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Fuel cells are the technology through which chemical energy can be converted to electricity and heat. They
perform the conversion with no contamination. Hence, they have become a significant source of clean power in
today's modern life. That being said, it is really crucial that every source of power provides a high and stable
amount of efficiency, and it should be considered when it comes to developing PEM fuel cell technology as well.
One of the most important parameters in applying such fuel cells is the layout and dimensions of the flow field
designed for the reactors on the bipolar plates of the fuel cell and its improvement. In the current research, for the
best geometry dimension and arrangement of obstacles, four types of obstacle including triangular, cylindrical,
square and trapezoidal are simulated. The obtained results show that the triangular obstacle has the best per-
formance in terms of the produced current density and pressure drop. The results reveal that at the constant
voltage of 0.6 V, the current density in the flow field with triangular and square obstacles is increased more than
80% in comparison to cylindrical and trapezoidal types. Finally, the fuel cell with triangular and square obstacles
as the optimum flow field is designed, manufactured and tested.

1. Introduction

By and large, in the energy-oriented society we inhabit, the perma-
nent exploitation of fossil fuels accounts for 82% of the total universal
energy consumption which culminates in harmful effects on human be-
ing's lives. The more the human's population increases, the more fossil
fuels should be burned to meet their electricity demand. The global
warming crisis ensues from such activities. Not only does the fossil fuels
consumption endanger people's health and threaten their environment,
but the global fossil fuel reservoirs are tapering gradually so that they
couldn't be used for the next generations. Hence, the world requires a
source of power which possesses the following characteristic: low
pollutant emissions, efficient energy production, and unlimited sources
to meet the growing population of the world. For achieving these targets
the fuel cells have been known as one of the most important technologies
[1].

There are many ways for increasing PEMFC performance; one of them
is designing new flow fields. There are many research activities in this
field [2, 3, 4]. As well as, some new methods are presented [5, 6, 7, ] that
can be used for solving nonlinear equation that appears in PEMFC
analysis.
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It was founded that PEM fuel cell due to some advantages such as: low
operation temperature, short start-up time and flexibility concerning
dimensions and power are suitable for application in submarines [8]. The
gas flow field is one of the most important components in PEM fuel cell. It
should distribute the reactants on catalyst surface and removing the
products of reaction. So far many patterns are introduce for gas floe field
such as: parallel, serpentine, pinned, helicoid, etc. it. All of these patterns
has some advantages and disadvantages. Several factors such as pressure
drop, reactants distributing, controlling flow velocity, water removal,
etc., are of vital importance and should be contemplated in designing the
appropriate gas flow field [1]. Ferng et al. [9] numerically and experi-
mentally investigated the effect of the flow channel patterns on PEM fuel
cell performance. They studied two flow fields including: parallel and
serpentine. They reported that performance of PEMFC with the serpen-
tine flow channel is superior to that with the parallel one.

As another part of the research, the effect of channel depth on flow
field with parallel and serpentine patterns was studied. The results re-
flected a significant impact when parallel channels had been applied.
However, no impressive performance improvement was reported when
serpentine channels were used. That being said, they didn't consider the
other aspects of the channel. Scholta et al. [10] numerically studied
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Fig. 1. (a) Channel parameters, (b) channel geometrical size, (c) the depth and width of obstacle.

(a)

degree of parallelization in a parallel flow channel field. They investi-
gated the effect of rib and width of channel on the polarization curve of a
fuel cell. They reported narrow channels are more preferable for high
current density, although, wider dimensions are more suitable at low
current density. Yan et al. [11] used a three-dimensional numerical
model to examine the effects of reductions of the outlet channel flow area
on cell performance and local transport phenomena. They reported that
the reductions of the outlet channel flow areas increase the reactant
velocities in these regions, which enhance reactant transport, reactant
utilization and liquid water removal. Therefore, the cell performance has

(b)

Fig. 2. (a) The typical Gas flow field, (b) generated mesh in GAMBIT [27].

been improved compared with the conventional serpentine flow field.
Lin et al. [12] and Seung et al. [13], presented an optimization
method for a single serpentine fuel cell. They considered the height of
flow channel as a variable factor. The optimized geometry showed 11.9
percent improvement on output power more than a cell with direct flow
channels. Rahimi-Esbo et al. [14] using 3D numerical simulation inves-
tigated the results of reduction of channel at terminal part of flow field.
The base flow field was considered a serpentine channel. They reported
that water management will be improved by reducing the number of
channels at the terminal part of the flow field. Liu et al. [15]



A.A. Ebrahimzadeh et al.

