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Solid oxide fuel cell (SOFC) is recognized as a promising solution for hydrogen-based energy systems, yet its
operational stability is hindered by thermal stress induced by uneven temperature distribution. In this study we
propose a novel flow field configuration named the loop-flow field and analyze the thermal and flow perfor-
mance. Detailed modeling and simulations are presented and compared with three typical flow fields. The results
show that the maximum temperature gradient is reduced by 50.86 % compared to the cross-flow configuration.
In addition, branch channels are incorporated and the influence of different branch channel widths is analyzed.
The results reveal that the width of 1.5 mm optimally balances electrochemical performance and system effi-

ciency, reducing pump power consumption by 11.1 % while simultaneously enhancing thermal performance.
This loop-flow field configuration offers a notable pathway for enhancing SOFC durability and system efficiency.

1. Introduction

As a clean, efficient, and abundant energy carrier, hydrogen energy
has garnered significant attention in the development of sustainable
energy systems [1-4]. In hydrogen energy applications, SOFC is regar-
ded as the promising fuel cell technology [5,6]. SOFCs are
high-temperature electrochemical devices that transform hydrogen or
hydrocarbon fuel chemical energy into electricity, with their operating
temperature typically ranging between 600 °C and 1000 °C. It possesses
advantages including low emissions, high efficiency, and easy fuel
availability [7-9]. These distinctive advantages position SOFC as one of
the effective solutions for achieving the clean utilization of energy.

Despite the inherent advantages mentioned above, SOFC encounter
persistent limitations in maintaining optimal performance during
extended operation [10,11]. A critical factor contributing to the decline
of SOFC performance is the thermal stress, which arises from the high
temperature gradient within the fuel cell [12-14]. Due to the different
coefficients of thermal expansion of materials within the SOFC, tem-
perature changes cause uneven expansion or contraction between ma-
terials, generating thermal stress [15]. The thermal stress can lead to
material deformation, cracks, or even fractures during SOFC operation.
If the thermal stress is excessive, it may compromise the structural
integrity of the cell, causing electrolyte cracking, seal failure, or

performance degradation, thereby shortening the SOFC’s lifespan
[16-18]. Local overheating will exacerbate the deterioration of SOFC
component performance, or even irreversible damage [19]. Addition-
ally, it is crucial to minimize the pressure drops across the flow field in
order to reduce the power consumption of the fuel pump, which will
influence the efficiency of the system [20]. Therefore, enhancing the
temperature distribution and flow uniformity of SOFCs are effective
approaches to improve their stability and efficiency.

The thermal-electrochemical coupling characteristics in planar
SOFCs are significantly influenced by the flow configuration, as modi-
fying the flow channel structure enhances the SOFC electrochemical
performance [21,22]. Kong et al. [23] reported a novel design of X-type
interconnector and evaluated against the traditional architectures. Their
numerical simulations revealed the design enhances gas transport, re-
duces the current path and improves SOFC performance. Moreover, the
effect is particularly pronounced when the cathode conductivity is low.
Yan et al. [24] also reported a spiral interconnector and carried out
numerical simulation and experimental verification. The results showed
that the structure elevated gas velocity in the electrode, which enhanced
the species transport efficiency and the fuel utilization of the SOFC. Liu
et al. [25] studied the impact of different flow channel inlet shapes on
the thermoelectric performance of SOFCs fueled by ammonia. The result
showed that the performance of the oval-section channel was superior to
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(b)

Fig. 1. (a) Geometric structure of a SOFC single cell; (b) Schematic of the loop-flow field.

the trapezoidal and triangular channels. In addition, artificial intelli-
gence is also used to optimize the flow field structure [26]. Hao et al.
[27] demonstrated that placing a separator in the fuel channel of a
tubular solid oxide fuel cell effectively reduces the temperature gradient
across the cell. Fu et al. [28] developed a new type of connected
cable-type channel. It can effectively improve the output power of the
cell. Chen et al. [29] developed a new 3D electrochemical multi-physics
framework of SOFC stacks for the parallel cylindrical flow field, and
compared with traditional parallel flow field. Their analysis demon-
strated superior current density and reactant distribution relative to
traditional configurations.

