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Abstract: A numerical study is conducted to compare the current most popular flow field
configurations, porous, biporous, porous with baffles, Toyota 3D fine-mesh, and traditional
rectangular flow field. Operation at high current densities is considered to elucidate the effect of the
flow field designs on the overall heat transfer and liquid water removal. A comprehensive 3D,
multiphase, nonisothermal computational fluid dynamics model is developed based on up-to-date
heat and mass transfer sub-models, incorporating the complete formulation of the Forchheimer
inertial effect and the permeability ratio of the biporous layers. The porous and baffled flow field
improves the cell performance by minimizing mass transport losses, enhancing the water removal
from the diffusion layers. The baffled flow field is chosen for optimization owing to the simple
design and low manufacturing cost. A total of 49 configurations were mutually compared in the
design of experiments to show the quantitative effect of each parameter on the performance of the
baffled flow field. The results elucidate the significant influence of small geometry modifications on
the overall heat and mass transfer. The results of different cases have shown that water saturation
can be decreased by up to 33.59% and maximal temperature by 7.91 °C when compared to the
reference case which is already characterized by very high performance. The most influencing
geometry parameters of the baffles on the cell performance are revealed. The best case of the 49
studied cases is further optimized by introducing a linear scaling factor. Additional geometry
modifications demonstrate that the gain in performance can be increased, but at a cost of higher
pressure drop and increased design complexity. The conclusions of this work aids in the
development of compact and high-performance proton exchange membrane fuel cell stacks.

Keywords: proton-exchange membrane fuel cells; computational fluid dynamics; Forchheimer
inertial effect; biporous layer; baffle geometry optimization

1. Introduction

Proton exchange membrane (PEM) fuel cells are gaining momentum as the most
favorable power supply for stationary, portable, and automotive applications [1,2].
Owing to the requirement for costly platinum catalysts, it is necessary to maximize the
performance and achieve high power density per active area of the cell [3]. Operation at
high power densities is a limiting factor for PEM fuel cells due to the accumulation of
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significant quantities of liquid water inside the catalyst layers (CLs), gas diffusion layers
(GDLs), and reactant channels, resulting in poor performance due to uneven spatial
distribution of current density and the accompanying heat and mass transfer [4].
Operation with a significant amount of liquid water inside the cell during transient
operating conditions, e.g., at starting and stopping or load cycling, results in higher
degradation rates owing to the highly non-uniform heat and mass transfer over the active
area [5]. Hence, mitigation strategies have been developed to reinforce oxygen transport
to the CLs by minimizing the water blockage between the flow field and GDLs [6].
Employing such mitigation strategies improves the operational stability by decreasing the
amount of liquid water accumulated in the main flow fields, which is the main cause of
pressure and voltage fluctuations [7]. The currently popular mitigation strategies can be
roughly categorized into: (i) slightly increasing the flow field complexity by adding baffles
or obstacles inside the channels; and (ii) introducing secondary porous layers or
microstructures for water removal from the GDLs and consequently the CLs during
operation. However, it is still not clear which approach results in higher performance due
to the absence of direct comparison to date and the two research directions seem to
diverge. Thus, the flow field complexity and price increase iteratively. Furthermore, since
a number of works only focused on the influence of limited parameters, e.g., different
shape (triangular, rectangular, circular, etc.), of baffle geometries on the cell performance,
the synergistic influence of multi-variables on the operating parameters of interest during
operation, such as (i) mass fraction of oxygen in the cathode CLs; (ii) liquid saturation
inside the CLs and the channel; (iii) temperature inside the cathode CLs at high current
densities, have not been revealed yet. Moreover, the up-to-date multiphase models and
the influence of the Forchheimer inertial effect have not been considered in most of the
numerical models, which is a significant deficiency when novel flow fields are
numerically studied. As a result, many novel flow field structures were explored without
considering the probability that similar effects and performance can be achieved using
simple geometry after optimization.

It was found that the novel flow fields resulted in a significant improvement of cell
performance by minimizing the mass transport losses and increasing the oxygen transport
to the active sites. Therefore, it is reasonable to believe that it is possible to enhance the
performance of the cell with a relatively simple flow field design by manipulating heat
and mass transfer without the necessity of using complex and costly flow fields, e.g.,
Toyota 3D fine-mesh structure. For example, Xing et al. [8] modified the parallel flow field
by enabling adjacent channels to operate at different pressures. This novel flow field
reinforced the reactant mass transport and reduced the water accumulation under the rib.
In a recent study [9], higher cell performance with lower Pt utilization was achieved
through a synergistic approach that integrated the inhomogeneous Pt distribution with
the temperature-graded parallel flow field [10]. The inhomogeneous distribution of Pt
loading and operating temperature minimized mass transport losses owing to the
occurrence of water in critical zones of the cell in comparison with conventional designs.
Nevertheless, manipulating pressure and temperature gradients with parallel rectangular
channels limited the practical application. Thus, it is required to develop more complex
flow fields, which could utilize the pressure and temperature gradients and enhance the
transport of the reactants into the GDLs, to improve the cell performance. One of the most
complex flow field designs, named 3D fine-mesh flow field, was applied on the 1st
generation Toyota Mirai™ (2014-2019), where repeating 3D micro-lattices were employed
as baffles, as described by Konno et al. [11]. This design enhanced the interfacial flux
between the GDL and flow field channels, improved the oxygen transport towards the
CLs, and removed liquid water from the porous electrode more efficiently, thus
significantly increasing the limiting current density compared with other less-complex
flow fields, e.g., serpentines [12]. Nevertheless, the 3D fine-mesh flow fields are very
complex and costly to produce due to the requirement for advanced milling and coating
techniques, as well as the contact resistance due to the requirement for developing such
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flow fields from more parts and assembling them together. The widespread application
of 3D fine-mesh flow fields in fuel cell stacks is also debatable. As a result, the recently
developed 2nd generation of Toyota Mirai fuel cell vehicles used dramatically simplified
parallel zigzag-shaped flow field channels, a design very similar to the vastly used plate
heat exchangers. It was found that the new stack with the parallel zigzag flow field is more
compact (5.4 kW I vs. 3.0 kW 1! of the previous model) and more powerful (128 kW vs.
previous 113 kW), leading to a conclusion that complex flow field structures may not be
necessary. Therefore, the design and optimization of relatively simple flow fields, e.g.,
equipped with baffles/biporous layers, are considered as a promising solution. The
implementation of baffled flow fields was investigated experimentally by Heidary et al.
[13], who compared the cell performance of regular channels without baffles to those with
in-line and staggered baffles. It was found that the presence of obstacles in the reactant
flow path led to an increase in the flow of reactant gases into the GDLs, thus increasing
the oxygen concentration within the CLs and improving the cell performance up to 28%.
The mid-baffled and conventional interdigitated flow fields were experimentally
investigated by Thitakamo et al. [14], in which the mid-baffled flow field showed superior
performance, leading to an increase in the limiting current density by a factor of 1.1-1.4.
Wave-like baffles were introduced into the cathode flow fields by Han et al. [15], and the
cell performance was improved by 5.76% and 5.17% for 25 cm? and 84 cm? cells,
respectively. Nevertheless, the application of baffles in the abovementioned cases [13-15]
resulted in a significantly higher pressure drop along the channel. To mitigate the pressure
drop, a novel 3D serpentine waved flow field was proposed by Li et al. [16], in which the
straight channels and waved channels with angles varying from 15° to 45° were tested. A
17.8% increase in the peak power density was observed compared with that of
conventional serpentine design owing to the improved water management resulting from
the forced convection of reactant gas in the through-plane direction of the novel flow field.
Moreover, the wave-like baffled flow field resulted in a decreased pressure drop in
comparison with the conventional flow field without baffles.

