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Abstract

Solid oxide fuel cell (SOFC) multi-stack systems require well-balanced reactant distribu-
tion to ensure stable operation, high efficiency, and long-term reliability. In this work, a
3D CFD framework was constructed for a vertically arranged 4 x 1 kW SOFC multi-stack
system to examine the influence of U-type and Z-type manifold configurations on the dis-
tribution of mass flow, overall flow uniformity, and local utilization of the reacting gases.
The system consists of four 1 kWe-rated planar solid oxide fuel cell stacks, individually
rated at 1 kWe and comprising 40-unit cells. Results show that the preferred connection
type differs between the cathode and anode sides. At 30% air utilization, the U-type con-
nection provides better cathode-side air distribution, with mass flow uniformities of
0.9485 among the four stacks and 0.91842 among the 160-unit cells, while its local reaction
gas utilization rates remain close to the prescribed value of 0.30. In contrast, the Z-type
connection shows superior anode-side fuel distribution under all tested fuel utilization
rates, with its mass flow uniformity increasing from 0.9740 to 0.9865 as the fuel utilization
rate increases from 30% to 80%. At the representative 50% fuel utilization condition, the
local reaction gas utilization rates of the Z-type connection are closer to the target value
of 0.50 than those of the U-type connection. These findings highlight the greater suitability
of the U-type connection for cathode-side reactant supply, whereas the Z-type connection
is more effective for anode-side fuel distribution, providing useful guidance for pipeline
connection design and flow-field optimization in vertically stacked multi-stack SOFC sys-
tems.

Keywords: SOFC; CFD simulation; U-type connection; Z-type connection; flow uni-
formity; mass flow distribution; stack type system

1. Introduction

With the increasing energy demand and worsening environmental concerns, fuel
cells have attracted considerable attention as efficient and clean energy conversion tech-
nologies due to their high efficiency, low emissions, and modular design. In fuel cell
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stacks, uniform reactant distribution is essential for stable operation and high perfor-
mance, and previous studies have shown that flow uniformity is extremely sensitive to
manifold pressure variation, channel resistance, manifold geometry, and feed conditions
[1-3]. In multi-stack SOFC systems, non-uniform flow distribution may cause insufficient
local reactant supply, uneven pressure drops, and reduced system stability. In particular,
the external manifold structure, connection position, and geometric parameters can sig-
nificantly influence flow allocation among stacks, highlighting the importance of compar-
ative analysis and structural optimization in manifold design [2-5].

Recent studies have further confirmed that, beyond the basic manifold dimensions,
detailed structural optimization of the gas supply system is essential for improving flow
uniformity and reducing pressure loss in SOFC stacks. Numerical investigations have
shown that external-manifold design, including manifold type, guide plates, buffer cham-
bers, inlet-outlet tube size, and manifold depth, can significantly influence local resistance
matching, vortex formation, and cell-to-cell flow allocation, while integrated optimization
of manifolds and interconnect flow fields can further enhance reactant pre-distribution
and overall flow stability within the stack [6-9]. Meanwhile, the effects of connection con-
figuration are not limited to geometric differences alone, but also depend strongly on stack
scale, fuel and air utilization, fuel type, and operating conditions. Comparative studies of
U-type and Z-type SOFC stacks have shown that these configurations can produce distinct
flow, thermal, and electrochemical distributions, and that their relative advantages may
vary with stack height and operating environment, indicating that both structural optimi-
zation and configuration-dependent analysis are necessary for the design of multi-stack
SOFC interconnection systems [3,10,11].

From the perspective of gas flow behavior, non-uniformity in SOFC stacks should be
interpreted not only by the overall connection pattern, but also by how the total flow re-
sistance is distributed among manifolds, pipes, and repeating-unit channels. Studies on
internal-manifold stacks have shown that variations in manifold size, stack capacity, and
stack height directly modify outlet-manifold pressure distributions, and that the deterio-
ration of inter-cell flowrate and pressure-drop uniformity becomes more pronounced as
the stack scale increases [4,5,12]. In parallel, external-manifold and modular-stack studies
have indicated that inlet-conditioning structures, such as flared tubes, perforated or sieve
plates, guide components, and simplified single-row modular layouts, can effectively pre-
distribute the incoming gas, suppress local maldistribution, and improve flow uniformity
before the gas enters individual units [13,14]. These results suggest that, for multi-stack
SOFC systems, gas-flow resistance management and inlet-flow conditioning are as im-
portant as the selection of the U-type or Z-type connection itself.

Recent studies on fuel cell flow-field optimization have further demonstrated that the
design of gas-flow channels and manifold-related structures plays a decisive role in regu-
lating reactant distribution, mass transfer, water management, and overall cell perfor-
mance. For example, mixed flow-field configurations that combine the advantages of par-
allel and interdigitated channels have been shown to improve oxygen transport and water
removal while maintaining relatively low-pressure losses. In addition, the introduction of
baffles or bluff-body structures into flow channels can enhance local flow disturbance and
convective mass transfer, thereby improving reactant supply to the active reaction region.
However, these structural modifications may also increase flow resistance and pumping
power, indicating that fuel cell flow-field design requires a careful balance between mass-
transfer enhancement and pressure-drop penalty. These findings highlight the im-
portance of optimizing flow paths, local resistance distribution, and reactant allocation
strategies, which is also highly relevant to the design of manifold and pipeline connection
configurations in multi-stack SOFC systems [15,16].
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In addition to manifold geometry, the connection configuration is also a key factor
affecting flow uniformity, because the different inlet-outlet arrangements and flow paths
in U-type and Z-type configurations lead to different pressure-drop distributions and flow
allocation characteristics. Previous studies have shown that the relative advantages of
these two configurations depend on stack scale, operating conditions, and structural ar-
rangement, and that they can produce different flow, thermal, and electrochemical behav-
iors in SOFC stacks [17,18]. In the authors’ previous study on a 4 x 1 kW planar SOFC
interconnection structure, the preferred configuration was found to differ between the
fuel side and the air side, with the Z-type being more favorable for the fuel side and the
U-type showing better stability on the air side [19]. However, in the present 4 x 1 kW
columnar stack structure, the vertically arranged four-stack configuration introduces a
more complex three-dimensional flow path, which may alter the local resistance distribu-
tion, pressure gradient, and gravity-related flow behavior. Therefore, it is necessary to re-
evaluate the applicability of the previous planar results to the columnar structure. Based
on this, the present study comparatively investigates flow uniformity associated with
U/Z-type layouts in a 4 kW columnar SOFC stack structure to clarify their effects on flow
allocation and to provide guidance for interconnection design in multi-stack SOFC sys-
tems [2,4,17,19].

