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Abstract

In this paper, we apply a biometric flow field design, not just as an attractive
design, but also as a promising concept, that provides high electrical
performance, with low-pressure drop. The purpose of this study was to study the
effect of the channel width of biometric flow fields on the performance of the
Polymer Electrolyte Membrane Fuel Cell. Numerical simulations have been done
using Ansys Fluent software. 9-layer 3D model has been made with 25 em? active
cell area. Biometric flow fields are used on the cathode side and apply Murray
Law as a reference, while the anode side uses a single serpentine flow field.
Channel width varies by | mm; 1.25 mm: and 1.5 mm. The results show that the
1.25 mm channel width produces higher current density and lower pressure drop
than other width at low to medium voltage. When compared to conventional flow
fields, biometric flow field designs can produce higher power density up to 22%.

Keywords: Biometric flow field, Channel width, Polymer electrolyte membrane
fuel cell.
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1. Introduction

A fuel cell is an energy conversion engine that produces electricity from the results
of electrochemical fuel reactions [1]. Because it uses fuel, l fuel cell does not
take a long time for the charging process like a battery. Polymer Electrolyte
Membrane Fuel Cell (PEMFC) is one type of fuel cell that uses hydrogen as its
fuel, making it more environmentally friendly because it only produces exhaust gas
in the form of water vapour [2]. PEMFC works at a relatively low temperature,
therefore, it can be applied to a variety of portable equipment including the supply
of electrical energy in light transport equipment. Like other types of fuel cells, fuel
supply at PEMFC will affect its performance. In addition, the fuel supply to the
reaction area is strongly influenced by the flow field design used [3, 4].

Chowdhury et al. [5] have examined the channel width ratio with the width of
the land. The results of his research show that the narrower the channel, the pressure
drop and the current density will increase. However, the research is limited to a
single straight channel. Other researchers have also examined the effect of channel
width on PEMEC performance [6-8] and shows that the channel width greatly
affects the pressure drop and current density.

Currie [9] has researched several flow field designs on the cathode side to
determine their effect on PEMFC performance. From several forms of the flow
field, finally the biometric and triple serpentine forms were chosen to be compared.
This research shows that PEMFC performance with biometric flow field can be
improved by applying Murray Theory. PEMFCs with biometric flow fields produce
a slightly lower current density in high current than triple serpentine because of
poor drainage problems. However, the pressure drop on the biometric flow field is
lower, so the power losses are lower. In addition, a high-pressure drop can trigger
reactant leakage and cell damage [10]. Ozden et al. [11] has examined leaf flow
field with Murray Law to be elpned to Direct Methanol Fuel Cell (DMFEC) and
shows that the combination of the serpentine flow field on the anode side and
biometric flow field on the cathode side produces the highest current density.
Murray's Law was used to calculate the required parent and daughter channels
diameters of bio-inspired leaf flow fields. This law reveals that the cube of the
hydraulic diameter of the parent channel is equal to the sum of the cubes of the
hydraulic diameters of the daughter channels. Guo et al. [12] have examined the
design of the flow field bio-inspired by tree leaf using Murray law to determine the
flow channel widths of different generations. The results show that the bio-inspired
interdigitated designs substantially improve fuel cell performance by 20-25%
compared to conventional designs. Roshandel et al. [13] have examined the design
of flow field inspired by leaf and the results show that the reactant concentration
on catalyst surface is more homogeneous and the power density is higher than
parallel and serpentine flow channels. From several other studies, also showed that
the use of a biometric flow field provides promising performance with a better
pressure drop compared to conventional flow field [14, 15]. However, some
research on biometric flow field offers quite complex designs, which may be
difficult to make. As for simple biometric designs [11, 13], it has not been studied
about the effect of channel width on cell performance.

The purpose of this study was to determine the effect of channel width on the
biometric flow field on PEMFC performance and pressure drop. Branch channel
width will affect the flow of mass uniformity at each point. The more uniform
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the mass flow rate, the more uniform the current produced at each point,
therefore, that it will increase the value of current density. In this paper, we will

also discuss the comparison of leaf design proposed with conventional parallel
flow fields as a consideration.

2. Numerical model
2.1. Model design and geometry

Numerical simulations are performed using the Ansys Fluent software, by calling
the fuel cell PEM addon module. The model used is PEM single stack 3D fuel cell
with 25 cm? membranes active area, according to previous research references [11,
12, 14]. The model consists of 9 parts, that is a pair of current collectors, a pair of
reactant fluids, a pair of gas diffusion layers, a pair of catalyst layers, and a
membrane [16].

