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Abstract: This study aims to optimize the flow channel design for a proton exchange membrane
electrolyzer cell (PEMEC) to minimize the pressure drop across the cell. The pattern of parallel flow
channels is considered with a dual-porous layer structure sandwiched between the flow channel plate
and the catalyst layer. Four geometric factors are considered in the optimization analysis, including
the width of the flow channel, the depth of the flow channel, the particle diameter of the large-pore
porous layer, and the particle diameter of the small-pore porous layer. Computational fluid dynamics
(CFD) is used to simulate the flow field, and based on the results of the CFD simulation, the Taguchi
method is employed to analyze the optimal flow channel design. The importance of the factors is
further analyzed by the analysis of variance (ANOVA) method. Three inlet velocities are assigned
in the Taguchi analysis, which are 0.01, 0.1332, and 0.532 m/s, and then an orthogonal array is
constructed and analyzed for each inlet flow condition. It is found that the optimal combination of
the factors is the depth of the flow channel 1 mm, the width of the flow channel 3 mm, the particle
diameter of the large-pore porous layer 0.212 mm, and the particle diameter of the small-pore porous
layer 0.002 mm. The pressure drop across the PEMEC is minimized at the condition with the optimal
combination of the factors. The ANOVA analysis shows that the depth of the flow channel exhibits
the most significant impact on the pressure drop, while the other factors play minor roles only.

Keywords: proton exchange membrane electrolyzer cell (PEMEC); pressure drop; porous layer;
Taguchi method; analysis of variance (ANOVA)

1. Introduction

In the last decade, the impact of global warming has become more apparent and
an environmental crisis. One of the main reasons causing global warming is the wide
employment of fossil fuels. Therefore, it is urgent to find clean alternatives to replace
traditional fossil fuels [1-3]. For the possible clean energy sources, hydrogen has received
much attention due to its great potential for practical applications. It possesses higher
energy density than other types of fossil fuels, and the cost of developing hydrogen energy
is affordable [4]. Numerous studies have been devoted to the mass production of hydrogen
in the literature, in which the electrolysis method is an attractive way to produce hydrogen
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by splitting water into hydrogen and oxygen in a proton exchange membrane electrolyzer
cell (PEMEC) [5-7]. In this device, a solid polymer electrolyte membrane (PEM) typically
made of a fluorinated polymer (i.e., Nafion) is used to separate the cathode flow channel
and the anode flow channel [8,9]. The water molecules can be split into hydrogen ions
and oxygen gas by passing a current through the cell. The hydrogen ions are transported
through the PEM to the cathode side of the cell, and the oxygen gas is released at the anode
side simultaneously. The PEM is selective in allowing only protons to pass through while
blocking the passage of electrons and other species [10,11]. The PEMEC has been used
for various purposes, such as hydrogen production in fuel cell vehicles, energy storage,
and industrial processes. It has also been considered a promising technology for hydrogen
production from renewable energy sources, such as wind [12] and solar [13].

The usage of PEMEC for hydrogen production has many advantages. One is its high
efficiency in hydrogen generation, which means that most of the supplied electrical energy
into the cell could be converted into chemical energy stored in hydrogen gas [14]. In
addition, the produced hydrogen has high purity, which is essential for many applications,
such as fuel cells [15]. It can also operate at relatively low temperatures, typically between
50 °C [16] and 80 °C [17]. This characteristic reduces its energy consumption and enables
the usage of inexpensive materials in the cell. It also makes it easier to start and stop the
cell as needed. However, the PEMEC has one major demerit: low durability, with a short
lifespan of around 10,000 h [18]. After that, the device needs to be replaced or refurbished,
which increases the operating cost and reduces the technology’s economic viability.

