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Abstract 

The development of efficient hydrogen technologies is critical to achieving climate-neutral energy systems. Using a hybrid 

model that considers both experimental and computational approaches, this research analyzes how different convergent-

divergent flow channel configurations can enhance the performance of Solid Oxide Fuel Cells (SOFCs). A baseline SOFC with 

conventional rectangular channels is compared to 75 different geometric configurations to assess their impact on 

electrochemical performance. A validated numerical model was created in COMSOL Multiphysics, integrating thermal, 

chemical, and electrochemical phenomena, with input parameters validated using experimental data from a reference SOFC 

configuration. Parametric simulations of a counter-flow configuration were carried out to investigate current density 

distribution, pressure variation, species transport, and water vapor concentration across various flow field designs. The findings 

show that geometric modifications have a major effect on SOFC performance, particularly at smaller channel dimensions (0.5 

mm), with slight effects at larger dimensions (1-1.5 mm). Convergent channel designs enhance performance significantly in 

the cathode and combined electrode segments, while divergent designs are more effective in the anode and overall cell domains. 

Test case 39 outscored the baseline configuration by 37.91%, achieving a maximum power density of 0.211 W/cm². These 

results show that enhanced flow channel geometry can significantly improve SOFC efficiency and serve as a platform for future 

design advancements in hydrogen-based energy systems. 

© 2026 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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1. Introduction 

It is forecasted that clean production technologies will 

be essential to sustainable energy systems, particularly in 

the decarbonization of heavily energy-intensive industries. 

Fuel cells and other electrochemical technologies facilitate 

the transformation to low-emission energy conversion and 

offer flexibility in the power sector. In this regard, hydrogen 

generated from renewable energy sources offers potential 

as a long-term decarbonization solution that minimizes 

additional pressure on natural resources. By using hydrogen 

as a fuel, fuel cells can efficiently produce both power and 

heat, with water vapor as the only output, ensuring 

pollutant-free operation. 

Fuel cells are a highly efficient and environmentally 

friendly energy conversion technology that produces 

electricity and heat with efficiencies exceeding 80%. They 

emit minimal CO₂, NOₓ, and SOₓ (with sulfur removal) and 

operate quietly without vibration, making them a 

competitive alternative to traditional power generation 

systems. 

Solid oxide fuel cells (SOFCs) show immense potential 

for heating and cooling applications in the building sector, 

as shown in [1]. The efficiency of SOFC can be increased 

in different ways thus studies focusing on geometric impact 

have been reviewed and considered as a roadmap to 

highlight the originality and novelty reported in this 

research. 

Recknagle et al.[2] created a 3D SOFC model to 

investigate several flow configurations, demonstrating that 

parallel flow has a more uniform temperature distribution, 

better thermal stability, and somewhat higher performance 

than counter and cross-flow designs. A similar study in [3] 

utilizes a computational model to examine SOFC flow 

configurations and found that the counter-flow arrangement 

had lower temperature gradients and yields more hydrogen, 

making it more suitable for stable and efficient operation. 

Using 3D numerical modeling, [4] created a shape 

optimization model for SOFC components and showed that 

optimized channel configurations improve fuel distribution 

and performance, especially at high current densities. 

Furthermore, using finite element analysis, the cell 

performance of an SOFC with different flow channel 

geometries, including rectangular, triangular, and 

trapezoidal was evaluated numerically by [5]. The results 

obtained by considering a single channel geometry revealed 

that rectangular channel geometry for SOFC performed 

better than the triangular and trapezoidal channel designs.   
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Beyond standard SOFC investigations, recent research 

emphasizes the importance of flow channel design in 

determining gas dispersion, temperature uniformity, and 

electrochemical performance. For example, chamfered 

flow channel designs have shown up to a 15.08% reduction 

in voltage demand and a 21% reduction in energy usage 

when compared to conventional geometries, demonstrating 

the considerable influence of geometric optimization on 

system performance [6]. Furthermore, unique Y-shaped 

and converging channel designs have increased hydrogen 

generation by up to 20.72% and 38%, respectively, while 

improving temperature uniformity and reducing hotspots 

[7-8]. Furthermore, other studies have shown that advanced 

system integration solutions, such as exhaust heat recovery 

and fuel recirculation, can also boost system-level 

efficiency. For example, innovative SOFC system 

topologies with ejector-based recirculation and 

turbocharging processes show significant efficiency 

increases when operational parameters are optimized [9]. 

Furthermore, layout optimization based on thermodynamic 

and heat transfer calculations has shown that appropriate 

heat integration and afterburner positioning can result in 

overall system efficiencies of up to 97% [10]. 

