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Abstract: Hydrogen is increasingly recognized as a clean and reliable energy vector for decarboniza-
tion in the future. In the marine sector, marine solid oxide fuel cells (SOFCs) that employ hydrogen
as an energy source have already been developed. In this study, a multi-channel plate-anode-
loaded SOFC was taken as the research object. A three-dimensional steady-state computational fluid
dynamics (CFD) model for anode-supported SOFC was established, which is based on the mass
conservation, energy conservation, momentum conservation, electrochemical reactions, and charge
transport equations, including detailed geometric shapes, model boundary condition settings, and
the numerical methods employed. The polarization curves calculated from the numerical simulation
were compared with experimental results from the literature to verify the model’s accuracy. The
curved model was applied by enlarging the flow channels or adding blocks. Numerical calculations
were employed to obtain the current density, temperature distribution, and component concentration
distribution under the operating conditions of the SOFC. Subsequently, the distribution patterns of
various physical parameters during the SOFC operation were analyzed. Compared to the classical
model, the temperature of the curved model was reduced by 1.3%, and the velocities of the cathode
and anode were increased by 4.9% and 5.0%, respectively, with a 2.42% enhancement in performance.
The findings of this study provide robust support for research into and the application of marine
SOFCs, and offer they insights into how we may achieving “dual carbon” goals.

Keywords: hydrogen propulsion; solid oxide fuel cell; flow field structures; thermal analysis; performance
optimization; numerical simulation

1. Introduction

Throughout history, maritime transport has served as a pivotal enabler of trade and
commerce between nations. International agencies like the United Nations International
Maritime Organization (IMO), governments, ports, and industry personnel have explored
and implemented improvements and innovations to ensure the optimal resource utiliza-
tion [1,2]. Among several viable fuel options, the use of hydrogen is considered particularly
promising. It represents an ideal substitute for fossil fuels, as its sole byproduct is wa-
ter. The IMO has announced key targets for its initial strategy to reduce greenhouse gas
emissions from the shipping sector [3]. Hydrogen fuel cells are widely used in various
sectors, including power generation, transportation (buses, coaches, motorcycles, bicy-
cles), and logistics (forklifts, trucks, delivery vehicles), as well as in maritime applications
(submarines) and unmanned aerial vehicles (drones). To date, financial support and tax
reduction policies implemented by governments have incentivized enterprises and research
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institutions to engage in the research and development, promotion, and application of
relevant technologies. Japan’s “Green Growth Strategy” proposes converting all existing
conventional fuel vessels to low-carbon fuel-powered vessels, including hydrogen, am-
monia, and liquefied natural gas, by 2050. The development and promotion of hydrogen
fuel cell systems and electric propulsion systems for short-range and small vessels will be
encouraged [4-6].

The American Bureau of Shipping (ABS) provides supplementary guidelines for ma-
rine and offshore fuel cell power, “Guide for Fuel Cell Power for Marine and Offshore [7]”,
which define the types of vessels eligible for the use of fuel cell systems. Additionally,
European countries have been continuously exploring and researching the application of
SOFCs in marine vessels. Meanwhile, Yanmar, a Japanese company, utilizes components
from Toyota’s fuel cell vehicles to develop and test maritime hydrogen fuel cell systems
on a prototype vessel [8]. The international SOFC4Maritime project, initiated jointly by
Alfa Laval, DTU Energy, Haldor Topsoe, Svitzer, and the Meaersk Mc-Kinney Moller Center
for Zero Carbon Shipping [9], aims to optimize the use of future green marine fuels by
applying SOFCs to power generation on ships.

Fuel cells come in various types, classified according to the type of electrolyte they use.
They can be categorized into molten carbonate fuel cells (MCFCs) [10], phosphoric acid fuel
cells (PAFCs) [11], proton exchange membrane fuel cells (PEMFCs) [12], and SOFCs [13].
MCEFCs utilize molten carbonate as their electrolyte. They can achieve conversion effi-
ciencies of up to 60% under high-temperature and high-pressure conditions. However,
the lifespan of the cells is relatively short, at approximately five years [10]. PAFCs utilize
phosphoric acid as the electrolyte, and the combination with hydrogen results in a 2.1%
increase in fuel utilization and a 0.8% improvement in electrical efficiency [11]. PEMFCs
use a proton exchange membrane as the electrolyte and are characterized by high efficiency,
clean operations, and scalability, making them suitable for a variety of applications [12].
SOFCs use solid oxide as the electrolyte, which makes them leak-proof and even easier to
manage. They also have the advantage of fuel flexibility. Unlike PEMFCs, which require
hydrogen as their fuel, SOFCs can utilize a variety of fuels [13].

The SOFC is an efficient and clean energy conversion technology that can directly
convert chemical energy into electricity, known as third-generation fuel cell technology.
A typical SOFC consists of three layers: a fuel electrode (anode), an electrolyte, and an
air electrode (cathode). Both the fuel electrode and the air electrode are porous electrode
structures that enclose a dense electrolyte layer in the middle. The characteristics of
SOFCs are similar to those of proton exchange membrane fuel cells (PEMFCs), except
that the electrolyte in PEMFCs is a polymer that operates at low temperatures (usually
less than 100 °C) [14-16]. The electrolyte in SOFCs is a solid oxide that operates at high
temperatures (500-1000 °C), which also confers unique advantages over PEMFCs. These
advantages include (1) the ability to use Hy, hydrocarbons [17] (CH4), or CH30OH as fuel,
eliminating the need for traditional precious metal catalysts; (2) a high power density [18];
(3) negligible ohmic impedance at the electrodes, with losses primarily generated by the
electrolyte [19]; (4) the use of solid ceramic materials as key battery components [20];
(5) waste heat utilization, cogeneration, and high fuel utilization rates; and (6) fast reaction
processes and simple equipment due to the battery operating temperature [21].

