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ABSTRACT: In this research, the effect of anode stoichiometry, cathode stoichiometry and temperature
of inlet gases on water management and performance of a polymer electrolyte membrane fuel cell is
studied by means of design of experiments and direct visualization. In order to visualize the liquid
water accumulation in cathode flow channels, a transparent polymer electrolyte membrane fuel cell is
manufactured in the fuel cell research laboratory of Amirkabir University of Technology. The design of
experiments is based on response surface method. Cell’s performance is recorded over the test time and
a video is simultaneously captured from its transparent cathode flow channels. Then, a digital image
processing technique is used to quantify channel areas that are occupied by liquid water. The area of
regions containing liquid water is divided by the total area of flow channels to calculate a parameter
called water coverage ratio which is then used to study flooding phenomenon. Results show that increase
in cathode stoichiometry, anode stoichiometry and gas inlet temperature leads to a decrease in water
coverage ratio. Also, water coverage ratio lies between 1.8 and 4.3 when an optimized produced power
is reached. As proved, anode and cathode stoichiometry has to be minimized to reach the maximum

Review History:

Received: 2019/04/09
Revised: 2019/05/30
Accepted: 2019/06/16
Available Online: 2019/07/01

Keywords:

Polymer electrolyte membrane fuel cell
Water managementPolymer
electrolyte membrane fuel cell
Design of experiment

Response surface method

Digital image processing

produced power at a high inlet gas temperature.

1- Introduction

Many works have been done on fuel cells, as they are
seen as a promising alternative to the internal combustion
engines. Behind the growing interest in Polymer Electrolyte
Membrane (PEM) fuel cells are their high power density and
efficiency, and also zero in-place emission [1-3]. Flooding
phenomenon is known to be one of the most significant issues
to be considered in PEM fuel cells. Reactant starvation and its
non-uniform distribution are damaging results of the flooding
phenomenon. Consequently, non-uniformity of reactant
distribution induces a non-uniform current density which
deteriorates cell’s durability and performance [4-5]. Selection
and control of the operating conditions in a way that keeps the
cell far from two damaging phenomena, namely, flooding and
dehydration are termed as water management. Both flooding
and dehydration lead to a considerable and even irreversible
loss of performance. Rate of power generation and water
management in a PEM fuel cell is under influence of its
numerous operating factors. Design of Experiment (DOE)
serves as a powerful statistical method to keep number of
performed experiments in an economical range which saves
many resources and efforts. This method reveals the most
decisive factors and interactions between them. Material and
component development, study and enhancement of single
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cell or stack performance, and development of fuel cell
systems are all areas in which DOE are applied [6].

2- Methodology

In the present study, the performance and water management of
a PEM fuel cell with multi-serpentine flow field is investigated
through the Central Composite Design (CCD) of Response
Surface Method (RSM). Studied operating parameters
include Anode Stoichiometry (AST), Cathode Stoichiometry
(CST) and inlet gas temperature (T"). In order to carry out the
investigation, a PEM fuel cell with transparent endplates is
designed and manufactured at Fuel Cell Research Laboratory
of the Amirkabir University of Technology. Transparent
endplates provide optical access to the flow channels whose
liquid water content is to be determined. Reactants flow in
a multi-serpentine flow field of 2 mm thickness and 25 ¢cm?
active area. The flow field is made up of gold-coated stainless
steel. To visualize the cathode flow channels, a Canon EOS
750D SLR camera is employed. Afterward, liquid water
content of the flow channels is determined by developing an
image processing algorithm. Water Coverage Ratio (WCR)
which is used to study flooding phenomenon, defines as the
ratio of the channel areas occupied by the liquid water to the
total area of the flow channels.
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3- Results and Discussion

A second-order regression model is fitted on responses of the
PEM fuel cell to the operating parameters. Linear, square and
interaction terms of the model are listed in Table 1.

