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Abstract: This work presents an advanced CFD model of a 5kW Molten Carbonate Fuel Cell stack
intended to provide a broad analysis and deliver improved design through optimizing flow
distribution. The goal is to provide variant analysis of flow distribution in the internal channels
through the CFD model. SolidWorks was used to design the MCFC stack, and SOLIDWORKS® Flow
Simulation was utilized to model the flow distribution inside the stack. The simulated stack was
validated through an experimental investigation of a 5kW MCFC stack, empirically measuring
pressure and flow distribution in an experimental laboratory station optimized for multi-scale fuel
cell stack testing. The test was designed to examine a variety of internal flow distribution factors. The
verified CFD model was employed for sensitivity analysis on various scales. To enhance the design,
the influence of stack and single-cell constructional characteristics on the 5 kW MCFC was
investigated.

Keywords: fuel cells; molten carbonate fuel cells; computational fluid mechanics; architecture;
mathematical modeling

1. Introduction

Alternative energy sources constitute an increasing share of the energy mix worldwide due to
the global drive to cut emissions of greenhouse gases [1,2]. Renewable energy sources are attracting
great research interest due to their minimal pollution, but they are prone to highly variable energy
production [3]. Thus, energy storage in the form of hydrogen (and NHs) is being developed, as it can
be utilized in fuel cells. These fuel cells include molten carbonate fuel cells (MCFC), which can
provide electricity and heat. MCFC devices can be of variable size, from 1 kW up to several
megawatts, and are easily scalable [4,5]. In addition, the MCFC units are capable of CO: separation
and they have a potential for application in the Power-to-Gas installation [6]. Recently, there were
reported various research activities on MCFC development such as examining the supplying the
MCEC with liquid fuels [7], the MCFC degradation [8] and study of the MCFC behavior in emergency
scenarios [9]. As the numerical 0D models of MCFC stacks are well developed [10-12], the next
research step is an optimization of the MCFC stack design. The parameters such as flow distribution
were not considered in 0D modeling would play an important role in to performance of stack.

In the available literature there are works which are focused on the geometrical stack parameters
and its examination based on the CFD modeling. Those simulations provides insight view for impact
of the geometry on the temperature distribution on the key stack elements [13].

Within the stack and the temperature variations of key components Verda et al. [14] examined
the possible design improvements of MCFC stacks, as the mass the temperature distribution impact
the fuel cell efficiency and its lifetime. Authors have developed 3D model of the circular MCFC stack

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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composed of 15 cells. Based on the proposed improvements, it was revealed that power density may
be increased of about 20% through double side feeding. Additionally, the significant reductions in
the temperature gradients, especially in transversal direction, can be achieved by adjusting the mass
flow rate of cathodic gas supplied to the various cells.

Roh et al. [15] present the results of CFD modeling of a whole building containing an MCFC
stack. The model includes all additional equipment, valves, pumps, etc. The modeling aimed to
determine the strands of gas leakage in the vicinity of the fuel cell; the results of the simulations are
shown in Figure 1. They set out the three-dimensional characteristics of the temperature, pressure,
flow, and chemical composition of gases in the room. The model was developed for a fuel cell with
rated power of 300 kW. As a result of the analyses, guidelines were developed for the room
ventilation system and for the natural gas pipelines supplying the fuel cells.
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Figure 1. Path lines of inlet flows from louvers and outlet flows to the exit holes on the ceiling (a) frontal view
and (b) backside view [15].

A more detailed analysis of CFD results can be found in the publication [16], where a single fuel
cell from a stack with a nominal power of 5 kW was analyzed. The entire stack consisted of 7 such
fuel cells with an area of 7500 cm? each. As a result of the calculations, the distributions of pressure,
temperature and density of the electric current were obtained (see Figure 2).
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Figure 2. CFD results of (a) pressure drop, (b) temperature distribution, and (c) current [16].

The electric charge from the cell's surface is received through profiled metal plates, known as
the current collector (see Figure 3). The shape and size of current collectors can affect the distribution
of the main parameters inside the fuel cell. This issue was analyzed in detail using the CFD technique
in publication [17].
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Figure 3. CAD drawing of a portion of the current collector/gas distributor [17].

Analysis was carried out in respect of a number of parameters influenced by the presence of the
current collector, such as gas velocities and the accompanying pressure losses for both the cathode
flow (see Figure 4) and the anode flow.
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Figure 4. Longitudinal model of the cathodic gas [17].