The characteristics of SOFCs enable total power generation efficiencies exceeding 60%
in a single cycle, while the total system efficiency can reach as high as 85%. Today, the
power density, reliability, and service life of SOFCs have been significantly improved, and
their development is well-advanced, offering broad application prospects. The working
principle of SOFCs is illustrated in Figure 1.
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Figure 1. Schematic diagram of SOFC working principle [22].

Hydrogen gas (H;) diffuses through the anode to the anode—electrolyte interface.
Oxygen or air (O,) is continuously fed through the cathode. O, is adsorbed on the cathode
surface. Due to the catalytic action of the cathode, O, obtains electrons to become O?~.
Under the action of chemical potential, O?>~ enters the solid oxygen ion conductor, acting
as an electrolyte. Due to the concentration gradient, the diffusion eventually reaches
the interface between the solid electrolyte and the anode, and it reacts with Hy. The
lost electrons pass through the outer circuit, back to the cathode. The chemical reaction
equations are as follows [22]:

Cathode:
O, +4e~ — 20~ 1)
Anode:
2H, 4+ 20%~ — 2H,0 + 4e™ ()
Overall reaction equation:
0O, +2H; — 2H,0 3)

The anode not only serves as the electrochemical oxidation site for the fuel but also
facilitates charge transfer to the conductive contact. The cathode reduction process in-
volves oxygen adsorption and subsequent production of oxygen ions. Consequently,
numerous researchers have developed cathode and anode materials. In recent years, the
use of biochar derived from pepper stalks as fuel [23], direct carbon SOFCs (DC-SOFCs)
composed of yttrium-doped strontium titanate with in situ dissolved copper [24], and
Fe-doped Lag 351 7TiO3 (LSFT) [25] as anode materials has been extensively studied. These
materials exhibit high structural stability, ionic conductivity, electrocatalytic activity, and
electrochemical performance.

As the most critical part of an SOFC, the electrolyte is primarily used to transport
the O generated by the cathode to the anode for participation in the reaction, and also
to separate the fuel gas and oxygen to prevent direct contact and combustion, which
would result in battery failure. Jeon et al. studied the effect of doped trace Fe,O3 on
the structure and electrical properties of 8 mol% yttrium-stabilized zirconia (8YSZ). The
power density of the stack based on the 8YSZ electrolyte doped with 500 ppm Fe,O3
was about 1.5 times higher than that of the stack using the original 8YSZ electrolyte [26].
Kairat et al. investigated the effect of the particle size composition of ZrgsY(1602_5
(YSZ), Ce.73Gdg270,_5 (GDC) powder, and NiO/YSZ and NiO/GDC composites on
their sintering kinetics. The results showed that the porosity and air permeability of the
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layer could be increased by 1.6 times and 4 times, respectively, by adding 5% by weight
pore-forming agent [27].

The electrochemical reactions and transport processes occurring in different regions of
an SOFC are extremely complex, including transport of chemical species, electrochemical
reactions, transport of electrons and ions, and transfer of heat, momentum, and mass [28].
Numerical simulation can be employed as an auxiliary method for experimental research
to aid our understanding of the fundamental mechanisms, favoring improvements in the
stack structure and performance. Wei et al. [29] designed and established an SOFC-HCCI
hybrid power system model. The effects of fuel type, fuel flow, equivalence ratio, and
vapor—fuel ratio on system efficiency were analyzed. The focus was on evaluating the
exergy destruction of different fuels (NH3, Hy, natural gas) in the SOFC—engine hybrid
system and optimizing system parameters, but there was a lack of analysis on the impact of
the internal flow field structure on the performance of the SOFC. The results showed that
system efficiency increased with increasing fuel flow, initially increased and then decreased
with an increasing equivalence ratio, and decreased with an increasing vapor—fuel ratio.
Mehr et al. [30] studied the effect of hydrogen content on the performance of fuel cell power
plants from a thermodynamic perspective. The genetic algorithm was used to obtain a
mixture ratio of hydrogen and syngas that increased the cogeneration efficiency by 3%. In
the study, various models were used for experimental analysis, but detailed information
regarding the CFD model was not explicitly mentioned. Hussain et al. [31]. constructed a
three-dimensional model of a single-channel SOFC using numerical simulation method.
The model was used to analyze the influence of material parameters and structural pa-
rameters on cell properties. It was found that under the current density of the cell with
the highest performance (power density of 4 W/cm?, current density of 6700 A /m?), the
largest contributing factors to induced losses were cathode activation concentration loss
and ohmic loss. In the electrodes, electrolyte, and gas diffusion electrodes (GDEs), the
charge balance of electrons and ions was solved, and Butler—Volmer charge transfer kinetics
were used to describe the charge exchange current density. However, there was a lack of
detailed analysis on the distribution of temperature and component concentrations. Due
to the increase in electrochemical reaction rate and the decrease in concentration loss, the
power density of the SOFC would increase with an increasing temperature. Furthermore, a
reduction in the thickness of the electrolyte and anode would decrease the ohmic loss and
enhance the electrochemical performance.