Generally, increasing the air flow can diminish the temperature
gradient within SOFCs, thereby enhancing the thermal performance.
However, this requires additional pump power to drive the increased air
flow. Several researchers have investigated the SOFC flow arrangement
to explore their impact on thermal performance. They found that
improving flow uniformity [30] leads to a more uniform temperature
distribution [31,32]. Three principal flow configurations — co-flow,
counter-flow, and cross-flow — are operationally used in SOFC stack
[33]. The co-flow configurations demonstrate superior thermal homo-
geneity compared to other configurations [14]. The counter-flow
arrangement, despite achieving the highest temperature, provides the
superior electrical properties [34]. Lu et al. [35] improved the flow field
structure on the basis of the original Z-shaped flow field, and adopted
the double outlet design of " one inlet and two outlets” configuration.
The design achieves the best flow uniformity and a more uniform gas
distribution. Gong et al. [36] proposed a ridge-optimized thermal
management strategy for SOFCs achieves temperature uniformity im-
provements across Z/U/L flow fields via genetic algorithm.

Parametric optimization of manifold architectures serves as a pivotal
determinant in the design of the external flow field [37-39]. Zhao et al.
[40] integrated computational and experimental analyses reveal that
inlet geometry adjustments in external manifold SOFC stacks enhance
flow uniformity, while outlet modifications prioritize pressure loss
reduction. Kim et al. [41] designed a four-cell SOFC stack with external
manifold types and investigated its flow and thermal phenomena and
properties. Bi et al. [42] evaluated planar SOFC stacks with multi-cell
configurations, demonstrating that the outlet-to-inlet manifold width
ratio critically governs flow uniformity. The external manifold stack
architecture has been validated in planar intermediate-temperature
SOFC [43]. A bottom-access structure stack for easy installation of the
external manifold stack is developed by Chen et al. [44]. In addition,
Gong et al. [45] implemented a bypass-valve thermal management
strategy in a multi-stack configuration, achieving complete mitigation of
60 K thermal differentials through flow redistribution. They also pro-
posed an innovative flow field architecture which reduces the temper-
ature gradient compared to conventional designs [46], but the
simulation structure thickness adopted exhibit deviations from practical
industrial-scale implementations. While the above researches have
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demonstrated improved electrical performance by partial thermal im-
provements through flow field structure modifications, further im-
provements are needed in the design of flow fields to achieve optimal
thermal management and enhance overall system efficiency.

In this study, an innovative loop-flow field is proposed to improve
the temperature uniformity of SOFC. The thermal and flow properties
are compared with those of three conventional flow fields. The results
show that the temperature gradient is 50.86 % lower compared to the
cross-flow field, with the most uniform temperature distribution. In
addition, branch channels are incorporated into the loop-flow field to
reduce the pressure drop. Different channel widths are compared,
leading to the identification of the optimal width. The pressure drop is
reduced by 11.1 %, while thermal performance is also improved. This
flow field design offers a viable approach to ensuring prolonged SOFC
durability and system efficiency under high-temperature conditions.