For example, gradient channel anode designs improve 

fuel distribution and diffusion, contributing to apparent 

gains in power density [11], whereas asymmetric flow 

arrangements have been proven to be more effective than 

symmetric designs due to better local transport properties 

[12]. Furthermore, innovative channel concepts including 

loop-flow fields and extended ridge designs can reduce 

temperature gradients by up to 50% while improving 

thermal uniformity, resulting in increased durability and 

efficiency [13-14]. Recent research shows that refined flow 

field designs, such as radial flow enhancements and 

oscillatory gas supply techniques, may significantly 

decrease hotspot intensity while improving thermal 

performance, even at the expense of greater pressure drop 

[15-16]. Furthermore, optimization of manifold dimensions 

and flow field topologies has been found to increase flow 

uniformity by up to 72% and reduce temperature variations 

by approximately 30%, emphasizing the significance of 

integrated geometric design [17]. However, more recent 

research has shown that other geometries, such as oval or 

gradient-based channels, can perform better than standard 

rectangular designs under certain situations by improving 

mass transfer and lowering polarization losses [11, 18]. 

Similarly, discrete interconnection designs and optimized 

rib spacing configurations have shown power density 

increases greater than 11%, emphasizing the importance of 

micro-scale geometric optimization [19]. 

A three-dimensional 3D numerical model is suggested 

to assess the SOFC performance in [20]. It involves 

resolving the mass transport, momentum, and energy 

equations associated with the electrochemical reactions. In 

comparison to the reference scenario, it is found that the 

average current density (SOFC performance) increases by 

15% when seven triangular obstacles are used.  

Danilov and Tade [21] presented a study examining the 

influence of anode effect of flow field design on cell 

performance of an internally reformed planar SOFC. The 

study results showed that the conventional design showed 

nonlinear velocity, temperature, and local current density 

distributions, whereas the new design enhanced cell 

performance by eliminating back mixing and uneven flow 

distribution. Similar research for planar SOFC operating 

conditions shows increasing cell performance for high 

temperature and cathode stochiometric operating regimes 

[22]. Duhn et al. [23], focuses on parallel flow channels and 

numerically optimized dimensional flow area geometry of 

SOFC, using computational fluid analysis. It has been 

found that the flow in the optimized design has index flow 

rate value of 0.978. Additionally, the study shows the effect 

of deviations from the modeling assumption. Li et al.[24] 

study the optimization of SOFC flow channel width, with 

the help of the finite element method. The developed 

mathematical model was compared with the experimental 

cell performance curve of SOFC. The results obtained when 

compared numerically and experimentally did not change 

more than 3%, but they showed a significant dependence of 

the effect of current density distribution on the variation of 

gas composition. Numerical resultsindicated that flow 

channel ribs had a negative effect on electrochemical 

reactions as they limit the mass transfer. The optimum 

width ratio for both anode and cathode are reported as 0.5. 

Boersma et al. [25] investigated the distribution of flow 

and pressure along the stack's height, and a two-

dimensional simulation model was developed. In the study, 

where the stack is considered to be a series of hydraulic 

resistances connected in series and in parallel, counter-flow 

geometry is proposed for both reactant feeding and waste 

of products. Output sreveal that when designing the internal 

manifold, more attention should be paid to the distribution 

of gas in cathode than the anode side. Li et al. [26] 

investigate the distribution of flow and pressure along the 

stack's height, a two-dimensional simulation model was 

developed. The mathematical model integrated into the 

Fluent program has been solved numerically for planar 

SOFC components of the stack, such as manifolds and flow 

channels and gaskets. Comparative studies have shown that 

simplifying stack geometry or neglecting multi-physical 

interactions leads to unreliable results and the necessity of 

using a real multi-physical calculation tool. Similar general 

model recommendations are described by Ni [27] and Kee 

et al. [28]. [27] develops two-dimensional model using the 

finite volume method and considering laminar flow, 

conjugate heat transfers and electrochemical reactions,  

which is found to be compatible with the literature-

validated data. The same model can be used to identify 

complex physical and chemical processes and is therefore 

suitable for designing and investigating SOFC technologies 

.On the other side [28] focuses on the numerical analysis of 

small channel fields in planar SOFCs. A model that predicts 

flow homogeneity and pressure drop in each channel, 

focusing on the mass and momentum equation, is proposed. 

In the study, the problem is formulated with dimensionless 

variables, and solutions are generalized as two-dimensional 

groups. 