Mesh Spacing =0.25
Mesh Spacing =0.4 Spaciag

Mesh Spacing =03

i(A/em?)

0.9

0.8

0.7

06 Mesh Spacing = 0.6

TTTT I T T T[T T T T[T T T T[T T T [TT I T[T T I T[T TT T TTT T TTTT

M PR RS
400000 800000 1.2E+06
Number of Cells

— 1 -

1.6E+06

0.5

2E+06

Fig. 3. Mesh independency study.

-
)

T T T

0.9

—+— Present Work
- Jong Won Choi et al. [29]

0.8

0.7

0.6

Voltage (Volt)

0.5

0.4

LN L N L L B L B

(%) SNSRI FENEY FRERL FRER] FREN] FEREI FERT] FERTY FRRTY STRN] FURTL FERE!

0 02 04 06 08 1 12_14 16 18 2 22 24
i(A/cm)

Fig. 4. Comparison of polarization curve of numerical simulation and experi-
mental data of Won et al. [28].
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Table 1
The input parameter for validation.
Temperature Gage Anode Cathode Active
X pressure stoichiometry stoichiometry area
(bar) (em?)
343 1 1.5 1.26 27.3

Other thermodynamics and physical parameters of PEM fuel cell for numerical
simulation are presented in the literate [30].

experimentally investigate the effect of gas flow fields on fuel cell per-
formance. Their results showed that the serpentine flow channel design is
still favorable, giving the best single fuel cell performance amongst all the
studied flow channel designs. They presented a novel symmetric
serpentine flow field. They manufactured four fuel cell stacks, that each
stack including four cells was assembled using different designs of
serpentine flow channels. They reported that the presented novel gas
flow field has the best performance compared to other. Khazaee and
Sabadbafan [16] investigated the effect of inlet gas humidity and gas
flow field direction in a 4-serpentine and a 1-serpentine flow field on
performance of PEMFC. They presented that the cell performance at
lower voltages augments with increasing humidity in the both cells and
cell performance at all voltages increases in higher values of humidity
percentage. Additionally, the parallel input and output direction is more
appropriate for PEM fuel cell efficiency. Kahraman and Orhan [17]
studied different gas flow fields and bipolar plates and discussed about
their characteristics. Perng et al. [18] investigated the rectangular cross
obstacle in the PEMFC flow field channel and figured out that the effi-
ciency was improved. Han et al. [19] numerically and experimentally
reviewed the effect of sinusoidal wall of channel on the efficiency of PEM
fuel cell. Performance increasing in both numerical and experimental
results has been presented in their report. Bilgili et al. [20] investigated
the performance of PEMFC with considering obstacles at both cathode
and anode channels. They reported obstacles heighten the gas density
along the channel and higher cell voltages were achieved in high flow
densities. Ghanbarian et al. [21] studied the effect of obstacles in channel
on the performance of fuel cell. They showed that the performance of the
cell enhanced by partial blockage of the flow channels in a parallel flow
field. They used different types of obstacles such as square, semicircular
and trapezoid. According to their report the trapezoid obstacles reflected
higher increases in output power. Heidary and Kermani [22] studied the
effect of heat exchange caused by partial obstacles in the channels of
PEMFC flow field. Ashorynejad and Javaherdeh [23] employed Boltz-
mann method to investigate the effect of sinusoidal flow field on the
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Fig. 5. Schematic of the proposed PEM fuel-cell test station.
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Fig. 6. In-house test station with fuel cell in testing.

efficiency of fuel cell in a 2-D single-phase model. They considered only
the cathode channel in the simulation. They concluded that the sinu-
soidal flow field augments the performance of the fuel cell with higher
wavelength. Heidary et al. [24] numerically studied the effect of partial-
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or full-block placement along the flow channels of PEM fuel cells. They
investigated the effect of obstacles number, its arrangement and place-
ment in cathode and anode channels. Their results showed 30%
improvement in performance for the sample with full obstacles of cath-
ode with 5 obstacles. Heidary et al. [25] utilized obstacles in the flow
field channel to ameliorate the efficiency of the fuel cell. As a result, an
obstacle increases the gas penetration and it is specifically advantageous
for the areas in which concentration drops.