The pressure drop across the water flow channel is one of the primary causes that
may significantly affect the system’s durability. Excessive pressure drop can increase the
mechanical stress inside the cell structure, resulting in a short lifespan [19]. An increase
in pressure drop can also produce several adverse effects on the cell; for example, the
transport of water from the bulk channel to the membrane depends on the difference in
water concentration between these two sites. An increase in pressure drop indicates a lower
pressure in the flow channels, which generally implies a lower concentration of water. As a
result, the rate of water transport to the membrane would be reduced, which could lead
to insufficient hydration and poor cell performance [20]. In addition, the heat generated
during the reaction in the cell needs to be removed to maintain the cell temperature within
a suitable range [21]. The heat transfer rate can be affected significantly by the pressure
drop. In the study by Nie et al. [22], it was noted that due to the relatively high pressure
drop within the inlet and outlet channels, the flow velocity tends to increase as the flow
approaches the end of the channel, which leads to the occurrence of reverse flow within the
channel. Hence, the overall fluid flow rate is reduced, which degrades the performance and
durability of the cell. Furthermore, a higher pressure drop represents a greater pressure
difference between the inlet and the outlet of the PEMEC. Because the pressure in the flow
channel would affect the water transport rate through the porous layer to the membrane,
the uniformity of electrolyte distribution would be worse under a higher pressure drop. It
may also result in local flooding or drying out of the membrane. This phenomenon could
lower the cell performance greatly [22]. In summary, the pressure drop across the water
flow channel influences the water transport, heat transfer, and electrolyte distribution in
a PEM electrolyzer cell. Therefore, it is essential to optimize the design of the water flow
channel to minimize pressure drop and enhance cell performance and durability [23].

In the recent experimental study conducted by Kang et al. [24], they developed a
dual-layer structure of a thin/tunable liquid/gas diffusion layer or porous transport layer
(TT-LGDL/PTL) to improve the mass transport performance for a PEMEC. Their results
revealed that the dual-layer structure presents smaller ohmic resistance and mass transport
resistance. Consequently, the PEMEC performance could be enhanced significantly. The
dual-layer structure consists of an ~830 um pore TT-LGDL/PTL stacking on a ~100 um
pore TT-LGDL/PTL. They suggested that it is strongly feasible to raise the PEMEC effi-
ciency by stacking the in-plane transport enhancement layer with large pore sizes onto a
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TT-LGDL/PTL with small pore sizes. However, they did not explore how the dual-layer
porous structure affects the flow field and the pressure variation in the flow channel.

The flow field within a PEMEC is important as it governs the processes of mass
transport and distribution within the cell. Numerous researchers have utilized compu-
tational fluid dynamics (CFD) simulations to offer insights and recommendations for
design enhancements and optimization of parameters. Ruiz et al. [25] employed com-
putational fluid dynamics (CFD) to simulate the pressure distribution across different
flow paths and to analyze hydrogen generation. Nafchi et al. [26] conducted numerical
simulations and identified that reducing the film thickness, channel height, and width can
effectively decrease electrical pressure while improving overall efficiency. In another study,
Tijani et al. [27] examined the hydrodynamic characteristics of three different flow plate de-
signs, revealing that parallel flow channel configurations exhibited the most
promising outcomes.

The optimal flow channel design with dual porous layers has also not been investigated
yet. Accordingly, the present study intends to perform exploration to optimize flow channel
design for a PEMEC with a dual porous-layer structure. The Taguchi method was employed
to perform the analysis for optimization. This method has been widely used to determine
the optimal operating parameters for a PEM electrolyzer cell system [28,29] or a PEM fuel
cell system [30]. Toghyani et al. [28] used the Taguchi method to optimize the operating
parameters for a PEMEC to decrease the required input voltage. They also employed
the analysis of variance (ANOVA) method to evaluate the significance of each of the
parameters, and the results showed that the anode exchange current density presents the
most significant effect on the input voltage. Saikia et al. [29] considered the electrolyzer
system integrated with a solar photovoltaic device and used the Taguchi method to optimize
the hydrogen production rate. Several key operating parameters were selected in the
analysis, and they found the hydrogen production rate could be raised dramatically after
optimization. Chen et al. [30] used four methods, including the Taguchi and ANOVA,
to optimize the PEM fuel cell stack’s inlet/outlet flow channel geometries. The results
indicated the tube diameter is the most impactive factor on the pressure uniformity within
the stack.