Even though baffles show promising mass and heat transfer inside the cell, the
mechanisms have not been investigated in detail in the available literature. Most
numerical models were established based on mist flow assumption, two-dimensional
geometry, and isothermal approach, which typically led to poor representation of the
delicate heat and mass transfer inside the cell. Regardless of the numerous benefits of the
baffles [17], another approach is oriented towards the development of porous flow fields
using metal foams, biporous layers, and micro-grooved channels. In comparison with
baffles, this approach achieved more uniform heat and mass transfer over the active area
by avoiding hot spots inside the cell. Additionally, this approach makes it possible to
design a flow field to exploit the capillary effect to extract liquid water away from the
GDLs and CLs. Although promising, this approach is too complicated to realize in
comparison with baffles due to the necessity for more expensive manufacturing
techniques, such as inserting pieces of porous layers inside the narrow channels. One
example of exploiting the capillary effect to trigger liquid water redistribution is the
micro-grooved flow fields developed by Utaka et al. [18-20], in which tilted micro-
channels were arranged inside the channel walls to remove liquid water from the GDLs
through capillary force and air flow shearing. It was experimentally determined that the
maximum current density was improved by 16% when the air velocity was 8.0 m s, while
the voltage fluctuations were significantly minimized [19]. In a recent study [20], the
pattern and arrangement of the GDL wettability distribution were investigated in a
combined hybrid GDL and micro-grooved channel system. An optimal hybrid angle of
20° was suggested for the critical current density and maximum power. Another approach
was to use a porous flow field to replace conventional flow fields, as demonstrated by
Kozakai et al. [21]. The experimental analysis showed that under 100% inlet relative
humidity, the uniform porosity and nonuniform porosity flow fields improved the
maximal current density to 2.2 and 2.4 A cm?, respectively, superior to 1.8 A cm2 obtained
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with serpentine channels. The increase in cell performance was attributed to the
separation of liquid water and gas in an organized manner as a consequence of different
pore sizes and structures. Another method of exploiting the capillary effect is, once again,
the 3D fine-mesh flow field of the Toyota Mirai™ [11,22,23], in which the generated liquid
water can be rapidly drained from the flow field through small holes, drilled in the bipolar
plate, via capillary force. As a result, a significant amount of liquid water appears on the
top portion of the bipolar plate rather than at the interface of the main flow field and the
GDLs. The influence of the secondary porous layer was numerically investigated by Kim
et al. [24] using an isothermal model and assuming a uniform current density distribution
at the GDL/CL interface. It was concluded that it is possible to achieve selective water
retention inside the biporous layer, instead of GDL, for a certain range of porosity ratios.
However, the influence of condensation/evaporation and the Forchheimer effect were
neglected. Every mentioned deficiency has been resolved in the numerical model shown
in this work, using equations from works [25—42], to avoid overcrowding the manuscript
with equations, please refer to the numerical model in the Supplementary Materials.

Besides the mentioned deficiencies, recently, the CFD analysis of PEM fuel cells has
improved and different numerical model approaches are seen for the first time. From the
steady-state models, the numerical works are oriented towards the entire fuel cell flow
fields and experimental validation, as seen in Carcadea et al. [43]. Another interesting
approach related to steady-state models is seen in Sabzpoushan et al. [44] where the
authors have conducted a numerical study, using a two-dimensional steady-state model,
to investigate the influence of non-uniform catalyst loading using a constant slope along
the channel, where the performance of the cell is increased by 1.6% in power density and
5% in voltage. The transient approach is also gaining traction and oriented towards
studying temporally resolved mass concentrations of the gas constituents with and
without purge strategies in Peng et al. [45]. Transient models are also developed to study
the influence of the inlet velocity fluctuations on the performance of the cell, Kulikovsky
[46], as well as performance of the cell with the existence of catalyst layer cracks under
relative humidity cycling conditions, Qin et al. [47]. Some of the mentioned approaches
[43-47] will be the focus of the following works due to increasing the computational
complexity, which is not feasible at the moment due to the prolonged time required since
optimization must be conducted in a reasonable amount of time.

Based on the literature, it is easy to see that baffles and biporous layers can both
significantly enhance cell performance. Due to the practical difficulties of manufacturing
the highly complex 3D fine-mesh flow fields and the problematic implementation of the
biporous layers inside the channels, a comprehensive study is carried out in this work to
determine the optimal approach under identical operating conditions, which is for the
first time presented. Since liquid water removal and heat transfer are of prime importance
at high current densities, very high current density is chosen as a reference case. By
developing the numerical model we eliminated the shortcomings of some of the other
referenced numerical models, which are: (i) mist-flow assumption, which neglects the
dominant process of water phase change at high current densities and results in poor
capability for predicting water pooling and its influence on the reactant flow; (ii) two-
dimensional approach, which is unable to predict spatial distribution of liquid water
under the lands and the influence of reactant depletion on the increased pooling of water
under the lands, as well as increased heat transfer in regions where the lands are in contact
with the GDL; (iii) isothermal assumption, in which water phase change was not coupled
with temperature profiles and the effect of inhomogeneous distribution of temperature on
several key parameters was not considered; (iv) the absence of inertial effects at high flow
rates, which is critical to water removal at high pressure drop in comparison with Darcy’s
approach (only valid at low Reynolds number); (v) the failure of quantitative
distinguishing the impact of baffles and secondary porous layers; (vi) limited number of
flow field configurations and design parameters, which are not sufficient to outline the
synergistic effects of different combination of the parameters on the overall performance
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of the cell. Although some of the aforementioned deficiencies are addressed in [17], such
as the 3D model and multi-phase approach, others are not, especially related to heat and
mass transfer for different baffle geometries and the influence of the fully resolved
Forchheimer’s effect.

In this study, we have taken into account all of the mentioned deficiencies and
developed an upgraded numerical model to gain an improved understanding of the
influence of baffles and secondary porous layers on the cell performance of PEM fuel cells,
with emphasis on operation at very high current densities for the development of compact
fuel cell stacks. The model developed in this work has several benefits when compared to
other available computational fluid dynamics (CFD) models. The main benefit is the
advanced approach for water management based on modeling the water phase change
between liquid water, water vapor, and dissolved water in the membrane/ionomer, which
is associated with the heat transfer during the electrochemical reaction and water phase
change, as well as enhanced modeling of the influence of the capillary effect and liquid
water transport inside the reactant channels. In addition, the inertial effect of the fully
resolved Forchheimer equation and the influence of the porosity ratio of the biporous
layer were taken into account, using up-to-date references. A comprehensive 3D
nonisothermal CFD model was for the first time conducted on a novel flow field equipped
with both baffles and secondary porous layers inside the channels.

In the first part of this paper, three different types of novel channel configurations
(porous, biporous, and porous with baffles) were compared with conventional
rectangular channels, focusing on the coupled water and heat transfer processes and the
resulting cell performance. The pros and cons of each approach were outlined, resulting
in conclusions that the most feasible approach would be to use the baffles and optimize
them to achieve the highest cell performance. In the second part, the baffled flow field
geometry was parameterized, and a custom design of experiments was created for 49
different cases to determine the influence of the geometry parameters of the baffles on the
efficiency, pressure drop, liquid saturation, oxygen mass fraction, and temperature. The
best case was chosen for further optimization by introducing the scaling factors along the
length of each baffle and additional seven configurations were tested numerically, with
the aim of outlining the potential performance gain or loss which can be attributed to
designing the flow field with uneven baffles, keeping in mind that the flow field simplicity
is a very important factor for production.