Chemical modifications, nanocomposite membrane 

development, and electrochemical performance evaluation 

approaches have been widely reported in proton exchange 

membrane (PEM) fuel cells, where membrane composition 

and structure heavily influence cell voltage-current 

behavior and overall performance [29]. 

Nishida et al. [30] developed a CFD model for large 

SOFC stacks, demonstrating that the input flow distribution 

has a significant impact on temperature and performance, 

and that precise coupling of transport and electrochemical 

phenomena is necessary for reliable design and 

optimization. 

1.1. State of the art 

Despite significant advances in SOFC research, a 

thorough examination of the literature indicates a number 
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of remaining challenges that limit further performance 

enhancement and application. Existing research primarily 

treats flow distribution, heat management, and 

electrochemical behavior as separate problems, resulting in 

a scarcity of integrated optimization frameworks capable of 

capturing their substantial interdependence. In particular, 

the importance of convergent and divergent channel 

geometries is poorly understood, particularly 

regarding coupled transport processes that govern mass, 

heat, and charge movement inside the cell. Furthermore, 

while more advanced computational models have been 

widely developed, experimental validation under realistic 

operating environments remain limited, thereby lowering 

credibility in their forecasting capability.  

 This gap is heightened by the lack of systematic 

investigation into modified rectangular channel designs, 

despite their industrial relevance and steady baseline 

performance when compared to other geometries. Although 

counter-flow configurations have been shown to improve 

current density uniformity and thermal stability, and 

compact multi-channel stacks show promising power 

density improvements [31-32], the link between cell-level 

geometric design and system-level performance 

optimization is still weak. 

To address these limitations, the current study presents 

a combined experimental and multi-physics numerical 

technique for systematically evaluating the effect of 

convergent and divergent flow channel designs on SOFC 

performance. Unlike prior efforts that focused on isolated 

geometric adjustments, this study uses rectangular channel 

geometry as a reference instance and applies different 

geometric variations to improve flow uniformity and 

thermal behavior. The analysis considers both 

thermodynamic (flow distribution, temperature fields, and 

pressure losses) and electrochemical (current density, 

voltage, and power density) responses, providing a 

comprehensive evaluation of performance.  

The numerical model, created in COMSOL 

Multiphysics, is tested against experimental data collected 

from a laboratory-scale SOFC system, increasing the 

reliability of the results. Furthermore, a counter-flow 

configuration is selected based on its reported advantages 

in the literature, and multiple test scenarios are run to 

determine the impact of reconfiguration anode and cathode 

channel configurations on the overall cell efficiency. The 

research's integrated methodology aims to fill the gap 

between numerical modeling and experimental validation, 

thereby contributing to the design of high-performance 

rectangular SOFC systems. 

2. MATERIAL AND METHODS 

A mathematical model was used in COMSOL 

Multiphysics to research the novel design of different 

channels flow geometries on thermodynamic aspects such 

as fuel (Hydrogen) flow, air flow, temperature distribution, 

and pressure losses as well as electrical indicators such as 

power density curve, current and voltage. Experimental 

investigations were performed in the Laboratory in Niğde 

Ömer Halisdemir University and compared with the 
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numerical model developed in COMSOL for the 

rectangular cell stack (base case). The counter flow SOFC 

is considered due to greater performance shown as 

compared with other flow configuration streams, and 

several scenarios through test cases numerically have been 

employed to investigate the impact of convergent and 

divergent channel flow designs especially in power density 

curve behavior and increasing cell performance rate. 

Scenarios consider the modification of rectangular model 

geometries while simultaneously re-arranging convergent 

and divergent anode and cathode flow distribution 

geometries.       

2.1. Experimental setup investigations and analysis 

For validation purposes, anexperimental model was 

developed in Niğde Ömer Halisdemir University 1 , and 

supported from Lentatek Aerospace and Technology Inc 

with laboratory infrastructure and material. The graphical 

ilustration of experimental setup is shown in Fig. 1. An 

electrolyte supported membrane including an active area of 

16 cm2 was used. While 300 standard cubic centimeters per 

minute (SCCM) of hydrogen was fed to the anode region 

through flow channels, 900 SCCM of oxygen was sent to 

the cathode region. Considering that only single flow 

channel is included in the numerical model, the amount of 

gases fed to the anode and cathode is divided into thirteen 

and defined as a constant value for the single flow channel. 

Similar to the experimental study, the flow configuration of 

gases modeled in COMSOL is counter-flow. In cell tests; 

test station, impedance measuring device, electronic oven, 

air compressor, gas tanks and computers were used. 

 

Figure 1. Schematic view of the experimental lab and the devices 

(Own illustration)  

Materials of SOFC significantly impact on the 

mechanical and economic aspects of design and operation, 

hence a variety of them can be found in literature [33-36]. 