Because a uniform pressure distribution is quite important for a PEMEC to lengthen
its lifespan, this study explores how to minimize the pressure drop across the flow channel
by adjusting the geometric design of the flow channel and the geometric properties of the
dual-layer porous structure. The flow field in the PEMEC is simulated by computational
fluid dynamics (CFD). Then, the Taguchi method is used in the optimization analysis, and
the impact of each selected parameter is evaluated by the analysis of variance (ANOVA)
method. The results will benefit the enhancement of PEMEC performance.

2. Materials and Methods
2.1. CEFD Model and Simulation

The anode side of a PEMEC was considered, which consists of a flow channel plate
and a dual-layer structure of porous transport layer, as shown in Figure 1a,b. The pattern of
parallel flow channels was used, and the catalyst layer was assumed to be an impermeable
boundary on the bottom of the dual-layer porous structure. The dual-layer porous structure
was constructed based on a reported study, [31], where the porous layer with large pores
adjacent to the flow channel plate was approximated by a porous medium layer composed
of particles with a larger diameter. The other porous layer with small pores was simulated
by a porous medium layer composed of particles with a smaller diameter and sandwiched
between the catalyst layer and the large-pore porous layer. The dimensions of the simulation
domain were 67 mm X 67 mm X 2 mm, with the inlet and outlet positioned on diagonal
corners. The width and depth of the flow channel would be adjusted to evaluate their
effects in the analysis of the Taguchi method. The width of the ribs in the flow plate was
fixed at 1 mm, and the widths of the inlet channel and outlet channel were 2.5 mm and
2 mm, respectively, based on the design of parallel flow channels [32]. Figure 1b illustrates
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62.5 mm
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the cross-sectional view of the flow channels with the porous layers, in which both the large-
pore and small-pore porous layers have the same thickness of 0.05 mm as the dimensions
used in another study [31].
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Figure 1. (a) Top view of the flow channels of the PEMEC model, and (b) the cross-sectional view of
the flow channels and porous layers.

The water flow was assumed to be a steady and incompressible flow. The continuity
and momentum equations were given as follows:

Vu=0 )

p(wV)u=~Vp+u[Vu+ (Vu)'|1+F @)

where u is the velocity vector, p is the density, p is the pressure, y is viscosity, I is a unit
vector, and F is the body force vector acting on the fluid. For the flow in the dual-layer
porous structure, Darcy’s law was used as the formula:

K
— X (Vp—
u u( p—F) €)

where K is the permeability of the porous medium. The porosity, permeability, and effective
mean particle diameter d, of the porous layer are correlated by the Carman-Kozeny
equation [33] of the form:

d%,sg’

T 180(1 —¢)? @

This equation is appropriate for the porous medium with approximately spherical
particles. The flow field was simulated by COMSOL software (6.1), and the chemical
reaction on the catalyst layer was ignored. The objective function in the analysis is the
pressure drop across the PEMEC, which is expressed by:

AP = Py — Pout &)
where P;,, and P,y; are the pressures at the flow channel plate’s inlet and outlet, respectively.

2.2. Validation and Grid Independence

The accuracy of the numerical results was first verified by comparing the results with
those of the study by Lin et al. [34]. A PEMEC model was constructed that is the same
as the pattern of parallel flow channels built in the work of Lin et al. [34] without the
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design of a porous layer for comparison. The dimensions of the flow channel plate were
53 mm x 53 mm, and the channel width, channel depth, and rib width were all set to 1 mm.
The direction of inlet flow was normal to the flow plate, and the flow rate was 50 mL-min~'.
The water flow at the outlet was assumed to be a natural outflow, and the flow also exited
in the normal direction to the flow plate. Figure 2 shows the pressure distribution inside
the flow channels. The result is consistent with the simulation of the study of Lin et al. [34],
in which the predicted pressure drop across the flow plate is 49.75 Pa by the present model

and 50 Pa in the study by Lin et al. [34]. The difference is less than 0.5%.

