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Abstract: The development of solid oxide fuel cells (SOFCs) for powering vehicles requires high
power densities. The radial flows generated by the insert structures in SOFC fuel channels could
improve the power density by facilitating the fuel to enter the porous anode for electrochemical
reactions. In this paper, we developed a 2D axisymmetric numerical model to examine the influence
of a convergent conical ring insert on the flow and mass transfer characteristics in a tubular SOFC.
The mass transfer conductance of fuel was analyzed and proposed to quantify the performance of
different insert designs. The effects of the radius and offset angle of the convergent conical ring insert
were examined and analyzed. We demonstrate that increasing the insert radius could increase the fuel
mass transfer conductance and effectively improve the net output power of the tubular SOFC by 12%
while the offset angle of the inserts exhibits a negligible impact on the fuel mass transfer conductance.
Increasing the offset angle could help reduce the gas-phase pressure drop in fuel channels by 42%.
The present study helps improve our understanding of the relationship between fuel mass transfer
conductance and electrochemical reactions. It also proposes channel design methods based on mass
transfer conductance for high-power-density solid oxide fuel cells.

Keywords: solid oxide fuel cell; radial flow; mass transfer; electrochemical reactions; power density

1. Introduction

Solid oxide fuel cells are among the most promising technologies that generate clean
energy for a vast range of industrial applications, including automotive and aircraft in-
dustries [1–3]. The operating temperature of SOFCs varies depending on the electrolyte
material and can reach up to 1000 ◦C [4]. Because of their high operating temperature,
SOFCs can operate on a variety of fuels, such as hydrogen, methane, and diesel [5–7].
Furthermore, SOFCs are capable of reforming hydrocarbon fuels through the methane
steam reforming reaction, water–gas reaction, and dry reforming, making them a strong
candidate for future auxiliary power units [8–10]. SOFCs came in a variety of structures, the
most common of which are the planar and tubular designs, which have been extensively
investigated. These geometrical designs have different advantages. The tubular SOFC,
for instance, has been recommended to power vehicles due to its compact design, short
start-up time, and high performance comparable to other types.

However, to meet the demands of the automotive and aviation industries, SOFCs still
require further improvements in terms of power density [11]. Improving the SOFC stacks’
power density will increase the potential application of this technology in the automotive
industry. While the long start-up time has been significantly reduced [12–14], the thermal
cycling durability has been greatly enhanced in recent research [15–17]. In particular,
the low stack power density is primarily due to improper gas flow management and
geometrical design. Increasing the net power density of SOFCs will boost their application

Energies 2022, 15, 7875. https://doi.org/10.3390/en15217875 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15217875
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-4439-9888
https://doi.org/10.3390/en15217875
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15217875?type=check_update&version=2


Energies 2022, 15, 7875 2 of 21

by reducing their size and cost [18]. The flow field and mass transfer characteristics are
critical to the SOFC stack performance. An appropriate flow field design is required to
increase the local concentration of reactants inside the porous electrodes and enhance the
electrochemical reactions at the cell level. Previous research has intensively investigated
the effect of the flow field on the electrochemical performance in SOFCs.

Several factors affect the flow field inside the SOFC flow channels and porous elec-
trodes. The inlet design is one of these factors. Well-designed guided vanes, for instance,
can distribute the gas flow more uniformly, improving the local gas concentration distri-
bution, reducing the temperature gradient, and resulting in an 11% increase in the peak
power density, as reported [19]. Another study compared two inlet designs, one with a
parallel distribution design and the other with a narrow distribution design. They found
that the narrow distribution design improves the gas distribution and enhances the reform-
ing reaction rates. At the same time, the power density was increased by about 6% [20].
Another related study compared different inlet designs in a serpentine flow channel. They
reported that a triple-entry flow channel design could improve the SOFC performance by
more than 5% compared to single- and double-entry serpentine designs [21]. Yu et al. [22]
conducted a comprehensive analysis of the effect of an inlet/outlet manifold design on the
airflow distribution of a micro-tubular SOFC stack using various flow manifold structures,
such as the single and double inlet/outlet Z-type. Their analysis revealed that the double
inlet/outlet Z-type helped enhance the distribution quality of the airflow more than the
single inlet/outlet line-type and Z-type. A 49 tubular SOFC unit stack was the subject of
a later study that compared a line type with a single inlet/outlet, a U-type with a double
inlet/outlet, and a modified type with an external airflow path [23]. They found that
with the external airflow channel design, the SOFC stack performance was improved by
delivering additional air and enhancing the distribution quality of gas compared to the
other types.