Nomenclature
Abbreviation Tohm Ohmic overpotential(V)
SOFC/ Solid oxide fuel cell/s Neone ~ Concentration overpotential
s "
3D Three dimensional P Pressure (Pa)
TPB Triple phase boundary io Reference exchange current
density (A/ 'm?)
TD Temperature difference [\ Transfer coefficient
PEN Positive electrolyte negative F Faraday constant (C/mol)
DTD Dimensionless temperature k Permeability of the porous
difference medium
STD Standard deviation u velocity (m/s)
PI Performance index v Viscous stress tensor (cSt)
TG Temperature gradient Xj mole fraction
j Gas-phase species
Symbols ® Mass fraction
[0} potential(V) kq Reference diffusivity (mz/ s)
c Electrical conductivity (S/m) M; molar mass (g/mol)
p density (kg/mS) Vi Diffusion volume (m3/s)
T Temperature(K) Keft Effective thermal conductivity
(W/(m-K))
E° Electromotive force at Cp Specific heat (J/(kg-K))
standard pressure(V)
E%%Y Open circuit voltage(V) Q Source term
MNact Activation overpotential(V)

2. Modeling

2.1. Geometric model

A three-dimensional model of a typical planar SOFC single cell is
presented in Fig. 1(a), which consists of interconnects, electrodes, gas
channels, and the electrolyte. Fig. 1(b) shows the SOFC single cell with
an innovative loop-flow. The upper and lower structures represent in-
terconnects, while the middle section comprises the electrolyte and
electrode. Unlike conventional configurations, the loop-flow field is
partitioned into four areas, featuring a symmetrical multi-inlet/multi-
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Table 1

Parameters for geometric model.
parameter value
Gas channel height, H., (mm) 1
Gas channel width, W, (mm) 1
Anode thickness, §,n (pm) 300
Electrolyte thickness, 5¢; (pm) 50
Cathode thickness, 5, (pm) 50
Interconnector height, Hine (mm) 1.5
Interconnector width, Wi, (mm) 50
Interconnector length, Ly, (mm) 50

outlet arrangement. The anode and cathode flow channels are designed
with orthogonal rotational symmetry. Fuel and air enter through four
lateral inlets and flows radially inward before exiting through sym-
metrically distributed outlets. The geometric parameters are defined in
Table 1, which is based on the thickness structure of actual industrial
applications.

There are three main flow fields in the typical planar SOFC single
cell, which are co-flow field, cross-flow field and counter-flow field, as
shown in Fig. 2(a)-(c). Fig. 2(d) presents the innovative loop-flow field.
The operating conditions are the same in all cases except that the flow
arrangement is different. The governing equations for momentum con-
servation, mass transport, and thermal energy transfer are integrated
with the kinetic models governing electrochemical reactions in the
electrodes.

2.2. Governing equations

2.2.1. Electrochemical model

Electrochemical charge transfer in SOFCs involves electron conduc-
tion through external circuits coupled with ionic migration across the
electrolyte. Cathodic oxygen undergoes reduction to form oxygen ions,
which subsequently transport through the electrolyte membrane,

(@)

Air

4

Fig. 2. Schematics of various flow field configurations: (a)Co-flow field; (b)Cross-flow field; (c)Counter-flow field; (d)Loop-flow field.

(
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facilitating hydrogen oxidation at the anode-electrolyte interface. The
governing equations for electron and ion transport in the fuel cell can be
described as Egs. (1)-(4) [47]:

Electrolyte:
Vii=Q @
= -0V (2)
Electrode:
Vi = Qs 3
;= — o; Ve, 4

where Q is the general source term, @ is the potential, and o is the
electrical conductivity. The cell different parts of the material conduc-
tivity are different, which can be calculated as:

—103000
=334 x10%exp(00) )
4.2 x 107 ~1200
Ose=—p exp( T ) ©)
9.5 x 107 ~1150
Osa = T exp( T ) @)

The open-circuit or reversible Nernst voltage of any fuel cell is the
theoretical maximum voltage the cell can achieve under a specific set of
operating conditions. During SOFC operation, the cell encounters hur-
dles in overcoming electrochemical limitations and internal resistance
caused by ohmic losses. Additionally, dynamic changes in reactant gas
concentrations induce three primary polarization effects—activation
polarization, ohmic polarization, and concentration polar-
ization—within the cell. These collective polarization losses reduce the
operational voltage below the theoretical open-circuit value, as

(b)

