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Commercial direct flame fuel cells (DFFC) need larger cell surface area for higher power
output. In such cases, multi-dimensional effects play significant roles on cell perfor-
mances. In this work, a two-dimensional numerical model is developed to illustrate
physical behaviors associated with the multi-dimensional effects in DFFCs. It is revealed
that DFFCs suffer from the negative consequences of non-uniform distributions of tem-
perature, species and voltage in radial direction. Non-uniform distributions of temperature
and species results in the decrease of current density at edge regions of DFFCs, owing to
lower ionic conductivities and fuel species concentration. And the non-uniform voltage
distribution in radial direction causes the decreases of current density at center regions of
DFFCs due to the lower over-potential there. Therefore, current density distributions in
electrolytes are likely to be M-shaped. The multi-dimensional effects become progressively
important with increasing the size of solid oxide fuel cells. Comparing with the DFFC with a
SOFC with small cell radius (6.5 mm), a DFFC with a SOFC with large cell radius (33.75 mm)
has 25-30% lower maximum power density. We also reveal that cross-over electronic
currents in samaria-doped-ceria electrolytes and fuel species starvation due to the sec-
ondary oxidation are dominant factors on the cell performance loss at high cell temper-
atures (~1000 K).

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

chemical reactions (500—700 °C), and produce H, and CO via
incomplete combustion. Major advantages of DFFCs include
rapid start-up [2], chamber-free fuel cell system and a wide

A direct flame fuel cell (DFFC) is a solid oxide fuel cell (SOFC)
that directly utilizes intermediate species (H,, CO) generated
from a fuel-rich hydrocarbon flame [1-8]. To address the
working principle of a DFFC system, a schematic configuration
is displayed in Fig. la. As illustrated in the figure, fuel-rich
premixed flames [1,4,6,7] or diffusion flames [5], heat up the
DFFC to the temperature required for sufficient electro-
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range of fuel selection [1,4,5]. Owing to these advantages,
DFFCs have been getting more attention, especially for mobile
[1,7—9] and combined heat/power applications [2,3,6,10,11].
The development of DFFCs, however, is still at early stages
with many problems to overcome. One of the major draw-
backs of DFFCs is their low power output due to high activa-
tion and concentration losses. For example, experimental

0360-3199/© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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Kronemayer et al. [7]) (b) Computational geometry and numerical mesh.

studies [1,2,4,7,9-13] have shown that DFFCs have much
lower limiting current densities (0.1-1.0 A cm~2), compared to
limiting current densities of SOFCs (4—8 A cm?) using state-
of-art materials [14—18]. This is attributed from the small
molar concentrations (mole fraction = 1-10%) of electro-
chemically active species in the partially-oxidized exhaust
gas of fuel-rich premixed flame [7,8]. In order to overcome this
issue, understanding the physical behavior occurring between
flame and SOFC is crucial.

Another urgent task for the commercialization of DFFCs is
to maximize electro-chemically active surface area to increase

power outputs [9]. However, most of SOFCs used in prior
experimental works for DFFCs are not large enough (surface
areas ~ 1 cm ) to produce enough power for mobile applica-
tions. To name a few, the diameter of the fuel cell used in the
experiment of Kronemayer et al. [7] is 13 mm, which is
considerably smaller than the diameter of burner (45 mm).
Also, the cell surface used in the experiment by Tucker et al.
[19] is as small as 1 cm?. At a power density of 0.1 W cm 2, the
power output from the SOFC with an active surface area of
1 cm? would yield a 0.1 W power output. For mobile applica-
tions, DFFCs may need to produce power outputs larger than
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10 W to successfully operate electrical devices, such as cell
phone chargers (~10 W). Tucker [9] is the first who pointed out
the importance of increasing electrochemically active surface
areas for practical DFFC applications, and successfully deliv-
ered enough electrical power to cell phone chargers with
power output of 2.7 W. Tucker [9] used a 5-cell-stack config-
uration with a total cell surface area of 17 cm?.

Taking these drawbacks into consideration, future
commercial DFFCs need to increase the cell surface area
together with optimally controlled fuel flow rate, flow-field
structure, higher catalytic activities and larger ionic con-
ductivities. In this work, we particularly focus on the effect
of cell sizes on key properties of DFFCs, to analyze potential
issues for the development of commercial scale DFFCs.
With a large cell surface area, it is expected that physical
processes in DFFCs could be progressively influenced by
multi-dimensional effects in temperature fields and current
densities. Thus, it is quite desirable to precisely analyze the
multi-dimensional effects in DFFCs with large surface
areas. To date, two modeling papers have been reported in
the field of DFFCs to elucidate detailed physical phenomena
occurring in DFFCs [8,20]. However, the focuses of these
paper are far from multi-dimensional effects in DFFCs.
Vogler et al. [8] reported a pioneering work on DFFC
modeling by presenting one-dimensional model to analyze
physical behaviors of DFFCs. Wang et al. [20] presented an
axisymmetric two-dimensional model that is applicable for
DFFCs with micro-tubular SOFCs.