In this study, zirconium oxide stabilized with yttrium oxide 

electrolyte (YSZ) supported SOFC an active area in a single 

unit cell of 16 cm2 was tested at 750 °C, and its performance 

was measured. The channel length of a single cell with 

counter-flow configuration is 40 mm, and channel depth, 

rib width and channel width are 1.5 mm. Performance of a 

single cell results were obtained under hydrogen (300mL / 

min) and air (900mL / min) at 750 °C. Hydrogen and 
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airflow rates are defined as 1/13 of the experimental study 

since there are 13 channels in the experimental setup. 

Models were isothermally solved at 750 °C. 

2.2. Modeling and Parametric Analysis 

The numerical model was solved with the help of the 

Batteries & Fuel Cells module in the commercial COMSOL 

Multiphysics® program. Ohm's law applied to electronic 

and ionic charge distribution, charge transfer behavior 

described by the Butler-Volmer, distribution of gas flow 

within channels (modeled using Navier-Stokes equations), 

distribution of flow within porous electrodes (modeled 

using the Brinkman equation) characterizing the events 

occurring during SOFC operation (Ohm's law). 

Electrochemistry and flow analyses including mass balance 

(Maxwell-Stefan diffusion) gas channels and porous 

electrodes were simulated. 

A detailed description of mathematical equations is 

provided in 2.3 subsections of mathematical modeling. 

Analysis performed under steady-state and isothermal 

conditions were performed on a Dell brand work station. 

Our numerical simulations were performed for voltage 

values between 0.1 and 1 V, with the corresponding model 

parameters listed in Table 1. 

Table 1. Model input parameters 

Parameter Value 

Operating Temperature [oC] 750 

Working Pressure [atm] 1 

Viscosity of Air [Pa s] 3x10-5  

Permeability of Anode[m2] 10-10  

Permeability of Cathode [m2] 10-10 

Specific Anode Surface Area [1/m] 109 

Specific Cathode Surface Area 
[1/m] 

109 

Ionic conductivity of the 

anode[S/m] 

1 

Cathode Ionic Conductivity [S/m] 1000 

Cathode Ionic Conductivity [S/m] 1 

Cathode Electronic Conductivity 

[S/m] 

1000 

Electrolyte Ionic Conductivity 

[S/m] 

5 

Interconnector Conductivity [S/m] 500 

Reference Diffusion[m2/s] 3.16x10-8 

Hydrogen Kinetic Volume [m3/mol] 6x10-6 

Oxygen Kinetic Volume[m3/mol] 16.9x10-6 

Nitrogen Kinetic Volume [m3/mol] 17.9x10-6 

Water Kinetic Volume [m3/mol] 12.7x10-6 

Porosity 0.35 

Cell Operating Voltage [V] 0.1-1 

Channel Width of Gas Flow [mm] 1.5 

Channel Height Gas Flow[mm] 1.5 

Thickness of Anode [mm] 0.03 

Thickness of  Cathode  [mm] 0.03 

Thickness of  Electrolyte [mm] 0.15 

Length of Flow Channel [mm] 40 

Hydrogen inlet mass ratio [%] 97 

Oxygen inlet mass ratio [%] 23.14 

The rectangular channel geometry of the SOFC, which 

has been mathematically modeled and analyzed 

numerically, is given in Figure 2. The base modeling and 

scenario analysis were performed with the help of 

COMSOL Multiphysics® program on a single cell 

containing flow channels of the cathode and anode, along 

with the membrane electrode assembly. The SOFC 

membrane electrode group consists of a mixture of 

NiO/YSZ (50%-50% by mass), anode of NiO/YSZ (50%-

50% by mass), and LSM/YSZ (50%-50% by mass) in equal 

proportions by mass. Electrolyte material is YSZ.  

 

 
Figure 2. Cross-section (a) and 3D (b) view of the SOFC reference 

model 

The dimensions of the base case design are given in 

Figure 3. 

 
Figure 3. Dimensions of the investigated SOFC 

base case model 
In the following section, the validation methodology is 

described, including the meshing approach and parameter 

definition.  
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2.2.1. Boundary Conditions and Study State Model 

Adaptation 

The mass ratio applied to both the anode and cathode 

inlets were entered as constant and the pressure at the 

outlets was adjusted to atmospheric pressure. Gases are 

considered as ideal gases. Computational studies were 

conducted ata constant temperature of 750 oC. Walls are 

considered insulated and a no-slip condition is applied. The 

analysis was performed in a steady state. The numerical 

simulations were carried out using a stationary solver in 

COMSOL Multiphysics. The governing equations were 

solved simultaneously using a fully coupled technique, 

resulting in substantial coupling between the 

electrochemical, thermal, and flow fields. The linear system 

was solved with the PARDISO direct solver, which is 

resilient and efficient for large-scale multiphysics 

problems. 