Based on the numerical results, even though a combination of porous layers and
baffles showed the highest performance, it is concluded that the baffles attribute to the
largest portion of benefits, which are the most feasible solution for further development
of high-performance PEM fuel cells. Besides the improved efficiency and water removal,
the optimization of baffle shape is possible to significantly decrease the temperature in the
CL and improve the oxygen concentration, and even achieve a higher performance than
the porous and baffled flow field. The disadvantage of the porous and baffled flow field
is the increased pressure drop, which is ca. 3x higher than that equipped with baffles only.
The optimization results revealed that the pressure drop could be very high if the distance
from the baffles to the substrate is lower than a threshold value. In some extreme cases,
the pressure drop increases exponentially, as a consequence of the newly introduced
Forchheimer inertial coefficient, which results in the enhanced water removal at a cost of
required high pumping power. The findings in our model provide practical guidance on
the manufacture of novel flow fields for maximum cell performance with minimum
complexity.
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2. Numerical Model
2.1. Governing Equations and Boundary Conditions

To avoid repetition, the governing equations are shown in the Supplementary
Materials—Section 1. Model development. The equations for the electrochemistry, mass,
charge, and heat transport are adopted from references [27-35]. Besides, the mass transport
at high flow velocities under inertial force is emphasized in the following sections.

2.2. Inertial Force and Biporous Layer
2.2.1. Forchheimer Inertial Effect

According to Darcy’s law, the flow velocity is directly proportional to the pressure
gradient. However, this is only valid when the flow velocity is low (Re < 1). Darcy’s law
considers viscous forces as dominant over inertial forces inside porous media. Therefore,
the inertial forces can be neglected. For higher flow velocities (especially when the Re
number exceeds 100, while for the gaseous phase it is as important as a viscous pressure
loss in Re range between 10 and 500 [17]), the Forchheimer equation describes the fluid
flow behavior more accurately than Darcy's law. In the work of Kim et al. [17], the
Forchheimer effect was introduced only in a form of permeability related coefficient,
which multiplies the filtration velocity to the first power, see the right-hand side factor
ks, of Equation (5), while the term multiplying the velocity to the second power was
neglected. The introduced inertial resistance coefficient f, see the right-hand side of
Equation (5), multiplies the filtration velocity to the second power and results in a
significantly higher pressure drop at elevated filtration velocities, which is beneficial for
liquid water removal at very high current densities. The newly derived inertial coefficient,
adopted from several experimental works, is substituted into the numerical model which
was previously developed and rigorously experimentally validated against neutron
radiography data for a 100 cm? single cell under various operating conditions [25]. Thus,
the model presented in this work is an upgraded version.

The flow regime in porous media is characterized by the dimensionless Reynolds
number (Re), expressed as:

_pvl
U

Re (1)
where p represents density, v velocity, | characteristic length, and u absolute viscosity.

The pressure drop of single-direction stationary incompressible Newtonian fluid is
defined as:

_op_u,
ox k

where p represents pressure, x spatial coordinate, u absolute viscosity, k permeability.

When the Re number increases, the inertial forces become predominant and the
correlation between the pressure gradient and velocity becomes non-linear. In the weak
inertia regime (area 2 in Figure S1 in Supplementary Materials), the inertial forces become
as influential as the viscous forces. Therefore, Darcy’s expression is corrected by the cubic
filtration velocity as follow:

)

v ©)

where y represents weak inertia coefficient and p density of the fluid. Weak inertia
regime is confirmed numerically in the works of Rasoloarijaona and Auriault [37] and
Skjetne [38], and experimentally by Skjetne and Auriault [39].

By further increasing the velocity, the weak inertia regime transits to the Forchheimer
regime, i.e., intense inertia, where the pressure drop is proportional to the square of
filtration velocity:
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0x
where a and b represent fitting constants, which are correlated to the properties of fluids
[37-39], thereby re-writing the Forchheimer equation as:
0
—£=%v+ﬁpv2 (5)
where ks, represents Forchheimer permeability, § inertial resistance coefficient, i.e.,
Forchheimer coefficient. Due to the transition between weak and intense inertia, ks, # k.
It is assumed that the transition lies in transforming the kinetic energy into internal energy
due to work exerted by the viscous stress. At low Re numbers, the viscous dissipation is
a consequence of the viscous force, which remains constant. At higher Re numbers, the
viscous dissipation increases due to the occurrence of intense inertial forces, thereby
resulting in the alteration of the superficial permeability of the media [36]. In this work
only the influence of gas phase Forchheimer inertial effect is considered, while the liquid
water phase is neglected due to several reasons: (i) the mass flow rate of liquid water is
only ca. 10% of total mass flow rate, therefore the flow velocity of the liquid phase is low,
and since the inertial term is multiplied by velocity squared it results in very small
influence for Re numbers below 50; (ii) the liquid water has ca. 30x higher dynamic
viscosity at the same operating temperature;(iii) in regions below the baffles, where the
flow velocities are highest there are only minute amounts of liquid water present.
Considering the range of Re numbers in the studied cases, for the reference case with 0.1
distance baffle substrate, Re number is ca. 150, since the flow velocity in the close gap is
ca. 17.5 ms1, while for the maximal distance of 0.15 mm Re is around 100. Other cases
have distance baffle substrate below 0.1 mm so the majority of the cases are heavily
influenced by Forchheimer’s inertial term since the velocities are higher due to lower
cross-section area vs. the reference case.

2.2.2. Biporous Layer

Biporous layers represent the secondary layers of lower permeability mounted on the
bottom of the cathode channels of the bipolar plate. Implementation of biporous layers
results in improved water removal, leading to the selective accumulation of liquid water
in the biporous layer instead of the GDL. As a result, the oxygen mass fraction inside the
CL increases along the downstream direction owing to the reduced liquid water
obstruction. The permeability of the biporous layer is carefully controlled to achieve the
proper redistribution of liquid water inside the flow channels, as insufficient permeability
can lead to flooding of the biporous layer and eventually excessive water accumulation
within the GDL. Therefore, the most important parameters of the biporous layer are
porosity and permeability. The biporous layer must be highly porous (¢ > 0.8) to guarantee
high permeability, while its volume is roughly equivalent to the volume of the remaining
unobstructed channel. The most important parameter for determining the required
porosity of the biporous layer is the permeability ratio, Ry, defined as:

Ry = Kq /K, (6)

where K; represents the permeability of the channel and K, permeability of the biporous
layer. As the Ry value increases, the amount of liquid water stored in the biporous layer
increases. However, there is a threshold, above which the biporous layer is saturated and
excessive flooding occurs. The threshold values, according to Kim et al. [24], are studied
for a range of values, ie., Ry = 200 <+ 500. Thus, the equation for determining the
threshold value of Ry is expressed as follow:

So,VgA
Rk, = 0.8 29 ]

7
1+ @)Mo, vy @)
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where S, represents stoichiometry of oxygen, v, velocity of the reactant gas, A, cross-
section of the biporous layer, a transfer coefficient, i.e., net water transfer due to back-
diffusion and electro-osmotic drag, M,, molar mass of oxygen, v, velocity of liquid
water, A; cross-section of the reactant channel. The threshold permeability ratio for this
work is set to Rg,, = 200. At this threshold value, the saturation of the biporous layer
starts to occur. If the value of Ry = 200 is exceeded, a portion of the biporous layer is
completely saturated with liquid water, preventing the absorption of liquid water from
the channel, and hindering the performance of the cell.