Outlet Pressure (Pa)

Figure 2. The pressure distribution simulated by the present model within the flow channel plate
without a porous medium layer.

The model built by Vazifeshenas et al. [35] with a serpentine flow channel pattern was
chosen to validate the water flow simulation in a porous medium, as shown in Figure 3a.
The width of the square coolant plate is 50 mm, in which the channel width and rib width
are 1 mm. The serpentine flow channel is filled with a high-porosity porous medium,
where the porosity is 0.9, and the mean fiber diameter of the porous medium is 0.35 mm.
Calculations were performed for four typical cases with different inlet flow velocities. The
corresponding pressure drop for each case is shown in Figure 3b. In comparison with the
results of Vazifeshenas et al. [35], it is found that the deviation of the predicted pressure
drop across the porous serpentine flow channel is generally less than 5%, except in the case
of inlet velocity 0.003 m/s, where the deviation is about 15%. The comparison indicates
that the present numerical model is reliable and could successfully simulate the water flow
in a porous channel.

| 50 mm
b » 400
| | t »: -z - * Simulation from Vazifeshenas, Y. etal, 2019
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| -
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Figure 3. (a) The model of serpentine flow channel filled with porous medium. (b) Comparison of
the pressure drop at different inlet velocities between the previous work [35] and the present study.
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The grid independence test was also conducted to evaluate the mesh quality of the
flow channel system. Here, we consider the typical case with 1 mm channel width, 1 mm
channel depth, 180 um of particle diameter for the large-pore porous layer, and 2 pm of
particle diameter for the small-pore porous layer. At the inlet velocity of 0.1332 m-s™ !,
we adjusted the number of elements and performed the numerical simulation to calculate
the pressure drop across the flow channel plate. For the four typical element numbers of
1.6825 x 10°, 1.7008 x 106, 1.7281 x 10°, and 1.7507 x 10°, the corresponding pressure
drops are 155.87, 154.03, 153.56, and 153.35 Pa, respectively, as depicted in Figure 4. As
the element number increases from 1.72 x 10 to 1.75 x 10°, the variation in the pressure
drop is less than 0.15%. Therefore, the mesh system with element number 1.72 x 10° was
selected and employed in the simulations.

157

156

154 -
153
152 |-
151 |-
150

1.68x10°  17x10° 1.72x10° 1.75x 10°
Element number

Pressure drop (Pa)

Figure 4. Grid independence test with four different element numbers.

2.3. Optimization with the Taguchi Method

The Taguchi method involves designing experiments to identify the optimal conditions
of process variables that will result in a good output, which is the pressure drop across the
flow channel of the PEMEC in the present study. An orthogonal array was constructed to
select the appropriate combination of input variables or factors and to design the levels
for testing. It is a mathematical tool that enables a researcher to test many variables with a
minimum number of experiments. This study focuses on the geometric design, and the
considered factors include the width of the flow channel, the depth of the flow channel, the
particle diameter of the large-pore porous layer, and the particle diameter of the small-pore
porous layer, which are denoted by the factors A, B, C, and D, respectively. The levels for
each factor are listed in Table 1. Three levels were designed for each factor, resulting in
81 different combinations of the factors and levels. The Ly orthogonal array, as listed in
Table 2, gives the number of simulations needed for optimization.

Table 1. The selected factors and level settings in the Taguchi analysis.