N

s’\v

vy
T

Fuel

—)

d)
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quantified by the relationship [48]:

E=E" - Mact‘ ~ Nohm — Mconc (€))
RT PH O,TPB

EY=F ——In| —2—— 9
n.F <PH2‘TPB \/POZ,TPB>

E°=1.317 — 2.769 x 107*T (10)

where E° is the electromotive force at standard pressure, E°” is the open
circuit voltage, P is the partial pressure at the Triple Phase Boundary
(TPB), nqc is the activation overpotential, #opm is the ohmic over-
potential, and #¢onc is the concentration overpotential. The activation
polarizations in the electrodes are described as follows:

Nacta = (/]s - (/)l (11)

Nacte = (/)s - (/)l - Eglcgv/()z 12)

The ohmic overpotential is proportional to the current density as
given by:

MNohm = i-ROhm (13)

where Ropp, is the is the internal resistance of the cell, as given by

Telectrolyte Tcathode

Tanode
Romm = +
Oanode

(14)

Oelectrolyte Ocathode

where 7 is the thickness and o is the electrical conductivity.
The relation between the activation losses and current density is
described by a Butler-Volmer equation [47]:

. . F F)
lioc = 1o {eXp ((l %) _ exp( —(1-a neR';fct):l

where « is the transfer coefficient (dimensionless) which is conventional
to assume symmetric electron transfer in the Butler-Volmer equation, F
is Faraday constant, and iy is the reference exchange current density
which can be described by Equation (16).

(&)

2.2.2. Momentum transfer model

Phenomena involving simultaneous flow through both a pure fluid
and a porous medium are observed in diverse industrial processes and
natural occurrences, which can be described by the Darcy-Brinkman
Equation:

(15)

. _RT,
lp =——=K, €X]
nF ¢ p

_Ea.e
T

R (16)

V- ()= Qu an
Pe vy K-
. (V-u) . V[
2 — — r —
ptly-2w ol (Berpra ) w-r as)

where F is the volume force vector, k is the permeability of the porous
medium, u is the velocity, p is the pressure, ¥ is the viscous stress tensor,
and Qy is the source term.

The momentum equation in the air and fuel channels can be
simplified as:

V-(pu)=0 19)

—

P (V-U)- U -V o) (20)

-

The viscosity and density of gas mixtures depend on the local tem-
perature and mole fractions.

2
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Py XM
g RT 21
7 T k
=321 (ro00) 2
He = fo Hi 23

where X; is the mole fraction of gas-phase species j and by is the species
dependent parameter.

2.2.3. Mass transfer model

Gas-phase species diffusion occurs through two mechanisms in
porous electrodes: Knudsen diffusion, which involves collisions between
gas molecules and pore walls, and molecular diffusion, which arises
from collisions between different gas molecules. Mass transport within
the SOFC occurs through a combination of diffusion and convection. The
following equation for mass transport is employed to simulate the
steady-state species conveyance within the flow fields and electrodes of
the fuel cell.

vr

V(—p~a)iZDeff_ij-ij+(xj—a)j)%-ﬂ)—Dl? T)+p~7-V(uj:Si

(24

where DT iis the thermal diffusion coefficient, w is the mass fraction and
Si is the primary term of electrochemical reactions. For a multi-
component gas mixing system, the molecular diffusion coefficient can
be calculated as:

1
kg TY73. <ﬁ +

)0.5
J

(25)
2
1/3

Dj=
ij 1

e

where kg is the reference diffusivity, M; and v; are molar mass and
diffusion volume respectively.

