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The U-type parallel channels for large size planar solid oxide fuel cell (pSOFC) are systematically optimized
with the computational fluid dynamics (CFD) method. The CFD calculations are based on realistic 3D gas
channel models and typical pSOFC working parameters. The optimized geometric parameters include the
height of interconnect ribs, aspect ratios of the inlet-header and outlet-header cross-sections, the sum
of inlet- and outlet-header widths and the ratio of the outlet-header width to the inlet-header width (˛).
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Detailed CFD calculations show that a suitable ˛ and a relatively large header width are necessary for
the flow uniformity of both air and fuel in large size pSOFCs. In particular, ˛ is demonstrated to be a key
parameter for the flow uniformity of large size pSOFCs with U-type parallel channel designs and a proper
choice of ˛ is of critical engineering importance. The physical origin for the importance of ˛ on the flow
distribution is analyzed.

Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

ptimization

. Introduction

An unavoidable development direction of planar solid oxide fuel
ells (pSOFCs) is to increase the sizes of active cells in order to effi-
iently improve the volumetric power densities of working pSOFC
tacks. For example, Versa Power Systems and Delphi are report-
ng manufacturing pSOFCs with active area up to 33 cm × 33 cm
1]. Uniform flow distribution over the active cell area is important
or more uniform current generation and reaping the full benefit
f a large cell and the stable cell operation. Like the case for high
SOFC stacks [2–5], however, it is nontrivial to achieve flow uni-
ormity for large pSOFC cells. Moreover, in comparison with the
ow in a conventional size cell, two new features of the flow in a

arge size cell may emerge and require additional care. Firstly, the
ow in a large size cell may be in the turbulent flow region due to
he relatively high flow velocity, while the flow in a conventional
ize cell is usually laminar [5]. As to be discussed later, this is par-
icularly the case for the air flow and may not be easily treated
y simple analytical approximation. Secondly, due to higher flow

elocity and longer pathway, the pressure drop for the flow in a
arge size cell is much larger than that in a conventional size cell.
t becomes an important consideration that the overall net pres-
ure drop should be as low as possible to reduce parasitic power

∗ Corresponding author. Tel.: +86 551 3606345; fax: +86 551 3606348.
E-mail address: zjlin@ustc.edu.cn (Z. Lin).

378-7753/$ – see front matter. Crown Copyright © 2009 Published by Elsevier B.V. All ri
oi:10.1016/j.jpowsour.2009.11.127
needed to drive pump or compressor. Consequently, the flow uni-
formity for large size pSOFC cells is an important research subject
of its own. As the experimental test is expensive, time-consuming
and difficult to explore combinations of various design parameters,
theoretical approaches are valuable tools for assisting the engi-
neering designs of the gas-flow configurations of large size pSOFC
cells.

There have been numerous studies in recent years on the flow
distributions inside fuel cell [6–17]. The U-type and Z-type parallel
channel designs are the most widely studied flow configurations
and the U-type design is favored by many researchers. In most
studies, the flow channel system is simplified as a two-dimensional
(2D) flow resistance network. Based on the 2D mass and momen-
tum conservation relationships and assuming constant energy loss
coefficients for the dividing and combining sections and bends, sim-
ple analytical or numerical solutions may be obtained for the flow
distributions [6–8]. For example, Maharudrayya et al. [6] obtained
an analytical expression for the flow distribution based on 2D
mass and momentum equations and the discretization method pro-
posed by Bassiouny and Martin [11] for turbulence flow. Wang [7]
introduced the frictional and inertial effects in his 2D model to pre-
dict the pressure drop and flow distribution in U-type fuel cells.

