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ABSTRACT: The main important roles of bipolar plates in solid oxide fuel cells are the uniform
distribution of reactants to the reaction sites, the collection of current, and the separation of each cell
from another. Therefore, the performance of a solid oxide fuel cell is highly dependent on air and fuel
flow channel design. In order to investigate how the geometry of air and fuel flow channels affects
performance, current, and power density, simulation results are discussed to evaluate the performance
of two types of fuel cells with direct ducts and converging-diverging ducts. In this research, a three-

dimensional model of an anode-supported hydrocarbon fueled solid oxide fuel cell is presented. The  Keywords:

results show that the pressure difference between the converging diverging channels produces a transverse g i1 o~:de fuel cell

flow in the channels and ribs which is in favor of better distribution of the reactants in the fuel cell with
the converging diverging channels. This transverse velocity causes a 6% increase in fuel consumption
in the cell with converging diverging channels than the cell with direct channels at a voltage of 0.7V,

Converging diverging channels
Bipolar plates design
but due to the reduction of the reaction area of this cell compared to the usual cell, the current density is ~ Transverse flow

10% lower. At voltages above 0.55V, fuel cells with converging diverging channels have a higher fuel

consumption than fuel cells with direct channels due to the presence of transverse flows.

1- Introduction

Solid Oxide Fuel Cell (SOFC) is an effective energy
conversion device that converts chemical energy into
electrical energy and heat through electrochemical reactions
of fuel and oxidant [1]. A planar SOFC consists of an ion-
conducting cermet electrolyte that is sandwiched between
two porous electrodes, which in turn are appended by
bipolar-plate interconnectors that have flow channels etched
in them to supply the fuel and oxidant [2]. The bipolar plate
is a layer that is responsible for gas transfer, effective mass
transfer, and uniform distribution of reactants and leads to
the production of a uniform electric current to increase the
power density of the cell. An important role of bipolar plates
is the uniform distribution of reactants to reaction sites. These
plates also help collect current, maintain a stable temperature,
and separate each cell from the other. Gaseous species flow
through gas channels. Channel walls collect current from
the electrochemical reaction surface and direct it out of the
fuel cell. In order to achieve a balance between a larger
electrochemical reaction area and a shorter current collection
pathway, one must answer the question of how bipolar plates
should be designed and what kind of geometry is suitable
for having the highest output power density and best cell
performance.

A detailed literature review of various SOFC design and
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performance optimization has been carried out by Ramadhani
etal. [3]. This review shows that studies that have investigated
the effect of channel geometry on the performance of solid
oxide fuel cells are rare. While many studies have been
done on the design of bipolar plates in proton membrane
fuel cells. Among the few studies on channel geometry
[4-6], a study examining the three-dimensional effect of
channel convergence and divergence on solid oxide fuel cell
performance has not yet been observed. Also, the fuel used
in the anodic channel in all research is hydrogen. Therefore,
in this study, in order to investigate the effect of converging
diverging channels on the efficiency of solid oxide fuel cells,
the performance of two types of fuel cells fed with a modified
natural gas mixture including direct channels and converging
diverging channels have been compared.

2- Modeling

In this study, two types of cells with normal channels
(including three straight channels with a width of 2 mm
and a height of | mm) and converging diverging channels
(including two converging channels and one diverging
channel) have been investigated. Fig. 1 shows the top view of
both types of fuel cells. Details of cell geometry with normal
channels are listed in Table 1. The three dimensional steady-
state model for an anode-supported SOFC is used to analyze
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Fig. 1. Top view of fuel cells with a / direct channels b /
converging diverging channels
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Fig. 2. Polarization and cell power diagrams for both
types of channel geometry

the electrochemical reaction coupled with conservation of
gaseous species mass, momentum, energy, and charge. The
governing equations are solved by the commercial software
COMSOL Multiphysics (version 5.4). The computational
domain includes interconnecting, fuel and air flow channels,
electrodes active and support layer, and electrolyte dividing
the total cell into the nine zone. The temperature dependence
of thermal conductivity and heat capacity of gas species are
taken into account. It is assumed that the gas flow within
the channel and electrode is laminar due to the low velocity.
Also, in order to reduce the calculation time, local thermal
equilibrium between gas and solid phases within the porous
electrodes is considered and co-flow configuration is modeled
in all channel designs. Finally, an ideal gas is applied for all
gaseous species.