Although the flow characteristics of U-type and Z-type manifold or pipeline connec-
tions have been widely investigated in fuel cell systems, most existing studies have mainly
focused on single-stack configurations or horizontally arranged multi-stack systems. In
such horizontal layouts, the stacks are generally placed on the same elevation, and the
influence of gravity on flow distribution among different stacks is relatively limited. How-
ever, in practical large-scale SOFC systems, multiple stacks are often assembled in a ver-
tically stacked or columnar configuration to improve system compactness and power den-
sity. Compared with the horizontal arrangement, the vertically stacked structure intro-
duces additional height differences among stacks, which may cause non-uniform pressure
distribution, gravity-induced flow imbalance, and different matching characteristics be-
tween the main pipeline pressure loss and the branch flow resistance. Therefore, the flow
behavior in a vertically stacked multi-stack SOFC system cannot be fully explained by the
results obtained from horizontal configurations [19].

To address this gap, the present study focuses on a vertically stacked 4 x 1 kW SOFC
multi-stack system and systematically compares the effects of U-type and Z-type external
pipeline connections on cathode and anode flow uniformity. In contrast to previous hori-
zontal-stack studies, this work considers the influence of the vertical arrangement and
gravitational effects on the flow distribution among four stacked SOFC modules. By ana-
lyzing the mass flow distribution, flow uniformity, and local reactant utilization under
different connection configurations, this study aims to clarify the flow characteristics of
columnar SOFC systems and provide practical guidance for the pipeline design and scale-
up of multi-stack SOFC systems.

To overcome these limitations, this work developed a high-accuracy 3D CFD numer-
ical framework for a vertically arranged 4 kW SOFC multi-stack system. The system con-
sists of four planar SOFC stack modules rated at 1 kW each, with every stack comprising
40 individual cells. Since stacked systems are commonly implemented in practical fuel-
cell applications, a systematic assessment was conducted to determine how U/Z-type pip-
ing arrangements affect mass-flow allocation, flow consistency, and local reactant-gas uti-
lization under different operating conditions. It should be clarified that the present study
adopts a steady-state CFD simulation approach, which assumes that the SOFC system has
reached stable operating conditions and that boundary conditions such as inlet mass flow
rate remain constant. Therefore, the results mainly reflect the influence of different
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pipeline connection configurations on flow distribution characteristics under stable oper-
ating conditions. The key contributions presented in this work are outlined below:

e A comprehensive three-dimensional model of a vertically stacked SOFC multi-stack
system was developed. In addition, grid convergence was evaluated through the
Grid Convergence Index approach to confirm the robustness of the numerical results.

e  Unlike the previously studied horizontally connected planar configuration, this
study focuses on a vertically stacked multi-stack arrangement and clarifies how dif-
ferent pipeline connection configurations influence flow distribution in this structure.

¢ Inaddition to mass flow uniformity, local reaction gas utilization was introduced as
an additional evaluation parameter to assess the influence of non-uniform flow dis-
tribution on reactant supply and utilization efficiency in each stack.

e  Gravity was considered in the present model to better represent the flow behavior of
the vertically stacked SOFC system under practical operating conditions.

The model does not consider electrochemical reactions, multi-component species
transport, or heat transfer processes. In actual SOFC operation, reactant consumption
caused by electrochemical reactions changes the local gas composition, density, and
transport properties, while temperature gradients may induce buoyancy-driven natural
convection. These coupled electrochemical, thermal, and mass transport effects can fur-
ther influence the flow distribution among individual stacks.

2. Materials and Methods
2.1. Numerical Framework for the SOFC Stack Assembly

Figure 1 presents the 3D structural configuration of a 1 kW-level SOFC stack with an
internal manifold, which is under development by the Korea Institute of Energy Research.
This stack employs a Z-type flow layout, in which the fuel and air supply and exhaust
ports are arranged at separate positions, thereby generating crossflow over the electro-
chemically active region. The reactant gases enter through the inlet manifold and are de-
livered to the individual cells via internal manifold passages. After reaction, the outlet
gases are collected by the exhaust manifold and released through the external pipework.
The principal design specifications and operating conditions of the solid oxide fuel cell
stack are provided in Table 1.

Based on the 1 kW-level solid oxide fuel cell stack module, two 3D stacked-system
models with different pipe-connection layouts were developed in this study, correspond-
ing to the U- and Z-type arrangements illustrated in Figure 2. For the U-type layout, the
supply and discharge lines for both fuel and air are installed on the same side, thereby
creating a co-flow connection pattern. For the Z-type layout, the fuel and air supply lines
are located across from their respective discharge lines, leading to an opposing-flow con-
nection pattern.

Apart from the pipe-connection layout, both numerical models adopted identical key
settings, such as the cell count, flow-channel dimensions, and boundary conditions. This
setup allows the influence of the connection configuration to be isolated and compared
under consistent conditions. Therefore, the present modeling approach provides a reliable
basis for evaluating how different pipeline connections affect the internal flow behavior
and fuel distribution uniformity in the fuel cell stack system. The symbols, abbreviations,
and relevant terms used in this study are provided in Appendix A.

https://doi.org/10.3390/pr14132099
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Table 1. Main settings used in the fuel cell stack simulation.

Parameter Value
Total cell number 160
Effective cell area 100 mm x 100 mm
Dimensions of the cathode manifold 5 mm
Dimensions of the anode manifold 5 mm
Diameter of anode inlet/outlet pipe 17.05 mm
Diameter of cathode inlet/outlet pipe 23.40 mm
Height of anode gas channel 0.4 mm
Height of cathode gas channel 0.74 mm
Operating Pressure 101,325 Pa
Operating Temperature 750 °C
H: Density 0.137 kg/m?
Air Density 0.3455 kg/m?
H2 Viscosity 3.01 x 10 Pa-s
Air Viscosity 4.31 x 10> Pa-s

Fuel outlet Air inlet

Fuel inlet Air outlet

Fuel

(b)

Figure 1. (a) 3D modeling geometry of the 1 kWe SOFC system; (b) 3D structural layout of the 1

kWe SOFC stack. Reprinted from Ref. [19].

Opverall, the manifold configuration was refined by considering geometric parame-

ters, flow-path design, and the overall structural arrangement, so that equal spacing was

preserved from each stack supply/discharge port to the system-level manifolds for the

two piping layouts. The resulting balanced layout with uniform spacing effectively mini-

mizes uneven flow distribution arising from geometric variations, thus enhancing flow

consistency and offering a dependable basis for the subsequent numerical simulations and

performance analyses.
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outlet Air outlet \

T 1 Fuel
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Fuel Air inlet ;

inlet ™
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outlet

Air outlet l
(a) (b)

Figure 2. (a) 3D model of the U-type connection configuration; (b) 3D model of the Z-type connec-
tion configuration.

2.2. Computational Mesh Construction

The computational analysis in this work was performed with the commercial CFD
software Star-CCM+ 2602, provided by Siemens Digital Industries Software (Plano, TX,
USA). The flow region required for the analysis was obtained from the designed geometry
using ANSYS Space Claim 2025R2 developed by Ansys Inc., (Canonsburg, PA, USA). This
extracted fluid domain served as the geometric basis for the following flow-field simula-
tions and analyses.