Although some useful information may be deduced from these 2D
models, however, the simplification processes involve numerous
approximations that may or may not be valid. Consequently, the 2D
results are of limited accuracy at the best and may be misleading
sometime.

ghts reserved.
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Nomenclature

Afuel flow cross-sectional area of fuel inlet
Aair flow cross-sectional area of air inlet
D hydraulic diameter
F Faraday’s constant (F = 96,485 C mol−1)
Hc channel height
Hin height of the inlet header
Hout height of the outlet header
hin

t total energy loss due to the friction and local energy
loss effects along the inlet header

hout
t total energy loss due to the friction and local energy

loss effects along the outlet header
j current density
Lin length of the flow cross-sectional area
Mi molar weight of species i (i = H2, O2)
mi mass flow rate of the ith channel
m′

i
normalized mass flow rate of the ith channel

m′
min minimal value of the normalized mass flow rates

m̄ the average of the channel mass flow rate
Pdrop net pressure drop between the flow inlet and outlet
Pi pressure at the location i (i = A, B, C, D)
Qair air inlet mass flow rate
Qfuel fuel inlet mass flow rate
Re Reynolds number
Reair Reynolds numbers for air at the inlet
Refuel Reynolds numbers for fuel at the inlet
S effective reaction area
�u velocity vector
ui velocity at the location i (i = A, B, C, D)
U flow uniformity
V ′ gas volumetric flow rate
Win inlet-header width
Wout outlet-header width
˛ ratio of the outlet-header width to the inlet-header

width
� inlet-header and outlet-header aspect ratio
� density
�fuel fuel density
�air air density
�i mass fraction of species i in the gas flow (i = H2, O2)
�i utilization rate of species i (i = H2, O2)
�pump efficiency of the gas pump
� stress tensor
� fluid viscosity
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perature gradients and the chemical reactions were assumed to
be uniform across the channels. The results for the channel flow
rate distributions with the above reacting and non-isothermal flow
model were different from the isothermal and non-reacting flow
calculations by less than 1%. The differences were insignificant for

Table 1
Geometric parameters for a standard U-type flow model (the reference model) in
this study.

Component Value (mm)

Header’s height (Hin = Hout) 3.0
Header’s width (Win = Wout) 8.0
Area of active zone (mm2) 200.0 × 200.0
A more reliable approach to predict the flow distribution is
hrough the computational fluid dynamics (CFD) simulations with
ealistic 3D flow channel models and reasonable boundary con-
itions [5,10]. In this work, U-type parallel channel models for

arge size pSOFCs with realistic geometric parameters were built
or both air and fuel flows and full CFD calculations were performed
o obtain the details of the flow distributions and pressure drops.

ain geometric parameters influencing the channel flow distribu-
ions were systematically varied in order to obtain the optimal flow
niformities. The optimized geometric parameters included the
eight of interconnect ribs, aspect ratios of the inlet-header and
utlet-header cross-sections, the sum of inlet- and outlet-header
idths and the ratio of the outlet-header width to the inlet-header

idth. The last parameter is found to be a controlling factor for

he flow uniformity and the corresponding physical origin is ana-
yzed.
rces 195 (2010) 3207–3214

2. Model description

2.1. U-type gas channels in pSOFC

Fig. 1 shows a U-type flow channel arrangement in a pSOFC
cell (the air and fuel channel arrangements are similar and only
air channels are explicitly shown). The top component shown is an
interconnect plate with parallel channels dug in both sides to dis-
tribute the air (fuel) flow across the cell. The corresponding U-type
flow model is shown in Fig. 2 and the middle part is the channel
group on electrode. The dividing and combining parts of the U-
type channel configuration form the inlet header and outlet header,
respectively. Without loss of generality, the channel group consists
of 50 channels in this study. For naming convenience, the chan-
nels are numbered sequentially from the inlet/outlet to the top
along the headers. That is, the channel closest to the inlet/outlet
is the 1st channel (the bottom channel) and the channel that is fur-
thest away from the inlet/outlet is the 50th cell (the top channel).
Fig. 3 shows a 2D cross-section of the U-type flow channel with
the corresponding geometrical parameters indicated. The geomet-
ric parameters for a standard U-type flow model in this study are
shown in Table 1. Unless specified otherwise, the parameters in
Table 1 are assumed.