2.2.4. Heat transfer model

It is assumed that the local temperature of the solid phase and the gas
phase in the electrode are the same. The thermal energy equation can be
written as:

Pg€ Cpg U -VT=V-(keyVT) +Q (26)

This assumes that pure heat conduction occurs in the electrolyte
layer and interconnector, meaning that there is no convective heat
transfer in the part of the equation. In addition, the gas flow rate in the
electrode and channel is not zero, and there is convective heat transfer.
Equivalent parameters used in porous structures, such as equivalent

thermal conductivity, which be calculated as:
ke = e-kg + (1 — ) ks 27

The specific heat for each gas species i and the gas mixture are
described by Equation (28) and (29).

k
7
> k10 (10Too>
C=— N/
PJ M)

Cog= ZXJ’ Cpj
i

The thermal conductivity of each gas phase and of the gas mixture
are defined as follows:

(28)

(29)
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Table 2
Material characteristics.

Parameter

Anode

Cathode

Electrolyte

Interconnector

Thermal conductivity
W-m 'K

Density (kg-m~3)

Specific heat (J-kg 'K 1)

11

3310
450

6

3030
430

2.7

5160

470

20

3030
550

Voltage cell (V)

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

A

Exprimental Data

Model

0

1000 2000 3000

4000

Current density (A/m?)

Fig. 3. Polarization curve verification.

Temperature

. 1260

1250
1240
1230
1220
1210
1200
1190
K] 1180

2

]

5000

6000
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(30)

7 T k
k;=0.01- Ci: (—)
d k; 1000
kg = ZXj‘kj

The source term Q for the thermal energy equation in the anode/
cathode layers, arising from the electrochemical reactions, can be
expressed as:

(T|AS,] 2
Q:|l| : ( Tle'Fr +|”act| +’7canc> +ZE

(3D

(32)

2.3. Boundary conditions and material properties

The model in this work is computed by using ANSYS Fluent software.
The numerical discretization is implemented using the finite volume
method (FVM), with second-order upwind schemes applied to the gov-
erning equations for pressure, momentum, and energy. Several as-
sumptions are proposed as follows to simplified model in the simulation:

(1) The simulation assumes steady-state conditions;

(2) The heat radiation effect is neglected;

(3) The fuel and air are considered as ideal gases;

(4) The influence of contact resistance at the interface of the cell is
ignored;

(5) Isotropic properties are considered for the electrodes and elec-
trolyte materials.

The material physical properties are summarized in Table 2 [36].
The operates with anode and cathode inlet temperatures maintained at
873.15 K and 1073.15 K, respectively [36]. The inlet is set as a velocity
inlet, with the anode inlet velocity at 0.8 m/s and the cathode inlet
velocity at 1.7 m/s. Hy and H,0 mole fractions at the anode inlet are 0.8

Fig. 4. Temperature distribution of various flow fields at 5000A/m>: (a) Co-flow field; (b) Cross-flow field; (c)Counter-flow field; (d) Loop-flow field.
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—=— Co-flow

+— Cross-flow
—=— Counter-flow
—v— Novel loop-flow

\

700

Voltage (V)

400 500 600 800

Current density (mA/cm?)

300

Fig. 5. (a) The pressure drop, maximum temperature difference and average electrolyte temperature for various flow fields; (b) Polarization curve.

and 0.2, while O, and N, fractions at the cathode inlet are 0.21 and 0.79.
The outlet is configured as a pressure outlet with the pressure set to
ambient condition. The open-circuit voltage is set to 1.1V and the
operating pressure is set to 1 bar.

Since the number of grids has a substantial impact on both the pre-

cision of simulations and the duration of computations, it is crucial to
perform grid independence verification on the computational models.
The grid independence verification results are presented in the supple-
mentary materials. Based on the results and considering the balance
between model accuracy and computational cost, the optimal mesh sizes
for four flow fields are selected.

2.4. Model validation

To verify the accuracy of the model established above, we build a

simulation model with geometric and material parameters consistent
with A. Rava’s [47]data, and compare the cell performance (I-V curve)
with experimental data. The results are shown in Fig. 3. The simulation
results are in excellent agreement with the experimental data.