Flow field biometrics are used in leaf form with variations in channel width of
I mm: 1.25 mm; 1.5 mm. Chowdhury et al. [5] and Guo et al. [12] conducted
research on this variation is based on the consideration results. The depth of the

channel and the width of the rib are made constant 1 mm. The flow field design is
more clearly seen in Fig. 1.
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Fig. 1. Flow field design.
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The stack dimension is fully shown in Fig. 2. The full stack consists of 9 sections
as described previously. The dimensions of each part are more clearly shown in
Table 1, which were based on several references [17, 18].

Fig. 2. Dimensions of fuel cell stack in mm.

Table 1. Model geometry.

Properties Value Unit
Channel height 1 mm
Diffusion layer thickness 042 mm
Catalyst layer thickness 0012 mm
Membrane thickness 005 mm
Current collector thickness 3 mm

22. Model equation

In this study, the governing equation used refers to Ansys Fluent Fuel Cell Modules
Manual [ 19]. The basic equation used is the following transport Eq. (1) [16].

V.(ppV) = V.(I,Vp) + S, (1)
where ¢ is the transported quantity (mass, momentum, energy), p is the mixture
density, Vis velocity vector, I is diffusivity of transported quantity, and Sy is the
source term. Driving force electrochemical reactions that occur are potential in the
solid phase and membrane phase as in Eq. (2) [16]

V.(0sVes) = —Rs; V.(03Ybn) = —Rp @

where a is electrical conductivity, ¢ is potential, and R is an electrical current, while
s and m are solid and membrane phase. For solid-phase, Rs = -Ra on the anode side,
Rs =+ Rc on the cathode side. As for the membrane phase Rm = + Ra on the anode
side and Rm = -Rc on the cathode side. Ra and Re obtained the Butler-Volmer
equation as follows [19]
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1o = (¢s — dm) (5)
h = (¢ps— bm — Voc) (6)

where ( 1s a specific active surface area, j.r is reference exchange current density
per active surface area, o, and ¢, are the anodes and cathode transfers C(n"lciems,
v and y. are anode and cathode concentration exponents, 7, and 1, are the anode
and cathode overpotentials while V.. is open-circuit voltage.

Uniformity of velocity shows the uniformity of oxygen supply at each point on
the side of the cathode. Uniformity of oxygen supply will improve the
electrochemical reactions that occur in each position. To determine the uniformity
of velocity, the gamma uniformity index is used [20].

A J—u)?
y=1-J g 4 ™

where i is the average velocity and A is the area.

23. Model parameter and boundary condition

The model is assumed to be a single-phase laminar flow with a working
temperature of 333 K and an operating pressure of one atm. Hydrogen and oxygen
flow mass as reactant gas are kept constant at 8.107 kg s' and 2.10" kg s*'. While
the operating voltage is varied by 0.8 V: 0.6 V; 04 V; and 0.2 V. Based on studies
by Heidary et al. [16], Iranzo et al. [17] and Limjeerajarus and Charoen-amornkitt
[18], the detailed model parameters are as shown in Table 2.

Table 2. Parameter model.

Property Value Unit Reference

Density of diffusion layer 3215 kg m” Iranzo et al. [17]

Electric conductivity of diffusion layer 280 ohm' m"! Iranzo et al. [17]

Porosity of diffusion layer 0.6 Heidary et al. [16]

Porosity of catalyst layer 04 Heidary et al. [16]

Surface to volume ratio of catalyst layer  1.127x107  m?Ptm~ Heidary et al. [16]

Thermal conductivity of the membrane 0.16 Wm 'K Iranzo et al. [17]

Dry membrane density 1980 kg m~ Iranzo et al. [17]

Anode concentration exponent 1 Heidary et al. [16]

Cathode concentration exponent 1 Heidary et al. [16]

Open circuit voltage 1.05 v Heidary et al. [16]

Anode reference concentration 00008814 kmolm™ Limjeerajarus and Charoen-amomkitt [ 18]
Cathode reference concentration 0.0008814  kmolm™ Limjeerajarus and Charoen-amomkitt [ 18]
Anode charge transfer coefficient 1 Limjeerajarus and Charoen-amomkitt [ 18]
Anode reference current density 717 Am?pt! Limjeerajarus and Charoen-amomkitt [ 18]
Cathode charge transfer coefficient 1 Limjeerajarus and Charoen-amomkitt [ 18]
Cathode reference current density 717107 Am?Pr'  Limjeerajarus and Charoen-amomkitt [18]

3. Results and Discussion

3.1. Model validation

For validation, with the results of experiments, Chang and Wu [21] have compared
numerical simulations. In a previous study, we made a triple serpentine flow fields
design simulation [22] are close to the results of experiments conducted by Chang,
as shown in Fig. 3. Validation results show the appropriate tendency between the
simulation results and the experimental results. Using the average percentage
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difference formula [23] there is 1.5% error. Chang and Wu [21] compared the
simulation method used in this study with the experiment because it shows the
closest results. This simulation method has approached experimental results,
therefore, this simulation method can be used for different flow field designs and
different flow field sizes.