Each geometric variable shown in Table 1 may influence the
flow uniformity and pressure drop in some way. Here we limit
our discussion to the representative cells with an active area of
200 mm × 200 mm. The width of the channel or rib will also be
fixed as their optimization is determined by very different con-
siderations and the used value is reasonable for practical purpose
[18–20]. Moreover, based on the results of SOFC stack flow uni-
formity optimizations, we focus the discussion on the following
parameters: the height of the channel on electrode (Hc), the inlet-
header and outlet-header aspect ratio (� = Win/Hin = Wout/Hout), and
the ratio of the outlet-header width to the inlet-header width
(˛ = Wout/Win).

2.2. Governing equations and flow models for air and fuel

Although the flows in working pSOFC cells are chemical react-
ing flows and the flow densities and properties change along the
channel paths, most flow uniformity studies assume no chemi-
cal reactions and the flow is isothermal and incompressible [2–9].
These assumptions are acceptable since chemical reactions and
flow property variations occur in all channels on the electrode and a
more uniform flow distribution obtained under such assumptions
should correspond to a more uniform distribution in practice. To
validate the above assertion, some tests were performed using sim-
plified distributions of temperature gradients and electrochemical
reactions. For example, the temperature difference between the
inlet header and the outlet header was set at 200 K and the tem-
Width of channel or rib (Wc = Wrib) 2.0
Height of fuel channel (Hc = Hrib) 1.0
Height of air channel (Hc = Hrib) 1.5
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Fig. 1. Planar solid oxide fuel ce

he designs of the channel flow distributions. Therefore, this study
lso adopted the isothermal, non-reacting and incompressible flow
ssumptions.

The flow governing equations are the continuity equation:

∂�

∂t
+ ∇ • (��u) = 0 (1)

here �u is the velocity vector and � is the density, and the momen-
um equation

∂��u

∂t
+ ∇ • (��u × �u) = −∇p + ∇ • � (2)

here � is the stress tensor.
According to the fluid dynamics, the flow state is characterized

y Reynolds number (Re)
e = �uD

�
(3)

here u is the average flow velocity, D the hydraulic diameter and
is the fluid viscosity. For the inlet header with a rectangular

Fig. 2. A U-type flow model with 50 channels in the
a U-type flow channel design.

cross-sectional area, D = 2LinWin/(Lin + Win), where Lin and Win are
respectively the length and width of the flow cross-sectional area.
If Re is less than 2100, the flow is laminar. Otherwise, the flow is
turbulent.

The mass flow rate at the cell gas channel inlet may be deter-
mined by the average current density (j), the effective reaction area
(S), the fuel/oxidant utilization rate (�) and the mass fraction of the
effective component in the gas flow (�).

Considering a representative fuel consisting of 65% hydrogen
and 35% water by mass fraction, the inlet fuel mass flow rate may
be written as

Qfuel = �fuelAfuelufuel = jSMH2

2F�H2 �H2

(4)
where MH2 is the molar weight of hydrogen (MH2 = 2.0 g mol−1), F
the Faraday constant (F = 96,485 C mol−1), �H2 (= 0.85) the overall
hydrogen utilization rate, �H2 (= 0.65) the mass fraction of hydro-
gen in the inlet fuel flow. In this study, the average current density,
j, is set at 0.7 A cm−2, and the effective reaction area, S, is 400 cm2.

channel group and a grid subset for the model.
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Fig. 3. A 2D cross-sectiona

Similarly, the inlet air mass flow rate may be expressed as

air = �airAairuair = jSMO2

4F�O2 �O2

(5)

here �O2 (=0.15), �O2 (=0.21) and MO2 (=32 g mol−1) are the oxy-
en usage rate, oxygen mass fraction in air and the molar weight of
xygen, respectively.