In this regard, a 2D model is developed in this work to
numerically investigate the detailed physical processes and
potential multi-dimensional effects encountered in DFFCs. To
assess the prediction capability of the present approach, the
two-dimensional model is first validated against the experi-
mental measurements of Kronemayer et al. [7]. Then, com-
putations are made for the wide range of cell sizes to discuss
the multi-dimensional effects in detail.

Numerical model
Model assumptions

Methane, which is the simplest type of hydrocarbon fuel, is
selected as a fuel for premixed flame with air (N,:0, =79:21) as
an oxidizer and two-dimensional computation domains with
different cell geometries are selected to investigate axial and
radial distributions of key parameters. Current simulation
setups are based on the experiment by Kronemayer et al. [7],
and more detailed descriptions of computational domains
and operating conditions can be found in Section 2.3. As-
sumptions are made to simplify the problem for clearer elu-
cidations of the underlying physics, as shown below.

e Steady state, laminar flow

e Heat generation due to electro-chemical reactions is
ignored, since heat generation in the premixed flame is
dominant

e Soot generation is not considered

e Heating due to viscous dissipation is not considered due to
small velocities (~0.1 m/s)

Governing equations

Governing physics in DFFCs include gas-phase combustion,
electrochemical reaction and charge transport, which can be
described in vector form as [21]:

Continuity:

v (ﬂﬁ) = S.mass (1)

Momentum conservation:

V-(pUU) =V-7 — VP + Spom 2

Species conservation:
V'(pﬁyi) = V'(T{) +Si (3)

Energy conservation:

V- (pCpﬁT) =V <keffVT — Z]’hT[) + ST (4)
Charge conservation for electron and oxygen ion:

0=V (O‘effAcharv(bchm) + S’(D‘char (5)

In the following sub-sections, the details of physical pa-
rameters, source terms and constitutive relationships used in
Egs. (1)—(5) are addressed.

Combustion in gas-phase and flow model

The major difference between typical SOFCs and DFFCs is the
presence of gas-phase combustion. In order to capture
detailed flame physics with acceptable accuracy, sufficient
number of species (>20) and chemical reactions (>100) are
needed to be considered [22]. In this regard, GRI 1.2 mecha-
nism is adopted [23,24], which features 31 chemical species
and 175 chemical reactions. In order to accelerate computa-
tion speed, the in-situ adaptive tabulation (ISAT) [25] method
is used with the error tolerance of 3 x 107> and a table size of
500 MB.

The diffusion of gaseous species is described by the dilute
approximation, rather than the full multi-component diffu-
sion, since it yields a good approximation for air-methane
combustion [26] and computationally more efficient [26].
Species diffusivities are described by using a constant non-
unity Lewis number approximation method to capture
detailed flame structures with excellent accuracy [27]. Due to
high mole fraction of nitrogen (~0.79), the mixture-averaged
diffusivity of species-k [28] is approximated to the binary
diffusion coefficient of species-k to nitrogen as:

1Y,
2 Z#iXk/Dick
We assume that the Lewis number for oxygen is 1 based on

literature [27,29], hence, the Lewis number for each species is
approximated as:

Dy =~Dy_n, (6)

DO —N.
Lep, = —2—2% 7
E = Do, 7)
where the binary diffusion coefficient of species-k to nitro-
gen is evaluated by the Chapman-Enskog kinetic theory [28]
at 2000K [22]. The Lewis number of each species evaluated
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with the current method can be found in the Supplementary
material. Once the Lewis number of each species is obtained,
the mixture-averaged diffusivity of species-k can be
described by:

Dim =g ®

The result from the constant non-unity Lewis number-
based binary species diffusion method is compared to the
result from the full multi-component diffusion method in the
Supplementary material I and species Lewis numbers can be
found in the Supplementary material II.

The species diffusion in porous electrodes is very impor-
tant, since it is the main mechanism to transport fuel species
to catalyst layers for electrochemical reactions in SOFCs. In
this work, the effective diffusivity of each species is described
by the Bosanquet treatment [30] as:

€
Dres = ;Dk.m ©)

where ¢ is a porosity and 7 is a tortuosity. And the pressure
loss due to the viscous friction between porous structures and
the gas flow is described by the Darcy's law as:

Som = %7 (10)

Permeabilities of porous electrodes and porous burner was
not reported in the experimental paper by Kronemayer et al.
[7]. However, considering that the range of pore sizes and
porosities of commercial porous burners are within 0.5-2 mm
and 0.5-0.7, respectively, the range of permeability of porous
burners are on the magnitude of 10 m? according to the
Kozeny-Carman relationship. In this work, 108 m? is assumed
for the permeability of the porous burner.

The radiative heat transfer also plays an important role on
cell performances. For example, a large amount of heat is
dissipated from SOFCs to environment by radiation due to
high surface temperatures. In the current work, the P1 model
[31,32] and the weighted-sum-of-gray-gases model (WSGGM)
[33,34] are adapted to describe the radiative heat transfer from
the surfaces as well as gas-phase combustion.