The mesh used for the CFD calculation was constructed from the fluid-domain ge-
ometries presented in Figures 3 and 4. For the pipeline and manifold sections, a polyhe-
dral mesh was employed to enhance mesh adaptability and reduce computational cost in
complex flow passages. Meanwhile, the primary electrochemical reaction domains were
discretized with a cut-cell tetrahedral meshing strategy, allowing the local geometric char-
acteristics and detailed flow behavior to be captured more effectively.

https://doi.org/10.3390/pr14132099
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!
|
TH
U-type Anode U-type Cathode

Figure 3. Flow-field domains of the anode and cathode for the U-type layout. (Blue arrows indi-
cate the direction of gas flow.)

f

Z-type Anode Z-type Cathode

Figure 4. Anode and cathode flow-field domains under the Z-type arrangement. (Blue arrows in-

dicate the direction of gas flow.)

For the 4 x 1 kW-level fuel cell stack model, the cathode-side and anode-side compu-
tational domains contained nearly 25 and 20 million control volumes, in that order.

https://doi.org/10.3390/pr14132099
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Moreover, a mesh-convergence assessment was carried out to examine the suitability of
the selected discretization strategy and the credibility of the computed results. The results
confirmed that the adopted mesh resolution was sufficient to ensure acceptable accuracy
and numerical confidence.

The inlet flow quantities on the cathode and anode sides were subsequently deter-
mined based on the theoretical formulations reported in Ref. [20]. These calculated values
were then assigned as the corresponding inlet boundary conditions in the numerical
model. Since the boundary inputs were derived from theoretical operating requirements,
the simulation setup could better reflect the actual working conditions of the SOFC stack.
This approach also provided a more dependable foundation for the later evaluation of
flow distribution behavior and overall stack performance.

. _ NIM gy

Mair = 4-FT]02X (1)
. NIMy,

my, = ZFUHZ (2)

2.3. Grid Generation

The inlet Reynolds number was evaluated using Equation (3), and the obtained val-
ues are listed in Tables 2 and 3.

R=— 3)

Table 2. Specification calculation results for the anode-side domain.

Fuel Utilization

30% 40% 50% 60% 70% 80%

Inlet mass flow rate

(kg/s)
Reynolds Number

1.10553 x 10#+ 8.29144 x 10> 6.63316 x 10> 5.52763 x 105 4.73797 x 105 4.14572 x 10>

274 206 165 138 118 103

Table 3. Specification calculation results for the cathode model.

Air Utilization 30%

Inlet mass flow rate (kg/s) 3.81669 x 1073
Average Velocity (m/s) 25.66
Reynolds Number 4818

Based on the inlet Reynolds numbers presented in Tables 2 and 3, The cathode-side
flow region exhibits comparatively large Reynolds number values, indicating a higher
possibility of turbulent behavior within the cathode passage. Conversely, the Reynolds
number values along the anode side are noticeably smaller, indicating that the anode-side
flow is generally maintained within the laminar-flow range. Therefore, the Realizable k-
¢ turbulence formulation was adopted for the cathode-side calculation [3,21,22], whereas
a laminar-flow formulation was employed in the anode-side evaluation.

Key simplifications employed in the present work are outlined below:

1. The working fluid was treated as incompressible, and the flow domain was consid-
ered to operate under steady-state conditions.

2. Electrochemical conversion, species transport, and thermal exchange were excluded
from the present analysis.

https://doi.org/10.3390/pr14132099
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3. The thermal and physical properties of the gas species were considered temperature-
invariant at 750 °C, and atmospheric-pressure conditions were applied to the stack
operation.

4.  Gravitational effects on flow distribution were incorporated into the present model.

Unlike the authors’ previous study [19], in which gravitational effects were not con-
sidered, the present work focuses on a stacked SOFC structure. Owing to the more pro-
nounced vertical arrangement of the stacked configuration, gravity may influence the in-
ternal flow distribution through buoyancy effects. Therefore, gravity was incorporated
into the present numerical model.

Although electrochemical reactions and heat transfer were not included in the pre-
sent model, this simplification should be regarded as a possible source of uncertainty
when estimating flow-distribution uniformity. Under actual SOFC operating conditions,
electrochemical processes may alter the gas mixture composition and transport properties,
while thermal gradients can further induce density variations within the flow field. In
addition, gravity-driven buoyancy effects can interact with these variations, resulting in
channel-to-channel flow nonuniformity that is greater than that predicted using simpli-
fied modeling assumptions.

For the anode-side calculation, a laminar-flow formulation was employed. Therefore,
the flow behavior was described using the Navier—-Stokes equations, which account for
the conservation of mass and momentum. The governing expressions for continuity and
momentum balance are presented below:

dp
PLy. = 4
Frid (pw) =0 4)
dp
o7 TV (uw) = —VP +Vr +5,; ®)

Since the working medium was treated as incompressible, the transient density-de-
pendent component on the left side of Equation (4) can be omitted. The momentum bal-
ance equation, given as Equation (5), was then applied to describe changes in gas momen-
tum within the solid oxide fuel cell anode. This formulation accounts for the combined
contributions of pressure, viscous effects, and inertial effects to gas transport. Through the
solution of the momentum balance equation, the velocity and pressure distributions in the
anode-side region are obtained, allowing the associated flow characteristics and distribu-
tion patterns to be evaluated. Similarly, because the initial term on the left side of Equation
(5) vanishes under steady-state conditions, the use of a laminar-flow formulation is suita-
ble when analyzing low-Reynolds-number anode flow.

However, as indicated by the Reynolds numbers listed in Table 3, the cathode flow
region exhibits relatively high Reynolds numbers, suggesting that turbulent flow charac-
teristics are more likely to appear. Therefore, to better represent the turbulent behavior in
the cathode-side flow field, the Realizable k—¢ turbulence formulation was adopted in the
present work. The governing equations for this turbulence model are presented as follows
[23]:

d(pk)  0(pkw) 0 ( ur) ok
— 4 - + —
at axi 6x]

= o a—x]] + G + pe 6)

52
k ++ve

Here, p represents fluid density; k represents the averaged turbulent kinetic en-

d(pe)  I(peu) _ 0 [( e

de
ot ox;  ox +_)a_xj] ke pl @

Ok

ergy; t denotes time; u; represents the velocity component; x; indicates the coordinate
component; € is the turbulent kinetic energy dissipation rate; p denotes the dynamic

https://doi.org/10.3390/pr14132099
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viscosity of the working fluid; p, represents the eddy viscosity; o) represents the turbu-
lent Prandtl number corresponding to k; ge is the turbulent Prandtl number for g and G,
indicates the generation of turbulent kinetic energy induced by the mean velocity gradi-
ent.

