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h i g h l i g h t s

� Adding baffles will increase the uniformity of the reactant distribution.

� The uniformity of Oxygen distribution is proportional to current density.

� Baffles will prevent the reactants from flowing directly to the outlet.

� The use of rectangular baffles in mother channel produces better performance.
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a b s t r a c t

Flow field design on the cathode side, inspired by leaf shapes, leads to a high performance,

as it achieves a good distribution of reactants. Furthermore, the addition of baffles to the

cathode channel also increases the supply of reactants in the cathode catalyst. However,

research on the addition of baffles to the cathode channel has still been limited to straight

channels and conventional flow fields. Therefore, in this work, a numerical study was

conducted to investigate the effect of baffles on the leaf flow field on the performance of a

polymer electrolyte membrane fuel cell. The generated 3D model is composed of nine

layers with a 25-cm2 active area. The beam and chevron shapes of the baffles, which were

inserted into the mother channel, were compared. The simulation results revealed that the

addition of beam-shaped baffles that are close to each other can increase the current and

power densities by up to 18% due to the more uniform distribution of the oxygen mass

fraction.

© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

* Corresponding author.

** Corresponding author.
E-mail addresses: arasy.fahruddin@umsida.ac.id (A. Fahruddin), f_taufany@chem-eng.its.ac.id (F. Taufany).

1 Working in the Department of Mechanical Engineering, Universitas Muhammadiyah Sidoarjo (Umsida), Sidoarjo, Indonesia. Con-

ducting this research while studying in the Department of Mechanical Engineering, Institut Teknologi Sepuluh Nopember (ITS), Sur-

abaya, Indonesia.

Available online at www.sciencedirect.com

ScienceDirect

journal homepage: www.elsevier .com/locate/he

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 6 0 2 8e6 0 3 6

https://doi.org/10.1016/j.ijhydene.2020.08.054

0360-3199/© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

mailto:arasy.fahruddin@umsida.ac.id
mailto:f_taufany@chem-eng.its.ac.id
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2020.08.054&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2020.08.054
https://doi.org/10.1016/j.ijhydene.2020.08.054
https://doi.org/10.1016/j.ijhydene.2020.08.054


Introduction

The fuel cell is an energy conversion engine that converts the

internal energy of the fuel directly into electricity [1,2], thus

resulting in minimal heat and mechanical losses. Further-

more, fuel cells require less refueling time and lower weight

and storage volume. In a previous study, approximately half of

the weight and volume were required, when compared with

commonly used batteries, for the vehicle to reach a 500-km

distance [3]. In particular, the hydrogen fuel cell is more

environmentally friendly, as only water vapor is produced as a

residue [4]. In addition, hydrogen is a renewable energy

source, as it can be produced by electrolysis [5]. Meanwhile,

the polymer electrolyte membrane fuel cell (PEMFC) is more

suitable for mobile applications owing to its high efficiency at

relatively low temperatures [6,7]. Fuel cells, however, are still

relatively expensive compared with other energy conversion

engines.

As a result, researchers have conducted studies to achieve

higher power density in fuel cells. Moreover, a higher power

density would lead to more compact cells, benefiting mobile

applications [6]. One important factor influencing power

density is the geometry where the flow is located, which can

increase the power density by up to 50% [8e11]. The design of

this geometry affects the supply of fuel to the catalyst, where

the electrochemical reaction occurs [12,13]. A study conducted

by Roshandel et al. (2012) indicated that geometries inspired

by leaf shapes resulted in an increase of up to 26% in power

density compared with the conventional shape [14]. Mean-

while, Kloess et al. (2009) and Guo et al. (2014) have examined

the interdigitated leaf design, and their results revealed an

increase in PEMFC performance between 25% and 30% when

compared with conventional designs [15,16]. However, the

mechanism of drainage and the large pressure drop on the

cathode side for interdigitation design were not analyzed in

detail. Ozden et al. (2017) compared the results of the three

designs of bio-inspired flow geometries and triple serpentine

combined with various configurations on the anode and

cathode sides in a direct methanol fuel cell. The results

revealed that the combination of the serpentine geometry on

the anode side and the leaf flow field on the cathode side

resulted in the best performance [17]. In this study, we

adapted the second bio-inspired leaf flow field configuration

proposed by Ozden with the channel dimensions used in our

previous research [18,19].