During the reaction process inside the SOFC, the electrochemical reaction of the gas
takes place along the gas channel in the catalytic layer of the electrode, generating an electric
current and simultaneously releasing heat. The uneven distribution of gas in the flow field
leads to uneven mass distribution in the electrode, which in turn causes an uneven current
and heat generation in local areas of the battery. Local inhomogeneity increases the risk
of reduced battery performance or mechanical failure, ultimately shortening the battery
life [32]. The structure of the flow field determines the distribution of the reaction gas,
which in turn affects the distribution of key battery parameters. Chen et al. [33] proposed
a novel parallel cylindrical flow field design for an SOFC and used a three-dimensional
electrochemical multi-physics coupling model to evaluate its operating characteristics.
The results showed that the new design exhibited better laminar properties, and the
oxygen diffusion rate was increased by 60%, which is beneficial for achieving a more
uniform reactant distribution. The research direction lacked studies conducted in the
context of maritime environments, particularly the impact of flow-thermal characteristics
on the performance of the SOFCs in shipboard settings. Gong et al. [34] proposed a new
SOFC rotating L-type mainstream flow field and studied its heat flow characteristics and
flow characteristics. The results showed that the maximum temperature difference (TD)
in the rotating L-shaped flow field was 20% lower than that of the co-flow and cross-
flow arrangements, and the average TD was 32.72% lower than that of the counter-flow
arrangement. In the study, there was a lack of detailed analysis on the numerical values
of the current density, velocity, and molar fractions of molecules. Gu et al. [35] proposed



J. Mar. Sci. Eng. 2024, 12,1779

5o0f24

several new interconnector (IC) designs and numerically investigated them through 3D
multi-physics modeling. Compared to the traditional through-channel-based IC design,
the new IC design could achieve a more uniform O, distribution at the SOFC cathode. The
peak power density could be increased by 27.86%. It was also found that the degradation
induced by IC oxidation was closely related to the contact area between the IC and the
electrode. The study focused on improving the electrical performance of SOFCs by altering
the IC design, while the present study investigated the impact of the flow field structure on
the performance of SOFCs and developed an optimized flow field design.

Based on the above analysis, this study explored the impact of the flow channel
structure. A multi-channel, plate-anode-loaded SOFC was taken as the research object. A
three-dimensional, steady-state CFD model based on a strongly convergent planar SOFC
was used to compare the performance of the co-flow and counter-flow models and provide
a new flow channel optimization model. Based on heat transfer, mass transfer, momentum
models, and electrochemical reaction equations, a three-dimensional, steady-state model
of the SOFC was established. Through numerical calculations, SOFCs with classical and
optimized channels were obtained. Several physical parameters (temperature field, velocity
field, and molar fraction) were analyzed, and we obtained the distribution patterns of each
physical parameter.

2. Mathematical Model and Three-Dimensional Numerical Model of SOFC
2.1. Model Assumption

The normal operation of a hydrogen-fueled SOFC reactor is a complex multi-physical
and multi-influencing process. We made some assumptions to simplify the complex system
for the numerical simulation:

1.  The SOFC operates normally under steady and adiabatic conditions.

2. The gas mixture is an incompressible ideal gas due to the high operating temperature
and ambient pressure, and it obeys the ideal gas state equation.

3. The flow is laminar in the channel as the flow rate is low (Re < 2400).

4. Inthe SOFC, all electrochemical and heterogeneous chemical reactions occur at the
surface of the electrolyte.

5. The effects of gravity and the heat transfer in the stack are neglected.

6.  The electrode is a homogeneous isotropic medium with a porous microstructure.

2.2. Model Governing Equation

In SOFCs, the transport of mass, momentum, charge, energy and chemical elements
takes place simultaneously. SOFC models are generally composed of mass, momentum,
energy and electrochemical dynamics equations. Appendix A gives the meanings of the
related physical symbols.

Mass continuity equation:

V-(ou) = Qor (4)

At the interface between the electrode and electrolyte, the consumption of O, and H;
and the generation of H,O have different continuous source terms due to their different
electrochemical reaction rates. This is calculated by using Equations (5)—(7).

My, .

Qbr,H2 = _TFZZan (5)
Mo, .

Qbr,Oz = —Tlecat (6)
Mp,0.

Qbr,HzO = 2 ; lan (7)

Momentum conservation equation:
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Since the electrochemical reaction consumes gas, the compressible Navier-Stokes equa-
tion can be chosen and combined with the continuity equation, expressed as follows [36]:

p(u-V)u = V- {—pl + y(Vu + (vu)T) - ;u(Vu)I] (8)

V-(pu) =0 )

In a porous electrode, the Brinkman formula is commonly used to describe the fluid
velocity and pressure, in the following form:

2
(E+Q)u=v [—pl +p(Vut (V)" - sy(V-u)I} (10)
V-(pu) = Qpr (11)
The viscosity yu is calculated as follows [37]:
107y (L) 12
p= Yo bk 1000 (12)

The fluid velocity and pressure field of single-phase flow in porous media can be
obtained by solving the momentum conservation equation.

When ignoring the radiation heat transfer, the heat inside the SOFC is mainly com-
posed of three parts: the heat generated by electrochemistry, the heat caused by activation
polarization, and the heat caused by ohmic polarization.

Energy conservation equation:

p-Cpu-VT = V-(kett VT) = Qp (13)
The effective heat conductivity is expressed as follows:
keff = €kg + (1 - S) kg (14)

The specific constant pressure heat capacity for each gas j and the gas mixture is
expressed by using Equation (15) [37]:

Y7 ax-(T/1000)F
Cpj = M, /Cpg = 1 %5°Cpij (15)

The heat conduction coefficient of gas j, as well as for the gas mixture, is calculated
as follows:

7
k= 001-Y ", a-(T/1000)" kg = Y, x-Cp; (16)

The heat source term Qy, is specifically expressed as follows:

i2 i [ TAS
- == 17
Telon + 5( °F + 77act> ( )

Qn=

The component transport equation describes the different motions of each substance
in the fluid mixture. In the stack channel, the gas convective flow completes the mate-
rial transfer, and in the multi-porous electrode, the concentration difference between the
two sides of the electrode caused by the chemical reaction promotes the gas diffusion to
the electrode.