3. Mesh Convergence Assessment

To verify the numerical credibility of the computational fluid dynamics analysis, the
grid independence assessment was performed using the Grid Convergence Index (GCI)
approach. This method was originally introduced by Roache (1994) [24] and was later rec-
ommended in the ASME V&V Standards (2009) [25]. The GCI approach is commonly
adopted to examine grid convergence behavior and to estimate the error introduced by
spatial discretization. One benefit of this approach is its applicability even under non-
integer mesh refinement ratios. Through percentage-based representation of the numeri-
cal deviation, the GCI value offers an estimated error band corresponding to a coverage
factor of 2 in a standard normal distribution. In the present work, three different mesh
resolutions were compared to assessing the numerical consistency of the proposed model.
It is important to note that the target tolerance for numerical error can be satisfied only if
the solutions exhibit a monotonic convergence trend during mesh refinement [26]. The
evaluation process was conducted through several steps. First, the characteristic mesh
spacing for every grid resolution and the refinement factors (h1 <h2 <h3) were calculated

SO

r= hcoarse <T _ 2 - 7‘3) (9)
- \T21 = 7»132 =~
hfine 41 )

using Equations (8) and (9).

Computational inaccuracies: Equations (11) and (12) are then applied to estimate (p)
through a fixed-point iteration scheme, in which the leading term (q(p)) is used as the
initial estimate. In this formulation, (¢) represents the estimated error, with (&3, = ¢3 —
©2,€21 = @, — @1). Here, (¢) indicates the computed solution, whereas (s) serves as the
indicator function for standard uncertainty. Furthermore, to evaluate the convergence
characteristics of the mesh system, Roache (2009) [27] introduced the convergence ratio
(R), which is expressed as (R = 821) When (0 < R < 1), the solution exhibits monotonic

convergence, whereas (R <0) or (|R| > 1) indicates alternating convergence.

=0 &

P _

q() =1In <T2p1 — z> (11)
32

s = sign C”) 12)

Equation (13) defines the extrapolated solution (¢23.). Based on this value, the ap-
proximate relative error (e2'), the extrapolated relative error (¢Zl;), and the Grid Conver-
gence Index (GCI) can be calculated using Equations (14)—(16), respectively, with the
safety factor (F;) included in the GCI evaluation. For numerical models using three or
more grid levels, a safety factor of 1.25 is generally recommended.

14
_ 1P — P2
ot =S5 (13)
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P1— Q2
eit =|—— 14
a o (14)
21 _
e2l, = M (15)
Pext
F€21
GCIZ., = —— 16
fine rp -1 ( )

21

To assess the credibility of the CFD results in terms of convergence characteristics,
multiple evaluation conditions need to be considered. The convergence ratio (R) is re-
quired to lie within 0 < R <1 to verify stable monotonic behavior. If R exceeds 1, the
solution is likely to become divergent, whereas R values approaching unity imply an al-
ternating convergence trend accompanied by result fluctuations. Therefore, a structured
mesh-refinement process, combined with the GCI method based on generalized Richard-
son extrapolation, was employed to quantify the discretization error. A smaller predicted
error reflects higher computational accuracy and reduced numerical uncertainty.

Table 4 presents the numerical uncertainty evaluation for the entire computational
grid. The mesh refinement factor was maintained below 1.2, and mesh convergence eval-
uations were conducted for the anode-side and cathode-side domains. For the anode-side
domain, the course, medium, and fine grid systems consisted of 12,441,348, 15,184,576,
and 20,318,529 cells, respectively. The pressure difference from the inlet to the outlet was
chosen as the comparison variable, with corresponding values of 104.91, 77.48, and 76.63
Pa. The final GCI was calculated as 0.032%. For the cathode-side domain, the cell counts
of the course, medium, and fine grid systems were 19,311,638, 45,749,407, and 66,518,188,
respectively. The pressure difference was likewise adopted as the evaluation variable,
yielding values of 3177.88, 3233.96, and 3244.24 Pa and a final GCI of 0.540%. These vali-
dation results indicate that the discrepancy between the medium and fine grids was suf-
ficiently limited. Thus, considering numerical accuracy together with computational cost,
the medium grid was adopted in the subsequent simulations. At present, this study
mainly conducts internal numerical verification through GCl-based grid independence
analysis, while experimental validation has not yet been performed.

Table 4. Grid independence test results for the total mesh system.

Overall Computational Grid
@ = Ap of Anode (Pa) @ = Ap of Cathode (Pa)

N, 12,441,348 (h1 = 1.026 x 10-5) 19,311,638 (h1 = 3.214 x 10-9)
N, 15,184,576 (hz = 1.455 x 10) 45,749,407 (h2 = 3.696 x 10-6)
Ny 20,318,529 (hs = 2.008 x 10-5) 66,518,188 (hs = 5.009 x 10-6)
Tor 1.417824 1.149986
T3 1380118 1.355125
01 104.91 3177.88
?, 77.48 3233.96
93 76.63 3244.24
p 10.8131 3.9349
el 0.011 0.003
GCIZL, 0.032% 0.540%

https://doi.org/10.3390/pr14132099
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4. Results and Discussion
4.1. Cathode-Side Inlet Manifold Velocity Field

In the present work, the four stacks were assigned numbers according to the gas-flow
path. The stack located nearest the hydrogen and air supply ports was designated Stack
1, and the remaining stacks were labeled Stack 2, Stack 3, and Stack 4 in the downstream
direction.

For a multi-stack solid oxide fuel cell system, the inlet manifold delivers the reactant
gases to the individual stacks. Therefore, the velocity distribution at the inlet sections cor-
responding to each stack can be used to evaluate the gas distribution characteristics
among the stacks. Smaller velocity differences between the regions corresponding to Stack
1-Stack 4 indicate a more uniform reactant supply to each stack. In contrast, larger velocity
differences imply that the gas flow may be preferentially supplied to certain stacks, which
may result in non-uniform reactant distribution and reduced stack-to-stack consistency.

Therefore, in the present work, the U- and Z-type piping layouts were examined at
30% cathode air utilization. Velocity distributions at the inlet planes associated with indi-
vidual stacks were analyzed to assess inter-stack velocity differences and flow uniformity
under different piping layouts, as illustrated in Figure 5. For the U-type layout, the veloc-
ity in the areas associated with Stack 1 to Stack 4 progressively declines. Conversely, for
the Z-type layout, the velocity shows a gradual rise along the sequence from Stack 1 to-
ward Stack 4. This opposite tendency is mainly attributed to the different flow directions
and inlet/outlet arrangements of the two connection configurations.

Stack 1 Stack 2 Stack 3 Stack 4

~ )

T n

Velocity: Magnitude (m/s)
0 0.608 1.22 1.82

(a)
Stack 1 Stack 2 Stack 3 Stack 4

T

Velocity: Magnitude (m/s)
1.43 2.15

0 0.716

(b)

Figure 5. Cathode-side velocity distribution under 30% air utilization: (a) inlet-manifold velocity
field for the U-type arrangement; (b) inlet-manifold velocity field for the Z-type arrangement.

https://doi.org/10.3390/pr14132099
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Although velocity differences are observed among the stacks in the U-type layout,
the overall variation is smaller than that observed for the Z-type arrangement, indicating
that the U-type layout exhibits a comparatively more even velocity distribution. Therefore,
it can be inferred that, under 30% air utilization, the U-type arrangement offers superior
flow-distribution uniformity compared with the Z-type arrangement.