Level
Symbol Factor Unit
1 2 3
A Flow channel width mm 1 2 3
B Flow channel depth mm 0.1 0.5 1
C Particle diameter of large-pore porous layer pum 180 212 250
D Particle diameter of small-pore porous layer um 2 5 7
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Table 2. The design of an Lg (3%) orthogonal array with different combinations of levels.

Level
Simulation

A B C D
R1 1 1 1 1
R2 1 2 2 2
R3 1 3 3 3
R4 2 1 2 3
R5 2 2 3 1
R6 2 3 1 2
R7 3 1 3 2
R8 3 2 1 3
R9 3 3 2 1

The effects of the factor on the objective function were evaluated by the signal-to-noise
(S/N) ratio. The Taguchi method has three types of the S/N ratio [31]. This work employed
the type of smaller-the-better (5B) S/N ratio because the optimization goal was to minimize
the pressure drop of the flow field. The definition is:

S

_ 2
Nep 10log(Y) (6)

where Y is the objective function, standing for the pressure drop as defined in Equation (6).
The S/N ratio for each run in the orthogonal array was calculated and used to evaluate the
S/N ratios of the cases outside the orthogonal array. In this way, the optimal combination
of the factors that produced the lowest pressure drop could be determined.

2.4. Analysis of Variance

The ANOVA method was used to explore the significance of each factor for the
pressure drop of the PEMEC. The total variation attributable to the system factors could be
determined by the sum of the squares of deviation (S;), defined as:

3
S;=3x Z(Ki]‘—y)z (7)

j=1
where Kj; is the pressure drop, i is the factor, j is level, and ¥ is the mean pressure drop of
the 9 runs [36]. The variance ratio test (also named the F-test) was then performed to detect
and compare the significance of the factor. The following formula determined the F-value
of each factor:

Si/f

fet = 5 JIN-1)— f]

where f is the degree of freedom, which is equal to the number of levels minus one, N is the
total number of tests, and Sy is the sum of the squares of errors calculated by the minimum
value of each factor [37].

®)

3. Results and Discussion
3.1. Flow Field Analysis and Pressure Distribution

The simulation result was explored based on the typical case R5, as listed in Table 2.
The water flow channel’s depth and width are 1 mm, and the particle diameter for the
large-pore and small-pore porous layers are 0.212 mm and 0.005 mm, respectively. For the
boundary conditions, the inlet velocity was 0.1332 m-s~!, and the gauge pressure at the
outlet was set to 0 Pa. The 2D velocity contour is shown in Figure 5 at the middle plane of
the flow channels. When the water enters the inlet flow channel, most of the water flows
along the entrance of the flow channel, and the flow velocity decreases gradually because
some of the water flow passes through the parallel flow channels. It can be observed that
the velocity magnitude in the inlet region is smaller than that in the outlet region, where
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the maximum velocity is about 0.13 m-s~! in the inlet region and 0.3 m/s in the outlet
region. The difference in the widths of the inlet and outlet flow channels mainly causes this
phenomenon. It is also found that the flow speed in the parallel flow channels is slightly
higher on the left side, and that the jet flow structure is prominently observed in the outlet
channel, particularly for the flow channels located near the inlet side. This phenomenon
has also been documented in previous studies [38].

R

e a  Velocity (m/s)
0.25

0.2
0.15
0.1

0.05

Figure 5. The 2D velocity contour within the flow channel plate of the case R5.

The 3D pressure contour for this typical case in the flow channels is shown in Figure 6a.
The highest pressure is 172.3 Pa, which occurs at the inlet boundary. The pressure decreases
gradually along the flow channels to 0.4 Pa at the outlet boundary. Note that the pressure
at the outlet boundary is set to zero, while the pressure of 0.4 Pa is the mean pressure
in the interior region close to the outlet boundary. The inlet pressure in the flow field
is higher than the outlet pressure, which aligns with findings from similar studies on
flow fields [38,39]. The pressure drop is more significant within the inlet and outlet flow
channels, at about 90 Pa throughout the channel. But the pressure drop in the parallel
flow channels is generally less than 40 Pa in each channel. For the dual-porous layer, the
structure is adjacent to the flow channel plate. Hence, the flow in the channels would
penetrate into the dual-porous layer structure. The distribution of pressure in both porous
layers is similar to that in the flow channels, as shown in Figure 6b, for the pressure profile
within the large-pore porous layer. The pressure difference between the flow channel and
the porous layers in the normal direction to the flow channel plane is insignificant because
the thicknesses of the porous layers are quite small.