Table 1. Estimated regression coefficients for models of Power

(W) and WCR
Source Estimated Regression Coefficients
Parameter Power (W) WCR
Constant 11.2761 18.1574
Linear
T* 0.4354 -7.2411
AST -5.4689 -2.0372
CST 1.0576 -0.9739
Square
TH*xT* 0.1469 1.0197
ASTxAST 0.2526 -2.7337
CSTxCST -0.0644 -0.4129
Interaction
T*xAST 0.8005 1.1875
T*xCST -0.5610 -0.0282
ASTxCST 0.5862 1.9671

The main effect plots of Fig. 1 illustrate the average response
values observed for the change of CST. Therefore, main effect
plots do not consider interactions between the considered
factors. A horizontal line in main effect plot of a parameter
reveals that it does not significantly affect the response,
while an inclined line corresponds to the significance of the
considered parameter. Fig. 1(a) depicts the enhancement of
generated power when CST is increased. As observed in Fig.
1(b), increase of CST from 2.5 to 3.5 has no tangible effect
on WCR, whereas an increase from 3.5 to 4.5 reduces WCR.
a) b)

Mean WCR (%)
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Fig. 1. Main effects plot for a) Power (W) b) WCR

Contour plots of Fig. 2 illustrate the values of generated
power in planes of T* and CST at three levels of CST. Liquid
water accumulation and cell power decrease with increasing
AST when CST value is low, as observed in Fig. 2(a) and (b).
Also, Power rises with increasing T*, while WCR falls; this
is due to the dominant effect of improved reaction kinetics as
a result of high temperature.

For the middle values of CST (3.5), changes in AST and T*
are seen to have the same effect as in case of low CST values.
For the upper bound of CST (4.5), the effect of dehydration
as a result of the increase in AST is dominant for T* values
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of less than 2.3. On the other hand, an increase in AST
values when T* is more than 2.3, results in performance
improvement, as the effect of enhanced reaction kinetics
dominates. Accordingly, the best performance is obtained
either when both AST and T* are set to their highest level or
their lowest level.

Power (W) WCR
6.5 7 75 8 85 9 95 10 105 o 1 2 3 4 5 6 7
_—— i

Power = Power (AST.T") @ CST=2.5

14 16 18 2 22 24 E 14 16 18 2 22 24
AST AST
WCR = WCR (AST,T") @ CST=3.5

2 2
12 14 16 18 2 22 24 12 14 16 18 2 22 24
AST AST

Fig. 2. Contour plots of Power and WCR in plane of AST and
T at (a)(b) CST=2.5, (¢)(d) CST=3.5 and (e)(f) CST=4.5.

In this research, the same contours for different levels of 7*

and AST are presented in planes of CST-AST and T*-CST,

respectively. The results are then thoroughly discussed.

4- Conclusions

The outcome of this research can be summarized as follows:

 Operating conditions directly affect the liquid water content
observed in flow channels.

* The performance of PEM fuel cell is considerably
influenced by liquid water content of flow channels. A water
coverage ratio of 1.8 to 4.3% is observed for generated
powers of over 10 W.

* An increase in CST and T* stabilizes the cell performance
and reduces the sensitivity of the cell performance to other
operating parameters. On the contrary, an increase in AST
does exactly the opposite.

* An increase in AST reduces WCR and generated power. At
high CST values, the values of AST and T* are recommended
to be set in their lower limit.