However, the velocity distribution only reflects the flow characteristics within the
manifold and is insufficient to fully determine the actual flow distribution uniformity
among the stacks. Therefore, the mass flow rate uniformity among the stacks under dif-
ferent connection configurations is further quantitatively analyzed in the following sec-
tion.

4.2. Mass Flow Uniformity in Cathode U/Z-Type Connection Configurations

In this study, the cathode-side mass flow distribution among the four stacks was ex-
amined, and the mass flow ratio and overall mass flow uniformity were calculated using
Equations (17) and (18), respectively. Based on the cathode-side mass flow results sum-
marized in Table 5, noticeable differences in flow allocation can be observed among the
four stacks for the two connection configurations. For the U-type configuration, the mass
flow ratios from Stack 1-Stack 4 are 27.07%, 25.02%, 23.66%, and 24.25%, in the same or-
der, with an overall flow-consistency index of 0.9485. By comparison, for the Z-type con-
figuration, the corresponding mass flow ratios from Stack 1 to Stack 4 are 20.87%, 22.67%,
25.72%, and 30.74%, in the same order, and the calculated global flow-consistency index
was 0.8503.

m;
et 100% = Ratio (17)

Mtotal

|

Table 5. Mean mass flow uniformity of cathode-side U/Z-type connection configurations at 30% fuel

N

utilization.
Overall Stack 1 Stack 2 Stack 3 Stack 4
Urlype Mass flow g 53816607 103306410 9.550837x 10 9.029004x 104 9.256416 x 10~
Rate (kg/s)
Ratio 100% 27.07% 25.02% 23.66% 24.25%
Uniformity 0.9485
Z-Type Mass flow
0.003816697 7.963805x 10+  8.654202x104  9.814905x 10 1173389 x 102
Rate (kg/s)
Ratio 100% 20.87% 22.67% 25.72% 30.74%
Uniformity 0.8503

The comparison demonstrates that the U-type connection enables a relatively even
distribution of air flow across the four stacks. By contrast, in the Z-type connection, the
flow rate gradually rises from Stack 1 toward Stack 4, producing a more pronounced im-
balance among the stacks. Based on the 30% air utilization case, the cathode-side flow
allocation achieved with the U-type connection is therefore more even than the distribu-
tion obtained with the Z-type connection. To examine this improvement in greater detail,
the next section discusses the mass flow distribution behavior of the 160 individual cells.
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4.3. Comparison of Mass Flow Rate and Mass Flow Rate Uniformity of 160 Single Cells on the
Cathode

To investigate cell-level mass-flow allocation within each stack, a detailed compari-
son was conducted for all unit cells. As shown in Figure 6, cells 1-40, 41-80, 81-120, and
121-160 correspond to the first, second, third, and fourth stacks, in the same order. In this
study, the stack located nearest to the airside and hydrogen-side inlets was designated as
Stack 1, while the remaining stacks were numbered sequentially as Stack 2, Stack 3, and
Stack 4 along the gas flow direction. The mass flow uniformity was then evaluated using
Equation (18).

Based on the mass-flow allocation among the 160 individual cells shown in the figure,
under 30% air utilization, the flow-consistency index for the U-type arrangement is
0.91842, whereas the corresponding value for the Z-type arrangement is 0.83688. This re-
sult demonstrates that the U-type arrangement provides a more even air-side flow pattern
compared with the Z-type arrangement.

It should be noted that the sudden variations observed near cells 40, 80, and 120 do
not represent abrupt changes within the same stack. Rather, these changes appear because
cells 1-40, 41-80, 81-120, and 121-160 belong to Stack 1, Stack 2, Stack 3, and Stack 4,
respectively. Therefore, the transition points indicate the boundaries between neighbor-
ing stacks, and the observed jumps mainly arise from differences in the average air supply
among the four stacks.
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3.2X10°
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2.6X10°

2.4X107°

Mass flow rate(kg/s)
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2.0X10°

1.8X10°
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S
[\
S
N
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Figure 6. Mass flow rate distribution of 160 single cells at 30% air utilization.

From the overall trend, the mass flow rate difference among the stacks is relatively
smaller in the U-type configuration, resulting in a smoother flow distribution and a higher
uniformity index. In contrast, the Z-type configuration shows more pronounced flow dif-
ferences among the stacks, especially with the downstream stacks receiving significantly
higher mass flow rates than the upstream stacks. This leads to a larger deviation in the
overall flow distribution and ultimately results in a lower uniformity index than that of
the U-type configuration.
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4.4. Comparison of Reaction Gas Utilization Rates Among Stacks for U/Z-Type Connections at
30% Cathode Utilization

To further examine how uneven reactant-gas distribution inside each stack affects
local utilization under different connection layouts, Equations (1) and (2) were applied in
two ways. First, they were used to determine the required inlet mass flow rate. Second,
they were also applied to estimate the local reactant gas utilization of each stack by sub-
stituting the actual mass flow rates derived from the numerical results.

In particular, the minimum mass flow rate in each stack was selected as the evalua-
tion basis, and its corresponding actual mass flow rate was inserted into the equations for
inverse calculation. Since the position with the lowest mass flow rate represents the region
receiving the least reactant supply, the calculated reactant gas utilization can indicate the
local reaction consumption level under the most unfavorable operating condition in each
stack. The calculated values are summarized in Table 6. Based on these results, Figure 7
was generated to provide a more direct comparison of the reactant gas utilization trends
among the stacks under different connection configurations.

As shown in Table 6 and Figure 7, under the prescribed cathode utilization of 30%,
the reaction gas utilization rates of the four stacks in the U-type connection are 0.30169,
0.32400, 0.34121, and 0.33366, respectively, showing a relatively moderate variation.
Among them, Stack 3 has the highest reaction gas utilization rate, indicating that the re-
action gas consumption ratio of the unit cell showing the lowest mass flow rate in this
stack is relatively high. However, this value is still close to the prescribed utilization of
0.30, indicating that the cathode-side reaction gas distribution is relatively stable under
the U-type connection.

In contrast, the reaction gas utilization rates of the four stacks in the Z-type connec-
tion are 0.38259, 0.35377, 0.31495, and 0.26804, respectively, showing a clear decreasing
trend from Stack 1 to Stack 4. Among them, Stack 1 has the highest reaction gas utilization
rate of 0.38259, which is significantly higher than the prescribed utilization of 0.30. This
indicates that the lowest-flow unit cell within this stack has a higher risk of local reactant
gas consumption. In contrast, Stack 4 has the lowest reaction gas utilization rate of 0.26804,
suggesting that its reaction gas supply is relatively sufficient. These results indicate that,
under the prescribed cathode utilization of 30%, the Z-type connection causes larger dif-
ferences in local reaction gas utilization among different stacks, reflecting relatively
poorer flow distribution uniformity.