3. Geometry

Four configurations are considered and investigated under high current density
operation, as shown in Figure 1. The conventional rectangular channels are 100 mm long
with cross-sections of 0.55 mm in height and 1 mm in width. Inside the sections are fluid
channels with a height of 0.4 mm and width of 0.8 mm, while the thickness of the walls
on the sides and top are 0.1 and 0.15 mm, respectively. The membrane thickness is 10 um,
CL thickness is 15 pm, MPL thickness is 30 um, and GDL substrate is 100 pm. The
dimensions are the same for the anode and the cathode side. The biporous layer thickness
is 0.15 mm, while its porosity is set to € = 0.9, according to Kim et al. [24]. The porosity is
set to € = 0.65 for the porous cathode channel and the porous and baffled cathode channel
configurations. The geometry of the baffles is adopted from Kim et al. [17] for comparison
with the published reference. The base of the baffle is 1 mm, while the top width is 0.2
mm, and the height of the baffle is 0.3 mm. The polarization curves from Toyota Mirai™
and work [17] are used as references to calibrate the exchange current density and cathode
charge transfer coefficient, and these parameters are used in the subsequent simulations
and comparisons. Unlike the titanium materials used in Kim et al. [17], the material of the
bipolar plate in this study is molded graphite.

Conventional rectangular channels Biporous cathode channel

Figure 1. Flow field configurations.

4. Mesh

Owing to the very strict requirements for mesh quality, a fully structured hexahedral
mesh was generated by decomposing the geometry into a large number of smaller blocks.
Grid dependency tests were conducted in previous studies [25,31,32], and the parameters
of the grid-independent mesh setup were applied in this study for convenience. The
details of the mesh for different configurations are shown in Figure S2 in the
Supplementary Materials. The number of elements and average orthogonal quality are
summarised in Table 1.
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Table 1. Grid independent meshes number of elements and orthogonal quality for each setup.

Case Number of Elements  Average Orthogonal Quality
Conventional rectangular channels 17,600 1
Biporous cathode channel 19,200 1
Porous cathode channel 17,600 1
Porous and baffled cathode channel 298,900 0.97691

4.1. Model Properties and Boundary Conditions
4.1.1. Material Properties

A complete list of component properties used in the model is shown in Table 2.

Table 2. Properties of PEM fuel cell components.

. Heat Thermal Electrical . - Contact
Density p . . . . ., Porosity & Permeability K
Component (ke m=) Capacity €, Conductivity 4 Conductivity 0 (m?) Angle ¢
5 Jkg'K1) WmiK1Y) o, (Sm) ©)
C t
urren 1900 740 20 8000 / / 70
collector
GDL substrate 2719 871 0.5 5000 0.65 8e-12 110
GDLmicro- 7 871 05 5000 06 Se-13 120
porous layer
Catalyst layer 2719 871 1 5000 0.5 3e-14 100
Membrane 1800 2000 0.4 le-16 / le-18 /

4.1.2. Porous/Biporous Layers Permeability and Porosity

Porosity and permeability for the conventional and porous channels are shown in
Table 3. The permeability ratio is set to 200, as previously mentioned, to ensure maximal
water retention with minimized occurrence of liquid water inside the channel and the
GDL substrate.

Table 3. Porosity and permeability of channel and biporous layer.

Porosity £ (/) Permeability K (m?)
Case Channel Biporous Channel Biporous
Layer Layer
Conventional rectangular channels 1 / 9.76e-9 /
Biporous cathode channel 1 0.9 9.76e-9 4.88e-11
Porous cathode channel 0.65 / 9.76e-9 /
Porous and baffled cathode channel 0.65 / 9.76e-9 /

4.1.3. Forchheimer Effect Parameters

The Forchheimer effect is more significant in the sections with smaller cross-sectional
area, e.g., under the baffles. The Forchheimer inertial effect, the novelty of this work, is
adopted as inertial loss term C;; in momentum sink term, expressed as follow:

3 3
1
Si=-— ZDijle + Z Cij§P|17|17j @®)
= =

where §; represents momentum sink term, j represents Cartesian coordinate, D;; viscous
loss term, C;; inertial loss term, p density, v velocity. Viscous loss term D;; is calculated as:

1
ij = K
where K represents permeability. The Forchheimer effect is added as inertial loss term Cj;
modification, according to [33], and calculated as follows:

D )
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0.01
i = Rosess

(10)

The values of the modified inertial term including the Forchheimer effect are shown in
Table 4.

Table 4. Values of inertial resistance term including the Forchheimer effect for PEM fuel cell
components.

Component K (m?) () Cij (m™)
GDL substrate 8e-12 0.65 37,795
GDL micro-porous layer 5e-13 0.6 234,792
Catalyst layer 3e-14 0.5 2,612,789
Channel 9.76e—-9 1 102
Biporous/porous layer 1.81e-9 0.65 1083

4.1.4. Boundary Conditions

The boundary conditions are shown in Table 5. The governing equations, along with
the boundary conditions, are resolved in commercial software ANSYS Fluent® v17.2 with
the up-to-date PEMFC add-on module [24].

Table 5. Boundary conditions.

Boundary Conditions Value

Const. value of 1.0447e-8 until 0.5 A cm=2, then stoichiometric § = 2
for higher currents

Const. value of 3.6049e-7 until 0.5 A cm=2, then stoichiometric § = 2
for higher currents

Mass flow inlet anode (kg s™)

Mass flow inlet cathode (kg s7)

Pressure outlet anode (Pa) 202,650
Pressure outlet cathode (Pa) 202,650
Temperature anode (K) 328.15
Temperature cathode (K) 328.15
Relative humidity inlet anode (%) 100
Relative humidity inlet cathode (%) 100

5. Results and Discussion

The polarization curves of Toyota Mirai™ stack (divided by the number of cells to
get the single-cell voltage) adopted from [40], and for the baffled flow field in Kim et al.
[17] were used as a reference for the calibration of key parameters, e.g., the reference
exchange current density and charge transfer coefficient at the cathode. It can be noted
that the Mirai™ results are only available for single cell voltages higher than ca. 0.65 V,
while the testing was not performed for total stack voltages lower than 220 V. Since liquid
water is more pronounced at higher current densities, the results are compared with Kim
et al. [17] to better evaluate the performance of each flow field under more extreme
operating conditions. The baffled cathode channel (without the porous layer) with
identical geometric parameters (i.e., a length of 200 mm) and material parameters (i.e., a
titanium bipolar plate) were used for the calibration phase (results not shown here). The
calibrated parameters were used in the subsequent analysis. As shown in Figure 2, the
polarisation curves in the low current density range overlap, indicating that the
electrochemical parameters in the model are identical for all studied cases. Thus, it is easy
to investigate the effect of the flow field design when the electrochemical parameters are
kept constant in all studied cases. The cell performance of two reference cases in Kim et
al. [17] are shown in Figure 2, while the other four curves represent the cases with different
bipolar plate materials (molded graphite instead of titanium), channel dimensions (100
mm vs. 200 mm), and significantly different model setups.
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Figure 2. Polarization curve comparison for different configurations.

Comparing the polarization curve of the conventional channel (black solid line) with
the reference cases indicates an improved cell performance at high current densities,
which can be explained by the different materials of the bipolar plates and the
introduction of the inertial Forchheimer effect term, proportional to the filtration velocity
squared. In the reference cases, a titanium material with a thermal conductivity of 117
Wm-K-! was used, while the molded graphite used in the conventional channel has a
much lower thermal conductivity of 20 Wm~K-1. The lower thermal conductivity leads to
a higher temperature at the GDL-channel interface, consequently resulting in less liquid
water inside the GDL, and thus decreasing the mass transport losses.

The remaining cases using biporous and porous cathode channels showed slightly
higher performance than the conventional channel, while the highest performance was
achieved using the porous and baffled cathode channel. In Kim et al. [17], a current density
of 4.0 A-cm™ was used as a reference for comparison of the performance gain, which is also
used in this study. Such high current density is chosen because the Forchheimer inertial
effect is prominent at higher flow rates due to dependency on the filtration velocity squared,
therefore at low flow rates its influence is not so notable. At 4.0 A-cm™, the cell voltage of
the porous and baffled channel is 0.520 V compared with 0.353 V for the conventional
channel and 0.4257 V for the baffled channel, indicating that the cell performance of the
porous and baffled channel is 47.3% and 22.1% higher than that of the conventional and
baffled channels, respectively. The performance gain is more prominent at higher current
densities, but the data for comparison is not available for such high currents.