The flow channel design is another factor affecting species diffusion to the gas diffusion
layer and directly influences the SOFC electrochemical performance. In this aspect, various
approaches have been proposed. The flow channel design has been widely investigated for
its potential to affect the flow field and mass transfer characteristics. Various shape designs
of flow channels, such as triangular, trapezoidal, and rectangular, have been proposed.
According to [24], the triangular and rectangular channel designs produced 22% and 27%
more power density than the trapezoidal channel design, respectively. A recent study
examined the influence of channel height on a MOLB-type SOFC power density per unit
area and unit volume [25]. This study reported a slight increase from 0.385 to 0.395 (W/cm2)
in the power density per unit area as the channel’s height increased from 1 to 2 mm due to
the wide electrochemical zone. In contrast, the power density per unit volume dropped
from 1.38 to 1.05 (W/cm3) since the channel’s height is proportional to the length of the
current path. In a later study, two different interconnector designs—a straight channel
interconnector (SCI) and a beam and slot interconnector (BSI)—were used to compare the
electrical performance of an anode-supported SOFC stack [26]. They reported that, under
the exact same operating conditions, the peak power density of the BSI stack design was
higher than that of the SCI stack design at 650 and 800 °C, respectively, by 13.2% and
28.5%. A similar study compared the power densities of a parallel straight channel to a
serpentine channel SOFC stack [27]. This study revealed that the serpentine design of the
channel improved the power density and fuel efficiency at the cost of a high gas-phase
pressure drop.

Insert structures are another way to change the flow field in SOFCs. The primary use
of these inserts is to induce and or intensify secondary flows. In the literature, secondary
flow is usually defined as the cross-sectional flow normal to the main flow [28]. This
method has the capability to enhance the convective mass transfer and reactant mixing,
which increases the electrochemical reaction rates by facilitating the fuel diffusion to reach
the active electrode layer easily. One study suggested that replacing the straight cathode rib
channel with a porous current collector could result in a 6.3% higher power density and an
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8.6% increase in the electrical efficiency over the conventional design [29]. A recent study
found that the use of a Ni-mesh wire inside the anode fuel channel increased the peak
power density by 14% [19]. Canavar et al. conducted an experimental study in which they
placed a woven Ni-mesh insert in the fuel channel of a tubular SOFC. They reported a 36%
enhancement in the peak output power density compared to the conventional design [30].
These studies, as expected, demonstrated that the secondary flow generated by these
structures could significantly improve the electrochemical reactions in SOFCs. Our early
research examined the influence of recirculating flows in the air channels on heat transfer
characteristics [31]. However, there have been few discussions on how the secondary flow
affects the mass transfer characteristics. Our recent study compared the influence of radial
and circumferential flows on the power density and gas-phase pressure drop of tubular
SOFCs [32]. We showed that only the radial flow can efficiently enhance the power density
while the circumferential flow has a trivial effect on the electrochemical reactions. We
also conducted an initial qualitative analysis of the mass transfer characteristics of radial
flows [33]. However, a parameter is still needed to quantitatively describe the mass transfer
enhancement of radial flows in the fuel channel and porous anode and its influence on the
power density. The design strategies for the inserts inside the fuel channel of the tubular
SOFC also need further investigation.

This study examined the effect of radial secondary flows on the mass transfer char-
acteristics in tubular SOFCs. In detail, we analyzed the influence of radial flows induced
by a convergent conical ring insert on the fuel concentration and vorticity distributions,
and their impacts on the electrochemical reactions. The impact of the radius and offset
angle of the conical ring inserts on the net power density improvements and pump power
demands of the tubular SOFC are then discussed and analyzed. We proposed mass transfer
conductance of fuel to quantify the performance by evaluating the ability of the insert geo-
metric variables to improve the electrochemical performance. Finally, a design strategy is
proposed for higher output power and lower pump power demands for the tubular SOFC.

2. Model Description
2.1. Geometry Description

The model used in this study is a two-dimensional and axisymmetric multiphysics
model based on an anode-supported tubular solid oxide fuel cell geometry. Table 1 lists
the geometrical details and Figure 1 depicts the geometrical setup. This research presents
a parametric study to investigate the effect of various geometrical variables of the insert
structure inside the anode channel of the tubular SOFC on the flow field and mass transfer
characteristics. The insert structure is a convergent conical ring with an offset angle, α,
which varies from 0◦ to 21◦ degrees. The radius of the conical ring insert is expressed as Rcr
while the gap is defined as the space between the conical rings and the interface between
the anode and fuel channel, as illustrated in Figure 1.

Table 1. The geometric parameters of the tubular solid oxide fuel cells investigated in this study.

Parameters Symbols Values Units

Anode inner radius R0 3.5 mm
Cathode outer radius Rc 10 mm
Cylindrical rod radius Ri 1 mm

Anode thickness ta 2 mm
Electrolyte thickness te 50 µm
Cathode thickness tc 250 µm

Reaction layer thickness hrl 20 µm
Pitch Pcr 5 mm

Total length Lt 100 mm
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Figure 1. Schematic of a tubular solid oxide fuel cell with a convergent conical ring insert.