In general, when the local reactant gas utilization approaches the target utilization
value, the flow distribution inside the stack can be regarded as more uniform. If the local
utilization is much higher than the target value, it implies that the reactant supply in that
region is not sufficient, which may intensify concentration polarization. As presented in
Table 6 and Figure 7, at the prescribed cathode utilization of 30%, the reactant gas utiliza-
tion values of the stacks in the U-type connection are closer to the target value and exhibit
a narrower variation range. By comparison, the Z-type connection shows larger stack-to-
stack differences in reactant gas utilization, indicating relatively weaker flow distribution
uniformity. These findings agree well with the previous analysis based on mass flow dis-
tribution and flow uniformity.

Table 6. Reactant gas utilization rates for each stack under U/Z-type connection configurations with
30% cathode utilization.

Minimum Mass Flow Minimum Mass Flow Reaction Gas Utilization Reaction Gas Utilization

Stack Number  Rate for U-Type Rate for Z-Type Rate for U-Type Rate for Z-Type
Connection (kg/s) Connection (kg/s) Connection Connection
Stack 1 2.37203 x 105 1.87047 x 10-> 0.30169 0.38259
Stack 2 2.20873 x 10-° 2.02288 x 10-° 0.32400 0.35377
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Stack 3 2.09731 x 10> 227224 x 10-° 0.34121 0.31495
Stack 4 2.14481 x 105 2.66984 x 10-5 0.33366 0.26804
0.40
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Figure 7. Stack-wise comparison of reactant gas utilization under U-type and Z-type connection

configurations at 30% cathode-side utilization.

4.5. Anode Inlet Manifold Velocity Distribution

Like the previous analysis on the cathode side, the velocity distributions under dif-
ferent fuel utilization conditions on the anode side were compared in this study. Since the
velocity distribution trends under different fuel utilization conditions were generally sim-
ilar, the representative operating condition of 50% fuel utilization was selected to compare
the velocity distributions at the inlet manifold section of the two connection configura-
tions, as shown in Figure 8. Through this comparison, the effect of varying connection
layouts on fuel-gas distribution behavior across the four anode-side stacks can be prelim-
inarily observed.

As illustrated in Figure 8, under 50% fuel utilization, the overall velocity level in the
U-type configuration exceeds the value observed for the Z-type configuration. This
demonstrates that the two piping layouts lead to distinct local flow characteristics in the
anode inlet manifold. In the U-type configuration, the velocity in the regions correspond-
ing to Stack 1-Stack 4 shows a slight decreasing tendency, although the overall variation
remains relatively small. This means that a certain degree of velocity difference still exists
among the stacks. In contrast, the velocity distributions in the regions corresponding to
the four stacks in the Z-type configuration are more similar, without obvious local varia-
tion. These findings imply that the Z-type arrangement can reduce the inter-stack velocity
difference to some extent, thereby potentially improving the fuel-gas distribution uni-
formity on the anode side. Therefore, based on the velocity distribution results, it can be
preliminarily inferred that, under 50% fuel utilization, the Z-type arrangement offers su-
perior anode-side flow consistency.
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Figure 8. Anode-side velocity distribution under 50% fuel utilization: (a) inlet-manifold velocity
field for the U-type arrangement; (b) inlet-manifold velocity field for the Z-type arrangement.

However, the velocity distribution mainly reflects the local flow behavior at the inlet
manifold section and can only be used as an initial indicator for evaluating the gas distri-
bution trend. The actual fuel-gas supply to each single cell is also influenced by several
factors, such as pressure distribution, branch-flow resistance, and local flow-field varia-
tions. Therefore, the velocity distribution alone is not sufficient to fully evaluate the actual
flow allocation among the single cells. To obtain a more comprehensive conclusion, the
mass flow distribution of all 160 anode-side single cells will be quantitatively examined
in the following section.

4.6. Comparison of Mass Flow Rate and Mass Flow Rate Uniformity of 160 Single Cells on the
Anode

To further verify the anode-side flow-consistency benefit associated with the Z-type
arrangement, the mass flow distributions of all 160 single cells in the U/Z-type configura-
tions were compared at 50% fuel utilization. The extracted data are presented in Figure 9.
In this figure, cells 1-40, 41-80, 81-120, and 121-160 represent Stack 1, Stack 2, Stack 3, and
Stack 4, respectively.

As shown in Figure 9, under 50% fuel utilization, the mass flow rates of the individual
cells under the Z-type arrangement are mainly distributed within the range of 4.1 x 107 to
4.3 x 107 kg/s. By contrast, those in the U-type configuration vary from approximately
3.95x 107 to 4.42 x 107 kg/s. Compared with the U-type configuration, the Z-type arrange-
ment exhibits a more limited mass-flow variation range and smaller inter-stack differences,
indicating better anode-side flow uniformity.
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In addition, owing to the different inlet and outlet arrangements of the two connec-
tion configurations, the mass flow variation along the sequence from Stack 1 toward Stack
4 shows opposite tendencies. For the U-type arrangement, the single-cell mass flow rate
generally declines across Stack 1-Stack 4. Conversely, for the Z-type arrangement, the sin-
gle-cell mass flow rate progressively rises in the downstream direction from Stack 1 to-
ward Stack 4. This behavior is consistent with the previous inlet-manifold velocity analy-
sis, further confirming that the connection layout strongly affects the fuel-gas distribution
behavior across the anode-side stacks.

To quantitatively evaluate the flow-allocation performance of the two configurations,
the cell-level flow consistency of the 160 single cells was calculated according to Equation
(18). The results show that the flow-consistency index for the Z-type arrangement is 0.9821,
whereas the corresponding value for the U-type arrangement is 0.9588. Therefore, under
50% fuel utilization, the Z-type arrangement exhibits a higher flow-consistency level,
demonstrating that it can provide a more even anode-side fuel-gas distribution.

However, the preceding results were obtained from only one fuel utilization condi-
tion. Considering that fuel utilization may vary under practical operating conditions, the
case of 50% fuel utilization alone cannot fully represent the flow distribution performance
of the two connection configurations. Therefore, in the next section, the mass flow uni-
formity under different fuel utilization conditions will be further calculated and compared
to more comprehensively examine the anode-side flow-consistency difference between
the U- and Z-type arrangements.

4.6x1 0*7 U'type
— Z-type
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Figure 9. Mass flow rate distribution of 160 anode-side single cells under 50% fuel utilization.

4.7. Anode Flow Consistency Under U/Z-Type Connection Configurations

In this study, further numerical analyses were performed for the U/Z-type connec-
tion configurations across various fuel utilization cases. Flow-consistency was evaluated
using Equation (18), and the obtained values are listed in Table 7.
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Table 7. Mass flow uniformity of U/Z-type connection configurations under varying fuel utilization

levels conditions.

Fuel Utilization Overall Mass Flow Rate Mass Flow Uniformity Mass Flow Uniformity

Rates (kg/s) (U-Type) (Z-Type)

30% 1.10553 x 10 a = 0.9596 a = 0.9740
40% 8.29144 = 105 a = 0.9592 a = 09791
50% 6.63316 x 10~ a = 0.9588 a = 0.9821
60% 5.52763 x 105 a = 0.9584 o = 0.9841
70% 4.73797 x 1075 a = 0.9582 o = 0.9855
80% 4.14572 x 105 a = 0.9579 o = 0.9865

As summarized in Table 7, when the fuel utilization level was set to 30-80%, the mass
flow uniformity indices of the U-type connection were 0.9596, 0.9592, 0.9588, 0.9584, 0.9582,
and 0.9579, respectively. These values show that the U-type connection generally provides
a high level of flow uniformity. However, its uniformity index decreases slightly as fuel
utilization increases.