The convergence requirements were established as a 

relative tolerance of 1×10⁻¹², a tolerance factor of 1, and a 

maximum of 100 nonlinear iterations. To improve 

convergence stability, pseudo-time stepping was used as a 

stabilization and acceleration strategy, with a maximum 

iteration of 200 and a relative tolerance of 0.01. These 

solver configurations were chosen to ensure numerical 

stability, precision, and dependable convergence of the 

coupled system of equations under the operating conditions 

studied. 

2.2.2. Base case model geometry mesh  

The model geometry consists of one membrane 

electrolyte group (MEG) and flow paths for both the anode 

and cathode, in conjunction with the experimental work 

employed to validate the mathematical model. The view of 

the meshed structure of the reference case model is given in 

Figure 4. While triangular mesh was applied to gas 

channels, a structural mesh was applied to other sections. 

Since the electrochemical processes occurred mostly at the 

interfaces between the anode and electrolyte and the 

cathode and electrolyte, a finer mesh is applied to the areas 

of the anode and cathode near the electrolyte. The 

numerical simulations were performed using COMSOL 

Multiphysics® v6.0 to solve the fully coupled nonlinear 

system of governing equations.  A mesh predefined custom 

independence study was conducted for the SOFC using 

grids containing 0.17955 × 10⁶ elements. The mesh 

statistics and sizes are summarized in table 2.  

Table 2. Mesh statistics and size 

Description Value Description Value 

Status Complete 
mesh 

Maximum 
element size 

0.004 

Mesh vertices 12320 Minimum 

element size 

7.2E-

4 

Prisms 14499 Curvature factor 0.6 

Hexahedra 3456 Resolution of 
narrow regions 

0.5 

Number of 

elements 

17955 Maximum 

element growth 
rate 

1.5 

Minimum 

element quality 

0.6433   

Average element 
quality 

0.9198   

Element volume 

ratio 

0.032049 

Mesh volume 9.36E-8 m³ 
 

 

 

Figure 4. Cross-section (a), three-dimensional (b) mesh view of 

the SOFC base case model 

2.3. Mathematical modeling  

Although the structure of fuel cells is relatively simple, 

its operation is extremely difficult to model because it 

involves many different physics. The inputs used for 

accurate fuel cell modeling, contain a large number of 

coefficients to be determined, thus they must take into 

account the flow characteristics, heat and mass transfer as 

well as electrochemical processes. The operating principle 

of fuel cells can be defined by conservation equations that 

incorporate physics integrally. The mathematical model 

must take into account the inhomogeneous character of the 

fuel cell structure. Therefore, conservation equations 

should typically be written and resolved separately for 

SOFC components such as flow channels, electrodes, 

electrolytes, and interconnections. A mathematical model 

including this physics is given below. 

2.3.1. Momentum Equation 

Fluid pressure and velocity variations in spatial regions 

flow in the anode and cathode flow channels can be given 

by Navier-Stokes equations: 
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The Brinkman equation for porous media flow, such as 

anode and cathode, is given below as a combination of 

momentum and continuity equations, including viscous  
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In these equations, εpis porosity, k is permeability, ρ is 

the density of the gas mixture, and is given as follow: 
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Using the ideal gas law, the density of each substance is 

evaluated. 

2.3.2. Mass conservation 

Mass diffusion and transport are defined by Maxwell-

Stefan equation: 
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In this numerical framework the mass conservation of 

each chemical species i is described using a species 

transport equation. 

Diffusion flux of spicesi is given as follow: 
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Where ρ and u represent the density of gas mixture and 

the bulk flow velocity, respectively ꞷI represents the mass 

friction of species i and ji corresponds to mass flux relative 

to mass average velocity. Ri represents the net rate of 

production or consumption of species i due to chemical 

reactions. 

Where D and M represent the diffusion coefficient and 

molar mass. x donotes mole friction and T presents the 

temperature. The thermal diffusion coefficient is given as: 
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The average molar mass can be defined as follows: 
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2.3.3. Electrochemistry and charge transport equations 

Butler-Volmer equation is used to express the current–

voltage relations of the electrochemical processes: 
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where: io –stands for the exchange current density, n -is 

the number of electrons taking part in each electrode 

reaction, αa and αc - Correspond to the charge transfer 

coefficients for the anode and cathode, respectively, and η 

- represents the overpotential, determined from the balance 

of electrode potentials: 
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2.3.4. Heat transfer 

Temperature is a critical factor that may significantly 

influence SOFC performance. 