Furthermore, Heidary et al. (2016) examined the addition of

baffles to parallel flow fields and demonstrated that their

presence in the channel would significantly increase power

density [20,21]. Other researchers have also revealed an in-

crease in PEM fuel cell performance owing to the addition of

baffles and other types of blockage to the channel [22e25].

From these previous studies, the combination of leaf geome-

try and the addition of baffles to each channel would lead to a

further increase in power density; therefore, the performance

of this configuration should be investigated.

The leaf-shaped geometry is composed of mother and

daughter channels in the form of a branch. The mother

channel connects the supplier to the branches; therefore,

adding baffles to this channel would affect the distribution of

reactants near the inlet area to the outlet area. As a result, this

study discussed the effects of the shape and arrangement of

the baffles in the mother channel on the performance of the

fuel cell.

Materials and methods

Model assumption and boundary condition

The 3D model used in this work consisted of nine parts: a

pair of current collectors, fluids, gas diffusion layers, cata-

lyst layers, and a membrane. The model had a 25-cm2

active area [26]. Moreover, the geometry of the anode was a

single serpentine which was 1-mm thick and wide, whereas

that of the cathode side was a leaf-inspired design with

baffles in the mother channel and daughter channels. The

depth and width of the daughter channel were 1 mm [19].

The shape and arrangement of the baffles on the mother

channel varied, as presented in Fig. 1. Meanwhile, the baf-

fles on the daughter channel were square, with a height of

0.5 mm, which allowed a medium pressure drop [21,23] and

a better flow distribution to each branch due to the ten-

dency of the flow toward lower resistance [27]. Moreover,

they were arranged as presented in Fig. 2. The generated

model was, thereafter, meshed, and the boundary and

operation conditions were inputted afterward based on the

data presented in Table 1.

The following assumptions have been applied in the

PEMFC model calculation:

1. PEMFC works in steady conditions.

2. Gravitational effects were not included.

3. Laminar flow in the gas channel (low Reynolds number).

4. Isotropic and homogeneous porous media.

5. The ButlereVolmer equation was applied to solve the

electrochemical reaction in the catalyst layer.

Governing equations

The governing conservation equation, which could be applied

to different quantities, f (mass, energy, and transport of spe-

cies), was defined as [20]:

V: ðrfV
!
Þ¼ V:ðGfVfÞ þ Sf (1)

where r denotes the density of the mixture; V
!
, the velocity

vector; Gf, the diffusion of the quantity; and Sf, the source

term. The first and second terms represent the trans-

portation due to convection and diffusion, respectively.

Meanwhile, the third one is the source term, which could

not be included in the previous term, such as heat

generation.

The ButlereVolmer equation, which is a default equa-

tion on the AnsyseFluent software [29], was used to

calculate the transfer current inside the catalyst layer. The

electrical current at the anode (Ra) and cathode (Rc) sides,

was, therefore, calculated using the following equations:
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where z is the specific active surface area; jrefa and jrefc are,

respectively, the anode and cathode reference exchange cur-

rent density per active surface area; aa and ac are, respectively,

the anode and cathode transfer coefficients; ga and gc are,

respectively, the anode and cathode concentration exponents;

ha and hc are, respectively, the overpotentials at the anode and

cathode; and Voc is the open-circuit voltage. Two transport

equations regarding electron transportation through a solid

material, Eq. (4), and proton transportation through a mem-

brane, Eq. (5), were also coupled with the model.

V:ðssolV4solÞþRsol ¼0 (4)

V:ðsmemV4memÞþRmem ¼ 0 (5)

where s denotes the electron conductivity; 4, the electrical

potential; and R, the volumetric transfer current, which is the

Fig. 1 e Baffle configuration on mother channels. (a) Model 1, (b) Model 2, (c) Model 3, and (d) Model 4.

Fig. 2 e Baffle configuration on daughter channels.

Table 1 e Boundary condition and operation condition
[18,28].

Property Value Unit

Catalyst layer porosity 0.4

Gas diffusion layer porosity 0.6

Open circuit voltage 1.05 V

Anode and cathode reference concentration 0.0008814 kmol/m3

Anode and cathode charge transfer coefficient 1

Anode reference current density 7.17 A/m2. Pt

Cathode reference current density 7.17 � 105 A/m2. Pt

Operation temperature 60 �C

Operation pressure 1 atm

Hydrogen mass flow 6.10�7 Kg/s

Oxygen mass flow 2.10�5 Kg/s
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source term in the catalyst layer equations, Eqs. (2) and (3). In

these equations, Rsol ¼ � Ra when Ra < 0 and Rmem ¼ þ Ra when

Ra > 0. Furthermore, Rsol¼þ Rcatwhen Rcat > 0 and Rmem¼� Rcat

when Rcat < 0.