Figure 3 shows the temperature profiles of the four studied cases at 4.0 A-cm™2. It can
be seen that the average temperature of the conventional and biporous channels is
approximately 355 K (in the figure the results are capped at 351.27 K to show higher
contrast for all cases), while those of the porous channel and porous and baffled channel
are approximately 342 and 338 K, respectively. It is clear from Figure 3 that the
temperature distributions are inhomogeneous, with an average temperature difference of
27 °C for the conventional and biporous channels and 14 and 10 °C for the porous channel
and porous and baffled channel, respectively (as shown in Figure S3 in the Supplementary
Materials). In addition, velocity vectors are used to annotate the flow direction and
velocity magnitudes. It can easily be observed that the fluid velocity at the anode side is
much lower than that at the cathode side. For conventional and biporous channels, it is
noted that the temperature distribution along the cell height is highly inhomogeneous,
while relatively homogeneous temperature profiles are achieved along the axial direction.
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The maximum temperatures are observed in the cathode CLs, and the temperature
contours are monotonically distributed along the flow directions, indicating that
convective mixing is absent in the CLs. The porous channel shows significantly lower
temperatures owing to the enhanced heat transfer from the GDL to the current collector
plate. The porous and baffled channel shows a more uniform temperature distribution
along the cell height, especially on the cathode side, owing to the enhanced mixing of the
fluid in the downstream direction initiated by the Forchheimer inertial effect. It is also
observed in this case that the velocity vectors inside the cathode GDL are most prominent,
indicating that the water removal should also be higher.

Temperature
351.27
| 349.82
E N |

348.36
346.91
345.45
344.00
342.55
341.09
339.64

338.18

336.73

335.27
- -

333.82

332.36
330.91
329.45
328.00

(K]

Figure 3. Temperature contours: conventional rectangular channels (above left); biporous cathode
channel (above right); porous cathode channel (below left); porous and baffled cathode channel
(below right) at operating current density of 4.0 A-cm™2.

The contours of the GDL liquid water removal rates are shown in Figure 4, in which
the blue and red colors indicate the liquid water accumulation and removal rates,
respectively. It can be seen that a very small amount of water condenses on the GDL-
channel interface in the conventional channel, and liquid water accumulates inside the
secondary porous layer of the biporous channel design. Moreover, the water phase change
occurs at the interface between the biporous layer and the channel. For the porous channel,
significant amounts of liquid water accumulate inside the GDL substrate, forming a
homogeneous pool of water inside the substrate, which minimizes the oxygen concentration
in the GDL. For the porous and baffled channel, the situation is somewhat similar to that of
the porous channel, with the main difference observed under the baffles, where regions of
intensive liquid water removal are observed. It is important to note that large quantities of
liquid water are present in the GDL substrate of the porous channel and porous and baffled
channel due to the lower temperature inside the cell, as seen previously in Figure 3. As the
water vapor saturation pressure is heavily temperature-dependent, a large amount of liquid
water exists in the gaseous phase at high temperatures, which increases the water carrying
capacity (WCC) of the gas mixture [41,42].
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Figure 4. GDL liquid removal rate contours: conventional rectangular channels (above left);
biporous cathode channel (above right); porous cathode channel (below left); porous and baffled
cathode channel (below right) at operating current density of 4.0 A-cm™.

The temperature profiles in Figure 3 and the liquid water removal contours in Figure
4 indicate that the low thermal conductivity of the graphite bipolar plates leads to a
relatively high temperature inside the cell. Higher temperatures increase the catalyst
activity and reduce the amount of liquid water owing to the increase in the WCC of the
gas mixture at higher temperatures, which should yield better performance of the cell
operated with conventional and biporous channels. However, the cell performance of the
conventional and biporous channels is not the maximum, as shown in Figure 2. Thus, the
relative humidity of the gas and liquid saturation in the porous electrodes and channels
of different channel designs are investigated. The relative humidity contours for all cases
are shown in Figure 5. It is clear that even though the reactants are fully saturated at the
inlets (100% relative humidity at 55 °C), the relative humidity is significantly lower in the
GDLs and CLs owing to the increase in temperature (as seen previously in Figure 3).
Although considerable water is generated via the oxygen reduction reaction at high
current densities, e.g., 4.0 A-cm™, the high temperatures lead to a significant increase in
the vapor saturation pressure, potentially leaving the membrane dehydrated (see Figure
S4 in the Supplementary Materials) and diluting the oxygen mole fraction.
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— 7 . 0.73
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0.36
§0.30
0.24
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0.12
0.06
0.00

Relative Humidity

0.97
0.91

Figure 5. Relative humidity contours: conventional rectangular channels (above left); biporous
cathode channel (above right); porous cathode channel (below left); porous and baffled cathode
channel (below right) at operating current density of 4.0 A-cm™.

The liquid water saturation profiles for all the studied cases are shown in Figure 6. It
can be observed that for the conventional and biporous layer channels, the water saturation
inside the cathode GDLs and CLs is low. Simultaneously, the water saturation at the anode
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side is also low, indicating a relatively dry membrane and ionomer, as shown in Figure 54
in the Supplementary Materials. For the porous channel and porous and baffled channel,
the water saturation contours show higher amounts of liquid water present in the cell owing
to the lower overall temperatures. However, the amount of liquid water inside the CLs is
relatively low, indicating that the generated water tends to accumulate inside the substrate
and be expelled to the channel through evaporation and convection under the drag force
induced by the reactant flow along the downstream direction.

Liquid Saturation
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Figure 6. Liquid saturation contours: conventional rectangular channels (above left); biporous
cathode channel (above right); porous cathode channel (below left); porous and baffled cathode
channel (below right) at operating current density of 4.0 A-cm=2.

The liquid saturation profiles inside the channels are shown in Figure 7. It can be seen
that liquid water is transported outside the substrate via the reactant channels, while the
worst case appears to be the conventional channel, as indicated by its worst performance
in Figure 2. For the cell operated with a porous and baffled channel, owing to the reduced
cross-sectional area under the baffles, the highest liquid saturation is evident in the
regions between the baffles and the GDL substrate, while the remaining cathode channel
presents a homogeneous liquid saturation distribution. The porous channel also shows a
pronounced region where the liquid saturation is predominant in close proximity to the
substrate surface. However, the reason for this pronounced zone is not the highest flow
velocity but rather the relatively high temperature gradient, as seen previously in Figure
3. Because of the absence of obstacles, mixing along the cell height direction is not
prominent, potentially leading to the accumulation of large quantities of liquid water in
this region of the porous domain and hindering the performance of the cell.
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Figure 7. Liquid saturation in channels contours: conventional rectangular channels (above left);
biporous cathode channel (above right); porous cathode channel (below left); porous and baffled
cathode channel (below right) at operating current density of 4.0 A-cm™.
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The influence of water and heat management on the mass transport losses can be
investigated by comparing the oxygen mass fractions inside the cathode substrate layer.
In Figure 8, it is observed that the oxygen mass fraction is highest in the cases of the porous
and baffled cathode channel and biporous channel. The results shown in Figure 8 are in
partial agreement with the polarisation curves in Figure 2, where the highest performance
is evident for the porous and baffled cathode channel. However, the biporous cathode
channel in Figure 2 shows slightly lower performance compared with the porous cathode
channel. In addition, it is worth investigating the oxygen mass fraction contours along the
cell height mid-plane to determine why better cell performance is achieved in the porous
channel rather than the biporous channel.