In the literates, rarely can any comprehensive resource be found
which has studied the obstacle in a serpentine flow field, pattern and its
types. Most of them only studied the effect of square type obstacles on
varied frequency domains or examined several obstacles in a steady state
condition to compare the efficiencies. There is not any study which
concentrates on calculating an optimum dimension and obstacle type. In
our previous work, the geometrical dimension and arrangement of
obstacle was optimized [26]. In the current research, for the first time in
an optimum dimension and repetition pattern [26], four types of obsta-
cles including square, triangular, cylindrical and trapezoid are investi-
gated. Different parameters such as pressure drop, species distribution,
temperature distribution and current density distribution are compared.
By considering all parameters, it is found that the triangular obstacle is
the best option for using in a fuel cell to increase the performance.
Eventually, a fuel cell with triangular and square obstacles as optimum
flow field is designed, manufactured and tested. The results of
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Fig. 7. a)Design schematic b) Manufactured PEMFC c) Internal components.
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Fig. 8. Different steps of PEMFC fabricating.

experimental test verify the numerical results.
2. Model

The equation that should be solved in numerical simulation is pre-
sented in Egs. (1), (2), (3), (4), (5), (6), (7), (8) [14].

Mass (gas) g (6p9) + V.(pWu)) = S5 — titi0 @

Mass (liquid) % (esp") + V.(p"us) = tityy0 (2)

d
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Fig. 9. Gas flow channel, (a) triangular, (b) cylindrical, (c) square and (d) trapezoid.

Solid potential Vi = — §,,, ®

The source terms and parameters that appeared in the equation are
explained with details in our previous paper [26] and are represented in
Egs. (9), (10), (11), (12), (13), (14), (15), (16), (17), (18), (19), (20),
(21), (22), (23), (24), (25), and (26).

n =pual¥ —pODE V0 (i=Hs, 0, H0.Ny) ©
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Fig. 10. The manufactured flow field a) Triangular b) rectangular.
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Fig. 11. Velocity diffusion at the centric surface of cathode channel for (a) triangular, (b) cylindrical, (c) square and (d) trapezoid obstacles at 0.8 V.

Mo —J.  (cathode cl)
0 (0, cathode cl) Spr =4 Jo  (anode cl) (18)
4F 0 (elsewhere)
M, )
+%J‘ — Vng"z)(, —ty,0 (H20, cathode cl)
S; = 7V.n§;'2')0 — Hig,o0 (H>0, anode cl) (16)
—Mu,0 (H0, gdl ff)
M0/ 0.043+17.81a —39.85a> +36.0a>  a<1
_TH0%a H . = = 20
oF (H,, anode cl) 4 { 14+14(a—1) l<a<3 (20)
0 (elsewhere)
P,
- a=—2=+2s (@20)]
S, = ~V.nip (cl) a7 Piio
0 (elsewhere)
J. ( T ,\) +ol) (V.@“"))2 +ab) (v.e“))2 + 1ty oHyay  (cathode cl)
Jan, + UE;) (V.Q(m))z + Gijf) (V,@(S))z + 1ty oHygp (anode cl)
Stemp = ; 19
temp ef[ (V o ) + titg, 0Hyap (gdi) (19)
(m) (V @ ) (m)
S 5 2
+olp (V.oY) (s bp)




A.A. Ebrahimzadeh et al. Heliyon 5 (2019) e01764

i =

(a) (b)

© (d)

¥

-|||||-L_X

02: 0 01 02 03 04 05 06 07 08

Fig. 12. Distribution of Oxygen concentration d at the centric surface of cathode gas flow channel for (a) triangular, (b) cylindrical, (c) square and (d) trapezoid
obstacles at 0.8 V.
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geometrical parameters of obstacle are presented in Fig. 1b. Additionally,
Fig. 2 shows the flow field and its mesh generated using GAMBIT 2.4. In
Naw = — De 24 order to investigate the mesh independency for a special geometry at a
specified voltage; the variations of current density are investigated.
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Fig. 13. (a) Variations of pressure along gas flow field channel at 0.4 V a) anode, (b) cathode.
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Fig. 14. Oxygen concentration distribution at interface of the catalyst layer and cathode gas diffusion layer for (a) triangular, (b) cylindrical, (c) square and (d)

trapezoid obstacles at 0.8 V.