2.2. Numerical Model
2.2.1. Chemical Reactions

We used hydrogen and carbon monoxide as fuel for the tubular SOFCs because they
are the only reactants that directly participate in the electrochemical reaction at the triple-
phase boundaries. Hydrogen and carbon monoxide are produced for the electrochemical
reactions as the hydrocarbon fuel is reformed. The model considers the water–gas shift
reaction, which generates additional hydrogen for electrochemical reactions within the
anode. We only assume the electrochemical reduction of oxygen at the cathode side. This
research aimed to investigate the effect of radial flow on the mass transfer characteristics
of these reactants in the anode and fuel channel of a micro-tubular SOFC. The individual
reaction and input parameters used in this study are listed in Tables 2 and 3.

Table 2. A summary of the reactions in the tubular SOFC.

Electrochemical Reactions in SOFC

Hydrogen electrochemical oxidation H2 + O2− → H2O + 2e−

Oxygen electrochemical reduction O2 + 4e− → 2O2−

Water–gas shift reaction H2O + CO↔ H2 + CO2
Carbon monoxide electrochemical oxidation CO+O2− → CO2 + 2e−

2.2.2. Electrochemical Reactions

The operational potential of a single cell, E0, is determined as follows [34]:

E0 = ENernst − ηact,a − ηact,c − ηohm (1)

where ENernst is the Nernst equilibrium potential, and ηact and ηohm are the activation
overpotentials and the ohmic loss while the subscripts a and c represent the anode and
cathode, respectively. The activation overpotential at the anode and cathode is defined as:

ηact,a = φs − φl − Eeq,a (2)

ηact,c = φs − φl − Eeq,c (3)

where φ represents the potential, whereas the subscript s and l represent the electron
conducting electrodes (Ni/LSM) and electrolyte material (YSZ). The Nernst equilibrium
potentials of reactants are defined as:

ENernst
H2

= 1.253− 2.4516× 10−4T + RT
2F ln

[
PH2

PH2O

√
PO2
Patm

]
(4)

ENernst
CO = 1.46713− 2.4527× 10−4T + RT

2F ln
[

PCO
PCO2

√
PO2
Patm

]
(5)

where P represents the local gas partial pressure at the triple-phase boundaries (TPBs);
the subscripts H2, CO, O2, and CO2 represent the specific gas components. The local
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temperature is T, R is the universal gas constant, and F is the Faraday constant. The
open circuit voltage of SOFC is assumed to vary linearly with the temperature [35]. We
calculated the activation overpotentials, ηact, using the concentration-dependent Butler–
Volmer equations as follows [36]:

ia,H2 = Aυ,ai0,H2

( PH2
PH2,ref

exp
(

αanaFηact,a
RT

)
− PH2O

PH2O,ref
exp

(
− (1−αa)naFηact,a

RT

))
(6)

ia,CO = Aυ,ai0,CO

(
PCO

PCO,ref
exp

(
αanaFηact,a

RT

)
− PCO2

PCO2,ref
exp

(
− (1−αa)naFηact,a

RT

))
(7)

ic = Aυ,ci0,O2

(
exp

(
αcncFηact,c

RT

)
− PO2

PO2,ref
exp

(
(αc−1)ncFηact,c

RT

))
(8)

itotal = ia,H2 + ia,CO (9)

In this equation, i0 is the exchange current density (A/m2), F is the Faraday constant,
n is the number of electrons transferred per mole in the electrochemical reaction, itotal is the
anode total current density, and α is the electronic transfer coefficient. The ohmic losses
caused by electron/ion conduction are derived from the following equations:

il = −σl,eff∇φl (10)

is = −σs,eff∇φs (11)

where the effective conductivity is σeff. The following equations are the definitions of the
effective conductivities of the electrolyte and porous electrodes:

σl,eff = σl·Vl
τl

(12)

σs,eff = σs·Vs
τs

(13)

where V represents the volume fraction and τ represents the tortuosity. The water–gas shift
reaction (WGSR) rate is expressed as:

RWGS = Ksf

(
PCOPH2O −

PH2 PCO2
Kps

)
(14)

Ksf = 1.71× 10−2 exp
(
− 103191

RT

)
(15)

Kps = exp
(
−0.2935Z3 + 0.6351Z2 + 4.1788Z + 0.3169

)
(16)

Z = 1000(K)
T − 1 (17)

In this equation, Ksf denotes the pre-exponential coefficient of the water–gas shift
(WGS) reaction and Kps denote the equilibrium constant.

2.2.3. Momentum Transport

The velocity and pressure distributions of the gas mixture in the anode fuel channel
are obtained by solving the steady-state continuity and Navier–Stokes equations as follows:

∇ · (ρu) = 0 (18)

ρ(u·∇)u = ∇·
[
−P + µ

{
∇u + (∇u)T − 2

3 (∇·u)
}]

(19)

where ρ, µ, and u represent the gas mixture’s dynamic viscosity, density, and velocity. P
stands for pressure. Using the ideal gas law, we can obtain the density of a gas mixture:

ρ = PM
RT (20)
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where R represents the universal gas constant, M represents the molar mass, and T repre-
sents the temperature. Wilke’s method [37] expresses the viscosity of the mixture within
the porous electrode as:

µmix =
n
∑

i=1

xiµi
∑n

j=1 xjφij
(21)

The subscripts i and j denote different gas components, and φij is described as follows:

φij =
√

Mi
Mj

(22)

Equations (23) and (24) use the Brinkman equations to compute and obtain the velocity
and pressure distributions inside the porous electrodes:

∇·(ρu) = Qm (23)

ρ
ε (u·∇)

u
ε = ∇

[
−p + µ

ε

{
∇u + (∇u)T − 2

3 (∇·u)
}]
−
(

µ
k + Qm

ε2

)
·u (24)

where ε and k are the porosity and the permeability of the porous electrodes, respectively.
As shown in Equation (24), the source term Qm appears in the mass and momentum
equations resulting from the electrochemical reactions.