Electro-chemical reactions and charge transport
Electrochemical reactions of fuel species, such as hydrogen
(Hy) and carbon monoxide (CO) from incomplete gas-phase
combustions, are the driving forces of DFFCs. In this work,
electrochemical reactions are described by the Butler-Volmer
equation as:

. . iniF ) 1— ay)niF )
ji = Jjoi [exp (a RTn ) - exp( — %ﬂ (11)

where jo; is a volumetric exchange current density of species-i,
which is strongly affected by temperature and species con-
centration. The expressions of volumetric exchange current
densities for H, and CO (Eq. (12 and 13)) are taken from Bao
et al. [14], and the expression for O, (Eq. (14)) is taken from
Vogler et al. [8].

. . PH 0734 EactH ex
() [l 55) @
2]

. . PCO 165 Eact,CO,eX
Ji = Jo.coref m exp| — TRT (13)

. ' Poz ) 1/4 < Po ) -2 ( Eact O. ex):|
;= 14+ eXP| ~—Rr H
j Jo.0,.ref <POZ ref POZ ref p RT ( )

According to the Butler-Volmer equation, electrochemical
reactions are driven by the over-potential (5), which is defined
as n = ¢; — ¢, — Eo, where Eq is an equilibrium potential. Ex-
pressions for equilibrium potentials of H, and CO oxidation
can be found in Ref. [35], and therefore are not repeated here.
Since both H, and CO can be oxidized via electro-chemical
reaction, the total volumetric current density due to fuel
oxidation at anode catalyst layers is j = ju, + jco, and the
source term of each species due to electro-chemical reaction
is S =ji/(niF). Therefore, the mass source term due to electro-
chemical reaction in electrodes is Spass = > ;\MWiji/(niF).

Once electrons and oxygen ions are generated via electro-
chemical reaction, they are driven by electric forces due to
potential gradient. This process causes Ohmic loss in elec-
trolytes and electrodes. Ionic conductivity of samaria-doped-
ceria (SDC), which is selected as a material for electrolytes,
can be expressed in an Arrhenius form as:

Tion = A-lifn exP( - %) (15)

In porous electrodes, the effective ionic conductivity is
further decreased due to lower volume fractions of SDCs and
tortuous porous structures [35]. To account for this effect, the
effective ionic conductivity in electrodes is described by the
Bosanquet treatment [30] in the current model as oines =
UiunSSDc/TSDO

SDC electrolytes act as mixed ion and electron conductors
(MIEC), and therefore the effect of cross-over current in SDC
electrolytes should be accounted for in numerical models
[36—41]. The electronic conductivity of SDC in electrolyte can
be expressed as [36—41]:

A E
Oelec,SDC = ;lec eXP( - LEIEC) PBO‘QS (16)

RT 2

According to Eq. (16), electronic conductivity of SDC is
sensitive to local oxygen partial pressure, which ranges from
107% to 0.21 bar from anode to cathode, respectively [36—41].
Assuming the variations of temperature and ionic conduc-
tivity along through-plane direction (x) are negligible, oxygen
partial pressure profile along through-plane direction can be
described by the 1D analytical model developed by Shen et al.
[40] as:
Pl 7 o _ (T, ol ) -

— = S X
POZ (Xan\el) 0% _ Ao RT La

where Ohmic loss inside membrane is defined as ngp, =
&5 (Zanel) — Ps(Zetca). If the oxygen partial pressures at the
boundaries are known (atz = Zanel, Xea), the constant A, can
be expressed as below [39,40]:

_ P02 (an\el)io.zs - P02 (Zan\el)io.Qs EXp( - ﬂohmF/RT)

A
’ 1 — exp( — nowmF/RT)

(18)
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Due to significant variations of oxygen partial pressure in
SDC (from 10 ?°bar to 0.21 bar), large number of computa-
tional meshes in the thickness direction are required, which
increases computational costs. However, for macroscopic
simulations, capturing detailed oxygen partial pressure var-
iations in electrolytes is not necessary. Therefore, an effec-
tive electronic conductivity is suggested to simplify the
electron transport process in SDC electrolytes below,
considering that the area-specific resistance (ASR) of the
electronic current in electrolytes along the thickness direc-
tion can be described as:

Zeafel

1 _ Lelectrolyte o / dz (19)

ASReIec.SDC Oelec,SDC eff Oelec,SDC

Zan/el

Assuming negligible temperature variations along the
thickness direction, analytic integration of the RHS in Eq. (19)
is possible using Eq. (16) and Eq. (17) as:

A E -
Oelec,SDC.eff = -;—l-ec exp( - u};t-iilec>Pozo:§jj5‘ (20)

where the effective oxygen partial pressure in SDC electro-
lytesPo, o, is the value that satisfies:

Xca el

Pj.zs = / o (21)

—0.25
ot 7/ Po,

an /el

Analytical derivation and the expression of Py, can be
found in the Appendix section. A value of 10-%bar is used for
the oxygen partial pressure at the interface between anodes
and electrolytes, which is a common under typical SOFC op-
erations [36—40].