To account for this, the model includes thermal transfer 

methods as conduction, convection, and electrochemical 

heating. These processes specify the heat sources within the 

domain and at its limits, taking into account both 

irreversible heat generation (such as Joule heating and 

activation losses) and reversible heat. The energy 

conservation equation that governs the thermal behavior of 

the cell is written as follows: 

QTkTCp  )()(u                            (13) 

where ρ density, cp heat capacity, and k thermal 

conductivity are material properties, u is the velocity field 

and Q represents heat sources/ sinks.  

2.4. Modeling the scenario of geometrical flow channel 

designs 

In order to understand the optimum channel geometry 

by examining the convergent-divergent channel designs, 75 

different convergent-divergent channel designs were 

determined, geometries were created, and the necessary 

analyses were carried out using a verified mathematical 

model. 75 different situations studied within the scope of 

the thesis are given in Table 3 and Table 4. While creating 

the aforementioned conditions, the depths of anode and 

cathode channel were reduced up to 20% in the convergent 

channel design, and increased at different rates, starting 

from 20% in the design of the diverging channel, depending 

on the width ofthe channel and rib. 
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Table 3. Convergent channel designs 

 

  

Test case 
Width of the 

channel [mm] 

Width of rib 

[mm] 

Depth of the channel [mm] 
Depth of the channel 

[mm] 

Anode inlet Anode outlet Cathode inlet Cathode outlet 

Base case 1.5 1.5 1.5 1.5 1.5 1.5 

Case 2 1.5 1.5 1.5 1.2 1.5 1.5 

Case 3 1.5 1.5 1.5 0.9 1.5 1.5 

Case 4 1.5 1.5 1.5 0.6 1.5 1.5 

Case 5 1.5 1.5 1.5 0.3 1.5 1.5 

Case 6 1.5 1.5 1.5 1.5 1.5 1.2 

Case 7 1.5 1.5 1.5 1.5 1.5 0.9 

Case 8 1.5 1.5 1.5 1.5 1.5 0.6 

Case 9 1.5 1.5 1.5 1.5 1.5 0.3 

Case 10 1.5 1.5 1.5 1.2 1.5 1.2 

Case 11 1.5 1.5 1.5 0.9 1.5 0.9 

Case 12 1.5 1.5 1.5 0.6 1.5 0.6 

Case 13 1.5 1.5 1.5 0.3 1.5 0.3 

Case 14 1 1 1 1 1 1 

Case 15 1 1 1 0.8 1 1 

Case 16 1 1 1 0.6 1 1 

Case 17 1 1 1 0.4 1 1 

Case 18 1 1 1 0.2 1 1 

Case 19 1 1 1 1 1 0.8 

Case 20 1 1 1 1 1 0.6 

Case 21 1 1 1 1 1 0.4 

Case 22 1 1 1 1 1 0.2 

Case 23 1 1 1 0.8 1 0.8 

Case 24 1 1 1 0.6 1 0.6 

Case 25 1 1 1 0.4 1 0.4 

Case 26 1 1 1 0.2 1 0.2 

Case 27 0.5 0.5 0.5 0.5 0.5 0.5 

Case 28 0.5 0.5 0.5 0.4 0.5 0.5 

Case 29 0.5 0.5 0.5 0.3 0.5 0.5 

Case 30 0.5 0.5 0.5 0.2 0.5 0.5 

Case 31 0.5 0.5 0.5 0.1 0.5 0.5 

Case 32 0.5 0.5 0.5 0.5 0.5 0.4 

Case 33 0.5 0.5 0.5 0.5 0.5 0.3 

Case 34 0.5 0.5 0.5 0.5 0.5 0.2 

Case 35 0.5 0.5 0.5 0.5 0.5 0.1 

Case 36 0.5 0.5 0.5 0.4 0.5 0.4 

Case 37 0.5 0.5 0.5 0.3 0.5 0.3 

Case 38 0.5 0.5 0.5 0.2 0.5 0.2 

Case 39 0.5 0.5 0.5 0.1 0.5 0.1 
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Table 4. Divergent channel designs 

 

The results and discussion of the base case model, 

experimental validation, and scenario analysis are provided 

in the section below. 

3. RESULTS AND DISCUSSION 

The following shows the results of modeling and 

experimental setup investigations for the base case model 

yielded through model validation assessment as well as 

additional scenarios that include respective changes in flow 

distribution channel geometries from both anode and 

cathode regions.  