2.2.4. Mass Transport

Diffusion and convection are the primary causes of gas mixture mass transfer in SOFC.
The species conservation equation describes and analyzes the concentration of each gas
element of the multi-component mixture:

∇
(
−ρωi ∑ Deff,ij.∇xj +

(
xj −ωj

) ∇p
p ·u

)
+ ρ(u·∇)ωi = Si (25)

where ω and Si are the mass fraction and the source term resulting from the electrochemical
and reforming reactions. M is the molar mass and v is the diffusion volume. We can
calculate the molecular diffusion coefficients from:

Dij =
101·T1.75·

(
1

Mi
+ 1

Mj

)0.5

p.
(

v1/3
i +v1/3

j

)2
(26)

The porosity (ε) and tortuosity (τ) are used to rectify the effective diffusion coeffi-
cient as it is influenced by the porous material structure and reduced diffusivity in the
porous electrodes:

Deff,ij =
ε
τ

( DijDk,ij
Dij+Dk,ij

)
(27)

The Knudsen diffusion coefficient is defined as:

Dk,ij =
2
3 rp
√

8RT
πMij

(28)

where rp is the average pore radius of the electrode.

2.3. Boundary Conditions

Figure 2 depicts the boundary conditions used in micro-tubular solid oxide fuel cells.
We used a uniform air mass flow rate at the cathode’s air channel inlet, a uniform H2
and CO mass flow rate at the anode’s fuel channel inlet, and the operating pressure at
the fuel channel outlet. For all cases investigated, the O2, H2, and CO mole fractions are
specified as xO2, xH2, and xCO, respectively. The cathode surface is linked to the operating
potential while the anode surface is linked to the zero potential. The insert walls are
associated with a no-slip boundary condition. We assume that the temperature is constant
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(800 ◦C) throughout SOFC. This simulation does not consider the carbon deposition in the
porous anode.
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Figure 2. A summary of the simulation domain and boundary conditions of the tubular solid oxide
fuel cells.

In order to increase the efficiency and accuracy of our numerical simulation, a fully
structured mesh was constructed for the entire computational domain. In this study, we
used about 425,000 mesh elements. We performed a mesh independence study to ensure
that the steady-state solutions, such as the current density, reactant concentrations, and
gas-phase pressure drop, are not affected by more than 1% after further mesh refinements.

Table 3. A summary of the parameters used in this study.

Parameters Symbols Values Units Ref.

Activation energy for the anode reaction Ea 120 kJ·mol−1 [38]
Activation energy for the cathode reaction Ec 130 kJ·mol−1 [38]

Electrode porosity ε 0.35 - [39]
Specific surface area, anode Sa 2.33 × 105 m−1 [40]

Specific surface area, cathode Sc 2.46 × 105 m−1 [40]
Permeability k 1 × 10−10 m2 [41]

Electrode tortuosity τ 4 - [42]
Electrical conductivity, anode σNi 30,316 S·m−1 [43]

Electrical conductivity, cathode σLSM 12,793 S·m−1 [43]
Ionic conductivity, electrolyte σYSZ 2.2669 S·m−1 [43]

Diffusion volume, H2 υH2 6.12 cm3 [44]
Diffusion volume, CO υCO 18.0 cm3 [44]
Diffusion volume, O2 υO2 16.3 cm3 [44]

Diffusion volume, CO2 υCO2 26.7 cm3 [44]
Diffusion volume, N2 υN2 18.5 cm3 [44]

Viscosity, CO µCO 4.1877 × 10−5 Pa·s [45]
Viscosity, O2 µO2 5.1343 × 10−5 Pa·s [45]

Viscosity, CO2 µCO2 4.1904 × 10−5 Pa·s [45]
Viscosity, N2 µN2 4.3529 × 10−5 Pa·s [45]

Effective pore radius rp 0.5 µm [46]
Operating pressure Patm 101.325 kPa [47]

Inlet Mass flow rate at the anode Qfuel 4.42 × 10−6 kg·s−1 -
Inlet velocity at the cathode Uair 1.5 m· s−1 -

Inlet mole fraction, H2 xH2 0.68 - -
Inlet mole fraction, CO xCO 0.17 - -
Inlet mole fraction, CO2 xCO2 0.05 - -
Inlet mole fraction, O2 xO2 0.21 - -