Based on Eqs. (3)–(5), the Reynolds numbers for fuel and air at
he inlets may be written as

efuel = jSMH2

F�H2 �H2 �fuel(Lin + Win)
(6)

eair = jSMO2

2F�O2 �O2 �air(Lin + Win)
(7)

The flow viscosity may vary with the temperature and com-
onents and was evaluated with the Sutherland’s law [21]. At the
orking temperature of 1073 K, the fuel and air viscosities are

.01 × 10−5 and 4.16 × 10−5 kg m−1 s−1, respectively.
According to the parameters in Table 1 and those given above,

efuel is found to be around 300, and Reair is about 6000, indict-
ng that the fuel flow is well in the laminar flow region, while the
ir flow as a whole is in the turbulent region. Therefore, the CFD
alculations for the air flow in large size pSOFC must adopt the
urbulence models, a situation very different from that for a con-
entional size pSOFC (S ≈ 100 cm2, Reair ≈ 1500) where a laminar
ow model may be appropriate.

.3. Measure of flow uniformity (U)

There are different definitions of flow uniformity in literatures.
imilar to the definition proposed for the stack flow uniformity
n a previous study [5], the flow uniformity, U, is defined here as
he minimal value of the normalized mass flow rates (m′

min) of all
hannels in the channel group:

= m′
min (8)

Here the normalized mass flow rate is defined as

′
i = mi

m̄
(i = 1, 2, . . . , 50) (9)

here mi is the mass flow rate of the ith channel and m̄ is the aver-
ge of mi. Clearly, 0 ≤ U ≤ 1 and a higher value of U indicates a more
niform flow distribution with U = 1 corresponds to the perfectly
niform flow where all channels receive the same amount of flow.
otice that the flow uniformity requirement for the cell channels is

ess stringent than that for the stack flow. The cells in a pSOFC stack
re connected in series to produce the current and the possible stack
ower output is limited by the cell receiving the least flow, while
he channels in a cell are connected in parallel and the effect of non-

niform flow is less severe. However, flow non-uniformity does
ean that some channels are less effective and reduce the benefit

f a large cell. Moreover, flow non-uniformity may also have other
ndesirable consequences such as inducing local hot/cold spots and
igh thermal stress.
of a U-type flow channel.

2.4. Pressure drop and the electric power loss

Denoting the net pressure drop between the flow inlet and out-
let as Pdrop, the electrical power required to drive the gas pump
or compressor may be estimated as PdropV ′/�pump, where V ′ is
the gas volumetric flow rate and �pump is the efficiency of the
gas pump. V ′ may be calculated as the mass flow rate (Eq. (4) or
(5)) divided by the gas density at the working condition. For the
reference model working at 1073 K and 1 atm and assuming the
cell output voltage of 0.7 V and �pump = 0.85, it is easy to know
that for every Pdrop of 1000 Pa, about 1.2% and 0.1% of the elec-
tric power produced by the pSOFC cell will be consumed by the
air and fuel pumps, respectively. Clearly, even though a uniform
flow distribution may be obtained by ensuring that the pressure-
change in inlet/outlet headers is much lower than that in the gas
channels, excessively large Pdrop should be avoided in order for
the pSOFC technology to be competitive in overall system effi-
ciency. The role of Pdrop for the air flow is particularly important
for the system efficiency. Therefore, high flow uniformity with rel-
atively low net pressure drop for air should be a goal of engineering
design.

2.5. CFD settings and solutions

2.5.1. Grid generation
Commercial software ANSYS® ICEM CFD 11.0 was used in the

grid generation. The reference model was divided into a fine grid
of approximately 420,000 hexahedral elements. For both the air
and fuel flow models, the average grid dimensions for the inlet and
outlet headers were 0.60 mm × 0.20 mm × 0.40 mm in X, Y and Z
directions (see Fig. 2 for the definition of the coordinate axes). The
size of the mesh cells was kept unchanged as far as possible for
models other than the reference one and the number of the grid
cells changed proportionally with the model geometry dimension.
Each of the flow channels was simulated by five cells across each
dimension (Y and Z directions) regardless of the geometry dimen-
sion variation of the flow channels. The average grid dimension
in the X direction was 2.50 mm for the flow channels in all mod-
els. The mesh resolution for a subset of the model is illustrated in
Fig. 2. The flow fields around headers and channel junctions are por-
trayed with grids finer than the above average in order to describe
the flow field better. To test the model grid independence, several
calculations have been carried out and the grid model is verified to
be sufficiently fine. For example, the maximum deviation for the
standard model is found to be only 0.5% (2%) for the air (fuel) flow
uniformity between the results using the above grid and a simi-
lar but coarser grid composed of approximately 97,000 hexahedral
elements.