For the Z-type connection, under identical fuel utilization cases, the flow-consistency
indices were 0.9740, 0.9791, 0.9821, 0.9841, 0.9855, and 0.9865, in the same order. Relative
to the U-type connection, the Z-type arrangement produced higher flow-consistency val-
ues across all examined fuel utilization cases. In addition, as shown in Figure 10, the flow-
consistency index of the Z-type arrangement gradually increases with increasing fuel uti-
lization, whereas the corresponding value for the U-type connection shows a slight down-
ward trend. This indicates that the two connection configurations exhibit clearly different
variation patterns.
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Figure 10. Mass flow uniformity under various fuel utilization conditions.

Overall, across the full range of fuel utilization conditions, the Z-type arrangement
provides greater mass-flow distribution consistency compared with the U-type arrange-
ment. This suggests that the superior flow distribution behavior of the Z-type configura-
tion is not accidental but is strongly associated with its structural arrangement. Owing to
this configuration, the manifold pressure field can be more effectively balanced, and the
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flow differences among the stacks and individual cells can be reduced. As a result, the
overall flow uniformity is improved.

4.8. Mass Flow Uniformity of 160 Individual Cells in Anode U/Z-Type Connection
Configurations

According to the results in Table 8, the variation trend of the mass flow uniformity
among the 160 anode-side single cells under different fuel utilization rates is highly con-
sistent with the previous results obtained among the four stacks, showing almost the same
tendency.

Table 8. Mass Flow Uniformity under Anode-Side U-type and Z-type Connection Configurations.

Fuel Utilization Mass Flow Rate Mass Flow Uniformity Mass Flow Uniformity

Rates (kg/s) (U-Type) (Z-Type)

30% 1.10553 x 10~ a = 0.9596 a= 09739
40% 8.29144 = 105 a = 0.9592 o = 0.9790
50% 6.63316 x 105 a = 0.9588 a = 09821
60% 5.52763 x 10 a = 0.9585 o = 0.9841
70% 4.73797 x 105 a = 0.9582 o = 0.9855
80% 4.14572 x 105 a = 0.9579 o = 0.9865

As the fuel utilization rate increases from 30% to 80%, the uniformity index obtained
for the U-type layout decreases slightly from 0.9596 to 0.9579. Since this change is very
small, only a mild downward tendency is observed. By contrast, the uniformity index cal-
culated for the Z-type arrangement rises steadily from 0.9739 to 0.9865 with increasing
fuel utilization, showing a continuous improvement trend. Across all the fuel utilization
conditions examined, the Z-type arrangement achieves a more even mass-flow allocation
compared with the U-type arrangement, indicating that it can provide a more uniform
fuel-gas supply among the 160 anode-side single cells.

These results should also be emphasized because they agree closely with the previ-
ously discussed mass-flow distribution behavior among the four stacks. This suggests that
the connection layout affects flow allocation not only at the stack scale but also at the in-
dividual-cell scale. In other words, the more balanced gas supply formed among the
stacks by the Z-type layout is further reflected in the mass-flow distribution of the 160
single cells. Therefore, the agreement between the stack-level and cell-level results further
supports the effectiveness of the Z-type layout for enhancing anode-side flow allocation.

4.9. Comparison of Stack-Level Reaction Gas Utilization Rates Between U- and Z-Type
Connections at 50% Anode Utilization

To further evaluate the effect of non-uniform reaction gas distribution on the local
utilization on the anode side under different connection configurations, the reaction gas
utilization rates of each stack were inversely calculated based on the actual mass flow
rates obtained from the simulation results. Since the reaction gas utilization trends of U-
type and Z-type connection layouts were generally similar under the prescribed anode
utilization range of 30-80%, the intermediate condition, namely the prescribed anode uti-
lization of 50%, was selected as a representative case for analysis. Table 9 and Figure 11
present the comparison results of the reaction gas utilization rates among the stacks under
different connection configurations at 50% anode utilization.

As shown in Table 9 and Figure 11, under the prescribed anode utilization of 50%,
the reaction gas utilization rates of the four stacks in the U-type connection are 0.47071,
0.49702, 0.51527, and 0.52327, respectively, showing a gradually increasing trend. Among
them, Stack 1 has the lowest utilization rate, indicating that its reaction gas supply is
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relatively sufficient. In contrast, Stack 4 has the highest utilization rate, suggesting that the
cell receiving the lowest mass flow rate at this location has a relatively higher local reac-
tion gas consumption ratio.

For the Z-type connection, the reaction gas utilization rates of the four stacks are
0.50536, 0.50920, 0.48619, and 0.50270, respectively. The overall fluctuation is relatively
small, and the values of all stacks are close to the prescribed utilization of 0.50. In partic-
ular, the utilization rate of Stack 3 is slightly lower than the prescribed value, indicating a
relatively sufficient reaction gas supply. These results show that, under the prescribed
anode utilization of 50%, the Z-type connection enables the local reaction gas utilization
rates of each stack to remain closer to the prescribed value, thereby demonstrating better
anode-side flow distribution uniformity.

Table 9. Reaction gas utilization rates of individual stacks for U/Z-type connections at 50% anode

utilization.

Minimum Mass Flow Minimum Mass Flow Reaction Gas Utilization Reaction Gas Utilization

Stack Number  Rate for U-Type Rate for Z-Type Rate for U-Type Rate for Z-Type
Connection (kg/s) Connection (kg/s) Connection Connection
Stack 1 4.40367 x 107 4.10177 x 107 0.47071 0.50536
Stack 2 4.17057 x 107 4.07081 x 107 0.49702 0.50920
Stack 3 4.02287 x 107 4.26348 x 107 0.51527 0.48619
Stack 4 3.96135 x 107 4.12342 x 107 0.52327 0.50270
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Figure 11. Comparison of Reaction Gas Utilization Rates among Stacks for U/Z-type Connections at
50% Anode Utilization.

In general, the variation patterns of reaction gas utilization remain relatively con-
sistent within the prescribed anode utilization range of 30-80%. Therefore, using the 50%
condition as a representative case is considered reasonable. Under this condition, the re-
action gas utilization values of the four stacks in the Z-type layout are more evenly dis-
tributed, whereas the corresponding values for the U-type layout rise progressively along
the sequence from Stack 1-Stack 4. This suggests that the U-type layout shows more
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pronounced local differences in anode-side flow distribution. This finding is also con-
sistent with the previous evaluation of anode-side mass-flow allocation and flow con-
sistency.