0.25

o
2
!

O, mass fraction, /
o
—_
wn
|

0.1 1 —Conventional rectangular channel
—Biporous cathode channel
—Porous cathode channel
0.05 —Porous and baffled cathode channel

0 20 40 60 80 100
Cathode channel length, %

Figure 8. Oxygen mass fraction plot along the cathode substrate mid-line at operating current
density of 4.0 A-cm™.

As shown in Figure 9, the porous and baffled cathode channel and biporous channel
deliver the highest oxygen mass fractions inside the cathode CL, which is a consequence
of their high velocity magnitudes resulting from the restricted cross-sectional area and
increased viscous resistance. In other words, this is due to the sharp reduction of the cross-
section and the flow redistribution along the cell height, which are attributed to the baffles
and porous layers, respectively. Because the permeability of the biporous layer is
approximately 200x lower than that of the channel, the flow resistance in the biporous
layer is higher, causing uneven flow distribution and an overall higher average velocity
inside the remaining portion of the channel and cathode substrate layer. In Figure 9, the
oxygen mass fraction contours are not shown across the current collectors and the
membrane. This is because the current collectors and membrane are defined as solid
bodies (which is a requirement during the setup of the model), while the remaining
domains are defined as fluid bodies. For this reason, mass fraction values are unavailable
for the solid components. Even though the porous layer case in Figure 2 shows slightly
higher performance, for a complex flow field with more channels, the porous channel case
would be prone to flooding owing to the non-existence of mixing in the channel height
direction. For this reason, the biporous layer case is better because it drives the reactant
gases in the GDL, which promotes liquid water removal even at lower mass flow rates.
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Figure 9. O2 mass fraction contours: conventional rectangular channels (above left); biporous
cathode channel (above right); porous cathode channel (below left); porous and baffled cathode
channel (below right) at operating current density of 4.0 A-cm™.

Finally, the total pressure drop due to the introduction of porous layers and baffles
is summarised in Table 6. As expected, the pressure drops of the biporous channel and
porous and baffled channel are much higher than those of the other two cases.
Interestingly, the use of the porous channel results in a very similar pressure drop to that
of the conventional channel, indicating that the baffles have a major influence on the total
pressure drop of the cell.

Table 6. Porosity and permeability of channel and biporous layer.

Case Pressure Drop, Pa
Conventional rectangular channels 1491
Biporous cathode channel 3038
Porous cathode channel 1403
Porous and baffled cathode channel 49,877

Although the cases with baffles and porous layers show significantly improved
performance, the high pressure drop results in a higher energy requirement of the air
compressor. Based on the above discussion, there is a significant potential for optimization
of the baffle geometry to achieve even higher performance. In addition, it may be possible
to remove the porous layers to decrease the complexity required in manufacturing such a
flow field, which is investigated in the following section.

6. Influence of Baffle Geometry on PEM Fuel Cell Performance

Optimization of the baffle geometry is based on the geometry used in the previous
section; however, the porous layer is excluded, and the total length is reduced from 100 to
16 mm to save computational time.

Six characteristic parameters of the geometry are shown in Figure 10 (left), and a total
of 49 different scenarios (as listed in Tables S1-S5 in the Supplementary Materials) are
considered. Additionally, for the best of the 49 cases, i.e., the case with the highest cell
voltage for the specified current density at 4.0 A-cm?, segments 1, 2, and 3 (as shown in
Figure 10 (right)) are also parameterized with a scaling factor in the axial (i.e.,
downstream) direction, and seven cases are considered to determine if the scaling factors
have a significant influence on the results. The scaling factor represents the parameter by
which the length of a segment is altered. If the initial length is 10 mm and the scaling factor
is 1.2, the final length will then be 12 mm. During the investigation of the influence of the
scaling factors on the cell performance, the channel length of the first segment is fixed;
segments 2, 3, and 4 vary; and segments 5-8 are generated as a mirror of the first four
segments with the mirror plane set at the end of segment 4.
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Figure 10. Parameters (left) and scalable segments 2, 3, and 4 (right from top to bottom).

The results of the simulations with six geometric parameters are shown graphically
in Figure 11, plotted in terms of the cell voltage at 4.0 A-cm? and the geometric
parameters. Detailed information about each setup is provided in Tables S1-S5 in the
Supplementary Materials. The values of the studied parameters resulting in the highest
performance among all cases are outlined by colored circles. The optimal values of the
half length of a segment (P1), half-length of the baffle base (P2), half-length of the baffle
top (P3), thickness of the current collector cathode top (P4), baffle height (P5), and distance
between the baffle and substrate (P6) are 1.0, 0.8, 0.4, 0.2, 0.4, and 0.02 mm, respectively.
These optimal values lead to an improvement in the cell voltage from 0.516 (reference case)
to 0.527 V (case #45, as indicated in Table S5 of the Supplementary Materials) at 4.0 A-cm=.
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Figure 11. Influence of every parameter on the electric potential of the cell at a current density of
4.0 A-cm™.

The parameters, which are of interest for PEM fuel cell performance, are shown
graphically in Figures 12 and 13, namely: pressure drop along the cathode channel and
the operating voltage, the volume averaged values of oxygen mass fraction, liquid
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saturation, and temperature inside the cathode catalyst layer; as well as the liquid
saturation inside the cathode channel. The geometric parameters are shown below for a
clear comparison of the influence of each parameter on the results. The results indicate
that increasing the (i) baffle top and (ii) baffle base size, (iii) baffle height as well as
decreasing the (iv) distance between the baffle bottom and the substrate, resulting in the
highest performance of the cell. The combined influence of these parameters leads to
conclusions that (a) operating voltage; (b) oxygen mass fraction inside the cathode CL and
(c) pressure drop increase, while (d) the temperature inside the cathode CL decreases, by
increasing the mentioned geometry parameters. Since the increase in (c) pressure drop is
counter-productive, more pumping power is required and there are constraints related to
the gaskets, the threshold value for the pressure drop must be set to obtain the optimal
results. The remaining geometry parameters (v) half-length segment and (vi) current
collector thickness, seem to have less influence on the results since the scattered values
have negligible influence on the overall results. It is noteworthy that the pressure drop
rises almost exponentially for the cases where the substrate to baffle height is the smallest,
indicating the dominant Forchheimer inertial effect, resulting in improved water removal
from the diffusion layers and expelling the water to the channel (as indicated by the
increase in liquid saturation in channels in Figure 12).
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Figure 12. Operating parameters of interest at current density of 4.0 A-cm2for each case.
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Figure 13. Operating parameters of interest at current density of 4.0 A-cm?for each case.

Among all 49 cases, the cases with minimal and maximal values of the parameters of
interest and their comparisons vs. the original reference case of Kim et al. [17] are outlined
in Table 7. It can be seen from the results that the case with the best overall performance
is Case #45 because it results in the lowest liquid saturation and temperature in the
cathode CL and gives the highest voltage. It can also be seen that Case #47 has a very high
pressure drop, which results in the highest liquid saturation in the cathode channel. It is
found that Case #2 has the lowest pressure drop and the lowest voltage, thus making it
the least efficient case among the 49 studied cases. Thus, Case #45 is chosen for further
optimization using scaling factors.
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Table 7. Comparison of cases with min and max values of parameters of interest at current density of 4.0 A-cm™ vs. the

ref. case.
Min
in Del Del in Liq.
Min Delta Max Delta nLiq. MaxLiq. Oxygen Max Min Max Min .1q Max. Liq. .
Pressure Pressure . R Oxygen . . Sat. in . Min Max
Parameter Sat. in Sat. in Mass Temp. in Temp. in Sat. in
. Cathode Cathode . Mass Frac. Cathode Voltage Voltage
(Unit) Channel Channel Cathode Cathode Frac.in in Cathode Cathode Cathode Channel Cathode V) V)
CL () CL() Cathode CL(°C) CL(°Q) Channel (/)
(Pa) (Pa) CL (/) (0]
CL ()
Value 108 19,444 0.01915 0.04473  0.11327  0.14340  71.491 79.411  0.00085 0.01141 0.51127  0.52740
Percentage
(+/-)vs. -45.45%  +9820%  -33.59% = +55.09% -12.44% +10.84% -9.97 0% -83.96% +115.28% -0.86%  +2.26%
initial case
Case # Case #2 Case #47 Case #45 Case #6  Case #6 Case #48 Case #45 Ref. Case Case#6  Case #47 Case #2 Case #45

Case #45 is then used to investigate the influence of scaling factors on the
performance of the cell. The results are shown graphically in Figure 14, with a detailed list
in Table 8. The results indicate that the cell performance is the highest for the case where
the segment length is shortened in the cathode downstream direction to the middle of the
channel and then gradually increases.
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Figure 14. Influence of scaling factors on the electric potential of the cell at current density of 4.0 A-cm™.