3- Results and Discussion
To study the effect of channel convergence and divergence
on solid oxide fuel cell performance, simulations were
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Table 1. Geometric details of simulated fuel cells

Cell geometry parameters units Value
Channel length mm 30
Fuel/Air channel height mm 1
cell width mm 10
Interconnect thickness pm 300
Electrolyte thickness pm 10
Cathode active layer thickness pm 20
Cathode support layer thickness pm 50
Anode active layer thickness pm 15
Anode support layer thickness pm 400
1
—— straight
T 0.9 conv&div
£
% 0.8
3
F 0.7
0.6
0.4 0.6 0.8

Cell voltage (V)

Fig. 3. The effect of convergence and divergence of
channels on fuel consumption

performed for six different operating voltages (0.45, 0.5, 0.55,
0.6, 0.65, and 0.7 volts). Fig. 2 shows the polarization and
power density diagrams for both converging diverging and
straight channel geometries. For both channel geometries, the
current density increases as the operating voltage decreases.
As the current density increases, the power density first
increases and then decreases due to the decrease in the cell
voltage. This Figure also shows that the fuel cell with direct
channels has a higher current and power density than the
fuel cell with converging diverging channels. This difference
is lower at higher voltages. The reason for the increase in
current density in direct channels is a 33% increase in the
area of direct channels (the interface between channels and
electrodes) compared to converging diverging channels and
an increase in the mass flow rate of fuel and air entering these
channels. Therefore, a cell with direct channels has better
performance than a cell with converging diverging channels,
that means convergence and divergence of channels have a
negative effect on current density and power. Fig. 3 shows
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the fuel consumption coefficient for different cell voltages for
both types of cells with different channels. As can be seen, as
the cell voltage increases, the fuel consumption coefficient
for both types of cells decreases. This diagram also shows
that these two curves have an intersection point, that is, up
to an operating voltage of 0.55 V, the fuel cell with direct
channels has a higher fuel consumption coefficient than
the cell with converging diverging channels, however, for
voltages higher than 0.55 volts, the fuel cell with converging
diverging channels has a higher fuel consumption coefficient.
Therefore, at operating voltages below 0.55 volts, the
fuel cell with converging diverging ducts has a lower fuel
consumption, current, and power density than the fuel cell
with direct ducts. At an operating voltage of 0.7 volts, a fuel
cell with converging diverging channels has a 6% higher fuel
consumption coefficient but a 10% lower current density than
a direct-channel fuel cell.

4- Conclusions

In this paper, a three-dimensional mathematical model
of an internal reforming planar solid oxide fuel is presented.
Numerical solution results are presented to evaluate the
performance of two fuel cells with converging diverging
channels and ordinary direct channels. The result of these
simulations showed that the pressure difference between
the converging diverging channels leads to the production
of transverse flow in the channels and ribs for better oxygen
distribution in the cathodic active layer. For voltages above
0.55 volts, the fuel cell with divergent ducts has a higher fuel
consumption coefficient than the fuel cell with direct ducts
due to the presence of transverse currents. Increasing the
fuel consumption coefficient in the fuel cell with converging

diverging channels improves the performance of this type
of cell compared to the cell with normal direct channels in
operating voltages higher than 0.55 volts.
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Table 2. Expressions of sink and source terms in the anode and cathode

s, (&) uT e Y N N Y S Jlad Y
‘\m3s-1
i
Hy Brusr + Twesg)Mu, — (%)MHZ Brusr + "wesr)Mu, 0
CH4 —TuseMcn, —TuseMcn, 0
CO (tusr — Twasr)Mco (rusr — Twesr)Mco 0
i
H,O (=Tmsr — "wesr)Mu,0 + (%) My, (=Tmsr = Twasr)Mu,o 0
CO, TwesrMco, TwesrMco, 0
Iy
©: ° ° - (55) Mo,