J. Mar. Sci. Eng. 2024, 12,1779 7 of 24

Mass transport can be described in terms of the Maxwell-Stefan diffusion equation
and the convection equation. At rest, the mass equilibrium state can be expressed in the
following formula:

V- (pwiz Deff,i]' (Vx] + (x]' — (,Uj) vrf))> + p(UV)(UI =5 (18)

S; is determined by Faraday’s law [38]:

M .

S, = —;V—I;szan (19)
My 0, .

SOZ = _%kat (20)
M )

S0 = — g fcat (21)

The effective diffusion coefficient in the flow channel is calculated as follows [39]:

0.00143T17> 1 1
Dij = s a2\ T 22
p(viP i) M

In porous electrodes, it is also necessary to consider Knudsen diffusion (23) due to
wall collision. Its effective diffusion coefficient is shown as Equation (24) [36]:

8RT

2
Dxni = gf’e M- (23)
1
¢ [ DyDxnji
Doge: = — | — 32~ 24
effi T ( Dij + DKn,i) ( )

There are two kinds of charges in a fuel cell: electrons and ions. Reactions within a
cell are often accompanied by a transfer of charge, and the charge conservation process is
often described on the basis of Ohm’'s law [40].

Electron conservation:

V- (—=0elecVelec) = —Sai (25)
Ofe = TelecOrC(1 —€) (26)
Ton conservation:
V-(=0ionVion) = Sai (27)
o2l = Gion(1 = O.c) (1 —¢) (28)

The conductivity of different materials is different. At 1073 K, the conductivity of the
cathode, anode, and interconnect was calculated as follows:

4.2 x 107 1200
Oelec = #exp <_T) (29)
9.5 x 107 1150
Oele,a = T ex <_ T ) (30)
10, 300
Oin = 3.34 x 10* x exp(— = ) (31)

The open circuit voltage is the maximum voltage of a fuel cell under a specific operat-
ing condition. However, due to polarization loss, the real voltage potential is often lower
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than the open circuit voltage. Polarization loss mainly includes concentration polarization,
activation polarization, and ohmic polarization.
Because of this, the operating voltage can be calculated as follows [41]:

Vcell = Eocv — Vact — Veon — Vohm (32)

The open circuit voltage can be expressed as follows [42]:

0.5
_ RT PHz (Poz)
Eocv = Ep + ﬁln (PHZO (33)
Ey =1.317 — 2.769 x 1074T (34)

During the electrochemical reaction of a fuel cell, the reaction material needs to cross
the electrochemical reaction energy barrier to carry out the electrochemical reaction, and
the electrical potential shift generated by this is called activation polarization. It is closely
related to the material properties, microstructure, temperature, and current density of the
stack, and it is usually obtained by the Butler—Volmer equation:

F F
i=ip [CRexp (%Rgm> — Coexp [—D(CRZ;WH (35)
Cu Ch,0
C = E 7 = 2 36
K C'Hz,ref © CHZO,ref ( )
Mg =N — Q¢ (37)

The exchange current density can be obtained by the following formula:

. RT Eacta
iga = ka °F exp( RT > (38)
. _ RT Eact,c
io,c = ke °F xp( RT ) (39)

2.3. Classic and Curved SOFC Model

As shown in Figure 2, the classic co-flow channel SOFC stack model consists of eight
parts, namely the cathode current collector layer (CCCL), cathode functional layer (CFL),
electrolyte layer (EL), anode-supported layer (ASL), anode functional layer (AFL), air
flow path, fuel flow path, and interconnect (IN). The anode material is Ni/8 mol% yttria-
stabilized zirconia cermet (NI-YSZ), the electrolyte material is yttria-stabilized zirconia
(YSZ), and the cathode material is lanthanum strontium manganite (LSM) [40]. The cathode
and anode are porous media, which provide space for the diffusion of reactant gases. The
porous electrodes are doped with catalysts, which can catalyze the electrochemical reactions.
The electrolyte is a solid that separates air from fuel gases and transports oxygen ions. The
interconnect is a solid, and its primary function is to separate the gas flow channels and
collect the conduction current. The main parameters of the model are shown in Table 1.

On the basis of the traditional channel, in order to enhance the perturbation effect
of the channel structure on the reaction gas, gradually expanding channel and gradually
reducing channel designs are proposed, as shown in Figure 3a,c. The main parameters of
the model are shown in Table 2. The former expands the flow channel outward to a certain
area, and the size of the expansion area is shown in Figure 3b. The latter adds a certain
number of blocks to the flow channel, and the blocks in the flow channel are interleaved.
The detailed geometric dimensions of the blocks are shown in Figure 3d.
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Figure 3. (a) Expanding SOFC model; (b) dimensions of the expanding area; (c) reducing SOFC

model; (d) block size.

Table 1. The main parameters of the classic model.

Parameter Value (mm)
Cell length 60
Width 2
Gas channel Height 1
Width of the channel 2
Height of the interconnect 1
Thickness of the ASL 0.01
Anode Thickness of the AFL 0.3
Thickness of the EL 0.01
Thickness of the CFL 0.03
Cathode Thickness of the CCCL 0.08
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Table 2. The main parameters of the curved model.

Parameter Value (mm)
Cell length 60
Width 2
Gas channel -

Height 1

Width of the channel 2

Height of the interconnect 1
Thickness of the ASL 0.01

Anode )
Thickness of the AFL 0.3
Thickness of the EL 0.01
Thickness of the CFL 0.03
Cathod

athode Thickness of the CCCL 0.08

2.4. Boundary Conditions

The key boundary conditions and material property parameters in this model are
shown in Tables 3 and 4. In addition to the boundary conditions added in the table, the
positive connector is grounded (the potential of the outer surface is 0), and the electrical
potential of the outer surface of the negative connector is set to the working electrical
pressure (set to 0.9 V in this study). Symmetrical conditions are applied to all outer
conditions of the model, while continuous current and potential conditions are adopted
by default for inner boundaries. In the heat transfer model, the surfaces and sides of the
upper and lower connectors are set as symmetrical conditions, and the walls are set as

non-slip walls.