3. Results and discussion

3.1. Thermal performance analysis

Fig. 4 presents the distinct temperature distribution governed by

flow field configurations under the 5000 A/m? operation. As can be seen

(@)

Average TG=3225.72 (m*-1K)

Average TG=3248.75 (m"-1K)

from Fig. 4 (a), for a conventional parallel flow field with co-flow field,
sustained exothermic reactions induce monotonic axial temperature
escalation, with the temperature of the electrolyte exhibiting flow-
aligned progressive rising. Due to the characteristics of the flow direc-
tion, the temperature of the electrolyte exhibits a sectorial distribution
and increases progressively along the diagonal direction in the cross-
flow field. The maximum and minimum temperature are located at
opposite ends of the diagonal, resulting in the extreme temperature
uneven. Within the counter-flow field, the high temperature of oxygen at
the inlet causes heat accumulation on the cathode side, leading to a
higher electrolyte temperature near the oxygen inlet. In addition, the
counter-flow field exhibits better temperature distribution uniformity
compared to co-flow and cross-flow fields. Among them, the novel loop-
flow field exhibits the most uniform temperature distribution. Except for
a pronounced temperature variation zone exclusively at the inlet, the
overall performance is better than other flow fields.

It can be seen from Fig. 5 (a) that the maximum temperature dif-
ference (TD) of the cross-flow field is the highest, reaching threefold that
of the innovative loop-flow field. The innovative loop-flow field signif-
icantly diminishes the maximum TD, achieving a substantial reduction
of 64.68 % in comparison to the co-flow field and 47.65 % when con-
trasted with the counter-flow field. Furthermore, the counter-flow field
exhibits pronounced thermal accumulation, reflected in its average
electrolyte temperature surpassing alternative fields by a considerable
margin. While sharing equivalent electrochemical characteristics with
the counter-flow (as confirmed by polarization curve alignment in Fig. 5

(b)

Average TG=3513.81 (m”-1K)

Average TG=1726.51 (m”-1K)

Fig. 6. The temperature gradient of various flow fields at 5000A/m>: (a) Co-flow field; (b) Cross-flow field; (c)Counter-flow field; (d) Loop-flow field.
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(b)

Fig. 7. DTD of various flow fields at 5000A/m?: (a) Co-flow field; (b) Cross-flow field; (c) Counter-flow field; (d) Loop-flow field.

Table 3

The maximum and minimum values of DTD.
Channel type Co-flow Cross-flow Counter-flow Loop-flow
Maximum DTD 0.0267 0.0341 0.0128 0.0073
Minimum DTD —0.0575 —0.0623 —0.0430 —0.0225

(b)), the novel loop-flow field achieves a 28K reduction in mean oper-
ating temperature as visualized in Fig. 5(a). This demonstrates the loop-
flow field optimizes the heat redistribution pathways.

The temperature gradient distribution of the Positive electrolyte
negative (PEN) structure in SOFC is shown in Fig. 6. Thermal gradients
within the PEN multilayered structure of SOFCs induce spatially varying
thermal expansion, a critical factor driving interfacial delamination and
crack nucleation [46,49,50]. Consequently, quantifying both the
magnitude and spatial evolution of temperature gradients is essential to
assess the thermal characteristics of SOFC. As illustrated in Fig. 6 (b), the
average temperature gradient of the flow field with cross-flow distri-
bution is the highest, manifesting a distinctive sectorial distribution
pattern. The novel loop-flow field has the lowest average temperature
gradient, marking a 50.86 % reduction when compared to the distri-
bution of the cross-flow field. The region with higher temperature
gradient mainly exists at the inlet. The temperature gradient at the
cathode entrance is significantly higher than that on the anode side, as
evidenced by the temperature distribution profile.