Computational geometry, boundary conditions and
operating conditions

Detailed computational geometry used in this work is shown
in Fig. 1b. Two gas flow inlets are specified: a fuel mixture
inlet and a co-flow inlet. A velocity of 0.2 m/s is set at fuel
mixture inlet with different mixture compositions depend-
ing on various fuel equivalence ratios. At the co-flow inlet, a
velocity of 0.2 m/s with the standard mixture composition of
air (N,:0, = 79:21) is assumed. In the experimental study by
Kronemayer et al. [7], the porous burner is cooled by liquid
water. In this regard, we set the temperature of the porous
burner at 300 K; the detailed information on the porous
burner structure is unknown and beyond the scope of this
work.

The properties of the reactant gas flow coming out from the
burner are the governing factors on cell performances, and
therefore, major emphasis is placed on modeling detailed
physics of the reactant gas at anode sides with fine compu-
tational meshes (~9000 nodes). Especially, computational
meshes at the region around the flame front (within 2 mm
from porous burner) are highly refined to capture primary
reactions, as shown in Fig. 1b.

The flow above the cathode surface and the ceramic holder
is treated relatively simply since major emphasis is placed on

the modeling of the reactant flow. At the interface between
cathodes and adjacent flow-fields, a mole fraction of oxygen of
0.21 is specified and oxygen consumption mechanism at the
cathode is assumed to be purely diffusional due to the low
velocity inside porous electrodes.

A heat flux boundary condition is set at the interface be-
tween the solid zone (SOFC + ceramic holder) and the adja-
cent air flow-fields (lines with sky-blue color in Fig. 1b), with a
functional form of (hes + hyea)(T — Te), Where hygq = eosp(T +
To)(T? + T2). The temperature at the far-field, T., is set to be
300 K. Except for radiative heat transfer, the heat removal
from the solid zone is mainly governed by natural convection.
The effective heat transfer coefficient for natural convection,
he, is simply evaluated by the well-known relationship of
Nu = 0.54Ra%?® [42], which corresponds to a value of 15 W m 2
K ! if the cell temperature is around 900 K. To study the
behavior of DFFCs at higher temperatures, another thermal
condition, with lower effective heat transfer coefficient and
emissivity is considered. This can be realized by adding an
insulation over the cathode surface to reduce the heat
removal rate [19], which will be discussed in more detail in
Section 3-3.

Current collectors also play vital roles on cell perfor-
mances. For example, placing the current collector right above
the anode surface results in the decrease of gas velocity
around it, and thus Sherwood number. This also makes fuel
species to travel longer path to three-phase-boundaries (TPB),
and hence increases concentration losses. Therefore, loca-
tions of current collectors should be carefully selected to
maximize the diffusion of fuel species to catalyst layers.
Vogler et al. [43] placed current collectors at the edge of SOFC
(far away from cell center) in their experiment work to
maximize the diffusion of fuel species. In the current 2D nu-
merical work, current collectors are placed at the interface
between ceramic holders and SOFCs, while realistic wire-
based current collectors can be only placed in 3D space. At
the anode current collector, zero voltage and zero gradient
conditions are specified for electrons and ions, respectively. At
the cathode current corrector, flux boundary condition (cur-
rent) and zero gradient are specified for electrons and ions,
respectively.

At all walls (brown lines), zero-gradient boundary condi-
tions are specified. Detailed boundary conditions used in this
work are summarized in Supplementary material III. The
physical properties, operating conditions of validation cases
are listed in Tables 1 and 2, respectively. Due to lack of in-
formation in prior literature, electro-chemical properties of
YSZ-based SOFCs are used for some cases and marked in the
table. This may potentially cause the deviation between
experimental and numerical results.

Governing equations are numerically discretized and
solved by using a commercial CFD package, Fluent® (version
15.0) and the SIMPLE algorithm is used for the pressure-
velocity coupling [44]. Electronic and ionic potential equa-
tions are implemented to the domain by adding customized
user-defined-scalars (UDS). The source terms, constitutive
relationships and boundary conditions are applied with user-
defined-functions (UDF). A charge imbalance less than 0.01%
is considered as the convergence criteria in this work. To
accelerate the numerical speed, the ISAT tolerance of 0.001 is


https://doi.org/10.1016/j.ijhydene.2018.12.169
https://doi.org/10.1016/j.ijhydene.2018.12.169

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 44 (2019) 4304—4316

4309

Table 1 — Physical, geometrical parameters and operating conditions (a) assumed, (b) properties of YSZ-based SOFC are

used due to the lack of information, (std) standard case, (ins) the case with insulation over the cathode side surface.