Table 3. The material property parameters of the physical model [33,37].

Parameter Value Parameter Value
Thermal Anode 15 . Anode 6870
.. Density
conductivity EL 2.7 ke /m3 EI 5900
[kg/m?]
W/ (m-K)]
Cathode 20 Cathode 6570
P . Anode 0.452 Exchange Anode 1
orosit . .
y Cathode 0.452 coefficient Cathode 1
Pre-exponential Anode 6.54 x 10" R[J/(kg-K)] 8.314
constant Cathode 2.35 x 1011 F [C/mol] 96,500
Activation energy Anode 14 x 10° o L o
[J/mol] Cathode 1.37 x 10°
Table 4. Boundary conditions of the SOFC simulation model.
Parameter Temperature (K) Species Velocity (m/s)
Inlet 1073 H,:H,0 = 0.95:0.05 25
Fuel
Outlet 1073 - -
Inlet 1073 0,:N, =0.21:0.79 1.5
Air
Outlet 1073 - -
Top wall of the anode interconnect Adiabatic Convection Wall
Bottom wall of the cathode Adiabatic Convection Wall

interconnect
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3. Analysis of Classical Channel Structure
3.1. Model Verification

To ensure the accuracy of this model, we needed to compare the polarization curve
predicted by the CFD model with the experimental data from ref. [43]. The boundary
conditions in ref. [43] were used to verify the accuracy of the model. The outlet and
inlet temperatures were 750 K, anodal flow rate 400 N mL/min, and cathode flow rate
1000 N mL/min. The polarization curve is shown in Figure 4. The results indicate that the
error between the numerical results and the experimental results is about 6.8%. The error
between the simulation results and the experimental data falls within a reasonable range.
Therefore, this model demonstrates sufficient accuracy.

° Simulation result |
LOF ¢ Experimental data -

voltage[V]

0.2 F q

0.0 0:2 0.4 0.6 0.8 1.0 1:2 1.4
Current density [A/cm?]

Figure 4. The comparison of polarization curves between model simulation and experimental data.

The boundary conditions in Table 4 (from ref. [44]) were set, where the inlet air
temperature was 1073 K and inlet fuel temperature was 875 K, and we compared the
cell voltages of the experiment and the model as a function of the SOFC current density
at 800 °C. The potential range was selected based on the available experimental data.
As shown in Figure 5, the maximum error of the experiment and the model was 6.5%,
which was within the maximum error range, again verifying the accuracy of the model in
this article.

l; 1 T T T T ]
—8— exprimental

LOoF \ model §
0.9F -1

Voltage cell (V)

. 1 N 1 . 1 . 1 " 1
0 1000 2000 3000 4000 5000

Current density (A/m?)

4
)

Figure 5. The comparison of polarization curves between model simulation data and those of ref. [44].
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3.2. Velocity Distribution of Classical Model

Figure 6a shows the velocity distribution of the anode co-flow channel. Hydrogen
flowed in from the lower inlet and out of the upper outlet. Figure 6b shows the velocity
distribution of the anode counter-flow channel, with hydrogen flowing in from the lower
inlet and flowing out of the upper outlet. The results showed the velocity distribution in
the anode channel, where the anode inlet velocity was set at 2.5 m/s. In the center of the
anode channel, the velocity could reach 4.7 m/s. The velocity on the surface of the anode
channel was about 0.5 m/s, while the velocity between the flow channel and the AFL was
about 1 m/s, which was reduced by 78.7% compared to the center velocity. In addition, the
velocity of hydrogen decreased gradually from the center of the flow channel to the wall
of the flow channel. Due to the influence of the gas viscosity coefficient, a boundary layer
was formed on the surface of the flow channel, which caused the surface velocity to slow
and the center velocity to accelerate. When the gas moved toward the AFL, the diffusion of
the hydrogen was hindered by the permeability of the AFL, resulting in a decrease in the
velocity within the AFL.
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Figure 6. Anode velocity distribution cloud: (a) co-flow channel; (b) counter-flow channel (x repre-
sents the X-axis in the Cartesian coordinate system).

Figure 7a shows the velocity distribution of the cathode co-flow channel. Air flowed in
from the lower inlet and out of the upper outlet. Figure 7b shows the velocity distribution
of the cathode counter-flow channel, with air flowing in from the lower inlet and out of
the upper outlet. The results show the velocity distribution within the cathode channel,
where the cathode inlet velocity was set to 1.5 m/s. The center of the flow channel was
6.3 m/s. The velocity decreased when approaching the CCCL. The velocity between the
cathode channel and the CCCL was reduced to about 1.5 m/s, which was 76.2% lower than
the maximum velocity in the cathode channel. The reason for this is the same as for the
anode. In general, the velocity of the cathode was higher than that of the anode, and air was
chosen as the main cooling method. By controlling the flow rate of air in the cathode flow
channel, convection heat transfer was carried out to cool the flow channel. This showed
that the counter-flow channel was more favorable to the SOFC reaction and improves the
efficiency of the SOFC.



J. Mar. Sci. Eng. 2024, 12,1779

14 of 24

Velocity
(miy
A6.61
L e Ve e e e ] g | o o | e [
i A ]
S X | =i - X
-ie 0 | 0 | 0 | R N N | =i \
3 1\
2
) - -
1 == - ST = Inlet
(a) Inlet (b)
0
Yo

Figure 7. Cathode velocity distribution cloud picture: (a) co-flow channel; (b) counter-flow channel.