3.1. Validation of the base case numerical and 

experimental model  

Several cell performance indicators, such as voltage, 

current density, and power density curves, were used to 

validate the base model through comparison of numerical 

and experimental results. The SOFC performance indicators 

are presented graphically in Figure 5. The results show good 

agreement between computational calculations and 

experimental measurements for the selected numerical 

parameters. In numerical analysis, maximum power 

densityof 0.1526 W/cm2 was achieved at an operating 

voltage of 0.5 V, confirming good agreement with input data 

from experimental observations. 

 
Figure 5. Comparison of cell performance curves from 

simulations and experiments. 

A simultaneous approach was used to find the optimal 

values of parameters depicted in Table 4 that were needed 

for model validation in the numerical base case model. The 

constraints of parameters included variations from 

i0,anode=0.02-0.07; αa,anaode=0.05-1; αc,anode=1-1.5;  i0,cathode 

=0.01-0.05; αa,cathode=3-3.5; αa,cathode=0.5-1. A combination 

Test case  

Width of the 

channel 

[mm] 

Width of rib 

 

[mm] 

Depth of the channel [mm] Depth of the channel [mm] 

Anode inlet Anode outlet Cathode inlet Cathode outlet 

Base case 1.5 1.5 1.5 1.5 1.5 1.5 

Case 40 15 1.5 1.2 1.5 1.5 1.5 

Case 41 1.5 1.5 0.9 1.5 1.5 1.5 

Case 42 1.5 1.5 0.6 1.5 1.5 1.5 

Case 43 1.5 1.5 0.3 1.5 1.5 1.5 

Case 44 1.5 1.5 1.5 1.5 1.2 1.5 

Case 45 1.5 1.5 1.5 1.5 0.9 1.5 

Case 46 1.5 1.5 1.5 1.5 0.6 1.5 

Case 47 1.5 1.5 1.5 1.5 0.3 1.5 

Case 48 1.5 1.5 1.2 1.5 1.2 1.5 

Case 49 1.5 1.5 0.9 1.5 0.9 1.5 

Case 50 1.5 1.5 0.6 1.5 0.6 1.5 

Case 51 1.5 1.5 0.3 1.5 0.3 1.5 

Case 14 1 1 1 1 1 1 

Case 52 1 1 0.8 1 1 1 

Case 53 1 1 0.6 1 1 1 

Case 54 1 1 0.4 1 1 1 

Case 55 1 1 0.2 1 1 1 

Case 56 1 1 1 1 0.8 1 

Case 57 1 1 1 1 0.6 1 

Case 58 1 1 1 1 0.4 1 

Case 59 1 1 1 1 0.2 1 

Case 60 1 1 0.8 1 0.8 1 

Case 61 1 1 0.6 1 0.6 1 

Case 62 1 1 0.4 1 0.4 1 

Case 63 1 1 0.2 1 0.2 1 

Case 27 0.5 0.5 0.5 0.5 0.5 0.5 

Case 64 0.5 0.5 0.4 0.5 0.5 0.5 

Case 65 0.5 0.5 0.3 0.5 0.5 0.5 

Case 66 0.5 0.5 0.2 0.5 0.5 0.5 

Case 67 0.5 0.5 0.1 0.5 0.5 0.5 

Case 68 0.5 0.5 0.5 0.5 0.4 0.5 

Case 69 0.5 0.5 0.5 0.5 0.3 0.5 

Case 70 0.5 0.5 0.5 0.5 0.2 0.5 

Case 71 0.5 0.5 0.5 0.5 0.1 0.5 

Case 72 0.5 0.5 0.4 0.5 0.4 0.5 

Case 73 0.5 0.5 0.3 0.5 0.3 0.5 

Case 74 0.5 0.5 0.2 0.5 0.2 0.5 

Case 75 0.5 0.5 0.1 0.5 0.1 0.5 
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mix of parameters shown in Table 5 that showed the best 

agreement with experimental data is used and harmonized 

in the numerical modeling of the rectangular SOFC model 

and other test cases. 

Table 5. Optimized combined mix of parameters used in numerical 

modeling 

Parameter  Value Unit 

i0, anode 0.05 [A/m2] 

αa, anode 0.5 - 

αc, anode 1.22 - 

i0, cathode 0.04 [A/m2] 

αa, cathode 3.01 - 

αc, cathode 0.5 - 

Once the base case model was validated the next step 

included the numerical analysis of novel flow channel 

designs and their impact on the overall investigated 

assessments of new SOFC performance designs.  