5. Conclusions

In the present work, a 3D computational model for a 4 x 1 kW solid oxide fuel cell
stack system was established to investigate how U-type and Z-type piping layouts affect
mass-flow allocation and distribution consistency. Flow characteristics on both the cath-
ode and anode sides were systematically evaluated at the stack scale and the individual-
cell scale. The major findings are summarized as follows:

On the cathode side, under an air utilization rate of 30%, the U-type arrangement
provided a more balanced flow allocation compared with the Z-type arrangement. The
flow-consistency indices for the U-type arrangement were 0.9485 among the four stacks
and 0.91842 among the 160 single cells, both of which were higher than the values ob-
tained for the Z-type layout. This means that the U-type layout can deliver air more evenly
to the cathode region.

For the 160 cathode-side single cells, the abrupt variations in mass flow rate near cell
numbers 40, 80, and 120 were mainly caused by the transition between adjacent stacks,
rather than by sudden flow changes within a single stack. The results further confirmed
that the U-type layout produced smaller flow deviations among the stacks and individual
cells, thereby improving cathode-side flow distribution.

Under a cathode-side air utilization rate of 30%, the U-type arrangement also exhib-
ited superior local reactant-gas utilization uniformity compared with the Z-type arrange-
ment. The reaction gas utilization values of the U-type layout remained closer to the pre-
scribed value of 0.30 and showed a narrower variation range among the four stacks. By
comparison, the Z-type layout showed larger local-utilization differences, with Stack 1
reaching the highest value of 0.38259. This indicates that gas supply was insufficient in
the region with the highest local utilization. These results suggest that the U-type layout
achieves a more balanced cathode-side reaction gas distribution, which agrees well with
the previous mass flow distribution and flow uniformity analyses.

On the anode side, the Z-type layout exhibited superior mass-flow consistency com-
pared with the U-type layout across all examined fuel utilization cases. As the fuel utili-
zation increased from 30% to 80%, the uniformity index of the Z-type layout increased
from 0.9740 to 0.9865, whereas that of the U-type layout slightly decreased from 0.9596 to
0.9579. This demonstrates that the Z-type layout is more effective in enhancing fuel-gas
distribution uniformity.

The mass flow uniformity results for the 160 anode-side single cells were highly con-
sistent with those obtained for the four stacks, showing nearly the same variation ten-
dency. This indicates that the effect of the connection layout on flow allocation appears
not only at the stack scale but also at the individual-cell scale.

On the anode side, under the representative fuel utilization condition of 50%, the Z-
type layout provided better local reaction gas utilization uniformity than the U-type lay-
out. The reaction gas utilization values of the Z-type layout remained close to the pre-
scribed value of 0.50, with only small fluctuations among the four stacks. In contrast, the
U-type layout showed a gradual increase from Stack 1 to Stack 4, with Stack 4 reaching
the highest value of 0.52327, indicating a relatively higher local reaction gas consumption
ratio. These results suggest that the Z-type layout enables a more uniform anode-side re-
action gas distribution, which is consistent with the previous mass flow distribution and
flow uniformity results.

Overall, the U-type layout is more suitable for improving cathode-side air distribu-
tion uniformity, while the Z-type layout is more effective for achieving balanced anode-

https://doi.org/10.3390/pr14132099



Processes 2026, 14, 2099

23 of 26

side fuel distribution. Therefore, the optimal connection layout should be selected accord-
ing to the specific gas-side flow characteristics and design requirements of the SOFC stack
system.

For the practical application of vertically stacked SOFC systems, the results of this
study indicate that the pipeline connection configuration should be separately optimized
according to the different flow characteristics of the anode and cathode sides. Since many
commercial SOFC modules are currently constructed in stacked configurations, the gas
distribution strategy directly affects system stability, local reactant utilization, and long-
term durability. In particular, the results of this study show that a single pipeline connec-
tion configuration may not be suitable for both the fuel side and the air side. The Z-type
connection is more suitable for the anode side because it provides more uniform fuel dis-
tribution and local fuel utilization closer to the target value under different fuel utilization
conditions. In contrast, the U-type connection is more suitable for the cathode side because
it achieves more balanced air distribution under the investigated air utilization condition.
Therefore, in the design of practical vertically stacked SOFC modules, a hybrid pipeline
connection strategy may be considered, in which the anode side adopts a Z-type connec-
tion and the cathode side adopts a U-type connection, to improve the overall flow uni-
formity of the system.

Author Contributions: Conceptualization, Y.K. and H.Y.; methodology, H.Y. and X.D.; software,
H.Y. and X.D.; validation, X.D., H.Y. and K.Y. (Kunwoo Yi); formal analysis, Y.K.; investigation,
H.K; resources, Y.K.; data curation, H.Y. and X.D.; writing—original draft preparation, X.D.; writ-
ing—review and editing, H.Y. and Y.K,; visualization, X.D.; supervision, K.Y. (Kyongsik Yun); pro-
ject administration, J.Y.; funding acquisition, Y.K. All authors have read and agreed to the published

version of the manuscript.

Funding: This research was supported by the Regional Innovation System & Education (RISE) pro-
gram through the Daejeon RISE Center and Nano-Semiconductor Convergence Research Institute,
funded by the Ministry of Education (MOE) and the Daejeon Metropolitan City, Republic of Korea
(2026-RISE-06-013). And, this work was supported by Korea Institute of Energy Technology Evalu-
ation and Planning (KETEP) grant funded by the Korea government (MOTIE), under the develop-
ment of highly efficient 10 kW-scale SOFC [grant number 20213030030220].

Data Availability Statement: The original contributions presented in this study are included in the

article. Further inquiries can be directed to the corresponding authors.

Conflicts of Interest: Author Kunwoo Yi was employed by the company KEPCO Engineering and
Construction Company, Inc. The remaining authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a potential conflict

of interest.

Appendix A

The following tables provide the abbreviations and definitions corresponding to the
Greek and English symbols adopted in the present work.

Table Al. List of Abbreviations.

Abbreviations Definition

GCI Grid Convergence Index
CFD Computational Fluid Dynamics
SOFC Solid Oxide Fuel Cell
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Table A2. List of Symbols.

List of Symbols

Number of Electron

Molar mass

Fuel utilization rate

O: utilization rate

Partial pressure, (Pa)

Ideal gas constant
Reference length (m)
Pressure difference from inlet to outlet
O:2 molar fraction in air
Reference velocity (m/s)
Utilization factor

Current per cell (A)
Number of cells in the stack
Mass flow rates (kg/s)
Faraday constant, (C/mol)
Voltage, (V)

Temperature, (K)

Source term

Outlet velocity

H<m3z—-S3EXxP>aRT CCZSB
& C

< 0

Table A3. Subscripts.

Subscripts

total The entire 4 kWe stack assembly
Inlet The inlet of each 1 kWe stack

a Anode

C Cathode

Table A4. Greek Letters.

Greek Letters
T Shear stress tensor
a Mass flow uniformity
o Charge potential
o Electrical conductivity, (S5/m)
p Density, (kg/m?)
i Dynamic viscosity, (Pa s)
K Permeability, (m?)
n Over-potential, (V)
€ Porosity
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