In order to reflect the superior temperature distribution uniformity
of the innovative loop-flow field, Dimensionless temperature difference
(DTD) is calculated as follows:
prp-12T 33)

T

For the co-flow field, the flow is arranged in an array along the X

direction, resulting in a uniform temperature distribution along this
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direction. However, the DTD increases significantly along the Y direc-
tion, leading to an extremely uneven temperature distribution, as shown
in Fig. 7 (a). The maximum absolute value of DTD is reduced by 63.88 %
when the cross-flow field is changed to innovative loop-flow field as
shown in Table 3. The counter-flow field shares similar X direction
thermal behavior with co-flow field, but the DTD manifests a tendency
to decline initially and subsequently rise in the Y direction. The loop-
flow field design achieves uniform thermal distribution along the
centerline, eliminating the localized hotspots. The maximum absolute
value of DTD is reduced by 60.87 % and 47.67 % compared to co-flow
and counter-flow.

3.2. Flow performance analysis

3.2.1. The oxygen and hydrogen mole fraction distribution

Fig. 8 shows the distribution of oxygen mole fraction at the cathode
electrode and hydrogen mole fraction at the anode electrode, respec-
tively. Analysis of Fig. 8(a)-(c) reveals a progressive decline in hydrogen
concentration following the fuel flow direction. The region of elevated
hydrogen concentration expands and is distributed at the fuel intakes on
four sides as shown in Fig. 8 (d). The oxygen concentration distribution
in co-flow, cross-flow, and counter-flow fields is similar, with the con-
centration gradually decreasing along the flow direction. Between the
inlet and outlet sides, there exists a region of locally low oxygen con-
centration. However, the area of high oxygen concentration also ex-
pands significantly in Fig. 8 (h).

3.2.2. Pressure

From Fig. 5, it can be observed that the counter-flow distribution
experiences the highest pressure drop. However, the difference in
pressure drops when compared to other flow fields is relatively small.
Fig. 9 shows the pressure distribution of the cathode gas channel. The
pressure drop in the loop-flow field is nearly the same as that in the co-
flow field. Although the serpentine design increases flow resistance and
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Fig. 8. The distribution of hydrogen mole fraction for various flow fields at 5000A/m?: (a) Co-flow field; (b) Cross-flow field; (c)Counter-flow field; (d) Loop-flow
field. The distribution of oxygen mole fraction for various flow fields at 5000A/m?: (e) Co-flow field; (f) Cross-flow field; (g)Counter-flow field; (h) Loop-flow field.
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Fig. 9. The pressure distribution of various flow fields at 5000A/m>: (a) Co-flow field; (b) Cross-flow field; (c) Counter-flow field; (d) Loop-flow field.
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Fig. 10. Current density distribution in various flow fields.

(@)

Loop-flow

Cross-flow

leads to a rise in pressure drop, the shorter channel length effectively
offsets this effect.

3.3. Electrical performance analysis

Fig. 10 shows the current density distribution of the vertical line
positioned at the center of the electrolyte’s mid-thickness cross-section
under various flow fields. The result shows that the cross-flow config-
urations exhibit the lowest homogeneity current density distribution,
with a standard deviation (STD) of 124.18. Furthermore, the distribu-
tion of current density is similar between co-flow field and counter-flow
field, with the STD being almost identical. The flow field of the novel
loop-flow field has the lowest STD. Despite the presence of a “trough
region” in the central area, the current density distribution in other re-
gions remains highly uniform. The uniformity of current density distri-
bution implies a uniform distribution of electrochemical reaction heat
and joule heat, thereby enabling its thermal properties to exhibit a more
homogeneous distribution.