Quantity

Value

Properties of porous media and the ceramic holder
Anode thickness

Cathode thickness

Electrolyte thickness

Porosity of anode/cathode

Tortuosity of anode/cathode

Volume fraction of SDC in anode/cathode

Permeability of anode/cathode/porous burner

Heat conductivity of SOFC/ceramic holder

Emissivity at the cathode side surface

Heat transfer coefficient at the cathode side surface
Electronic conductivity of anode

Electronic conductivity of cathode

Properties of SDC

Pre-exponential factor electronic conductivity of the SDC
Activation energy of electronic conductivity of the SDC
Pre-exponential factor ionic conductivity of the SDC
Activation energy of ionic conductivity of the SDC
Electrochemistry

Reference current density (jof) for Hy/CO/O,

Activation energy for exchange current density (Eqctjex) for Ho/CO/O,
Symmetric factor (o)

175 um [7,8]

250 um [7,8]

170 pm (validation) [7,8]
50 pm (case study)
0.37/0.3 [8]

3.5/4 [8]

0.38/0.5 [7]

1.0 x 1072@/1.0 x 1072 @/1.0 x 10-8m? @
7©/30@ W m~K !
0.8619/0.46ns)

15(td)/7 5nshyy m—2 g1
12000 S m~* [35]®
30000 S m~* [35]®

40 x10°[34] Sm*
222.8 [34] kJ/mol
5.2 x 107[8] K*
77.2 [8] kJ/mol

1.28 x 1011[9] ®)/4.23 x 10%2[9] ®)/5.9 x 10%2[8] A m 3
45.8 [9] ®/91.6 [9] ®/88.6 [8] kJ/mol
05®

used for the first 2000 iterations and is gradually reduced to
3 x 107> for the better accuracy.

Results and discussions
Model validation

Before elucidating detailed multi-dimensional effects occur-
ring in DFFCs, the present numerical model is validated
against experimentally measured polarization curves for
various operating conditions, such as cell-to-burner distance
(d) and fuel equivalence ratio. Comparisons of numerical
predictions and experiments in terms of polarization curves
are presented in Fig. 2. Both numerical and experimental re-
sults show better polarization curves at higher fuel equiva-
lence ratio (¢) and smaller cell-to-burner distance (d). These
results indicate that the current multi-dimensional model
yields the qualitative conformity with experimental results.
Also, experimentally and numerically measured OCVs are in
good agreement, which implies that the proposed model also
captures the electronic cross-current in electrolytes well.

Table 2 — Validation cases.

Case Distance between Equivalence
burner and SOFC Ratio
1 10 mm 1.1
2 10 mm 1.2
3 10 mm 1.3
4 20 mm 1.1
5 20 mm 1.2
6 20 mm 1.3

However, quantitative deviations exist with experimental
data, especially in cases with the cell-to-burner distance of
20 mm.

These discrepancies could be mainly attributed to the over-
simplified modeling for the porous-burner zone, as well as the
uncertainties in the electro-chemical properties. To explain
limitations of the current porous-burner model, gas velocities
at the interface between the porous burner and the flow-field
are first compared in Fig. 3a (¢ = 1.3) for cases with d = 10 mm
and 20 mm. Both results show non-uniform gas velocities
distributions at the burner and open flow-field interface,
which is due to the SOFC and the ceramic holder blocking the
gas flow and therefore changing pressure-fields. Especially,
the case of d = 20 mm shows higher gas velocity at the region
close to the centerline, compared to the case with d = 10 mm.
Due to the higher gas velocity around the centerline, the flame
front in the case of d = 20 mm is located further downstream,
compared to the case with d = 10 mm as seen in OH distri-
butions in Fig. 3b.

In reality, however, the flame front in the case of d =20 mm
is likely to be located more closer to the burner or even inside
the burner, considering that using a porous burner signifi-
cantly enhances laminar flame speeds [45,46], owing to the
microscopic pore structures and higher effective heat diffu-
sivity [45,46]. In the current study, the temperature of porous
burner is set to be 300 K, since the experimental paper [7]
mentioned that the porous burner is being cooled by liquid
water, while other detailed dimensions and properties of
porous burner are not known in Ref. [7]. Therefore, flames
cannot exist in the porous burner in this numerical model.
Therefore, the proposed model may generally over-estimate
heat transfer rates from flames to SOFCs due to under-
predictions of effective flame speeds, which may also lead to
over-estimated cell temperatures, while experimentally
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Fig. 2 — (Color Online) Comparison between experimentally [7] and numerically measured polarization curves in cases of (a)
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between experimentally [7,8] and numerically measured open circuit voltages (OCVs). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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measured cell temperatures are absent in Ref. [7]. This may be
the main reason of over-estimated polarization curves for
cases with d = 20 mm.

This implies that the physical processes occurring in
porous burners, such as pore-scale combustion, radiation, gas
pre-heating and the liquid water cooling, can be also impor-
tant factors to be considered into numerical models of DFFCs,
which will be discussed in future works. The work by Wang
et al. [10] experimentally demonstrates that using different

types of porous burner significantly affects performances of
DFFECs.