Inlet mole fraction, H2O xH2O 0.1 - -
Reference temperature Tref 800 ◦C -

Operating potential E0 0.5 V -
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2.4. Model Validation

The simulated results from our numerical model were developed using COMSOL
Multiphysics and validated using the experimental data from Mirahmadi’s study [39].
Figure 3 compares the polarization curve from our simulation and their experimental data.
The operating conditions of direct internal reforming (DIR), gradual internal reforming
(GIR), and pure hydrogen were examined and validated. The predicted current densities
from our simulation at the given operating voltages are within 2% of the experimental data.
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3. Results and Discussion

The solid oxide fuel cell performance and reactant concentration distributions depend
on the flow field and mass transfer characteristics. The design of SOFC with a high
output power density requires an understanding of the convective and diffusive mass
transfer mechanism inside the flow channels and porous electrodes. Proper flow control is
necessary to enhance the mass transfer and electrochemical reactions in SOFC. This section
first presents and discusses the working mechanism of the radial flow and then analyzes
the influence of the geometric parameters of the convergent conical ring inserts on the
performance of the tubular SOFC.

3.1. Influence of Radial Flows on the Performance of SOFC

We selected one representative case to analyze the effect of the insert structure on
the flow and mass transfer characteristics in the tubular SOFC. The influence of the radial
flow on the velocity field and mass transfer characteristics in tubular SOFCs is illustrated
in Figure 4, which compares the predicted streamlines and hydrogen concentration dis-
tribution in the fuel channels and anode pores for the tubular SOFCs with and without
an insert.

In the case of SOFC without inserts, the projected streamlines in the anode fuel channel
are nearly parallel to the interface between the anode and fuel channel along the axial
directions. In contrast, the predicted streamlines in the porous anode are oriented in the
radial directions, indicating that diffusive behavior is dominant. The streamlines in the
tubular SOFC with an insert show that the flow field is significantly affected by the insert
structure, as illustrated by the wavy patterns inside the fuel channel and anode pores.
These wavy patterns result from the placement of the insert inside the fuel channel, which
partially blocks the flow path and forces the fuel to enter and travel inside the anode pores.
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It is worth mentioning that the width of the insert structure, rw, is crucial in determining
the fuel’s traveling distance inside the anodes.
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tubular SOFCs with (a) no insert and (b) a convergent conical ring insert (the offset angle is 0 degrees).

The influence of radial flows on the hydrogen concentration distributions is also
shown in Figure 4. The results show that the insert structure contributes to the increase
in the local hydrogen concentration inside the anode pores. We compared the hydrogen
concentrations in SOFC with and without an insert at identical axial locations. The local
hydrogen concentration in SOFC with a conical ring insert is overall higher than that in
the conventional tubular SOFC, as illustrated in Figure 4. The hydrogen concentration also
exhibits a wavy distribution due to the existence of the conical ring inserts.

In order to quantitatively characterize the effect of the radial flows caused by the insert,
we used the vorticity of the fuel at the interface between the fuel channel and anode to
quantify the flow rotation, which can be expressed as:

ω = ∂uz
∂r −

∂ur
∂z (29)

where u is the velocity and the subscripts r and z denote the radial and axial velocity.
Figure 5a compares the vorticity distribution as a function of the normalized length,

Zn, at the anode/channel interface. The normalized length, Zn, is given as:

Zn = Z−Z0
rw

(30)

where rw is the top width of the conical ring, as illustrated in Figure 1. Z and Z0 denote the
axial positions and the center of the conical ring insert, respectively.

Figure 5a shows the distribution of the vorticity magnitude at the anode/channel
interface in the tubular SOFC with a convergent conical ring insert at a zero-degree offset
angle. The vorticity magnitude, ω, exhibits two peaks with an order of magnitude of 105 s−1

in the case of SOFC with an insert. This high absolute value of the vorticity magnitude
indicates that the convergent conical ring insert directs and facilitates more fuel to enter
and leave the porous anode. The highest vorticity values appear at the top edges of the
conical ring inserts. In contrast, there is no visible variation in the vorticity distribution in
the conventional tubular SOFC.
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Figure 5. The axial distribution of (a) the vorticity magnitude and (b) normal molar fluxes of CO and
H2 at the anode/channel interface for tubular SOFCs with and without inserts.

Figure 5b shows the effect of the generated vorticity on the mass transfer at the
interface between the anode and fuel channel. It indicates that the normal molar flux
of fuel in the conventional SOFC shows a minor variation while that in the case with
inserts shows two peaks. The first peak indicates the fuel gas entering the anode, and the
second peak indicates the fuel gas leaving the anode. The carbon monoxide and hydrogen
show a similar trend, with peaks with maximum values of 28.8 (mol·m−2·s−1) for H2 and
7.2 (mol·m−2·s−1) for CO, respectively. The higher value of the hydrogen molar flux
is mainly due to the high inlet molar fraction of hydrogen compared to that of carbon
monoxide. Compared to the case without an insert, the peaks in the insert case reflect an
increase in the convective molar flux, which means more fuel enters the porous anode.