(b)
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|
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Fig. 11. (a) Branch channels; (b) The current density and pressure drop at 0.53V.
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Table 4

The value of PI for different channel widths.
d (mm) 0 0.5 1.5 2.5
Current density (mA/cm2) 499.782 498.661 493.785 482.489
Pressure drop (pa) 1360.8 1256.64 1176.96 1106.88
PI 363.702 372.997 376.089 371.801

3.4. Optimization of the novel loop-flow field

From the above discussion, it can be seen that the novel loop-flow
arrangement has significantly improved in thermal characteristics, but
the pressure drop has not shown a substantial improvement. Therefore,
this subsection focuses on addressing the pressure drop issue. The aim of
optimizing the loop structure is to reduce the pressure drop while
maintaining uniform temperature distribution and maximizing electro-
chemical performance. In order to reduce the flow pressure drop, we can
adopt methods such as gradually expanding channels, shortening flow
paths, and branching channels [51]. According to the feasibility, we
incorporate the branch channel into the loop-flow field as shown in
Fig. 11 (a), and the effects of four different branch channel widths of 0
mm, 0.5 mm, 1.5 mm and 2.5 mm on the performance are discussed in
detail.

Fig.11 (b) shows the current density and pressure drop under the
operating voltage of 0.53V. With the increase of channel width, the
pressure drop also decrease. As the branch channel width increases, the
area of high pressure diminishes progressively. It can also be observed
that the electrochemical performance decreases with the increase of the
channel width, because when the fluid enters the branch region, the flow
space expands, causing a change in the flow rate. As a result, the mass
transfer rate between the electrolyte surface and the electrode is
affected, leading to a reduction in current density.

In order to measure the electrical performance and pressure drop, we
define an indicator, as shown below:

Performancelndex = a x CurrentDensity —  x Pr essureDrop (34)

Where a is the weight coefficient of current density and f is the weight
coefficient of pressure drop. To ensure that current density and voltage

(@)

=T

Temperature
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2
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drop contributions to PI are in a comparable range (same order of
magnitude), we define « = 1 and $ = 0.1. The calculated Performance
Index (PI) values are shown in the following Table 4. When the channel
width is 1.5 mm, the PI value is the highest, and the current density is
only reduced by 1.2 % while the pressure drop is significantly reduced
by 11.1 %. Furthermore, the thermal characteristics are also enhanced
with the use of branch channels.

Fig. 12 shows the temperature distribution under different channel
widths. With the increase of channel width, the average temperature
decreases, and the area of the central high-temperature region signifi-
cantly reduces, while the low-temperature area at the four sides expands
notably. To some extent, it can be attributed to the fact that an increase
in the width of the branch channels promotes a more homogeneous
distribution of the gas, leading to a more homogeneous distribution of
electrochemical heat.

4. Conclusions

In this study, in order to improve the temperature uniformity and
stability of SOFC, an innovative type of flow field is proposed and
numerically simulated. The results show that the proposed flow field
configuration demonstrates superior thermal management performance
compared to the traditional flow fields. Furthermore, branch channels
are incorporated to reduce the pressure drop and enhance efficiency,
with an investigation into the effects of different channel widths. The
results can be summarized as follows:

(1) The maximum TD of the innovative loop-flow is reduced by
64.68 % compared with the co-flow field, 69.3 % compared with
the cross-flow flow field, and 47.65 % compared with the
counter-flow flow field.

(2) The average temperature gradient of the loop-flow field is the
lowest, reduced by 50.86 % compared to the highest value
observed in the cross-flow field.

(3) The maximum absolute value of DTD of the loop-flow field is
60.87 %, 63.88 % and 47.67 % lower than that of co-flow, cross-
flow and counter-flow, respectively.

(b) |
=il

=T

[P

—
=

I

T ————
——

Fig. 12. The temperature distribution of various channel widths at 5000A/m? (a) d = 0 mm; (b) d = 0.5 mm; (¢) d = 1.5 mm; (d) d = 2.5 mm.
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(4) When the branch channel width is set to 1.5 mm, the performance

evaluation index PI reaches its maximum value. In comparison
with the configuration lacking branch channels, the current
density exhibits a slight decrease of 1.2 %, whereas the pressure
drop is significantly reduced by 11.1 %. Furthermore, the thermal
performance is notably enhanced, as evidenced by the average
temperature is reduced.
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