~103191

k.. =0.0171exp —RT (v0)
eq WGSR =

: . (V%)

exp(—0.2935Z° +0.6351Z° +4.1788Z +0.3169)

1000

7 =—_1 (YY)

T

bug S 1a 55 byl v ¢y (D) ) J550 S985 oo
) ool 3985y oS Iy 398 00 dpsloxs [YA 5 V4] (YA) diles
LYV] ol dusle JoB (VA) alayly bawgs (D

 Jij

k T1,75 1 1 %
D, = d —+—
4 V| M, . (YA)
P(v? +V.?] -
2_ |8RT
i Er M (Y‘l)

04¢g

Sl 398 caps D AT o g1 865 o 550 3988

i 65 lpasin alle S, g (Cuwlosds (5,8 yao adllas oyl )

Sl 51 Siaayin, 5 515 g ] 315 _olanisg ;I sl STy e
Slodds Cond ¥ gl 53 a5 2Lib 0

sleiisly sl iSly 5 i ia Y Joi> )3 Tygsp < Tuse

ol 2j ©yge 4 & wbbe B0l abuls 5 e b gle Jas

SARPRRIE PP

(2.) 2, ")
Puisr _kMSR‘ PH20 cH,
eq,MSR
231266
k., = 2395.exp (— ) (¥Y)
RT
K, s =1.0267x10" x
—0.2513Z" +0.3665Z " + (¥v)
€X]
0.5810Z° —27.134Z +3.277
B, B
rWGSR = kWGSR : (PHZO 'PCU - ) (Y\c)
Keq,WGSR



g[‘;—”t’Jr(u -v)ﬂ:-wnr
V.E{ﬂ(w +(Vu)T)—§y(V-u)l}:|— (vY)

[£+Q—1’2’]u +F

0, == (a0)+V-(pu) (¥

CjsSuny Moo oy op B (5 & b eVl
5 [¥0] (1/VEx) -0V M) Jsdse Lo deis cobls K ¢ Swoliyd

5 ptioge JUsl Gl ol ©¥lo aslo o ol b daiz O,

At paiioge Yoo Ygane > (gla JUIS

pa—u+pu -Vu =-VP +

ot )
v[y(vu +(Vu) )= Zu(v u)I}LF
V-(pu)=0 (%)

I 5 W] e casyy Jol5 5B 08 b bele JSe
byl (sl owizmen 9 855 0 sl (4) Seolud slodiy jgSun
2ol cou balgy 5l g o)h (S (oo slod @ oaiSeS Wi a8

g oo dmolxa [YV] @ 10

&3l sl doles =¥ =Y Y
Ol el ST (Bg Jo JSIT) (Sl ol 6550 sla dble

YA 9 Y5 9 ¥V ] 2950 didg j ygeo 4 9 AS oo

or
(eC,), 5 TPCuVT = )

V- (k,VT)+0

040

0o g ySus /YY adllas oyl )3 &) Flygu bawgie glad 7YY 4
9o dmle pj Oygo & M 5 55 ke <ol R (cuslosis

vV 9 YY)

colps sin g1 88 Sl pp iy a M s M,
(F) ¥l ) sty ki slinog I 5 515 (sl JUIS )3 550 39