Pressure (Pa) Pressure (Pa)

180
180

Te0 160
140 40
120 0
100 0
80

60 |

40 N\ :
20 \ -0

0

5 O O K = =
o O O N

(a) (b)

Figure 6. The 3D pressure contour of the case R5 within (a) the flow channel and (b) the large-pore
porous layer.
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3.2. Orthogonal Array and Taguchi Analysis

To determine the influence of each factor on the objective functions, the Taguchi
method was used as design of experience [40], and using an orthogonal array significantly
reduced the required number of experiments [41]. The Taguchi method designed and
analyzed the L9 orthogonal array, as listed in Table 2, to obtain the optimal conditions
that lead to the minimum pressure drop. The simulations of the Lg orthogonal array were
performed under the boundary conditions of the flow velocity 0.1332 m-s~! at the inlet, and
the gage pressure was 0 Pa at the outlet. The water flows through the parallel flow channels
and can be transported to the catalyst layer through the large- and small-pore porous layers.
The pressure drop for each run in the Lg orthogonal array is shown in Figure 7a. The results
were then used to calculate the S/N ratio of each run. A lower pressure drop will result in
a higher S/N ratio, preferable in the present analysis. It is found that the run R9 gives the
highest S/N ratio in the orthogonal array. The variation of the mean S/N ratio for each
factor with the level is shown in Figure 7b. The average S/N ratio of Factor A at Level 1 for
pressure drop is calculated as —54.8, derived from the mean of R1 (—69.1), R2 (—51.8), and
R3 (—43.6) [30]. The optimal combination of the factors with the highest S/N ratio exists
outside the orthogonal array. The corresponding levels are as follows: the depth of the
flow channel of 1 mm, the width of the flow channel of 3 mm, the particle diameter of the
large-pore porous layer of 0.212 mm, and the particle diameter of the small-pore porous
layer of 0.002 mm. This model exhibits the lowest pressure drop of 129.25 Pa.

40
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2500 |-
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@
8
T
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45 /

|
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-65 [ /
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B [ ]
-70 o
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Figure 7. The results of Taguchi analysis at the inlet velocity of 0.1332 m/s; (a) the pressure drops of
the 9 runs and (b) the variations of mean S/N ratio for the four factors.

The same simulation procedures for the orthogonal array were also performed at
different inlet flow velocities. At a lower flow velocity of 0.01 m-s~!, the pressure drops
for the nine runs are shown in Figure 8a. The minimum pressure drop still occurs at run
R9 at only 7.26 Pa. According to the mean S/N ratio for each level, as shown in Figure 8b,
the optimal combination of the geometric factors is still the same as that of the case with
the inlet velocity of 0.1332 m-s~!, which leads to a pressure drop of 6.91 Pa. The difference
in the pressure drop before and after optimization is relatively insignificant because the
pressure drop is small under such a low inlet velocity condition. Hence, the improvement
in the pressure drop is limited.
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Figure 8. The results of Taguchi analysis at the inlet velocity of 0.01 m/s; (a) the pressure drops of the
9 runs and (b) the variations of mean S/N ratio for the four factors.