3.3. Temperature Distribution of Classical Model

Figures 8a and 9a give surface temperature diagrams of the anode co-flow channel.
Hydrogen flowed in from the left inlet and out of the right outlet. In the co-flow channel,
the temperature gradually increased along the fuel flow direction, reaching the highest
temperature at the hydrogen outlet. The lowest temperature was 1070 K, and the highest
temperature could reach 1120 K. In a counter-flow channel, the temperature gradually
increased from the fuel inlet to the center of the channel, then decreased from the center of
the channel to the fuel outlet. The inlet temperature of the anode was 1070 K, the outlet
temperature of the anode was about 1090 K, and the highest intermediate temperature
was 1120 K. The phenomenon of a low temperature on both sides and high temperature
in the middle was formed. In a co-flow field, the temperature gradually increased as the
chemical reaction proceeded, so the highest temperature was located at the outlet. In a
counter-flow field, air entered as a cooling gas, forming convection with the hydrogen and
absorbing some of the heat generated by the reaction. Therefore, convection heat transfer
between high-temperature hydrogen and low-temperature air reduced the temperature of
the hydrogen outlet, resulting in the highest temperature appearing in the middle of the
hydrogen channel.
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Figure 8. Anode temperature distribution cloud picture: (a) co-flow channel; (b) counter-flow channel.
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Figure 9. Side view of temperature distribution cloud: (a) co-flow channel; (b) counter-flow channel.

A temperature distribution cloud of the co-flow channel and counter-flow channel
is shown in Figure 9a,b. Due to the cooling effect of air in the counter-flow channel,
the temperature distribution of the SOFC is more uniform, and the peak temperature is
lower than that in the co-flow channel. The results show that the counter-flow channel
is more favorable to the SOFC reaction than the co-flow channel, thus improving the
SOFC efficiency.

3.4. Species Distribution of Classical Model

Figure 10a shows the distribution of the mole fraction on the surface of the anode
co-flow channel. Hydrogen flowed in from the left side and out of the right side. Figure 10b
shows the distribution of the mole fraction on the surface of the anode counter-flow channel,
with hydrogen flowing in from the left and out of the right. The initial value of the hydrogen
mole fraction was set at 0.95. The hydrogen mole fraction was the largest when it flowed
in from the inlet, and it gradually decreased with the diffusion and reaction of hydrogen.
When hydrogen flowed out of the right outlet, the mole fraction reached the minimum
value. According to the comparative analysis of Figure 10a,b, the two hydrogen mole
fractions at the inlet end were the same, but the two hydrogen mole fractions at the outlet
end differed for the counter-flow channel and the co-flow channel. The hydrogen mole
fraction at the outlet of the co-flow channel was about 0.88, while the hydrogen mole
fraction at the outlet of the counter-flow channel was approximately 0.875. The lower the
hydrogen mole fraction, the more adequate the SOFC reaction.

Figure 11a shows the distribution of the mole fraction on the cathode co-flow channel.
Oxygen flowed in from the left and out of the right. Figure 11b shows the distribution
of mole fraction on the cathode counter-flow channel. Oxygen flowed in from the right
and out of the left. The initial oxygen molar fraction was set to 0.21. The molar fraction of
oxygen was the largest when it entered through the inlet, and it gradually decreased as
the oxygen diffused and the reaction proceeded. When oxygen flowed out of the outlet,
the mole fraction reached its minimum value. In the comparative analysis of Figure 11a,b,
the oxygen mole fractions at the inlet were the same, but the oxygen mole fractions of the
counter-flow channel and the co-flow channel at the outlet were different. The oxygen
molar fraction of the outlet co-flow channel was about 0.19, and the oxygen molar fraction
of the counter-flow channel was about 0.186. Due to the more complete SOFC reaction, the
molar fraction of oxygen was lower. The counter-flow channel was more conducive to the
SOFC reaction and the improvement of SOFC efficiency.
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Figure 10. Anode H; distribution cloud picture: (a) co-flow channel; (b) counter-flow channel.
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Figure 11. Cathode O, distribution cloud picture: (a) concurrent flow channel; (b) convective flow channel.

4. Analysis of Curved Channel Structure
4.1. Velocity Distribution of Curved Model

Figure 12a gives the distribution of expanding anode counter-flow velocity, with
hydrogen flowing in from the lower inlet and out of the upper outlet. Figure 12b illustrates
the distribution of reducing anode counter-flow velocity. Hydrogen flowed in from the
lower inlet and out of the upper outlet. This aligned with the trend observed in Figure 6b.
When comparing Figures 6b and 12, it can be seen that the central maximum velocity in
the optimized models exceeded that of Figure 6. In Figure 12a, the maximum velocity at
the center of the expanding anode flow channel reached 4.8 m/s, marking a 2.1% increase
from the classical anode flow channel’s central velocity. The center velocity of the reducing
anode flow channel peaked at 4.94 m/s, representing a 5% enhancement.



J. Mar. Sci. Eng. 2024, 12,1779

17 of 24

Velocity
(m/9)
A 494

A Iy |
= PED WD . DD
oy -
[ | X
3.5 -.-vg-'-l---iiiincnn
3 - - - - D - - - - -
o ‘ g halsdalelalela|sils gihalelalelalelhalels
SRR oilglodhglalglahglahsiahsliahs|iahslapalehs

| ﬁﬁﬁﬁﬁﬁ'ﬁiﬁifﬁﬁfﬁﬁﬁiﬁ’

Inlet (b) Inlet

; @)

Yo

Figure 12. Anode velocity distribution picture: (a) expanding counter-flow channel; (b) reducing
counter-flow channel.