The driving force of the reaction is the activation over-

potential on the surface (h), which is the difference between

the potentials of the solid and membrane phases. The electric

potential gain caused by the transportation from the anode

jump to the cathode was evaluated by considering an open-

circuit scenario with the open-circuit voltage, Voc, on the

cathode side; therefore, h was calculated using Eqs. (6) and (7)

for the anode and cathode, respectively.

han ¼ 4sol � 4mem (6)

hcat ¼ 4sol � 4mem � Voc (7)

As long as the total electric current was generated at the

cathode and anode, the current balance equation, Eq. (8), was

valid:

Z

RandVjanode ¼

Z

RcatdVjcathode (8)

Furthermore, the conductivity in the membrane was

modeled by Eq. (9) [30].

smem ¼ bð0:514l� 0:326Þue
1268

�

1
303�

1
T

�

(9)

where b ¼ u ¼ 1 in the original correlation, and l is the water

content, which was computed using Eqs. (10) and (11) [30],

considering the water activity, a, in Eq (12).

l¼0:043þ 17:18a�39:85a2 þ 36a3ða < 1Þ (10)

l¼14þ 1:4ða�1Þ ða > 1Þ (11)

a¼
Pwv

Psat
þ 2s (12)

where s denotes the liquid water volume fraction. Moreover,

the vapor pressure, Pwv, was computed based on the vapor

molar fraction, xH2O, and local pressure, P, as presented in Eq.

(13), and the saturated pressure was calculated in atm units

using Eq. (14) [20].

Pwv ¼xH2O:P (13)

log10Psat ¼ �2:1794þ 0:02953ðT�273:17Þ

�9:1837x10�5ðT� 273:17Þ2 þ 1:4454x10�7ðT� 273:17Þ3 (14)

In addition, to determine the velocity uniformity, the uni-

formity index, g, was calculated as presented in Eq. (15) based

on the average velocity, u, and the area, A [31].

g ¼ 1�

Z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðu� uÞ2
q

2:A:u
dA (15)

Furthermore, the Sherwood number, Eq. (16), is a dimen-

sionless quantity that can show the magnitude of mass con-

vection compared with the diffusion. Assuming that the

material and operating parameters are preserved, therefore,

the diffusion is equivalent, and the Sherwood number in-

creases with the mass transfer. As a result, this quantity can

be used as a reference to evaluate the best design considering

the mass transfer.

Sh ¼
hmDh

Di;j
(16)

where Dh denotes the hydraulic diameter; Di,j, the binary

diffusion coefficient; and hm, the mass transfer convection

coefficient, which can be calculated based on themass flow of

reactants that have already reacted, _m, and the generated

electric current, Aelec, as indicated in Eq (17).

hm ¼
_m

AelecðCo � CsÞ
(17)

Finally, the fuel cell net power of the fuel cell, Wnet, was

calculated using Eqs. (18) and (19) [24]:

Wnet ¼ WFC � WP (18)

WP ¼ DP:

_m

r
(19)

where WFC denotes the fuel cell gross power; WP, the pump

power used to supply the reactant; _m, the inlet reactant mass

flow rate; r, the reactant density; and △P, the pressure drop

between the inlet and outlet of the channel.

Numerical methods and model validation

The model was imported into the AnsyseFluent software

whichwas usedwith the PEM fuel cell add-onmodule. A semi-

implicit method was employed to solve the pressure-linked

equation, and the SIMPLE algorithm was used in the solution

method for the pressure-velocity coupling. Furthermore, a

second-order discretization schemewas selected to guarantee

the high accuracy of the solution. To improve the convergence

rate, the multigrid cycle and the F-cycle were applied with the

bi-conjugate gradient stabilized method (BCGSTAB), which

was selected as the stabilization method for the equation of

the species and anodeecathode potential. Due to the complex

Fig. 3 e Comparison between the numerical results and

experiments conducted by Limjeerajarus et al. [28].
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shape of the flow field, the Ansys meshing functionality was

applied with a high smoothing value, and the element size of

the mesh of the flow field was set to 0.0004 m, resulting in

more accurate results as finer meshes lead to more precise

results at each point. However, fine meshes also demand

more computational power for the numerical calculations,

increasing the time required to complete the simulation;

therefore, experiments with different values of mesh fineness

were conducted to determine the impact of the grid on the

current density in order to identify a scenario in which the

results were independent of the grid. Mesh fineness variations

were set by changing the smoothing and relevance center of

the mesh sizing. Optimal meshing was obtained when a dif-

ference in current density of less than 0.2% was achieved.