According to the difference between meshes spacing of 0.3 mm and 0.25
mm is approximately 0.8% the meshes spacing size of 0.3 mm and
meshes number of 1400000 (Fig. 3) is selected for studying.

For certainty of accuracy of numerical results, it is compared and
validated by experimental results of Jong Won Choi et al. [28]. Fig. 4
illustrates the comparison between the experimental data and numerical
results. As it can be seen a good agreement is achieved.

In the current study, the simulation has been done by FLUENT ANSYS
16.2 [29]. The input parameters for comparing the results are listed in
Table 1.

3. Experimental

Fig. 5 shows the schematic of the proposed design for a PEM fuel-cell.
Liquid separators and bubble humidifier are used for separating the extra
water and adding humid to inlet dry gas. The in-house test station that
applied in this research can be seen in Fig. 6.

The Designed and manufactured and internal components of PEMFC
including: MEA, flow fields and seals are presented in Fig. 7.

The different steps of fabricating are presented in Fig. 8.

4. Results and discussion

According to the selection of the best dimension and arrangement of
obstacles that has been investigated in our previous work [26], in this
manuscript, results obtained from obstacle type variation in terms of
arrangement are studied. The square obstacle has been studied in the
previous work for obtaining the best dimension and arrangement. In the

following, the triangular (design a), cylindrical (design b), trapezoid
(design d) and square (design c) are simulated and their results are
presented in Figs. 9, 10, 11, 12, 13, 14, 15, and 16.

The manufactured flow field can be seen in Fig. 10 in very close
distance.

The velocity dispersion at the middle of anode and cathode gas flow
channel is shown in Fig. 11 at voltage of 0.8 V. It can be seen that the
velocity decreases along the channel due to pressure drop and movement
friction force. However, in this voltage, the fluid velocity is low due to
low flow rate of reactants. It must be noted that in the cylindrical obstacle
at the beginning of channel, the flow has very low velocity, where it
might lead to high heat and undesirable performance of the fuel cell
which is discussed later.

According to the velocity contour given in the previous section, the
oxygen concentration distribution is shown in Fig. 12 at the centric
surface of cathode flow channel at 0.8 V. As shown, the oxygen distri-
bution has the highest value at the beginning of the path and traverses a
decreasing trend along flow channel due to its participation in the
chemical reaction. However, in the flow field with cylindrical obstacle, in
the beginning of inlet, species concentration has lower value which is
caused by the creation of a stop area and a low velocity of flow in this
part.

Fig. 13 represents the pressure variation diagram along anode and
cathode gas channels for voltage of 0.4 V. In the anode flow channel, the
maximum pressure is 107, 182, 237 and 278Pa for obstacles (a), (b), (c)
and (d) and in the cathode flow channel the maximum pressure is 103,
229, 236 and 261 which must be considered at fuel cell designing pro-
cess. Results show that the triangular and square obstacles have lower
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Fig. 15. Current density distribution in the interface of catalyst layer and cathode gas diffusion layer for (a) triangular, (b) cylindrical, (c) square and (d) trapezoid

obstacles at 0.8 V voltage.

pressure drop over other obstacles and the trapezoid obstacle has the
highest pressure drop.

In Fig. 14, oxygen concentration distribution at the interface of the
catalyst layer and gas diffusion layer is shown at voltage of 0.4 and 0.8 V.
At the lower voltage in the triangular and square obstacles, the oxygen
concentration is the highest under the effect of cathode flow channel at
the inlet part and decreases toward outlet. However, in the cylindrical
obstacle, the oxygen concentration is higher in some parts of the flow
channel. As a result, it would lead to inefficiency of the fuel which it can
be seen at the produced current density.