On the other hand, the model was further tested at a higher inlet velocity of
0.532 m-s~!. The corresponding pressure drop for each run is shown in Figure 9a. The
lowest pressure drop is 930.6 Pa, which is still dominated by the run R9. It is seen that the
difference in pressure drop between the typical runs is significant at a higher inlet velocity,
where the pressure drop rises to 11,911.8 Pa for run R1. Based on the results of the mean
S/N ratios shown in Figure 9b, the optimal combination of the factors is the same as both
of the previous cases, except for Factor D, for which the particle diameter of the small-pore
porous layer changes to 0.007 mm, where the minimum pressure drop is 902.3 Pa.
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Figure 9. The results of Taguchi analysis at the inlet velocity of 0.532 m/s; (a) the pressure drops of
the 9 runs and (b) the variations of mean S/N ratio for the four factors.

The effect of each factor on the pressure drop is demonstrated in Figure 10a—c for
the three assigned inlet velocities. The effect is calculated by the S/N ratio in the Taguchi
method. The average S/N ratio is first calculated for each level of the specified factor, and
then the difference between the maximum and minimum average S/N ratios of the factor
is determined as the effect of the factor on the objective function. It is found that the flow
channel depth is always the most significant factor and the next is the factor of flow channel
width. The effects of Factors C and D are relatively insignificant. The pressure drop in the
flow channel depends heavily on the friction factor and the hydraulic diameter. As the
hydraulic diameter increases, the Reynolds number would also increase, which results in a
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smaller friction factor and lower pressure drop. This effect is more significant as the flow
channel depth increases. The optimal flow channel depth and width equal 3 mm for the
three selected inlet velocities, which present the minimum pressure drop across the PEMEC.
For Factors C and D, the optimal particle diameter of the large-pore and small-pore porous
layers could vary, which may depend on the inlet flow velocity. But, their effects play minor
roles only.

30
25 F
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253

F 207
20 20

Effect
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Figure 10. The effects of the four factors at the three assigned inlet velocities; (a) 0.01 m/s,
(b) 0.1332 m/s, and (c) 0.532 m/s.

3.3. Analysis of Variance (ANOVA)

The ANOVA method was used to estimate the influence of the selected factors and to
identify the important factors that would affect the pressure drop significantly in a PEMEC.
The results for the inlet velocities of 0.01, 0.1332, and 0.532 m-s ! are listed in Tables 3-5,
respectively. In these tables, the F-value is the mean square for the term divided by the
mean square for the residual. Therefore, a higher F-value indicates the factor possesses a
stronger influence on the objective function. On the contrary, the p-value exhibits an inverse
relationship with the F-value, where a lower p-value indicates the factor is more significant.
Referring to the results of the Taguchi analysis, the influence of Factor D is relatively lower.
Hence, this factor is counted as the residual to provide a sufficient degree of freedom for
the calculations of F-values for the other factors. According to the critical value table of
Fy [42], where « denotes the false-rejection probability, under 2° of freedom for the sum of
the square of treatment and 6° of freedom for the sum of the square of error, the critical
values are Fy1 = 3.46, Fy g5 = 5.14, and Fy o1 = 10.92. Therefore, the factor’s influence is slight
if the F-value is less than 3.46, and the influence is substantial if the F-value is greater than
10.92. In all three conditions with different inlet velocities, the F-value for the factor of
flow channel depth is always much higher than 10.92. This result implies that Factor B
significantly influences the pressure drop across the flow channels of the PEMEC. For the
other factors, however, the corresponding F-values are all less than 3.46, indicating their
effects on the objective function are insignificant and can almost be ignored.

Table 3. Results of the ANOVA analysis at the inlet velocity of 0.01 m/s.

Source DF

Sum of Square =~ Mean Square F-Value p-Value Percentage (%)

N w >
N INDNDN

193.72
64,391.30
101.89
94.35

96.86
32,195.65
50.94
47.17

2.05
682.50
1.08

0.33
0.01
0.48

0.30
99.40
0.16
0.15
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Table 4. Results of the ANOVA analysis at the inlet velocity of 0.1332 m/s.