Publication [18] presents the results of CFD analysis for an MCFC separator with an area of
10,000 cm?. The results of the CFD analysis are shown in Figure 5. The purpose of the simulation was
to check whether there is an even distribution of gas flow with a pressure drop of 14 Pa on the cathode
side. The modeling results were verified by an experiment with the use of a smoke generator.

Total Pressurd?,
(Contowr 1) X

!
”“ ﬂﬂﬂﬂﬂﬂﬂllﬂﬂﬂlllﬂlllﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ
e TR

4.634¢4004
2.740e4004 =
1.793¢400
8.456¢-00 W0 . 3

3.687¢+000

Figure 5. The results of CFD analysis for gas velocity(left) and pressure drop(right) from inlet manifold to outlet
manifold of air in MCFC separator [18].
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Figure 6. : Flow path and temperature (K) distribution of the gases in the revised structure without a swirl device
[19].

Due to the nature of the ionic conductivity of the electrolyte, MCFCs must be fed with a mixture
of air and carbon dioxide on the cathode side. One method of supplying carbon dioxide to the cathode
gas stream is by recycling the anode gases. However, the rest of the fuel must be oxidized in the air
stream and this can be done with special afterburning chambers. The CFD analysis of this type of
device is presented in publication [19] (for the results of the simulations, see Figure 7).
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Figure 7. : Flow-rate uniformity of the anode channels under mal-distributed inlet

flow-rate condition [20].

Simulations for the channel connecting individual anode channels and channels with internal
reforming are included in the article [20]. The simulation results show the velocity fields based on
which the flow-rate uniformity was estimated (see Figure 7).

Kyu-Seok Jung et al. [21] developed a CFD model of MCFC which considers electrochemical
reaction, fluid, heat transfer, and reforming reaction of the external and internal reforming-type
molten carbonate fuel cells. The model was used for the comparison of MCFC performance operating
at the various conditions. The findings indicate that elevated temperatures and pressures enhance
performance, while variations in gas composition significantly influence efficiency and output.

Yu and Lee [22] employ computational fluid dynamics (CFD) to investigate how varying the
size of molten carbonate fuel cells (MCFCs) influences their performance and thermal characteristics.
They analyze three flow configurations—co-flow, counter-flow, and cross-flow —across different cell
sizes, ranging from 0.1 to 2 meters. The results reveal that beyond a certain size threshold, further
increases in cell dimensions do not significantly impact performance metrics. Additionally, the study
finds that the maximum temperature within the fuel cells converges as size increases, with this
convergence point being dependent on the specific gas flow conditions.

The paper investigates the flow dynamics within a 5 kW MCFC stack using CFD simulations.
The reliability of the stack is closely linked to the pressure differences between the cathode and anode
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sides. When current is drawn from the stack, a significant amount of heat is generated, necessitating
its removal through an increased flow of cooling or oxidizing streams. The increased demand for
cooling gas (oxidant gas) through the cathode side, could lead to the large pressure differences that
can leading to shorting between electrodes. Another problem is the high velocity of gases - MCFCs
achieve higher efficiency the more time the fuel spends in the anode chamber. Thus, the cross-section
areas of electrode chambers should be related to gas manifold channel areas, seeking optimal gas
flow through the fuel cell in order to reduce large pressure differences across the fuel cell and on both
sides of the matrix.

The focus of this study is a CFD-based variant analysis of the internal flow distribution of the
5kW MCEC stack. The 5 kW MCEFC stack was developed and manufactured by Warsaw University
of Technology and Fuel Cell Poland LTD. Due to the liquid nature of the electrolyte, the issue of
internal flow distribution is extremely significant in the MCFC: overpressure in one channel could
push the molten electrolyte. The main scientific novelty of the paper is the advanced CFD model,
validated on experimental investigation of internal flow distribution. Few CFD models of fuel cell
stacks appear in the literature and none were validated against experimental observations of flow
distribution in a real system. This research model enables a comprehensive sensitivity analysis of the
MCEC stack in order to propose an appropriate control strategy.

2. Theory

2.1. Experimental Setup

The experimental investigation of pressure distribution in MCFC stack was conducted on a
laboratory setup designed for testing MCFC stacks. Dried air was used as the working medium in
the test and was pumped by a compressor at an operating pressure of 6 bar. The air was delivered
and regulated through a Bronkhorst EL-FLOW mass flow controller with flow adjust range 15..500
NI/min. The air was delivered to the stack through a DN32 pipe with a mechanical pressure sensor
connected to the stack inlet. The pressure sensor used in the test has the measuring range 0..100 mbar
with accuracy +/- 0.5%. In the MCFC stack the gas was delivered to the anode side inlet, and the rest
of the pipes were open (see Figure 8).