Table 8. Scaling factors and resulting electric potential at current density of 4.0 A-cm™.

Parameter

(mm) Case #45a  Case #45b  Case #45¢  Case #45d  Case #45e Case #45f Case #45g
Scale 2 1 1 1 1.8 1.5 1.6 1.5
Scale 3 1 1.2 1.5 1.6 1 1.4 1.8
Scale 4 1 1.4 1.3 1.1 1.25 2 1.2
Electric
. 0.527433 0.527892 0.528013 0.529866 0.528062 0.529463 0.528719
potential (V):

Although most of the operating parameters, as shown in Table 9, show quite similar
values, the pressure drops are very different. From the results, the most favorable values
for PEM fuel cell operation are shown bolded in the table. It is seen that Case #45d shows
higher operating voltage and lower temperature in cathode CL vs. the reference case #45a.
However, since the pressure drop of #45d is almost doubled in contrast with #45a, it is
therefore required to compare the cases with the referenced case of Kim et al. [17] to gain
insights into the influence of the baffles and scaling factor on the cell performance.
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Table 9. Comparison of parameters of interest for cases using scaling factors (#45b-g) vs. reference
Case #45 (annotated in table as #45a) at current density of 4.0 A-cm™.

Delta Pressure Vol Averaged Vol Averaged Vol Averaged Vo.l Averatged
. . Oxygen Mass . Lig. Sat.in
Parameter (mm) Cathode Liq. Sat. in Fraction in Temperature in Cathode Voltage (V)

Channel (Pa) Cathode CL (/) Cathode CL (/) Cathode CL (K) Channel ()
Case #45a 14,598 0.0447 0.1433 71.49 0.0112 0.5274
Case #45b 18,989 0.0448 0.1431 71.53 0.0115 0.5279
Case #45¢ 20,569 0.0450 0.143 71.55 0.0117 0.5280
Case #45d 26,537 0.0458 0.1427 71.06 0.0121 0.5299
Case #45e 20,174 0.0448 0.143 71.53 0.0116 0.5281
Case #45f 31,151 0.0450 0.1428 71.58 0.0124 0.5295
Case #45g 26,523 0.0449 0.1428 71.58 0.0121 0.5287

The GDL liquid removal contours for the three cases with different scaling factors are
shown in Figure 15. It is clear that the two optimized cases exhibit more pronounced liquid
water removal rates under the baffles, and low water saturation zones are repeatedly
observed between the baffles owing to the lower mutual distance between each segment.

GDL Liquid Removal

51.18
46.53
41.88
37.23
32.58
27.93
23.28

Figure 15. GDL liquid removal contours for reference case [17] (above left), Case #45 (above right)
and Case #45d (below) at current density of 4.0 A cm™.

Case #45d shows interesting zones of more pronounced pooling/GDL liquid removal,
which seem to increase along the cathode downstream direction corresponding to the
distance between neighboring segments.

As the distance between the baffles and substrate is significantly reduced in the
optimized cases, the local flow velocities are significantly increased, leading to an altered
heat transfer. In Figure 16, the temperature contours show significant differences between
the three cases. The temperature distribution is most uniformly distributed in Case #45,
while it is most non-uniform in the reference case, which indicates that optimization of
the geometry results in more favorable heat transfer during the PEM fuel cell operation.
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Figure 16. Temperature contours for Ref. case (above left), Case #45 (above right) and Case #45d
(below) at current density of 4.0 A-cm™

Minimizing the mass transport losses at high current densities is the main objective
of this study, and thus the oxygen mass fraction is plotted along the substrate mid-line in
Figure 17. It is observed that both optimized cases show significantly higher oxygen mass
fractions along the entire length of the cell owing to the more intense mixing induced by
the Forchheimer inertial effect in the presence of baffles.

0.25

=
]
!

O, mass fraction, /
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Figure 17. O2 mass fraction along the substrate mid-line at operating current density of 4.0 A-cm™
for Ref. case and optimized geometries.

The polarization curves, as plotted in Figure 18, indicate that Case #45d shows
superior performance in comparison with the reference case (Case #45), especially in the
high current density range. For comparison purposes, the cases from the previous section
are also plotted. It is found that the performance of the optimized flow field is slightly
higher compared with the case of the porous and baffled channel, indicating that a porous
layer is not necessary to achieve similar cell performance. The porous channel suffers from
high cost and difficulty achieving precise water and heat management. The performances
of the baffled channels with and without porous layers are almost identical up to a current
density of 4.0 A-cm%; beyond this point, the porous and baffled channel shows slightly
higher performance. This means that in the high current density region, the mass transport
losses are dominant and the heat transfer from the substrate to the bipolar plate plays a
critical role in determining the cell performance. By minimizing the distance between the
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bipolar plate and the substrate, as seen in Case #45d, it is possible to enhance the heat
transfer rates inside the cell significantly and prevent the occurrence of high temperature
gradients in the cell without using complex and expensive biporous or porous layers.

1

0.8 |
>
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Current density, mA cm™

Figure 18. Comparison of polarization curves for different configurations.

7. Conclusions

This work screened the most popular flow field designs, including porous, biporous,
porous with baffles, 3D fine-mesh, and traditional rectangular flow field, to determine the
most promising flow field design for the improved cell performance with the highest
feasibility for future development as a novel flow field (the first part of the work), and
then to optimize the most promising type of flow field to further improve the cell
performance (the second part of the work). As one of the novelties, the inertial term of the
Forchheimer effect is introduced in the 3D multiphase nonisothermal computational fluid
dynamic model, which is very important, as demonstrated in this work, for improved
water removal at high current densities. The criteria for determining the best solution
were as follows: (i) maximal voltage; (ii) maximal oxygen concentration in the cathode
catalyst layer; (iii) minimal liquid saturation in the cathode catalyst layer and channels;
(iv) minimal temperature in the cathode catalyst layer; (v) reasonably low pressure drop.
The following conclusions are:

(1) By comparing the polarization curves of all studied cases, the best performance is
achieved using porous and baffled flow field due to the combined effects of improved
heat and mass transfer, resulting in significantly improved water removal and
elevated oxygen mass fraction inside the cathode catalyst layer along with the highest
pressure drop. The porous and baffled flow field is very challenging for
manufacturing because it is very difficult to insert porous layers in channels with
small dimensions.

(2) The gain in cell performance of the biporous flow field is attributed to the increase in
reactant velocity in the channel since part of the cross-section is obstructed by the
biporous layer, but the overall conclusion is that this approach is of limited practicality.