Figure 13a presents the velocity distribution of the expanding cathode counter-flow
channel, with oxygen flowing in from the lower inlet and out of the upper outlet. Figure 13b
illustrates the velocity distribution of the reduced cathode counter-flow channel. Oxygen
flowed in from the upper inlet and out of the lower outlet. These results were consistent
with the distribution trend observed in Figure 7b. The flow velocity reached its peak at the
center of the channel and gradually decreased around it, approaching zero at CCCL. When
compared with Figures 7b and 13, the velocity at the center of the optimized flow channel
surpassed that of the classical flow channel, indicating an improved cathode surface velocity
and overall performance enhancement for SOFCs. In Figure 13a, the maximum velocity in
the expanding cathode flow channel reaches 6.5 m/s, marking a 3.2% increase from the
classical cathode flow channel’s central velocity. The maximum velocity in the reducing
cathode channel reaches 6.61 m/s, representing a 4.9% improvement.
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Figure 13. Cathode velocity distribution picture: (a) expanding counter-flow channel; (b) reducing

counter-flow channel.



J. Mar. Sci. Eng. 2024, 12,1779

18 of 24

4.2. Temperature Distribution of Curved Model

Figure 14a shows the temperature distribution of the expanding anode counter-flow
channel, with hydrogen entering from the left inlet and exiting from the right outlet.
Figure 14b illustrates the temperature distribution of the reducing anode counter-flow
channel, following the same inlet and outlet direction. Compared to Figure 8b, the tempera-
ture distribution of the two optimization models exhibits similarities, with low-temperature
regions on both sides and a high-temperature region in the middle. Since air entered as a
cooling gas, it absorbed some of the heat generated by the reaction. Consequently, a heat
exchange occurred between the high-temperature hydrogen and the low-temperature air at
the outlet, resulting in a peak temperature appearing in the middle section of the hydrogen
channel. When compared with the classical channel model, the temperatures of the anode
channel in the two optimized models were lower, indicating an enhanced adequacy of the
hydrogen reaction and improved SOFC efficiency. In Figure 14a, the maximum temperature
of the expanded anode channel is 1109 K, which is 0.98% lower than that of the classical
channel of 1120 K. The reduced anode channel temperature reached 1106 K, which was 1.3%
lower than that of the classical model. The two structures made the fuel cell temperature
distribution more uniform.
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Figure 14. Anode temperature distribution picture: (a) expanding counter-flow channel; (b) reducing
counter-flow channel.

4.3. Species Distribution of Curved Model

Figure 15a illustrates the mole fraction distribution on the expanding anode counter-
flow channel, with hydrogen entering from the left inlet and exiting via the right outlet.
Figure 15b presents the mole fraction distribution on the reducing anode counter-flow
channel, following the same inlet and outlet direction. The initial molar fraction of hydrogen
fuel was set to 0.95. The highest molar fraction of hydrogen was observed on the left inlet,
consistent with the initial value of 0.95. Conversely, the right outlet exhibited the lowest
molar fraction due to the hydrogen flow direction from left to right and subsequent reaction
causing a decrease in molar fraction. When compared with Figure 10b, the molar fraction
of hydrogen at the left entrance in Figure 15 remained consistent with the initial value,
whereas in the outlet, the molar fraction of hydrogen was slightly lower, suggesting that
the optimized model was more favorable for improving SOFC performance. In Figure 15a,
the minimum molar fraction at the right outlet of the outwardly extending anode flow
channel surface is 0.86. This represents a 2.33% increase compared to the classical anode
channel’s minimum molar fraction of 0.88. Similarly, the minimum molar fraction at the
right outlet of the inward expanding anode flow channel surface is 0.857, indicating a 2.68%
improvement over the classical anode channel’s minimum molar fraction of 0.88.
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Figure 15. Anode H, distribution picture: (a) expanding counter-flow channel; (b) reducing counter-
flow channel.

Figure 16a illustrates the mole fraction distribution on the expanding cathode counter-
flow channel, with oxygen entering from the right inlet and exiting via the left outlet.
Figure 16b displays the mole fraction distribution on the reducing cathode counter-flow
channel, where oxygen flowed in from the right inlet and out of the left outlet. The initial
molar fraction of hydrogen fuel was set to 0.21. Oxygen on the inlet had the highest
molar fraction, consistent with the initial value of 0.21, and gradually decreased due to
the continuous reaction of oxygen. Compared to the classical model in Figure 11b, the
molar fraction of inlet oxygen in Figure 15 remained consistent with the initial value as in
Figure 11b. The molar fraction of oxygen in the optimized model decreased, indicating that
the optimized model was more conducive to improving SOFC performance. In Figure 16a,
the minimum molar fraction at the left entrance of the expanded cathode channel is 0.18,
which is 3.2% lower than the minimum molar fraction of 0.187 in the classical channel.
Similarly, in Figure 16b, the minimum mole fraction at the left exit of the reducing cathode
channel surface is 0.178. When compared with the minimum mole fraction of the left exit
of the classical channel, the reduction is 4.3%.
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Figure 16. Cathode O, distribution picture: (a) expanding counter-flow channel; (b) reducing
counter-flow channel.
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4.4. Performance Comparison

Figure 17 presents a comparison of the peak power density among the three structural
models. The maximum power density of both the expanding counter-flow model and the
reducing counter-flow model exceeds that of the classical model. Specifically, the maximum
power density of the reducing counter-flow model reaches 3925 W /m?, marking a 1.71%
increase over the expanding counter-flow model (3859 W/m?) and a 2.42% increase over
the classical counter-flow model (3832 W/m?). The addition of the block reduces the
cross-sectional area of the flow channel, leading to an increased gas velocity according to
the gas continuity equation. This increased velocity promotes more gas participation in the
electrochemical reaction to a certain extent, thereby enhancing the current density.
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Figure 17. Peak power density changes under different countercurrent models.