MCFC stack

Pressure sensor

; Anode side inlet .-‘\x:cd|e side outlet
\4/ &] 0..100 mbar

A
Air compressor Mass Flow Controller

Figure 8. : Experimental setup used to test pressure drop in the MCFC stack.
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Figure 9. : 5kW MCEFC stack, used as a reference for CFD model and validation.

Pressure drop was measured at anode side of the MCFC stack. The measurements are presented
in the section “Model validation” and compared with CFD predictions.

2.2. Numerical Model

The MCEFC stack was designed in SolidWorks 2020. Flow distribution inside the stack was
simulated in SOLIDWORKS® Flow Simulation [23]. SOLIDWORKS® Flow Simulation is a widely
used computational fluid mechanics tool [24-26], and the convergence of simulation results from
ANSYS CEFX 18.2 with SOLIDWORKS® Flow Simulation [27] allows SOLIDWORKS® Flow
Simulation to be considered the primary tool for evaluating key elements of the MCFC stack.

The software is based on the Navier-Stokes equations, which combine mass, momentum and
energy conservation for fluid flows. The conservation laws for mass, angular momentum and energy
in the Cartesian coordinate system rotating with angular velocity about an axis passing through the
coordinate system's origin are calculated by the following equations:

g—/t)+aixi(pui)=0 .
%+%(puiuj) +§—Z =aixj(rij +7f) +Si =123 )
(Z)—f+a/;L;iH =aixi(uj(’[ij +18) +q1) +Z—Z—T§g—:+ps + S;u; + Qy 3

2

fluid velocity,

p  fluid density,

Si mass-distributed external force per unit mass due to porous media resistance,

h  thermal enthalpy,

Qu heat source or sink per unit volume,

Tii  viscous shear stress tensor,

gi  diffusive heat flux. The subscripts denote summation over the three coordinate directions.

SOLIDWORKS® Flow Simulation solves the governing equations with a discrete numerical
technique based on the finite volume method. The Cartesian rectangular coordinate system is used.
Thus, the mesh cells are rectangular parallelepipeds with faces orthogonal to the specified axes of the
Cartesian coordinate system. However, the cells are more complex near the boundary mesh. The
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near-boundary cells are portions of the original parallelepiped cells that are cut by the geometry
boundary.
The heat transfer between the solid and fluid media is defined by the energy conservation
equation 3, where the heat flux is defined by:
(M pu\Oh
“= (Pr + ac) axi'l =123 >
The stack consists of 60 repetitive fuel cells, but to optimize the performance of the CFD analysis,

flow distribution was examined in only one fuel cell. The CFD analysis was based on internal flows
inside the model. The fluid body assembly is shown in Figure 10.

1ANODE OUTLET ICATHODEINLET
CATHODE OUTLET ANODE INLET

Figure 10. : Bottom manifold of MCFC stack a) in CFD simulation, b) bottom view with inlets / outlets

indication.

The inlet opening was selected as a “flow” opening boundary condition with the specified gas
parameters (see Table 1).

Table 1. Boundary conditions.

Inlet opening Outlet opening
Type Flow Environmental pressure
Fluid mixture pure N2 -
Flow 50 .. 300 NI/min -
Ambient temperature 20°C -

The predictions of the CFD model were compared with experimental data. Firstly, the impact of
mesh size on the results was examined and compared with the experimental data. The results of the


https://doi.org/10.20944/preprints202412.2414.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 December 2024 d0i:10.20944/preprints202412.2414.v1

8 of 13

examination are shown in Figure 11. The mesh size corresponds to the general setting in Fluid Flow
Simulation Solidworks Application.

@ Experimental data ——CFD prediction - mesh level 6 ——CFD prediction - mesh level 4
——CFD prediction - mesh level 5——CFD prediction - mesh level 7
25
2 L 4

©
Q
£ 15
g
>
7
]
3
g 1 ps
Qo
(o]

05

L 4

0 1 2 3 4 5 6
Flow, NI/min/singular cell

Figure 11. : Sensitivity analysis of mesh size on the results.

As the simulation results became slightly dependent on the mesh size, the CFD prediction was
plotted against the experimental data.

——CFD prediction & Experimental data

25

15

Obverpressure, mbar

0.0 1.0 2.0 3.0 40 5.0 6.0
Flow, NI/min/singular cell

Figure 12. : Comparison of the CFD prediction (mesh size 6) with the experimental results.