Fig. 3 presents the comparison of the current density be-

tween the numerical results and experimental results con-

ducted by Limjeerajarus et al. [28]. The parameters used in this

numerical study were the same as those used by Limjeer-

ajarus et al. [28]. Furthermore, the simulation results were

similar to those obtained from the experiments.

Results and discussion

Fig. 4 presents the distribution of oxygen mass fraction for

different flow field models on the cathode side gas diffusion

layer at 0.5 V. The distribution of the oxygen mass fraction is

more uniform in the flow field, in which the baffle was pre-

sent, as the baffles in the mother channel force the flow of

oxygen toward the branch channel. As a result, the flow of

oxygen immediately directed to the outlet was reduced.

Fig. 4 e Distribution of oxygen mass fraction on the cathode side gas diffusion layer at 0.5 V. (a) Model 1, (b) Model 2, (c)

Model 3, and (d) Model 4.

Fig. 5 e Position of the sample data of oxygen mass

fractions in the cathode side gas diffusion layer.
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Fig. 6 e Oxygen mass fraction at sample points along the x-axis: (a) at z ¼ 0.0195, (b) at z ¼ 0.0057, and (c) at z ¼ ¡0.0075.

Fig. 7 e Oxygen mass fraction at sample points along the z-axis: (a) at x ¼ 0.019, (b) at x ¼ 0.0065, and (c) at x ¼ ¡0.006.
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The distribution obtained from model 2 was slightly better

than that of model 3, as the square-shaped baffles could block

the flow more efficiently. As a result, the flow directed to the

branch channel increased, and sufficient supply to near the

end of the branch channel was achieved. In model 4, which

was a refinement of model 2, the increase in the number of

baffles in themother channel enabled the oxygen distribution

to reach the end of the branch channel.

To quantitatively determine the distribution of the oxygen

mass fraction at the cathode layer diffusion gas, measures

were collected at different points along the line, parallel to the

x- and z-axis, as presented in Fig. 5. These data can be seen in

Figs. 6 and 7. Fig. 6 presents themeasures of themass fraction

of oxygen on the lines parallel to the x-axis. As can be seen

from Fig. 5, the lowest oxygenmass fraction value along the x-

axis parallel lines occurred with model 1 (without baffles),

whereas the highest mass fraction value occurred in flow

fields with tight baffles (model 4). Meanwhile, the mass frac-

tion distributions between models 2 and 3 were not signifi-

cantly different.

Fig. 7 presents the distribution of oxygen mass fraction in

the gas diffusion layer of the cathode side along several lines

in parallel to the z-axis. As can be seen from Fig. 7(a) and (b),

the addition of baffles increased the oxygen content in the

branch channel, near the inlet and middle channels. The

branch channel near the inlet was the longest; therefore, it

required more oxygen, as the percentage of the total flow

directed to the branches increased with the resistance in the

mother channel. Meanwhile, in the regional branch channel

near the outlet in Fig. 7(c), the oxygenmass fraction ofmodel 4

was still higher than that of the other models, as the input

mass flow was sufficient, considering the area of the geome-

try. Furthermore, in model 1 (without baffles), a high flow rate

of air was directed to the outlet.

Table 2 indicates that the oxygen mass fraction is directly

proportional to the current and power densities. Moreover,

the uniformity of the oxygen mass fraction positively impacts

the generated current and power densities [8,32]. Model 4

produced the highest uniformity for the oxygenmass fraction

(0.761), resulting in an increase of 18.29% in the current den-

sity when compared with model 1. The uniformity of flow

velocity was not always directly proportional to the unifor-

mity of the mass fraction due to the longer channels, such as

the branch channel near the inlet, which demanded a higher

flow rate, because at each distance, they are consumed for the

reaction. Meanwhile, the pressure and velocity parameters

have similar trends.