(38) The porous cathode channel shows the second-best performance due to the improved
heat transfer between the gas diffusion layer and the current collector. However, the
liquid saturation contours along the gas diffusion layer height are quite
homogeneous and the oxygen mass fraction inside the cathode catalyst layer is quite
low, due to the decreased flow velocity initiated by the increased pressure drop when
fluid passing through the porous medium.
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Based on the above results, the most promising flow field for optimization is the
baffled flow field without biporous layers, because the performance gain is mostly
attributed to the forced convective mass transport inside the gas diffusion layer, which
effectively increases the oxygen concentration and removes liquid water, while this
advantage is absent in other approaches. Design of experiments is generated, in which 49
cases are studied and compared with the reference case based on geometry adopted from
Ref. [17]. The following conclusions are drawn:

(1) Increasing baffle top and baffle bottom size, as well as baffle height, and decreasing
the distance between the baffle bottom and the substrate, resulting in better
performance of the cell to a certain extent. The limiting factor is the pressure drop,
which tends to increase exponentially in some extreme cases. The pressure drop must
be set as a constraint in designing novel flow fields.

(2) Case #45 shows the best cell performance vs. the reference case in Ref. [17] by
decreasing 33.59% of water saturation and 7.91 °C of temperature in the cathode
catalyst layer and increasing 2.26% of voltage at current density of 4.0 A-cm=2. Keep
in mind that this performance gain is significant because the reference case in Ref.
[17] has already been optimized to a certain extent.

(38) The optimized case (Case #45) shows performance almost as good as the porous and
baffled flow field up to current density of 5.0 A-cm= without the requirement for
using the biporous layers, thus significantly less complex.

(4) Further optimization of Case #45 by introducing the scaling factors shows a slightly
improved voltage (0.5299 V vs. 0.5274 V) and a limited decrease in the temperature
in the cathode CL (0.43 °C). However, the pressure drop is significantly increased
(26,537 Pa vs. 14,598 Pa) in comparison with Case #45. Case #45d shows somewhat
higher performance superior to the porous and baffled flow field at lower currents
and it is the best flow field design in this work. Nevertheless, the scaling factors are
considered to have a negative effect on the performance since the scaling
modifications increase the complexity of the flow field and the pumping power.

(5) The analyses, especially the scaling factors, show that the cell performance is
significantly affected by the changes in the geometry of the baffles, therefore it is
advisable to conduct the design of experiments and optimization for different
operating conditions to determine the most appropriate geometry parameters for
achieving the possible highest performance.
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Nomenclature
A anode
a water activity
C cathode
CFD computational fluid dynamics
Cy specific heat of water, J (kgK)™
Dy, diffusion coefficient between gas and liquid phase
Dyiq liquid water diffusion coefficient, kg m= s
DY gas species mass diffusivity, m? s
D:,]f . effective gas species mass diffusivity, m? s
Do mass diffusivity of species i and reference pressure p, and
t temperature Ty, m?s™!
D}, diffusion coefficient of water content, kmol m=3
e Eule’s number/constant
user-specified activation energy anode/cathode, respectively, ]
Ean/Ecat 1,1
mo
E; activation energy for the temperature correction term
EQ JES: reversible potentials anode/cathode, respectively, V
EW equivalent weight, kg kmol™!
F Faraday constant, (9.6485-107) C kmol™
9D function for correlation of electro osmotic drag to membrane
water content
I leakage current, A m™
T the ionic current density, A m™!
i magnitude of solid/membrane phase current density,
som respectively, A m™!
Jan/Jcat reference exchange current density, respectively, A m=
ref ,.ref reference exchange current density at specified reference
Jan' /Jcat temperature anode/cathode, respectively, A m~
joteat ideal oxygen molar flux, mol m2s™
K absolute permeability
K, relative permeability
K.D product of oxygen solubility and diffusivity in liquid water,
wew respectively, m? s™!
L latent heat of evaporation, ] kg™
MPL micro porous layer

molecular mass of hydrogen, oxygen, water vapor, ionomer,

My, My, 0., M ,M .
Wiy W, 0y W Hy 00w respectively, kg kmol™?

ng osmotic drag coefficient

n user-specified generality coefficient for electro osmotic drag
osm coefficient

p pressure, Pa

Pc capillary pressure, Pa

D liquid pressure gradient, kg m?s2

Pwv partial pressure of water vapor, Pa
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Pu,,Po, PH,0

partial pressures of hydrogen, oxygen and water vapor,
respectively, Pa

Psat water vapor saturation pressure, Pa

p° user-specified standard state absolute pressure, Pa

Po reference pressure, Pa

PEM proton exchange membrane

PEMFC proton exchange membrane fuel cell

R universal gas constant, (8.3144) ] mol! K

Ran/Rear exchange current density anode/cathode, respectively, A m=

R transfer current modification due to occurrence of liquid water,

/ Am3

Ty particle diameter, m

T exponent of pore blockage

R, ideal transfer current, A m2s!

Rso1/Rmem volumetric transfer current, respectively, A m=

Rion/Res resistance due to ionomer film/liquid water film surrounding
a particles, respectively, s m™!

s liquid saturation

SGDL+MPL1 SACL! SSCCLr SMEM! SCC

volumetric heat source for the gas diffusion layer and micro
porous layer, anode catalyst layer, membrane and current
collector, respectively, ] m3s™!

Sty S0, 51 Sgar Siar Sgi

sink/source terms for hydrogen, oxygen, membrane water
content, between gas and dissolved phases, liquid and
dissolved phases and gas and liquid phases, respectively, kg

m3g1

ASyn/AS o4t reaction entropies anode/cathode, respectively, ] K™

T temperature, K

7ef s user-specified reference temperature anode/cathode,
an /cat respectively

70 user-specified standard state temperature, K

To reference temperature, K

U, U, half cell potential anode/cathode, respectively, V

%4 volume, m3

7y gas velocity vector, m s

7 liquid water velocity vector, m s

Voly,/Vol.q volume of the anode/cathode catalyst layer, m?

L] [rer local species concentration, kmol m=

Greek alphabet

o g anode and cathode transfer coefficients of the anode electrode,
an/“cat respectively
cat 1.cat anode and cathode transfer coefficients of the cathode

aan /acat

electrode, respectively

.Bmemv .Banr Bcat

electrolyte phase conductivity model generality constant in
membrane, anode catalyst and cathode catalyst, respectively

I electrolyte phase conductivity term
concentration dependence coefficient anode/cathode,
Yan/Yeat respectively
Yol Ve evaporation/condensation coefficient, respectively
user-specified constant for modification of transfer current due to
Vi occurrence of liquid water
user-specified parameters for mass exchange rate between gas
YoarVia and dissolved/liquid and dissolved phases
user-defined exponents in gas species diffusivity equation for
Velo temperature/pressure, respectively
£ porosity
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& porosity of porous media

specific active area anode/cathode (cathode catalyst),

San/Sear respectively, m™!
Nan/Ncat surface over potential anode/cathode, V
0 coefficient of liquid water removal
0 user-specified parameter
0. contact angle, °
A membrane water content, dissolved water content
Aeq equilibrium water content
PR water activity at water activity equal to 1, saturation equal to 1, i.e.,
a=bTe=1 user-specified parameters
U liquid dynamic (absolute) viscosity, kg (ms)™!
Pi dry ionomer, i.e., membrane, density, kg m=
P liquid water density, kg m=
o surface tension coefficient, N m!
electrical conductivity of the solid/membrane phase,
5ot/ Tmem respectively, Q'm™!
Sa/Sec ionomer volume fraction anode/cathode, respectively
Tq/Te ionomer tortuosity anode/cathode
bsot/ Pmem electric potential of the solid/membrane phase, respectively, V
X liquid to gas velocity ratio
w; electrolyte phase conductivity model generality constant
Mathematical operator
v nabla operator
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