2.5.2. Boundary conditions
Mass flow rate inlet boundary and pressure outlet boundary
conditions were adopted for the flow models. The mass flow rate for
fuel and air are determined by Eqs. (4) and (5). The reference static
pressure was 1 atm and the outlet pressure profile blend factor was
set at 0.05. Adiabatic, no-slip walls and the scalar wall function were
used to treat the wall boundaries [22].
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Pdrop for air and fuel decrease from 3517 to 3180 Pa and from 3080
to 1866 Pa, respectively. It appears that � affects the flow unifor-
mity and the pressure drop more for fuel than for air. This is due to
that the fuel flow is laminar and the energy loss is dominated by the
ig. 4. The effect of the channel height (Hc) on the flow uniformity of the reference
odel: (a) air flow, (b) fuel flow. The air and fuel uniformities increase with the

ecrease of Hc .

.5.3. Solutions
Commercial software, ANSYS® CFX 11.0, was used in the CFD

alculations. According to the above discussion in Section 2.2, the
tandard k–ε turbulence flow model for the air flow system and
aminar flow model for the fuel flow system were used in the CFD
ettings. The standard k–ε turbulence flow model is widely used, as
t offers good compromise between numerical effort and compu-
ational accuracy. The value of k and ε at the inlet were assigned to
5% turbulence intensity level. Changing the turbulence intensity

evel from 1% to 10% only resulted in a change of the air flow uni-
ormity by less than 1% for the reference model. The convergence
arget RMS was set at 10−5, which was known to provide highly
onvergent results.

. Results and discussions

.1. The effects of Hc on the gas distribution

Fig. 4 shows the effects of the channel height (Hc) on the air and
uel distributions. Air flow uniformity increases from 0.12 to 0.59
hen Hc decreases from 2.0 to 1.0 mm. Meanwhile, Pdrop increases

rom 3118 to 3642 Pa in the process. Similarly, the fuel unifor-
ity increases from 0.39 to 0.91 when Hc is decreased from 1.5
o 0.5 mm, while Pdrop is changed from 1348 to 3434 Pa. The effect
f Hc on the flow uniformity is easily understandable. Reducing Hc

ncreases the difficulty of gas flowing through the small channels
nd a larger pressure drop is required for passing through the same
mount of flow. Consequently, the pressure drops in inlet header
rces 195 (2010) 3207–3214 3211

and outlet header become relatively small in comparison with that
in the channels, resulting in the improved uniformity of the channel
flows. As a note in passing, the pressure drop results may be under-
stood by assuming Pdrop is approximately proportional to the flow
velocity of the channel receiving the most flow. For example for the
air flow, the maximum flow velocity, which is proportional to the
maximal normalized mass flow rate multiplied by the average flow
velocity (the latter is inversely proportional to the channel height),
remains roughly unchanged for different Hc, as may be inferred
from Fig. 4a. Consequently, Pdrop for the air flow is roughly the same
for different Hc.

Notice, however, according to the discussion in Section 2.4, the
air pressure drop of over 3000 Pa translates to a significant loss of
about 4% of the electric power produced and is highly undesirable.
Therefore, reducing Hc is not a good design option even though it
is helpful for improving the flow uniformity.

3.2. The effects of � on the flow distribution

In this study, the cross-sectional area of either the inlet or out-
let header, Win × Hin (=Wout × Hout), were fixed at 24 mm2 and the
header’s aspect ratio � (� = W/H) was varied as 12 mm/2 mm = 6.00,
8 mm/3 mm = 2.67 and 6 mm/4 mm = 1.50. As shown in Fig. 5, with
� decreased from 6.00 to 1.50, the air and fuel uniformities increase
from 0.24 to 0.31 and from 0.55 to 0.79, respectively. Meanwhile,
Fig. 5. The effects of � (� = W/H) on the gas distribution: (a) air flow, (b) fuel flow.
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riction effect that is sensitive to the aspect ratio. The air flow, how-
ver, is turbulent and the energy loss is dominated by the kinetic
erm that is not directly related to the aspect ratio. The frictional
nergy loss is only of secondary importance for the air flow. Con-
equently, the effect of the aspect ratio on the flow uniformity is
ore notable for the fuel flow than for the air flow.
It is clear that a smaller � is beneficial for both air and fuel