05
0.8

—&— Simulation
# Chang(2015)

0.7
06 +
05 +
04 +
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Voltase (Volt)
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0 + + +
0.0 0.5 1.0 15 20
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Fig. 3. Validate simulation results with experiments.

32. Velocity distribution in biometric and parallel flow fields

In Fig. 4, it can be seen that the oxygen velocity distribution for biometric and
parallel flow fields looks different. The biometric flow field shows a more uniform
velocity distribution on the branch channel than parallel. Velocity uniformity index
surface integral from the fluent result report for biometric flow field with 1.25 mm
channel widthis 0.555, while that of the parallel flow field is 0.412. This difference
in velocity distribution is caused by the branch channel angle in the biometric flow
field, which is more tapered, therefore, the fluid is more easily divided into branch
channels. Whereas, in parallel flow fields, branch channels are perpendicular to the
main channel, therefore, in high-speed areas the fluid is difficult to turn [24].
Uniformity of fluid velocity in-branch channels shows the uniformity of mass flow
of oxygen supply. The better oxygen supplies the better the cell performance.

Welocity T S - Veloety
Pane | T i | Plaies |
5.000e+000 5. D00e+000
3.750e+000 3 T50e+000
2.500e+000 2,500e+000
1.250e+000 125084000
0.000+000 0.000e+000
[m ] m 1]
(a) Parallel flow fields. (b) Biometric flow fields.

Fig. 4. Distribution of oxygen velocity in cathode side.
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33. Distribution of oxygen concentration in biometric and parallel flow fields

In Fig. 5, it can be observed that the distribution of oxygen concentration
corresponds to the velocity distribution in the channel. The greater the velocity in
a channel the greater the flow mass, the greater the oxygen concentration in the
channel. Furthermore, the longer the channel, the lower the concentration of
oxygen at the end of the channel. The oxygen velocity in the middle area of the
parallel flow field is very low, so the oxygen concentration will quickly run out in
the middle.

As explained by Lim et al. [23], that in conventional parallel channels the
velocity will be high near the inlet and outlet. In biometric flow fields, the oxygen
velocity entering each branch is almost uniform. However, oxygen continues to be
consumed, therefore, in the long branches oxygen will run out at the end and the
remains are the product of water vapour flowing into the outlet. To show the
uniformity of oxygen concentration in the flow field, uniformity surface integral
values are taken from the fluent result report according to Eq. (7). Oxygen
concentration uniformity index for biometric flow field with 1.25 mm channel
width is 0.632, while for parallel flow field is 0.515.

02 Mass Fraction '-'— elocity
Flane |
2 000e-001 5.000e+000

3.7500+000

2.500e+000

1.250e+000

0. 000e+000
jm ##-1]

(a) Parallel flow fields. (b) Biometric flow fields.

Fig. 5. Distribution of oxygen concentration in cathode diffusion layer.

34. Current density and power density

Figure 6 shows a polarization graph that compares the biometric flow fields and
conventional parallel flow fields. Figure 6 shows that the use of biometric flow
fields on the cathode side shows a higher performance than parallel flow fields.
This is because flow mass uniformity in the biometric flow fields is better than the
parallel, therefore, the average oxygen supply on the cathode side becomes larger
than the parallel flow fields.

Figure 6 also compared the influence of the branch channel width of 1 [‘n'l
and 1.25 mm in the biometric flow field. From Fig. 6, it can be seen that the
branch channel width does not have a significant effect on macrocell
performance. However, for large power capacity, it will be necessary to consider.
The effect of the width of the new channel is illustrated with a more precise scale
in Figs. 7 and 8.