Factor DF Sum of Square =~ Mean Square F-Value p-Value Percentage (%)
A 2 30,817.31 15,408.65 1.75 0.36 0.27
B 2 1.14 x 107 5.7 x 10° 646.40 0.00 99.41
C 2 18,780.35 9390.18 1.06 0.48 0.16
D 2 17,636.59 8818.29 - - 0.15
Table 5. Results of the ANOVA analysis at the inlet velocity of 0.532 m/s.
Factor DF Sum of Square =~ Mean Square F-Value p-Value Percentage (%)
A 2 4.77 x 103 2.39 x 10° 1.86 0.349 0.25
B 2 1.92 x 108 9.58 x 107 748.32 1.33 x 1073 99.47
C 2 2.79 x 10° 140 x 10° 1.09 0.478 0.14
D 2 2.56 x 10° 1.28 x 10° - - 0.13

The effect of the selected factor could also be evaluated by the percentage of contribu-
tion of the factor estimated by the ratio of the corresponding value of the sum of square (SS)
to the sum of all the SS values [43]. According to the data in Tables 3-5, Factor B presents
the major dominant factor, in which the percentage is over 99% in the three cases. The
contributions of Factor A are between 0.25% and 0.3%, and the percentages of Factor C and
Factor D are generally less than 0.16%. As the inlet velocity increases from 0.01 m-s~! to
0.532 m-s~1, the contribution of Factor B increases slightly, while the contribution of Factor
A tends to decrease gradually. This character indicates the influence of the factors can be
affected by the variation of the inlet boundary condition.

The ANOVA method presents results that are as consistent as the Taguchi method,
where the rank for the factors’ influence is flow channel depth > flow channel
width > large-pore porous layer > small-pore porous layer. Notably, the flow channel depth
(Factor B) is the main factor for the pressure drop within the PEMEC flow channel plate.

4. Conclusions

The present study utilizes the Taguchi and ANOVA methods to examine how the
geometric factors affect the pressure drop across the flow channels of a PEMEC. The flow
pattern of parallel channels was considered with a dual porous-layer structure between the
flow channel plate and the catalyst layer. Based on the CFD results and the following the
Taguchi analysis, it is found that the flow channel geometry and the pore sizes of the porous
layers may affect the pressure drop of the PEMEC. However, the pressure drop seems to
be dominated by the factor of flow channel depth. The other factors, including the flow
channel width and the pore sizes of the porous layers, play minor roles only. The results
of ANOVA analysis also show that the flow channel depth displays the most significant
influence on the pressure drop, and its effect increases with increasing the inlet velocity.
The impact of the other factors appears to be negligible. The optimal combination of the
factors’ levels is found to be 1 mm of the depth of the flow channel, 3 mm of the width of
the flow channel, 212 pum of the particle diameter of the large-pore porous layer, and 2 pm
of the particle diameter of the small-pore porous layer. With these geometric conditions,
the model of PEMEC exhibits a minimum pressure drop. However, as the inlet velocity
increases to 0.532 m-s !, the optimal level for the particle diameter of the small-pore porous
layer changes to 7 um. This result indicates the optimal design may vary and depend on
the inlet flow velocity. Further studies that take the effects of electrochemical reaction and
mass transport through the porous layer will be helpful for the understanding of optimal
design for the flow channel structure of a PEMEC.
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Nomenclature
F External force acting on the fluid (N)
Frost Variance ratio test
f Degree of freedom
I Unit vector
k Permeability of the porous media (m?)
N Number of tests
Py, Inlet pressure (Pa)
Pout Outlet pressure (Pa)
AP Pressure drop (Pa)
p Pressure (Pa)
S; Squares of deviation
S/Ngp Signal-to-noise ratio; smaller is better
u Fluid velocity vector (m-s~1)
Greek letters
Br Drag coefficient
&p Porosity
Fluid density (kg-m~—1)
U dynamic viscosity (Pa-s)
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