ow distributions. This is understandable based on the approxi-
ate laminar flow theory: a smaller � means a lower flow friction

nd smaller pressure drop along the headers and consequently the
ressure drop in the headers becomes relatively small in compari-
on with that in the channels, resulting in the improved uniformity
f the channel flows. It is advisable to use a head with small �
n order to improve the fuel uniformity. However, it is difficult to
mprove the air flow uniformity and reduce the air pressure drop
o the desired level by reducing � and alternative design parameter
hould be sought.

.3. The effects of ˛ on the flow uniformity

˛ is defined as the ratio of the outlet-header width to the inlet-
eader width, Wout/Win. The effects of ˛ on the flow uniformity
ere examined with a constant Win + Wout so that the cells with
ifferent ˛ may have the same volumetric power density design.

.3.1. Air flow distribution
The cases for Win + Wout = 12, 16, 20 and 24 mm were examined.

n each case, ˛ was varied between 1.00 and 3.00. Some representa-
ive results are shown in Fig. 6. As may be seen from Fig. 6, suitable
hoice of ˛ may significantly improve the air flow uniformity. It is
nteresting to note that the four cases of Win + Wout = 12, 16, 20 and
4 mm share the same optimal ˛ (˛ = 2.2) for achieving the high-
st flow uniformity. The highest flow uniformities obtained were
espectively 0.86, 0.94, 0.95 and 0.95 with the corresponding Pdrop

f 6357, 3687, 2451 and 1774 Pa. Compared to all the results dis-
ussed so far with ˛ = 1, the air flow uniformity is greatly improved
ith the optimized ˛ (=2.2) and ˛ is a key design parameter for

he air flow uniformity. In addition, it is clear that a larger value of
in + Wout is helpful for achieving higher flow uniformity and lower

verall pressure drop. Even though the effect of using Win + Wout

arger than 16 mm on the optimal flow uniformity is quite limited,
t is still quite helpful for reducing the pressure drop. A value of

in + Wout larger than 24 mm is recommended to further reduce
he air pressure drop.

.3.2. Fuel flow distribution
The effects of ˛ on the fuel flow uniformity were similarly tested

nd the representative results are shown in Fig. 7. The highest flow
niformities for Win + Wout = 12, 16, 20 and 24 mm were found with
he same ˛, ˛ = 1, and were respectively 0.57, 0.71, 0.78 and 0.83
ith the corresponding Pdrop of 2580, 2189, 1943 and 1849 Pa. Sim-

lar to the findings for the air flow, a larger value of Win + Wout is
elpful for achieving higher fuel flow uniformity as well as lower
ressure drop. A value of Win + Wout larger than 24 mm is also rec-
mmended to further improve the flow uniformity. However, the
ffects of ˛ on the fuel flow appear to be characteristically different
rom that on the air flow. For all the cases studied, the optimal ˛ for
he fuel flow is ˛ = 1 and the flow uniformity decreases gradually
ith the increase of ˛. The underlying mechanism will be analyzed

ater.
.4. The mechanism for the role of ˛ on the flow distribution

The above results have shown that the ratio of the outlet-
eader width to the inlet-header width, ˛, is a critically important
esign parameter for the air flow uniformity with low pressure
Fig. 6. Dependence of air flow distributions on ˛: (a) Win + Wout = 12 mm, (b)
Win + Wout = 24 mm.

drop. Analyzing the underlying mechanism is not only helpful for
understanding the modeling results, but also useful for providing a
general guiding principle to the broad pSOFC community.