From Fig. 7, (at 0.4 V), it can be seen that current density is 0.825 A/em? for

1.25 mm channel width. At 1 mm channel width, a slightly lower current density is

3
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produced. The lowest current density is at 1.5 mm channel width. The amount of
the current density is very suitable with 1.25 mm channel width. Current density is
influenced by the oxygen concentration on the diffusion layer of the cathode side,
the greater the oxygen concentration the greater the current density [13]. Current
density is also influenced by pressure drop, the greater the pressure drop the greater
the current density [5]. Narrower channels will produce a higher pressure drop but
lower oxygen mass flow. Conversely, the wider the channel, the higher the oxygen
mass flow, the lower the pressure drop. Adequate channel width will provide
sufficient mass flow and pressure drop. At medium voltage (0.4 V), the cell does
not need a lot of oxygen to react. Therefore, a wider channel is less effective at
increasing current density.
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Fig. 6. Graph of polarization with variations flow fields.
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Fig. 7. Graph of current density at 0.4 V with
variations in channel width on biometric flow field.
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Figure 8 shows the pressure drop as a function of different channel widths. The
wider the channel, the lower the pressure drop. Pressure drop for biometric flow
fields with 1.25 mm channel width that is 53.51 Pa. In other cases, the simulation
results for parallel flowfield show a pressure drop of 48691 Pa. This shows that
the pressure drop for biometric flow fields is only 11% of the parallel flow field.
Figure 9 shows the oxygen concentration at the cathode catalyst surface. The wider
the channel, the greater the oxygen concentration. The 1.25 mm channel width has
an adequate pn;sure drop and sufficient flow mass, resulting in good current
density at the medium voltage (0.4 V) and low voltage (0.2 V). In addition, the
number of ribs on the 1.5 mm channel width is less than the number of ribs on the
1.25 mm channel width. The small amount of rib causes a reduction in the electron
channel between the gas diffusion layer and the current collector, this will affect
ohmic barriers [5, 8].

54.00 +

53.50 + ——0.4V

53.00 +

Pressure drop (Pa)

5250 1

52.00 } t +
0.75 1.25 1.5 1.75

[y

Channel width (mm)

Fig. 8. Effect of channel width on pressure
drop on 0.4 V on biometric flow field.
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Fig. 9. Effect of channel width on oxygen
concentration at 0.4 V on biometric flow field.
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InFig. 10, we can see that the current density for channel width 1.25 mm higher
than channel width 1 mm and 1.5 mm at low voltage. Differences are seen when
compared to medium voltage conditions. At 1.5 mm channel width, the resulting
current density is higher than the channel width of 1 mm. This is because, at low
voltages, the oxygen concentration gives a greater influence than the oxygen
pressure to the diffusion layer [9].

From Fig. 11, we can see that the peak power density for parallel flow fields is
0.27 W/em?, while for biometric flow fields is 0.33 W/cm?. Therefore, power
density f()rnometric flow fields is 22% is higher when compared to the parallel
flow fields on the cathode side. The amount of power density produced is directly
proportional to current density, therefore, the increase in power density is also
caused by an increase in uniform distribution of oxygen supply on the cathode side.
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Fig. 10. Current density graph at 0.2 V with
variations in channel width on biometric flow field.
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Fig. 11. Power density graph with variations in flow fields.
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4, Conclusions

From this study, it can be concluded that the use of biometric flow fields produces a
higher power density of 22% when compared with the use of parallel flow fields on
the cathode side. This is because the distribution of oxygen supply in the biometric
flow field is more uniform, therefore, it can meet the oxygen demand on the cathode
catalyst. In addition, biometric flow fields have lower pressure drop advantages, only
119 of parallel flow fields.

Nomenclatures
A Area, m?
F Faraday constant, 9.65.107 C/kmol
e Reference exchange current density per active surface area, A/m?
R ntill gas constant, 8.314 J/kmol
R, R, Electrical current anode side and cathode side, A/m?
R, R, Electrical current solid phase and membrane phase, A/m?
So Source term transported quantity
T Velocity average, m/s
17 Velocity vector, m/s
Voo Open circuit voltage, volts
Greek Symbols
V Del operator
L, Ol Anode and cathode transfers coefficients
I, Diffusivity of transported quantity, m%'s
Va, Ve Anode and cathode concentration exponents
¥y Gamma uniformity index
s Specific active surface area, 1/m
s e Anode and cathode overpotentials
P Mixture density, kg/m?
To O Electrical conductivity solid phase and membrane phase,
l/ohm m
] Transported quantity (mass, momentum, energy)
@ P Electric potential solid phase and membrane phase, volts
Abbreviations
3D Three Dimensional
DMFC Direct Methanol Fuel Cell
ITS Institut Teknologi Sepuluh Nopember
LPPM Lembaga Penelitian dan Pengabdian Masyarakat
PEMFC  Polymer Electrolyte Membrane Fuel Cell
PTFE Polytetrafluoroethylene
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