Figure 6 compares the axial hydrogen and carbon monoxide concentration distribu-
tions at the interface between the reaction and diffusion layers in SOFCs with and without
inserts. The influence of the radial flows caused by the inserts on the axial H2 and CO
concentration distributions for the electrochemical reactions are reflected in Figure 6. The
local hydrogen concentration near the inlet is increased by approximately 1.5 times, indi-
cating that the radial flows enhance the diffusive mass transfer in the anode and enable
more hydrogen to reach the reaction layer. A similar trend can also be seen in the axial
CO concentration distribution. The wavy axial H2 and CO concentration distributions
in the case with an insert are mainly due to the flow field caused by placing the insert
inside the fuel channel. It should also be noted that the hydrogen concentration is around
3.5 times larger than the carbon monoxide concentration due to a higher inlet hydrogen
mole fraction.

Figure 7 illustrates the effect of mass transfer enhancement on the electrochemical
reactions of SOFC. It compares the local current densities from the H2 and CO oxidation
reactions as a function of the axial positions at the interface between the reaction layer and
the diffusion layer for SOFC with and without the insert. The current density distribution
shows a similar trend to the concentration distribution. Figure 7 shows that the contribution
of electrochemical reactions from hydrogen to the local current density is around one order
of magnitude higher than that from carbon monoxide. The increase in the local current
densities is due to the insert structure increasing the radial convective mass transfer, which
drives more fuel to the triple-phase boundaries, improving the electrochemical reaction
rates and therefore increasing the local current densities of SOFC. It also indicates that
the placement of an insert structure inside the fuel channel can potentially increase the
local current densities compared to the no insert case. In the case with an insert, the local



Energies 2022, 15, 7875 11 of 21

current density shows a maximum increase of approximately 35% near the inlet compared
to the no insert case. These results are consistent with the findings shown in Figure 6. By
integrating the current density along the z-direction, we could calculate the total output
current of SOFC with and without inserts. We found that placing the insert inside the fuel
channel could increase the overall current density by 19.14% compared to the conventional
tubular SOFC.
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In order to characterize the influence of the insert structure and establish a link between
the electrochemical reactions and mass transfer performance inside the porous anode, we
defined the local Péclet number and the mass transfer conductance for the examined cases
in this study as follows.
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The local Péclet number, Pe, is defined as the ratio of convection to diffusion, which
can be calculated from Equation (31):

Pei =
|ur|rp
Di,eff

(31)

where ur is the radial velocity and rp is the effective pore radius. The effective diffusion
coefficient of the gas species i is denoted by Di,eff and expressed as follows:

Di,eff =
1−xi

∑i 6=j xj/Dij,eff
(32)

The mass transfer conductance of the gas component i, gm,i is defined as Equation (33),
which evaluates the ability of a gas component to migrate inside the porous electrode:

gm,i =
Jnet

(mi,d−mi,e)ave
(33)

where Jnet is the normal total flux and mi is the average mass fraction of species i. The
subscript i represents different gas components. d denotes the interface between the anode
and fuel channel and e denotes the interface between the reaction and diffusion layers.

Figure 8 compares the local Péclet numbers as a function of the normalized length
at the anode/fuel channel interface for tubular SOFCs with and without the conical ring
insert. The zero position in the x-axis denotes the center of a conical ring insert while the
locations of 0.5 and −0.5, respectively, represent the corners of the chosen conical ring. The
local Péclet numbers in the conventional tubular SOFC are on the order of magnitude of
10−5 for both CO and H2 and show trivial variations. In contrast, the local Péclet numbers
near the insert corners exhibit two peaks on the order of magnitude of 10−3. It should also
be noted that the maximum Péclet number of carbon monoxide is 25% higher than that of
hydrogen. This is because hydrogen diffusion in the porous anode is easier than carbon
monoxide due to its small molecular size.
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Figure 9a compares the mass transfer conductance of H2 and CO in tubular SOFCs
with and without the conical ring insert. It shows that the mass transfer conductance is
significantly increased due to the radial flows, which roughly doubles the mass transfer con-
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ductance of hydrogen and increases that of carbon monoxide by three times. The increase
in the radial convective mass transfer significantly enhances the reactant concentration
near the gas diffusion layer, increasing the electrochemical reactions and improving the
overall performance of SOFC. As a result, the H2 mass transfer conductance rate increased
from about 1.5 × 10−3 to 3 × 10−3 while the CO mass transfer conductance rate increased
from 0.5 × 10−3 to 1.5 × 10−3. The overall output power improvement in the tubular SOFC
with and without an insert is shown in Figure 9b. When compared to the no inset case,
the conical ring insert has the potential to increase the overall output power of SOFC by
19.14%.
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3.2. Effect of the Conical Ring Radius

The effects of the different geometric parameters on the electrochemical performance
of the tubular SOFC were then investigated. We first examined the influence of the conical
ring insert radii, which varied from 3.25 to 3.49 mm with a step of 0.01 mm. In this section,
the offset angle, α, was fixed as 0◦, as illustrated in Figure 1 (i.e., the width of the ribs, rw, is
2 mm).