1-x

D, . N
Yoy m (")
D,
& 1
De/f,ij :; x. (Y‘Y)
i
Zj:ti Dy . 1
1-x, D,m.j

pyiiege 5 oy sl SYoleo —Y Y ¥
Sl 53 Jls )L 5 a0 Slieds pusd (el psitage SYlas
Ol 5 5B g sl Gl slaJUS 3 lj] b Jols o am
il e dlge B 5 3 Wede > cusl e b
Jb55) gl )l log See syl & caslosd (5,8 g wloads
5 O (pldd Slate 3 (085 bl 5 ghigw bawgio lad (lomy
e ke )3 (b Geog sl Solite e el g 53]
piage JUl (sly Joo o iceslio (poSh prm syl ables )05 92
ool Lo g5 CaablB 5] als oSomay 95 cdlolus oyl 3 &S Kb e



SVF 1 OA o AF-) Jls O oylos OF 0,95 ¢5ueS pool Sl usiges 4y el

AHosn 9 AH ygp < Tygsg < 7,

wsg Sl STy 2 5
o b gl s clagiiSly sl (T s g (2STy 25 iy
5T Jsiz o g silodie sloielly (B e Cants [TV 5T

Slods Cond & Jgdn 53 dols dlge (ol yiol s

S blyd g (6399 sl el )l Y Y
Ces o Gl (63959 S g (Silodnd (pl )3 (63959 iy bl
2l 4l g e Vg /) Cy a4 ler g o JUIT 0 (6395
S (29,5 HUiS fned ul I8 (B33 pas (g5ye by el
VoYY 19.% 9 L.A>9.».u L;LQJL’K d39)9 LSL"‘) wlo.\.w W‘.la.u &Ml
ULP oJJu‘Séo.} » Jua»)L) IS d;l.c l.:zso)ly.) UoLoS Jw:bu.o u491§
u&;)&ﬂ Aol S e Juad o L5.>)l.’> sl plo Caslodss PRES
5 S /] oles Y Syie fad 0 Se by JB ke Bl
S o Jad > (Sopsll by JBe Gumen o S/l L Y

S 5 4l g Cou Y
JG5I b sels S Bgw Ju 99,Sles laan] )b (Jae ol 5o
el pls (Bl Sie sy sl STy 9 097l g (g JUS ey g >
oSejed e JpualS I8l p 5 5l edlazul b e¥olee (gluaned ol >
e esilodie cnl 53 ailosds Jo gz Glodl 29y bl 2 OFF 555
o JBS 518 5 5T clmag 1S iUl ol tals dpusS] 5 gus
51 5 1 elmdg iUl 5l A8 a8l o WaortiS fuate ¢ lop 5 g
b Jo dwsin Ol aib o iSly Jd Y g les Y Joli
b sl Sl LS (sl JUIS gl 58,15 dutin 4o Ldatns JUS
JUE L (g o S (il sl 48, )6 o5 sl o]
o (Sadly pas oy p polate 4wl Jieddee ¥ (20 b (elatns
48 394 0,L0l L Cuslodd aJgi glite (GALASLD Ry (g AaSd 4
S Jo 53 cunl iy g Sl 39 i8Il S e fuad S35 giaaSud
Pl (6 5cad)> (630055 odiiS oo 5 Igp 9 g s JUIS (61
5ok JEnl &S sl s ol 4 Loll eglaas Jialyl opmta Caslodid

$adiss (9 ySl g JUSl ¥olas o) (olendy ySUl (sla 2Ty

041

T b fi5 Pl o 3l b (0C,) o
Sl ol kol L 5B bl gl )b C) e
Cad )b sl (o) Bpas b Wlg) )l dainr S)le O 5 Jolao
Glee (5 a1 S e Gl il ey ok Sl
[PV] 355 0 G5 (¥4) 5 (YA) &¥sleo