The proposed model also explains why average cell tem-
peratures increase with fuel equivalence ratio (¢ = 1.1-1.3).
The main reason is the secondary oxidation of exhaust gas
from premixed flame. Radial profiles of hydrogen and heat of
reaction at z = 5 mm in cases of d = 10 mm are plotted in
Fig. 3c. As fuel equivalence ratio increases, the heat of reaction
due to the secondary reaction increases due to the increasing
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hydrogen concentration in the exhaust gas. This increasing
fuel equivalence ratio attributes higher heat transfer rate to
the ceramic holder and SOFC and higher cell temperature as
seen in Fig. 3d. The effect of the secondary oxidation is a very
important phenomenon to be considered and can be only
captured by multi-dimensional models.

Numerical investigation of physical phenomena in DFFCs
with different cell sizes

As discussed in the introduction, practical DFFCs are likely to
feature larger cell sizes to achieve higher power outputs.
Considering this, we select DFFCs with different sizes of
SOFCs to numerically analyze potential multi-dimensional
effects in real-world DFFCs. We also select DFFCs with
thinner electrolyte (50 um), compared to the DFFC by Krone-
mayer et al. [7], to investigate physics in high-power DFFCs.
Three particular sizes of SOFCs are selected and shown below.

@ R = 6.5 mm: baseline cell (has same size to the cell by
Kronemayer et al. [7])

(a) (b)

900 900

@® Rcep = 22.5 mm: a case that the cell and the burner have
same radius (RCeH/RBumer = 1)

® Rco = 33.75 mm: a case that the cell has larger radius
than the burner (Rcei/Reumer = 1.5)

Numerically measured polarization curves with different
cell sizes are shown in Fig. 4, which shows that the cell per-
formances become gradually worse as the cell size increases.
Compared to the baseline case (0.125 W cm—?), the case with
Reett/Rpumer = 1.5 (0.091 W cm~?) shows roughly 27% lower
maximum power density.

To elucidate underlying reasons of this phenomenon,
radial distributions of temperature and ionic conductivity
in electrolytes in the three DFFCs are first plotted in Fig. 5.
As seen in Fig. 5a, temperature is highest at the centerline
and decreases along the radial direction due to heat
dissipation from the cathode side surface. Due to this heat
dissipation, the temperature distribution becomes more
non-uniform as the radius of the cell increases (Fig. 5b). As
a result, the distribution of ionic conductivity also be-
comes non-uniform (Fig. 5c), which influences the unifor-
mity of the current density distribution and the overall
Ohmic loss.

The distributions of fuel species in the three DFFCs
operating with the current density of 0.3 A-cm™2? are
compared in Fig. 6. As seen in Fig. 6a-c, the differences in
hydrogen distributions in open flow-fields among the three
cases are small. This implies that electrochemical reactions
have a negligible impact on the species distributions of the
exhaust gases, and most of fuel species are burned by
secondary oxidation. As seen in the figures, secondary
oxidation determines the region where fuel species are
abundant. Therefore, secondary oxidation is an important
factor to be considered when choosing a size of a SOFC. For
example, the cell with Reen/Rpymer = 1.5 is suffered by low
hydrogen concentration around the edge of the SOFC as
seen in Fig. 6¢-d, since the edge of the SOFC is very close to
the secondary oxidation zone. This low fuel concentration
increases over-potential and therefore decreases current
density around the edge region. The effect of low fuel spe-
cies concentration at the edge area will be discussed in
more detail in the next section.
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The electron transport in the electrodes is also affected by
the size of SOFC, as shown in Fig. 7a. Larger SOFCs tend to
generate more electrical current and have longer travel dis-
tance for electrons, resulting in more non-uniform voltage
distribution and higher Ohmic loss in electrodes. Also, this
non-uniform voltage distribution causes non-uniform distri-
bution of overpotential, which causes a non-uniform current
density distribution (Fig. 7b). To overcome the negative con-
sequences from non-uniform voltage distribution, one may
use a web-like wire structure for the current collector, instead
of a single-wire used in the experiment for the current col-
lector [7]. This can be helpful for decreasing Ohmic loss
occurring in electrodes. However, web-like wire structure may
result in worse diffusion of fuel species to TPBs, as discussed
in Section 2.3.

Current density distributions (Fig. 7b) are directly influ-
enced by the distributions of temperature (Fig. 5), species
(Fig. 6) and voltage (Fig. 7a). We can see that current density
distributions in DFFCs are M-shaped and become more non-
uniform as the size of SOFC increases. The lower current
density around the cell center is due to higher voltage around
the centerline. However, the lower current density around the
cell edge is originated from the consequences of lower fuel
concentration and lower temperature in the area.