* An increase in T* leads to a decrease in WCR and an
increase in generated power. At high T* values, the values of
AST and CST are recommended to be set in their lower limit.
e An increase in AST leads to a decrease in WCR and
generated power. At low AST values, the values of CST and
T* are recommended to be set in their upper limit.
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Fig. 2. Imaging and lighting equipment installed in front of the transparent PEM fuel cell, (a) long shot (b) close-up
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Fig. 3. Image of accumulated water in PEM fuel cell flow channels, (a) captured image, (b) processed image
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Table 1. Upper and lower bound of selected operating
parameters in DOE
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Table 2. Constant operating parameters

Jode | oles Sl o las
‘e- | ARH (1) &1 (o Cogbo, |
V.- | CRH (1) BB g g, | Y
| J (Aem™) ol JSx | ¥
o/ ABP (Pa) ol coon jlad o | F
o | CBP | (Pa)sls coow jlad g | O

] d‘dﬁla?rj LS’L“’y s_j w)«a WCRt 9 W)

5 bas Lyl g L lojl o>k Y
byl &b reek sl (Bom sl sy Oly
($33y5 S5 lod g yegS sl £33 lipe ol 60,8kes
Loyl ozl 55 il oo 53 55 5La8 (g 5 (s Zasho,
ol Qs sy (il 3l e Jladiar Joy 9 )Sles 53 i3e
e 53 335 o0 (Bras Slge g gloy SW o Lol
SregsS gl 15399 sl slod i JL il 4w ol
g oabatd S LA )0 (63955 S glo el )y olsiear w5 5 ]
33,8 oo b el d l s Sle Bl slatalejl]
b sshieds oyl ol Gl 9 b (LS easeolis V Jgor

Lol oo
el 00l ailoaSs ol (o 0 Sl plS2 j0 bl )l ol

il oo el b ol paolie 5 sled sazaolis ¥ Jsos

Power (W)
[ ] WCR
12 ul 16
-9
10 3
[ ds
8 ! 1
t t ]
s F 4 k ‘s‘,s IF <6 S
< LA L) ‘ i 1 L8
| S, ¥ T
=] I ]
= i i s B
g i -
! [ R
ﬂ Transient =>:<= Quasi Steady ":>: ER
2| o 1 o
! bt
! !
pE— | - 1 M I 1 Ly
] 200 400 600 800 1000

Time (5)

sebiiedy loj coms 1 Sligy Of cups 9 Gyl ly (Soe S
bl ploj yols (Ll

Fig. 4. Plot of power and instantaneous WCR vs. time, in
order to demonstrate quasi-steady state
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Table 3. Proposed tests by DOE. Generated power and WCR are considered as responses

WCR | Power(W) | CST | AST | T° Ao ﬁl:’.'-“ o
(ol 4 y0)
Y/-A q/v-9q Y/ \/Y \IY )
F/fY Ve/OVE N VY |y Y
AN #IFYy s Yo Y/¥ \IY Y
AN /20 Y/0 YIE | oYY £
A7ARS Ve/D-¥ £/ \/Y VY 5
VY US00 /0 VY YIY s
\/aY AR f/0 Y/¥ \IY Y
Y/ 0 VeIV oA £/ Y/$ vy N
IV q/+ £y vI0 VA VY N
AFATA Vele AN vI0 VA vy v
YN $ /2)A Y/ VIY /Y V)
/74 q/- A v/ Y/§ Y/Y 'y
YIAY AAOA N VIA oYY 'YW
\AYs AUVEA /0 VIA |y Ve
AWAR VAR 4 Yo VA YIY VO
\WAV4 UYFA Yo VA YIY \§
YNy AUYFY Yo VA | YIY VY
YY AVAR 4 Yo VA YIY A
YNY RARAT Yo VA YIY 19
YNt RIANANE Yo VA YIY Y.

oS o b Lasi oais >l sla iale;T ¥ Jsas canl lajiales]
55T (6 RegeS gl (959 Sjl5 (slod 2ol ans i 2 (535 5
Al o 5 sasma lis Jgl ygiw Jgaz cpl joams o lis |y WIS
6 rageS gl im0 (5led i 5 4 0oz U o slaggim (iles]
Lyl o b ioles] ads a5 el S @ pY il oo w5 &1
Sl 99 9 418 Falowl (63550 <5 50 25 bawgs oalall)f 60,5 ,18
SR o 85 gy T aSheo w0 5 5 e o
Slaggi 3 pl gy lyiedr (F JS2) 09800 Jol> o
loasd F 30l wied g pxty
Sl el SaS & Tpgs 4 ye sy o 835 p0 oS 0 ik o