Table 3 presents the average oxygen concentration of each

model, considering the same value of input oxygen concen-

tration. As a result, the concentration obtained from model 4

was the highest in the flow field (Co), on the surface of the gas

diffusion layer (Cs), and the surface of the catalyst (Ci). In

addition, the mass transfer coefficient (hm) and Sherwood

number (Sh) in model 4 were significantly higher (approxi-

mately 22.25%) when compared with model 1, as the CoeCs

difference in model 4 was relatively low. This low difference

between Co and Cs could be due to the flow properties in

model 4, as the supply of oxygen was uniform and sufficient;

therefore, the oxygen supply to the gas diffusion layer was

higher than the amount of oxygen that reacted. Contrarily,

higher oxygen concentrations occurred in the flow field of

Table 2 e Uniformity index and area-weight average.

Term Model
1

Model
2

Model
3

Model
4

Uniformity Index Area-Wt.

Velocity Magnitude 0.529 0.570 0.568 0.562

Static Pressure 0.912 0.902 0.904 0.896

Static Temperature 0.999 0.999 0.999 0.999

Mass fraction of O2 0.649 0.739 0.737 0.761

Area-Weighted Average

Current Flux Density

Magnitude (A/m2)

12371.44 14232.00 14183.88 14633.85

Power density (W/m2) 4948.58 5692.80 5673.55 5853.54

Table 3 e Average oxygen concentration and Sherwood
number.

Term Model 1 Model 2 Model 3 Model 4 Unit

Cin 0.01858 0.01858 0.01858 0.01858 kmol/m3

Cout 0.00595 0.00435 0.00443 0.00404 kmol/m3

Co 0.00846 0.00960 0.00962 0.00999 kmol/m3

Cs 0.00729 0.00844 0.00843 0.00886 kmol/m3

Ci 0.00461 0.00553 0.00554 0.00592 kmol/m3

CoeCs 1.167 1.162 1.184 1.130 kmol/m3

hm 0.0275 0.0317 0.0310 0.0336 m/s

Sh 0.971 1.121 1.098 1.187

Fig. 8 e Velocity distribution in the diagonal cross section of themother channel with a variety of flow field designs. a) Model

1, b) Model 2, c) Model 3, and d) Model 4.
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model 3 when compared with model 2 (Table 3); however, the

current density of model 3 was lower (Table 2). One possible

explanation of this discrepancy is the better uniformity of

oxygen mass fraction in model 2. Furthermore, the

rectangular-shaped baffle led to a greater pressure toward

GDL, increasing the average oxygen concentration in GDL

when compared with that of model 3.

Fig. 8 indicates that the use of baffles on the mother

channel increased the flow resistance, thus increasing the

flow of reactants into the branch channel and filling the areas

with lower concentrations of the reactant. Furthermore, the

blockage efficiency of the baffles on the mother channel

increased with the number of baffles and the reduction of

their distance, increasing the flow rate of the reactant to the

outlet. Moreover, the use of baffles increased the flow velocity

at the top of the baffles, forcing the reactants to flow toward

the GDL and CL. Meanwhile, in model 1 (without baffles), the

flow velocity is in the middle of the channel; therefore, the

flow rate toward the GDL was reduced, and the flow rate

directed to the outlet was increased.

The addition of baffles to the flow field significantly

increased the pressure drop. Fig. 9 indicates that in flow fields

with baffles (models 2e4), a substantial pressure drop

occurred when compared with model 1 (without baffles). A

large pressure drop results in the requirement of more pump

power, therefore reducing the net power generated. However,

the pressure drop on a single stack was relatively small due to

the small reactant flow mass required. As a result, the pump

power needed was also relatively very small compared with

the electric power generated; therefore, the net power gener-

ated was not significantly affected. The pressure drop in

model 4, in which the baffles were close to each other, was

39.07% greater than that ofmodel 1 (without baffles); however,

the pump power required was only 0.007% of the gross power

produced.

Conclusion

The addition of baffles to the leaf-shaped flow field increased

the current density and power density of PEM fuel cells up to

18.29%. The addition of baffles in the mother channel com-

bined with an appropriate configuration inhibited the flow of

air to the outlet, increasing the uniformity of the oxygenmass

fraction. As a result, a more assured supply of reactants was

provided at each reaction location, increasing the generated

electric current.
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