
sl 0 ) S b Vg mi oSl 5l sl su solatul SIS

el 0 o0litol ey g b Ve b1 (6l (5l Jote

ol (5LAS 9 (5550 bl ol Y
Sl Jslo 38 T+ ol L 500455 5 aalllao 5,50 At

1 Pressure-Implicit with Splitting of Operators (PISO)



2.76 mm

21.7 mm

=
oo | =H
3
=]

21.7 mm

56.6 mm

Fig. 2. Computational domain

yln yZo’ MZL’ alin:()’ Tm:343]5K’ ai:() (Y.)
’ pA, ox

e psie ady g 009y Hhuned] LS b ol jLad Sl (295 5o
S9) » P pas byd el e 2Ly (Slwle LA (49,0
5ol Lo L L Jshes Jlass yr 5 o 23,5 55 o Lo lass plas
)bzl g ol plralr (ol Lo (5550 by dn Wyiiia jlgo @

w00 JLQ.C‘ ) g_))jm L

T =T,

cell

_Kal:h(T -T ) (Y\)
on

wre Koy e plraly o> JUsl copo h 368 a5
Glo AT | 5s8 alaly ;o 0l oo SEul (9,0 55 Gyl culow
les jo Sl slos g o e Jawgi aS ol o Ll Jolu
60 S os Slastin 0gd co aiils a5 ol of 5 cile 4> 0 £0

el 00 03,51V Jga ;0 adlllas 890 e g

Wload QB Shsk (29,5 5 699y9 s (29>
Jlesl b g a3 s )5 o e s 0717 bz slaJUl elis)|
975 3 b Lad ol sl JUS Sl e Ll
Lol 0als (g5lw Jolre ohadgs Dlxan 1o b > sl JUIS
o Sl iiSTy 5o oy ST L 5l s 5l A6 O ez
Sl Wl oo (ol 93 Dlrio S JUS 13 ey s
eizeen 9d Jolo (S5 OTL 5 oaimo (1iSTy 515 095 tals
& s 315 30 by i Y] e 5 o5 @l Bl
o Bl idu S Gadss cpl 5o bV faed 4wl lios ol
sl 238,518 (o) 2 0590 S yerh (SS9

Mgiie 3)ly Sl il azyo Ve sles b 5T bt oL >
S 5l st Bl s b ol JEl s 4 g oad
shad el cely o Lawes 5l Gl j9ee 0980 I8 2o
B9 e 4SS St )l 4 jheest LS L by g oad (2

YFas



Y05 B YFAY doio VYRR Jlo A 0)leud DY 693 ¢S pool SilSo i &y

args 85 oy liel sl [YY] 05 5 o5 s00e 5 alKils)]
a0 YO oo b lgn Loyl iolejl jo el oo ooliiwl axdl
o0l 3)ly Jobo Vo b (Swl @ larmme Cughs 5 Lad ol 5 Sl
205 s jhaedl baze 4 Lz S JUE S ee 5l e g
SrSoll e sl il jsee ol ) g (2 slalind s s |
SBSS sz 3l @S b1 sl Cansy gl (g 50,5
4 ol Glalesl jo 4z S1.ais )8 aulie casgld o )lw l38le 5 50
55 05 Jlo 5 o asalie S8 i Iyn o gl s
hol Ol ol g Wit o als )5 sbml Jodo a4 Lol as aid 5
55 omiltel sl cenlio ox yo Wlgise > cslaJUIS 4
L ol G 5l odel Cowss gl ¥ IS 5o .ol 4l axwss

el 00l dslie 105 g oS Gmlixz.iuﬂ 5 gode b
b Ll ganaSl 4 mli Sy poe gy Gl
S50 Slwlbre Jolo Jla Ae g 7o Fe Ve slaas b asdl bl

Lo sk 35150 1 olyz by ¥ IS 45 o] 428,513 oolici

Table 1. Operating conditions of the fuel cell
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Fig. 11. Contours of gas flow velocity at the manifold inlet

Table 2. Variation of the non-uniform flow distribution parameter with different boundary conditions
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