4 Second order nonlinear regression

yyay

il g, shele b g el (b b )yl i o

s g so dule 7 )bl sloslaul plSis 4y .l onisoslazl
logialel slaas oy S 1, T635 e Sye zib 5 TS (WSL
el Yolil oS GuSh g (35 50 Sy b o (ool
Gl 5o Galpl aBle V0 9 Vo oS5 4 (699)9 S
Tob b 4S oS AgS led 09 0 43S IS (635 0 S e b
ams o ol |y GalojT Vo (6395 el )y dws (sl (535 50 S 5
(8,155 slaialesT plosl 5l Bas .l 5,1,55 T ol iolej1 0 aS

pll ol 0 (6 23015 (w2 g (Sl slas 985 5l (655l

1 Response Surface Method (RSM)
2 Box Behnken Design (BBD)
3 Central Composite Design (CCD)



FYVE B FYOY loio YRR Jlo ) 0yles DY 6,95 ¢5ueS pool KilSo _susiges 4y et

Al S5y S ColiS (o) S hol e 99 w5 Ll
) ool ol ST e sazmolis 45 soule (ll 395 s
el S 53,5k Tl 55 ey o 5 o alef] oo
3 e el caalin pas g o5 ol 392y Jow culeS by
el (i g A1 JS5) Lo imle) plosil s 5 o s ol yolie
2555 38 b oy ol Aol i Loz shalaks sy (o
S35 (Bl H92e 03,5 o0 o 5 Lol (sl Jho (o SLa b Jlo
dwle b 5l o] (Goges jgmme § Canl odile jlade saims LS
Bl L ol Jsgai s i, 39 e oo e 45
S 555 o a5b o oo oS 5 JLojs g5 b iges cslaosls
gz owbol byl 90 0 04h 0 cdmlice & SO slajloges jo
5 Sy le Ay Jell 99 Gl Soew S, sladse colas
Giln S Sy s ulple sl 18 Glig Ol coyo

O g CPOW] Lt N W

s 5 sy Ol » Jies slogially b o ¥
ol Sl fsgei S 4 il

@b 2 50 polie 1655 ele SoS 4y (Lol Sl Jloges
gesin p o el )l ylejee Sl T loges cnl yo ol b o] o S
5 n Lt (8 St Jloges ol gl dalllas .59 cos Llowd sly
SreseS gl 9 6995 S35 slos Gl L (:Kike & )50 a5
S g gl (I8 503 o 3l il oo SR oy Ol S
L§|J" OMC‘).?‘.AAAJ‘ LSLQ)L)}Q.: R .é)lé‘é%)é ‘) Q)S.Lo.c sl J.:T
Sl Ol G20l o 0)l5an Wl (5 50g:S sl 5 (53,5 Loyl
L aS Jly0 005 oo S5 Cooww bz Gl JUK o cadarilsl
oatazilil Ol polie VIO a5 VIO 51 W1 (g iossS sl Lyl
5 Sl 5 S il 5 55 i 5 s sl JUS 5
55,5 o Sl Sla JUIS 455 o (FID) YU oS

Gy Olys g o lyime p W (6 tegeS gl ST (g - F-F
b,s5l Ol ¥ Jsoz 5l ol oo 35 dlslee S5 4y

)...,b Gk ol 5l 9 9905 e i 1) Jiis (gl ol )b s 5 g

o 9§ Olg Felsl 99 sl Ggr S ol s polie ¥ Jgux
Sz <!
Table 4. Estimated regression coefficients for the models
of Power (W) and WCR
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Fig. 5. Residual vs. observation order and normal probability plots for power and WCR
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Fig. 6. Main effect plots for generated power and WCR
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Fig. 7. Contour plots of power and WCR in plane of AST and T " at constant CST levels
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