DFFCs operated on high temperature (~1000 K)

Commercial DFFCs may be operated on wide range of tem-
peratures due to the growing interests of DFFCs as mobile
applications. For example, DFFCs may suffer severe decrease
of temperature due to strong convection over the surface at
cathode side, which can decrease power density. On the other
hand, the cell temperature can be increased to enhance power
density. Tucker and Ying [19] recently demonstrated that
adding insulations over cathode surfaces can increase power
density of DFFCs. In this section, we consider the case that the
heat transfer rate from the surface on the cathode side is 50%
effective to numerically observe the detailed physics in DFFCs
at high temperature (~1000 K). This can be realized by setting
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the emissivity and heat transfer coefficient to be 50%,
compared to the baseline condition.

Polarization curves of the three DFFCs under the high
temperature condition are compared in Fig. 8. Similar to the
standard case (Fig. 4), the case with Ree/Rpumer = 1.5
(0.120 W cm™?) shows roughly 31% lower maximum power
density, compared to the baseline cell (0.176 W cm™).
However, compared to the polarization curves under the
standard condition (Fig. 4), there are two major differences to
point out. First, much lower OCVs are present due to higher
electronic conductivity of SDC electrolytes caused by higher
operating temperature. Numerically measured OCVs are
0.4-0.5 V lower, compared to Nernst voltages (at 1020 K).
Second, DFFCs suffer from large concentration loss at high

H2 mole fraction at anode/electrolyte interface
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current density and the limiting current density decreases
with increasing sizes of SOFCs.

Mole fraction profiles of H, (Fig. 9a) and CO (Fig. 9b) at the
anode/electrolyte interface at different current densities are
plotted to elucidate the underlying mechanisms of large
concentration loss in the DFFC with a large SOFC (the case
Wwith Reei/Rpumer = 1.5). It is seen that overall H, and CO molar
concentrations at the anode/electrolyte interface decrease
with current density. The interesting thing is that fuel species
approach zero starting from the edge of the SOFC, which is
mainly attributed from the fact that the edge of SOFC is very
close to the secondary oxidation zone as discussed in Fig. 6. At
0.7 A cm ™2, H, concentration at the edge area is very close to
zero and the edge area relies on CO for the electrochemical
reaction. At 0.725 A cm~2, however, the edge area also suffers
from CO starvation, which attributes to the rapid decrease of
cell voltage shown in Fig. 8.

Ionic current density distributions in electrolyte (Fig. 10a)
are plotted to observe the effect of fuel starvation around 0.7 A
cm™2 on ionic current density distributions. From 0 A cm 2 to
0.7 A cm™?, the ionic current density increases at all region of
SOFCs. However, owing to the H, and CO starvation around
0.7 A cm 2, the current density around the edge area start to
quickly decrease as marked by blue circle. This effect de-
creases the effective area for the electrochemical reactions
and makes the ionic current density concentrated to the
center area, which consequently increases the overpotential
and Ohimic losses around the center area.

Electronic cross-over current distributions in SDC electro-
lyte in the DFFC with a large SOFC (the case with Reeii/Rpyrner =
1.5) are presented in Fig. 10b. At 0 A cm 2, the electronic cross-
over current is locally as high as 0.7 A cm 2, and therefore very
significant (averaged electronic current density = 0.47 A
cm™?). This results in the decrease of OCVs and low fuel cell
efficiencies exist under low current density operations. The
electronic cross-over current density decreases with total
current density owing to the decrease of cell voltage. However,
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Rcent/Reurmer = 1.5 is selected in this figure to emphasize the effect of non-uniform fuel species distributions on cell
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it is still very high as 0.3 A cm™2 around the cell center,

resulting in large amount of electro-chemically generated
current being wasted.

Fig. 10c shows total current density distributions in SDC
electrolyte in the DFFC with a large SOFC (the case with
Reett/Roumer = 1.5). As seen in the figure, there is a significant
current loss around the cell center. Comparing with the ionic
current density distributions, the total current distributions
around the cell center is 0.3—0.7 A cm 2 lower depending on
the average current density. At current density around
0.7 A cm ™2, the cell suffers from fuel starvation around the
edge area as discussed previously.

Numerical results from this work points out two important
barriers to be overcome for the future development of DFFCs.
First is the large electronic cross-over current at high tem-
perature operation. To overcome this, one may use different
electrolyte structures and materials, such as using yttria-
stabilized zirconia (YSZ) as an electrolyte or bi-layer struc-
tured electrolyte. In particular, bi-layer structured electrolytes
have shown great ionic conductivity at low operating tem-
perature (700—900 K) and low electronic conductivity at high
temperature (>950 K) [12,13,32,34], and therefore are good
candidates for DFFCs as they are subjected to wide range of
temperature variations for mobile applications. However,
widespread adoption of bi-layer structured electrolytes still
requires deep understanding of physics occurring at the two
heterogeneous layers.

Second is the severe concentration loss around the edge
area of SOFCs. It is possible to alleviate this concentration
loss by using a different flow-structure to place secondary
oxidation zone much farther from SOFCs. For example, one
can place a diverging channel around the burner to prevent
the secondary oxidation to increase fuel species concentra-
tion at the edge area. The effect of using different flow
structures on cell performances can be studied by experi-
mental approaches and current numerical model. The
detailed discussions on the effect of using different flow
structures will be presented in future works, since the major
focus is placed on the illustration of physical phenomena
associated with multi-dimensional effects.