Since the CFD predictions closely reflect the experimental data, the SOLIDWORKS® Flow
Simulation and the implemented model are assumed to be reliable and can be used for further
examination.

3. Numerical Analysis of the Flow Distribution Inside the Electrode Channel

The 5 kW stack of MCFCs consists of 60 repetitive fuel cells. The nominal operation conditions
for the stack operating at OCV are listed in Table 2.
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Table 2. Nominal operating conditions.

Parameter Value
Anodic gas flow rate H2  1.75Nl/min
Cathodic gas flow rate COz 1.8 Nl/min
Air: 3.2 Nl/min
Anodic gas temperature inlet 650°C
Cathodic gas temperature inlet 650°C
Current drawn from a cell 0A
Active cell area 650 cm?

In addition, to the nominal operating point, MCFC operation should be examined at two extra
operating points, which are distinguished by fuel cell temperature:

e  450°C — melting temperature of electrolyte. Below 450°C, electrolyte is in powder form, which
could be easily pushed out by a large overpressure.

e  500°C - the minimum operating temperature of MCFC. The flow distribution is examined to
deliver data for the MCFC control strategy.

e 650°C — the nominal operating temperature of MCFC. At this operating point, flow distribution
is the primary focus of interest.

Thus, flow distribution was investigated at 3 operating points, and the pressure plots were
collected for each point. The pressure plots for the anode channel are shown in Figure 13.

(a) (b)

(c) (d)
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(e) ®

(h)

(1)

Figure 13. : Pressure plots for the anode channel for the following operating conditions: 0.5 N1/min: a) 450°C, b)
500°C, c) 650°C 2.0 Nl/min: d) 450°C, e) 500°C, f) 650°C 4.0 Nl/min: g) 450°C, h) 500°C, i) 650°C.

The operating temperature 450°C and flow rate 0.5 NI/min result in uniform pressure
distribution across the channel. The pressure difference is less than 1 mbar. With an increase of
temperature and flow rate, nonuniformity increases to 6 mbar (flow 4.0 Nl/min and 650°C).
Additionally, the cross-flow of the gases is observed in the pressure distribution plots, i.e., gases for
the cathode channel flow crosswise with respect to the anode channel.

The graph revealed the maximum overpressure at the anode side could reach 6 mbar for the
nominal operating temperature. Based on the CFD prediction, the overpressure at the anode channel
for three temperatures was plotted in Figure 14.
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Figure 14. : Co Overpressure as a function of flow rate at the anode channel for 3 operating temperatures: 450°C,
500°C, 650°C.

Conclusions

The work presents research on the gas flow distribution in a 5 kW MCFC stack, considering the
integration of experimental validation with advanced CFD modeling. Unlike previous studies, which
primarily focused on idealized or simplified models, this research bridges the gap between
theoretical predictions and practical observations, offering a realistic assessment of the flow
distribution challenges in operational MCFC systems. The validation proved the correctness of the
adopted assumptions for the simulation as well as the choice of software: SOLIDWORKS® Flow
Simulation gives reliable results for CFD predictions.

Key findings include the characterization of pressure distribution and its sensitivity to
operational parameters such as temperature and gas flow rates. The study revealed that at the
nominal operating temperature of 650°C, the maximum overpressure at the anode channel could
reach 6 mbar, emphasizing the critical role of precise flow management in ensuring the stable
operation of the fuel cell stack. Notably, the flow uniformity deteriorates with increasing temperature
and flow rate, highlighting the challenges of managing thermal and flow dynamics in high-
performance fuel cells. This was evident in the observed cross-flow of gases between the cathode and
anode channels, a phenomenon that necessitates careful structural and operational adjustments to
minimize performance losses. At 450°C, the uniform pressure distribution indicates a stable
operational state, while higher temperatures and flow rates exacerbate non-uniformity flow. These
findings are critical for developing strategies to mitigate adverse effects and enhance the durability
and efficiency of MCFC stacks.

The implications of these findings extend beyond the immediate scope of this study. The
validated CFD model serves as a powerful tool for sensitivity analysis and optimization, providing a
foundation for designing control strategies to manage flow and pressure dynamics effectively.
Additionally, the insights gained from this work contribute to the broader field of fuel cell research,
particularly in the context of scaling up MCFC technology for industrial and power generation
applications.

By addressing critical challenges in flow distribution and validating the findings through
experimental data, the study provides a robust framework for enhancing the performance and
reliability of MCFC systems. Future research should focus on extending this analysis to larger stacks
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and exploring advanced control mechanisms to further refine the operational efficiency of MCFC
technology.
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