The current density distribution in the interface of the catalyst layer
and cathode GDL at voltage of 0.4 V is shown in Fig. 15. It can be seen
that at the beginning areas of the flow channel with cylindrical and
trapezoid obstacles, the produced current has heterogeneity and lower
value than other flow field parts, since in these areas, the oxygen con-
centration is low and therefore, the reaction rate is low.

Temperature distribution at the centric surface of membrane is shown
in Fig. 16 at voltage of 0.4 V. According to this figure and the above
explanations, the temperature distribution of the triangular and square
obstacle under the influence of gas flow channel has the lowest tem-
perature at the inlet and by performing the chemical reactions and heat
generation toward outlet, it has the highest temperature. At the same
voltage, in the cylindrical obstacle, it is founded that in a place where the
current reaches the stop state, the thermal aggregation occurs where this
can also affect the undesirable performance of the fuel cell observed in
current density.

In the obstacles location, due to of the compulsion to penetration a
narrower space and more penetration of the species in the GDL, as a
result of the reaction of most species, there is a higher heat which is

10

called peak, and the path from the channel without an obstacle has lower
temperature, which is called valley. It can be seen that the higher heat
distribution in the cylindrical obstacle is made at the beginning of the
flow channel than other obstacles, which is due to the stop state of spe-
cies in this section.

Fig. 17 shows the polarization curve for different obstacles of square,
triangular, trapezoid and cylindrical. At high voltage due to lower
diffusing the reactant gasses a same performance is seen. It is observed
that the current density values of the triangular and square obstacles are
very close to each other and the produced current density of cylindrical
and trapezoid obstacles is less than two other obstacles. According to the
presented results and contours, the square and triangular obstacles have
lower pressure drop and higher current density compare to other ob-
stacles. Also, the pressure drop caused by the square obstacle is higher
than that of triangular obstacle. As a result, it can be said that the
triangular obstacle has the best performance on the simulated flow fields.

In Fig. 18 the numerical and experimental results are compared. As it
can be seen a good agreement is achieved. In low voltage due a deviation
is seen between numerical and experimental results. Difference between
numerical and experimental results at higher current densities is mean-
ingful. It can be related to two phase effects. There are many mechanisms
for formation of liquid water that in numerical modeling cannot be
modeled properly. In both experimental and numerical polarization
curve, the flow field with triangular obstacles showed better
performance.

5. Conclusion

In this paper, the effect of obstacles along the gas flow fields on the
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Fig. 16. Temperature distribution at the mid surface of the MEA for (a) triangular, (b) cylindrical, (c) square and (d) trapezoid obstacles at 0.8 V voltage.

efficiency of the fuel cell is studied. In our previous work, the best
dimension and arrangement of obstacles is extracted [26]. In this paper
the shape of obstacles and the optimal shape of it, is focused on. Four
types of obstacles including triangular, cylindrical, square and trapezoid
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Fig. 17. Polarization curve for different obstacles of square, triangular, trape-
zoid and cylindrical along anode and cathode gas flow.
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have been simulated and investigated. It has been observed that in cy-
lindrical and trapezoidal obstacles in some areas of the flow field, the
concentration of species has increased due to the formation of a stag-
nation area, which its impact on the produced current density can be
seen. Therefore, the non-uniform current density is achieved. So, these
two types of obstacles are not appropriate for using in a real PEMFC. The
obtained results show that the triangular obstacle has the lowest pressure
drop and highest species consumption rate and current density and
therefore, it has been selected as the best type of obstacle. The square
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Fig. 18. Compare numerical and experimental results.
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obstacle can be an appropriate selection, only due to its higher pressure
drop in comparison to triangular obstacle. The cylindrical obstacle has
the worst performance in current generation due to undesirable distri-
bution of species, temperature and etc. The results reveal that at the
constant voltage of 0.6 V, the current density in flow field with triangular
and square obstacle is increased more than 80% compare to cylindrical
and trapezoidal. At the last part of manuscript, according to numerical
results a PEMFC with this optimal dimensions and obstacle type is
designed, manufactured and tested. As well as the experimental results
are compared with numerical results and verified the numerical results.
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