The basic physics of the 3D U-type channel flows (Fig. 2) may
be represented by the simplified 2D model shown in Fig. 8. The
energy conservation relationship along the inlet header (A–B) and
the outlet header (C–D) may be written as [23]:

PA + 1
2

�u2
A = PB + 1

2
�u2

B + hin
t (10)

PC + 1
2

�u2
C = PD + 1

2
�u2

D + hout
t (11)

where hin
t and hout

t are the total energy loss due to the friction and
other local energy loss effects along the inlet header and the outlet
header, respectively. Pi (ui) is the pressure (velocity) at the location
i (i = A, B, C, D).

Due to the flow mass conservation, the average velocities in the
inlet header and the outlet header may be expressed as

uA = ˛uD, uB = ˛uC (12)

Combining Eqs. (10)–(12) gives

(PA − PD) − (PB − PC ) = hin
t + hout

t − 1
2

�(˛2 − 1)(u2
D − u2

C ) (13)
For conventional design with the same width for the inlet header
and outlet header (˛ = 1), we always have (PA − PD) > (PB − PC) since
the total energy loss along the headers is always positive. That is,
the pressure difference between A and D is always larger than that
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ig. 7. Dependence of fuel flow distributions on ˛: (a) Win + Wout = 12 mm, (b)
in + Wout = 24 mm.

etween B and C. As the mass flow rate for a given channel is roughly
roportional to the pressure drop along the channel, the mass flow
ate for the first channel A–D is always larger than for the last chan-
el B–C. This analysis is fully supported by the numerical results
hown in Figs. 4–7.
If a uniform flow were possible, it would require
PA − PD) ≈ (PB − PC). According to Eq. (13), this can only be
chieved with ˛ > 1 because (u2

D − u2
C ) is always positive. Further

ncreasing the value of ˛ beyond a balancing point may cause

Fig. 8. A simplified 2D model of the 3D air or fuel flow in a pSOFC cell.
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[
[
[
[
[

[
[
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(1/2)�(˛2 − 1)(u2
D − u2

C ) > hin
t + hout

t , or (PA − PD) < (PB − PC). In
that case, the last channel may receive more flow than the first
channel. This analysis is also fully supported by the numeri-
cal results shown in Fig. 6. Moreover, the local energy loss is
proportional to the square of the flow velocity [24,25] and the
total energy loss along the headers (hin

t and hout
t ) is dominated

by the local energy loss when the flow velocity is high. That is,
both hin

t + hout
t and (u2

D − u2
C ) are roughly inversely proportional

to the square of the inlet-header width. Therefore, cells with
different Win + Wout are seen to have essentially the same optimal
˛0 that gives (1/2)�(˛2

0 − 1)(u2
D − u2

C ) ≈ hin
t + hout

t , as illustrated in
Fig. 6.

When the flow velocity is small like the case for the typical
fuel flow, the frictional energy loss can be a major or dominant
component of the total energy loss. In such cases, only very large
˛ may achieve the balance (1/2)�(˛2 − 1)(u2

D − u2
C ) ≈ hin

t + hout
t .

For practical ˛, (1/2)�(˛2 − 1)(u2
D − u2

C ) may increase slower than
hin

t + hout
t with the increase of ˛. As a result, the difference between

(PA − PD) and (PB − PC) may increase with the increase of ˛, as
observed in Fig. 7 for the fuel flow. Fortunately, the fuel flow uni-
formity is already reasonably high for the conventional design of
Win = Wout = 12 mm. Adjusting the head aspect ratio may further
increase the flow uniformity (Fig. 5b). Moreover, the fuel flow may
tolerate a relatively high pressure drop (Section 2.4). It is easy to
further improve the flow uniformity by moderately reducing the
fuel channel height.

4. Summary

We have constructed realistic 3D U-type flow field models for
large size pSOFCs. The effects of the channel height, the header
aspect ratio and the header width ratio (˛) on the flow uniformity
and the total pressure drop have been systematically examined
with the CFD method. ˛ is found to be a key parameter for the air
flow uniformity and the underlying mechanism is clearly explained
by a simplified 2D model.
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