Figure 10a shows the vorticity magnitude as a function of the normalized length at the
anode/channel interface for three cases with different radii. It indicates that increasing the
radius of the conical ring inserts from 3.25 to 3.45 mm could approximately increase the
highest vorticity magnitude values from 105 to 2.5 × 105 s−1 at the ring edges. As the insert
radii increase, the gap between the conical ring inserts and the anode/channel interface
decreases. The flow resistance between the conical ring inserts and the anode/channel
interface is significantly increased, facilitating more fuel to enter the porous anode instead
of traveling through the small gap. This increases the radial velocity of fuel and therefore
increases the peak vorticity magnitude. As illustrated in Figure 10b, the maximum radial
velocity is increased from 0.18 to 3.42 m/s as the insert radii are increased from 3.25
to 3.49 mm, which could effectively promote the fuel transport from the channel to the
porous anode.

It is also interesting to note that the vorticity distribution for the case with the insert
radii of 3.45 mm differs from the other two cases. This is due in part to the fact that the
small gap increases the flow resistance of the narrow region between the insert and the
anode, which prevents the fuel from traveling through the anode/channel interface.
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The effect of the conical ring radius variation on the electrochemical reactions could
be reflected by the output power of the tubular SOFC. We defined a net output power
improvement, Pin,net, as follows:

Pin,net = Pin − PPump (34)

where the total output power of the tubular SOFC with inserts is represented by Pin and the
pump power required to sustain the flow is denoted by Ppump, which can be calculated as:

PPump = ∆P· .
mfuel
ρ

(35)

where ∆P denotes the gas-phase pressure drop calculated from the pressure difference
between the inlet and outlet of the fuel channels. ṁfuel and ρ, respectively, represent the
mass flow rate and density of the fuel. We also used the percentage of the net power
improvement to compare the performance of the tubular SOFC with and without inserts.
The Pno,net is the net output power of the conventional tubular SOFC (i.e., the tubular SOFC
without inserts):

Pnet% = 100%× (Pin,net−Pno,net)
Pno,net

(36)

Figure 11 shows the effect of the conical ring radius variation on the net power
improvements and the required pump power. The percentage of the net power and the
pump power increase as the conical ring insert radii increase. This increase in the net
power indicates that the enhanced electrochemical reaction could outweigh the frictional
loss inside the porous anode. The maximum net power improvement in the examined
cases reaches approximately 12% when the conical ring radii are around 3.49 mm. The
pump power demands increased from 0.07 to 0.54 W as the radii increased from 3.25 to
3.49 mm. It is worth noting that the pump power demand is 7.8% higher for an overall
power improvement of 19.14%. However, the net power improvements far outweigh the
increase in pump power demands.

The net output power of the tubular SOFC is improved mainly by the radial flows,
which enhance the convective mass transfer at the channel/anode interface and facilitate
more fuel to enter the anode. Figure 12 shows the average mass transfer conductance as
a function of the conical ring radius. As the conical ring insert radii increase, the mass
transfer conductance of both hydrogen and carbon monoxide increases. The increased



Energies 2022, 15, 7875 15 of 21

radial velocity at the anode/channel interface could effectively promote the mass transfer
in the porous anode as the conical ring insert radii are increased from 3.25 to 3.49 mm.
The mass transfer conductance of both hydrogen and carbon monoxide is approximately
doubled. Figure 12b shows the total consumption rates of hydrogen and carbon monoxide
in the tubular SOFC. For a fixed conical ring insert radius, the mass consumption rate of
hydrogen at the triple-phase boundaries is comparable to that of carbon monoxide. Since
the molecular weight of hydrogen is 14 times smaller than that of carbon monoxide, the
current produced from hydrogen oxidation is approximately 15 times larger than that from
the oxidation of carbon monoxide. We show that increasing the conical ring insert radii
from 3.25 to 3.49 mm could increase the H2 and CO consumption by approximately 13%
and 39%, respectively.
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mass transfer conductance of hydrogen. Figure 13 shows that the net power improvement
is proportional to the mass transfer conductance. As the mass transfer conductance is
increased from 1.5 × 10−3 to 2.5 × 10−3 kg/(m2s), the net power improvement is increased
by approximately 4 times. The mass transfer conductance is increased because of the high
radial velocity. A further increase in the mass transfer conductance of hydrogen shows a
negligible impact on the electrochemical reaction in the examined cases. This emphasizes
the importance of mass transfer conductance for the fuel channel design. A higher-output-
power tubular SFOC requires the design of the fuel channel to have a large mass transfer
conductance.
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3.3. Effect of the Conical Ring Offset Angle

We then investigated the effect of the offset angle variation on the performance of
tubular SOFCs. The offset angle examined in this section ranged from 0◦ to 21◦ while the
radius of the conical ring inserts was fixed as 3.49 mm. Since the base of the conical ring
inserts is unchanged, the offset angle variations only affect the top width of the insert rib,
which is only 0.1 mm at an offset angle of 21◦. We should note that 0.1 mm is the smallest
width we can choose for the convergent conical ring insert.