Conclusion

In this study, a two-dimensional model has been developed to
numerically investigate the multi-dimensional effects occur-
ring in DFFCs at various conditions. Numerical results ob-
tained by the 2D model show good agreement with
experiments by Kronemayer et al. [7]. The limitations of the
proposed model are also identified to illustrate the uncaptured
physical phenomena induced from the microstructure of the
porous burner in the DFFC.

The proposed model shows that the power density of a
DFFC is noticeably reduced by increasing the size of the SOFC
due to the increasing multi-dimensional effects. At the edge
region of the SOFC, temperature and fuel species concentra-
tions tend to be lower than around the center region. The
lower temperature at the edge area is due to the heat dissi-
pation from the SOFC, and the lower fuel concentration at the
edge area is because the edge area is closer to the secondary
oxidation zone. At the center region of SOFCs, the voltage
tends to be the highest, which causes lower over-potential
and hence lower current density. Therefore, the current den-
sity distributions in DFFCs are likely to have an M-type shape,
according to the proposed numerical model.

At higher operating temperatures (~1000 K), electronic
cross-over currents and non-uniform fuel species distribution
play more significant roles on cell performance. It is found
that electronic cross-over current in SDC electrolyte in DFFCs
at~1000K canbeupto 0.5 A cm 2, which attributes significant
voltage loss. Also, lower fuel species distributions at the edge
area limit the current density of DFFCs, as fuel starvation is
likely to occur at the edge area of the SOFC. Overall, the DFFC
with a large SOFC (R=33.75 mm) has 30% lower power density
than the DFFC with a small SOFC (R=6.5 mm), owing to afor-
mentioned effects.

In summary, non-uniform distributions of temperature,
fuel species, voltage and electronic cross-over current are
found to be the main factors to be considered for the devel-
opment of commercial DFFCs. Discussions are made to pre-
vent the cell performance losses due to above multi-
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dimensional effects. Efforts are ongoing to pave a way to
improve the performance of DFFCs by using the current nu-
merical model, which are able to analyze the impact of those
four factors.

Appendix. Derivation of the effective oxygen
partial pressure in SDC electrolytes

We first assume negligible temperature variations along
thickness direction, while the temperature can still vary along
the other directions. By introducing a non-dimensionalized
thickness Z = (z — Zgpe1)/Lel, EQ. (18) can be re-written as:

0. 0. — F_
Po, (X) 0% — Ao + (Poz (Xan\el) 0% _ Ao>eXp <%Z) (A1)

For convenience, we introduce new variables, such as ay =
Ao, 1 = Po,(Xane1) ®% — Ag and a3 = (— nopnF)/(RT). Then, the
RHS of Eq. (22) can be expressed as:

z=1 z=1
/ dz / (Po,(Z) %) = / dz/(ao + a1 exp(a,Z)) (A2)
z=0 z=0

For further simplifications, we define a variable such that
z' = a; exp(a,Z). Since a; and a, have no variations along
thickness direction, the dz can be re-expressed as dz =
dz"/(a,z"). Then, the RHS of Eq. (A2) can be re-written as:

z"=ap+a; exp(ai)

/ dz" /(az(ao +2")z") (A3)

z'=ap+a;

The integration of Eq. (A3) is quite simple. After the inte-
gration of Eq. (A3), the effective oxygen partial pressure in SDC
electrolytes can be given as

1 a; exXpas a, -
P = In In A4
Ozeff (aoaz ( ao + a; expa; + ao + ap (a4)

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.ijjhydene.2018.12.169.
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List of Symbols

A: Pre-exponential factors

cp: Heat capacity

Dy: Hydraulic diameter (m)

D;_j: Binary diffusivity of species i to j (m”s™")
I: Current density (A cm?)

}_) Voh.Jmel.tric current density (A m™)
J i Diffusional Flux (kg m?s)

MW: Molecular weight (kg mol™%)

P: Pressure (Pa)

S: Source term in transport equations
T: Temperature (K)

U: Velocity (ms™%)

X: Mole fraction

Y: Mass fraction

Greek

e: Porosity, Emissivity

osp: Stefan-Boltzmann Constant (5.67 x 1078 W m 2K ™%
u: Dynamic viscosity (kg m~*s~?)

»: Kinematic viscosity (m?s™%)

7: Tortuosity

7': Viscous stress (Pa m~'s™?)

p: Density (kg m~3)

®,: Ionic potential (V)

®;: Electronic potential (V)

Superscript and Subscripts

anlel: Interface between anode and electrolyte
char: Charged object such as ion and electron
el: Electrolyte

elec: Electron

eff: Effective

el|ca: Interface between electrolyte and cathode
g: Gas

i: Species

ion: Ion
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