7 T K
C . =Sa [_j (YA)
ps &R 1000
7 T K
k =001>C, | — (¥4)
/ ,; ’((1000)

asldplos LB g5 ©yg0 4 b U

C,=2xC,, ()
J

()

kg =ijkj

VF] 29 00 dsslone 5 IS & (K, ) Jolee () colan o po

k., =k, +(1—&)k, (F¥)

byl colan o po kg g del> colan coys K YU dblee
Ll 8

sy xS sla iy cloar (Q ) @)l > Brae b gy s
P Gl g ildld il g g g oSl JUT ¢ JSl Sy
t Canlodel ¥ g

S 1 () 5 (7) ©Yaleo 3 oty (95 i AS, oS
ol Jate gloyo Sl olas 11, o (Sl Sg culin O by



Sirl dolae 3 ol g dowis Olyle Y Jous

Table 3. Expressions of sink and source in Energy equation
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Table 5. Characteristics of solids used in fuel cells
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Fig. 2. Investigation of the grid independence of simulation
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Fig. 3. Spatial representation of the 3-D grid of the fuel cell
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Fig. 5. Pressure distribution at the cathode and cathode channels in the cell with a- converg-
ing diverging channels, b- direct channels
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Fig. 6. Distribution of oxygen molar fraction at the cathode in the cell with a- converging diverging
channels, b- direct channels
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Fig. 7. Velocity at the cathode for the fuel cell with a- converging diverging channels, b- direct channels

L 9w o 53 Conl Suguone o gt Sl JU & Coni 1515
ool o oy B 53 I JUS e g S 13,5 maitns (slo JUIS
ol @5 3525 Y slily )3 iy sle 5 Ll 3 s s 315 5
o ity ot 151y S sla IS b g 5 oS
LU L (g sy (sl 8 (ide )5 oy 0jll ) gls
ol 00 03 ioles =Y g LY IS5 50 53 i 5 1,519 1)Ko

d)s).o Comd Jel g.A.C).m ‘JSV.» 93 B sJ}wL;o o lie 4\5)9.‘oul.o.h

ey

| Son (o JUlS g2 Jdoas aly s 81685 1515 1) Sen (sla JUIS
Comd (§ i ST STy JUB )3 o2pe sl 929 51519
VAUISTy JUB ) &S y5bas 9900 Bpan plme (l)Sen JUIS 95 &
o3 VY jobre (6, Sen sl JUIS 50 Lol 5 0 Bpune y5unST duo
Caz 3 OieS] Joo g8 GLALS g ogde 25800 Bpae (]
Cuoglie o il cledy ¥ G 0 (655 Joo S bdl)5 (Lol

Ko S JUS b g Sy sl Sl ) 235000 05



FVF L OA aio AF ) o o o)loss DF 0,93 S yuel SilSo swigen s

m/s
0.025
0.02
0.015
0.01

0.005

1[-0.005
-0.01
-0.015
-0.02

-0.025

m/s
0.025
0.02
0.015
'0.01

0.005

-0.005
-0.01
-0.015

-0.02

-0.025

d

i SBJULS —0 1515 1,50 BJUL I b b gmr Juy Sp2 515 45 Cub s (5 5 il A S5O

Fig. 8. Transverse component of velocity at the cathode for the fuel cell with a- converging diverging
channels, b- direct channels
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Fig. 9. Molar fraction of gaseous species along the cell with a- converging diverging channels, b- direct channels
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Fig. 10. Fuel consumption coefficient in the cell with a- converging diverging channels, b- direct channels
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Fig. 11. Electrode current density at the cathode / electrolyte interface at the cell with a- converging diverging
channels, b- direct channels
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Fig. 12. Activation loss at the cathode / electrolyte interface for the cell with a- converging diverging channels,
b- direct channels
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Fig. 13. Polarization and cell power diagrams for both types of channel geometry
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Fig. 14. The effect of convergence and divergence of channels on fuel consumption
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Fig. 15. Effect of fuel flow velocity on current density and fuel consumption for cells with converging diverging
and direct channels
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Fig. 16. Effect of air flow velocity on current density and fuel consumption for cells with converging diverging
and direct channels
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