Figure 14a shows the vorticity magnitude as a function of the normalized length. It
should be noted that the top widths of the conical ring inserts are different for various offset
angles. As the offset angle is increased from 0◦ to 21◦, the maximum vorticity magnitude
gradually increases due to the increase in the fuel radial velocity, as illustrated in Figure 14b.
The increase in the maximum radial velocity is in part due to the decrease in the flow
resistance as the tip of the conical ring becomes sharper. The low flow resistance also
facilitates the fuel to enter or leave the anode in the region between the conical rings and
the anode, which increases the vorticity magnitudes between the ring edges. Figure 14a
also shows that the distance between two vorticity peaks gradually decreases with the
increasing offset angle. This is due in part to the fact that the axial velocity component
gradually increases as the offset angle increases, as illustrated in Figure 14b. The location
of the maximum velocity and the maximum vorticity thereby gradually deviate from the
conical ring edges.
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Figure 15 shows the effect of the offset angle variation on the net power improvements
and pump power demands. It indicates that increasing the offset angle from 0◦ to 21◦

could slightly reduce the net power improvement by approximately 2%. This implies that
the radius of the conical ring is the primary factor determining the improvement of the
electrochemical reactions. However, the pump power is significantly reduced. Increasing
the offset angle from 0◦ to 21◦ resulted in a 42% reduction in the required pump power due
to the reduction in frictional losses in the narrow region between the insert and the anode.
The frictional loss of the gas mixture in the porous anode is also reduced since the gas
traveling distance in the porous anode becomes shorter with the increasing angles. These
findings imply that the design of a conical ring insert with a larger radius and offset angle
could achieve a high output power while requiring less pump power.
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The relationship between the mass transfer conductance and the offset angle is illus-
trated in Figure 16. The mass transfer conductance slightly decreases as the offset angle
increases. As the offset angle decreases, the width of the conical ring inserts increases,
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forcing the fuel to travel a longer distance before leaving the anode, which consequently
increases the mass transfer conductance rate. The average mass transfer conductance of
hydrogen could be increased from 2.4 × 10−3 to 2.9 × 10−3 kg/(m2s) as the offset angle
decreases from 21◦ to 0◦. Figure 16b shows that the consumption rate also exhibits the same
trend as the mass transfer conductance. The variation of the fuel consumption is within
10% for all the offset angles examined in our study. This indicates that the offset angle is
not a primary factor affecting the electrochemical reactions.
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fuel consumption rates.

Figure 17 represents the relationship between the average mass transfer conductance
and the percentage of net power density improvements. It shows that the net power
improvement is proportional to the mass transfer conductance. The increase in the mass
transfer conductance rate is a consequence of the increase in the radial velocities, as
illustrated in Figure 14b. As the mass transfer conductance increases from 2.4 × 10−3 to
2.9 × 10−3 kg/(m2s), the output power of the tubular SOFC is improved by 1.7%. This
is consistent with the results in Figure 13 and further emphasizes the strong relationship
between the mass transfer conductance and net output power improvements.
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4. Conclusions

This paper investigated the influence of the radial flows generated by the convergent
conical ring insert on the mass transfer characteristics and electrochemical reactions of the
tubular SOFC. The radial flow could improve the fuel diffusion within the porous electrode
to reach the diffusion layer and increase the local fuel concentrations. Increasing the local
fuel concentration inside the porous electrode could effectively enhance the electrochemical
reaction and increase the power density. We demonstrated that the tubular SOFC could
achieve an overall power density of 19.14% by placing the convergent conical ring insert in
the fuel channel.

The effects of the conical ring radius and offset angle on the net power density and
gas-phase pressure drop of the tubular SOFC were also examined. We proposed the mass
transfer conductance of fuel to quantify the performance of the convergent conical ring
inserts on tubular SOFC net power improvements, since the net power improvement of the
tubular SOFC is proportional to the fuel’s average mass transfer conductance.

We demonstrated that increasing the conical ring radius to 3.49 mm could enhance
the mass transfer conductance and increase the net power improvement percentage by
approximately 12%. In contrast, the offset angle of the insert has a negligible impact on the
fuel mass transfer conductance. The power density is primarily affected by the radius of
the conical ring insert while the offset angle is crucial in reducing the frictional losses in
the narrow region between the insert and the anode. We showed that increasing the offset
angle from 0◦ to 21◦ could reduce the pump power demands by 42% at a 1.7% reduction in
the net power improvement.

It is suggested that in order to develop a high-power-density tubular SOFC that
requires less pump power, a convergent conical ring insert with a larger radius and a larger
offset angle should be designed. This study outlined the importance of radial flows and
mass transfer conductance in improving the design and performance of tubular SOFCs,
aiming to increase the net power density of this technology and reduce frictional losses to
meet the vehicle power requirements.
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