5. Conclusions

In this study, SOFCs supported by marine multi-channel plate anodes were chosen
as the research subject. A three-dimensional steady-state CFD model based on a strongly
convergent plane SOFC was utilized to compare the performance of the co-flow model and
the counter-flow model, providing a novel flow channel optimization approach. The 3D
steady-state SOFC model was established by integrating heat transfer, mass transfer, and
momentum transfer models, coupled with the electrochemical reaction equation of the fuel
cell, using the COMSOL multi-physics coupling software platform. The classical SOFC and
the SOFC with optimized flow channels were analyzed for multi-physical field analysis
including temperature, velocity, and mole fraction fields. The simulation results show that
the internal temperature distribution of the counter-flow field is more uniform and lower
in temperature compared to the downstream flow field. Moreover, in contrast with the
classical model, the optimized model exhibited a temperature reduction of 1.3%, and an
increase in anode velocity by 4.9% and 5.0%, respectively. The detailed conclusions are
as follows:

(1) Analysis of the power density curve indicated that the power density of the optimized
model was 2.42% higher than that of the classical model and 1.71% higher than that
of the asymptotic model.

(2) In the temperature field, it was observed that the temperature distribution of the
counter-flow field was more uniform, with lower maximum temperatures, compared
to different flow directions. This shows that the counter-current flow field is more
conducive to enhancing SOFC performance than the forward flow field. Additionally,
this study identified a gradual temperature increase from the fuel inlet and outlet sides
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toward the middle of the structure, with overall temperatures at the electrolyte-anode
interface greater than those at the electrolyte—cathode interface.

(3) In the velocity field, the gas velocity is highest at the center of the gas channel. As the
gas diffuses toward the diffusion electrode, its velocity gradually decreases, reaching
near-zero velocity upon reaching the diffusion-layer wall.

(4) The gas concentration at the electrode decreases rapidly in the first half of the air inlet,
followed by a slower rate of concentration decrease. However, hydrogen exhibits a
more uniform distribution on the same horizontal interface compared to oxygen.

Fuel-cell-powered ships are of great significance for energy conservation, emission
reduction, and the long-term development of the shipping industry. Solid oxide fuel cells
(SOECs) have obvious advantages such as high power, high efficiency of combined heat
and power (CHP), and a wide range of fuel types. They are one of the most promising fuel
cells in the field of power generation and also one of the development directions for future
ship applications.

This paper optimized the performance of several different SOFC flow field structures
using numerical simulation calculations. However, the performance of SOFCs is not solely
determined by the flow field structure; there are still several issues that require investigation.
Future research can be conducted in the following areas:

(1) Thelength of the flow channels and the arrangement of baffle blocks affect the thermal
characteristics of the fuel cell.

(2) This study focused on the internal flow field, and it did not study the influence of the
gas flow mode of the external flow field on the SOFC performance. The gas flow mode
in the external flow field involves the uniformity of the temperature distribution of
the SOFC, which in turn affects the cell life.

(3) The model established in this study is a steady-state model, and in actual operation,
the temperature, flow rate, pressure and electrochemical reaction rate all change with
time. It is necessary to establish a transient model for further studies.
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Appendix A. Symbols” Meanings
Representative . Representative .
Symbol Significance Unit Symbol Significance Unit
AFL Anode functional layer —_ ASL Anode-supported
layer
CCCL Cathode current L CFL Cathode functional L
collector layer layer
Reference concentrations Specific constant
3 . . .
R of hydrogen and water mol/m Cpi/ Cpj pressure heat . J/(kg )
capacity of the gas j
Molar concentration diffﬁ:f;:iolgfrfls:?e,n ¢
. . —_ .. 2
Cr/Co rat1$)s n the SO.FC Dt (i and j are different m*/s
activation region
substances)
D;; Moleculalj c.hffusmn m?/s Dxni Knudsen diffusion m?2/s
g coefficient ’
Ey Standard electromotive A% Eacta/ Eactc Activation energies J/mol
force ’
EL Electrolyte layer —_— F Faraday constant C/mol
i Current density A/m? Unit matrix
IN Interconnect _— ka/ke Pre-exponential _—
constant
Effective heat Heat conduction
Ketf conductivity W/(mK) ki/kg coefficient of gas W/ (m-K)
Heat conduction Molar amount of
ks coefficient of solid W/(mK) M each gas kg/mol
PEMEFC Proton exchange L p Total pressure of the Pa
membrane fuel cell gas
P Partial pressmre of Pa On Heat source term W/m3
substance i
Effective pore
R Gas constant ]/ (kg-K) Te diameter m
Change in entropy .
AS before and after the J/(mol-K) Sa Activated surface 1/m
. . area
electrochemical reaction
SOFC Solid-state oxide fuel o T Temperature of the K
cells gas
u Speed field vector m/s Vact ACtlYatl(.m —_
polarization
Concentration Volume diffusion 3
Veon R _ Vi,j . . M
polarization coefficient
Vohm Ohmic polarization Vohm X Mole fraction
Anodic and §a.thod1c Thickness of the
g/ & transfer coefficients of _— 1 anode laver mm
the electrodes y
Overpotential of
€ Porosity —_ Hact activation A\

polarization
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Symbol RePre?e:ntatlve Unit Symbol RePre?e.ntatlve Unit
Significance Significance
Volume fraction of e 2
be.c conductive material o K Permeability m
U Viscosity Pa-s 0 Density kg/m?
Conductivity of the Effective electronic
Telea anode S/m Oelec conductivity o

T ity of
Effective ionic 0rtu051t¥ of gas
Tion —_— T transfer in the —

conductivity porous electrode
Pelecs Pion Potential \Y4 _ o -
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