3.2.  Scenario numerical modeling of novel convergent and 

divergent channel flow geometries  

Channel flow geometries were numerically modeled in 

COMSOL multiphysics for both convergent and divergent 

hydrogen and air flow distributions. The modeling results 

are evaluated through power density, voltage and current 

curves for all assessed test cases and only cases that have 

shown greater cell performance changes to the base case 

model are further discussed and presented graphically, 

whereas other cases did not show any significant variation 

in the performance assessment (those presented in test case 

tables 3 and 4) therefore, they are excluded from further 

investigation. 

3.2.1. Convergent channel design 

In convergent channel designs, the case in which the 

channel width,  rib width, and channel depths are each 1.5 

(mm) is considered the base case. In addition, not only the 

effect of convergence (channel depth variation illustrated in 

Fig. 6) but also the influence of other channel geometrical 

parameters was evaluated. In the convergent channel 

configurations: the channel and rib widths, as well as the 

channel depths, at the anode and cathode gas inlets were 

kept constant, while different geometries were generated by 

varying the ratio of the channel depth at the gas outlets to 

the inlet channel depth (a/b) between 1 and 5 (Figure 6). 

 
Figure 6. Convergent channel design 

 

Figure 7 shows the role of a/b ratio in the convergent 

anode flow channel on cell performance for different flow 

geometries. It is observed that variations in the a/b ratio, for 

geometries where the rib width, channel depth, and channel 

width are designed as 1.5 (mm), 1.0(mm), and 0.5 (mm) do 

not have a significant impact on the overall performance. 

Compared to the base case, the variations reflected in test 

cases 15-18 and 28-31, show a notable increase in cell 

performance, as observed by the power density curves. In 

contrast, test cases 2-5 do not exhibit any improvement in 

performance relative to the base case. Furthermore, the 

configurations shown in Fig 7c demonstrate higher 

performance enhancement compared to the cases presented 

in Fig 7a and 7b respectively.  

 
Figure 7. The effect of convergent anode geometry on cell performance for different a/b ratio when the channel width, rib width, and channel 

depth are 1.5 mm (a), 1 mm (b), and 0.5 mm (c) 
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The effect of a/b ratios in the convergent cathode flow 

channel on the cell performance for different flow 

geometriesis elicited in Figure 8. It is shown that changes in 

the a/b ratio do not impact the performance when the rib 

width, channel depth, and channel width are designed as 1.5 

(mm) and 1.0(mm)(Fig. 8a). However, obvious change in 

cell performance is observed when these parameters are 

reduced to 0.5 (mm) (Fig.8b and 8c). For this cathode 

geometry, cell performance improves with increasing a/b 

ratio. This behavior is attributed to a more homogeneous 

mass distribution resulting from the reduced cross-sectional 

area, despite reactant consumption along the 

electrochemical reaction path. Similarly, test cases 14, and 

20-22 show improved performance compared to the base 

case, while other convergent cathode channel cases do not 

exhibit significant changes. Among the cases presented in 

Figures 8 a, 8b and 8c, test case demonstrate the highest 

performance improvement compared to other cases. 

Figure 9 shows theflow channel configurationswith 

asimilar a/b ratios for both anode and cathode channels on 

cell performance. It is observed that variations in the a/b 

ratio  do not significantly affect cell performance when the 

channel depth, rib width, and channel width are 1.5 (mm) 

and 1.0(mm)(Fig. 9a). In cases where channel depth, rib 

width, and channel width were 0.5 (mm), cell performance 

improves with increasing a/b ratio (Figs. 9b and 9c). 

Although reactant consumption occurs along at the end of 

the electrochemical reactions, this improvement is attributed 

to a more homogeneous gas distribution resulting from the 

reduced cross-sectional area. Among the convergent 

channel configurations considered, test case 39 

demonstrated the highest performance, achieving a power 

density of 0.211 W/cm2. In comparison, the base case, 

aligned with experimental conditions, yielded a maximum 

power density of  0.153 W/cm2. 

 
Figure 8. Effect of convergent cathode geometry on cell performance for different a/b ratio when channel depth, rib width, and channel 

width are 1.5 (mm) (a), 1.0 (mm) (b), and 0.5 (mm) (c) 
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Figure 9. Effect on cell performance for anode and cathode convergent designs at different a/b ratio: (a)channel depth, rib width, and channel 

width are 1.5 (mm), (b) channel depth, rib and channel depth are 1.0 (mm), and (c) 0.5 (mm) of channel depth, rib width, and channel width. 

 

3.2.2. Divergent channel design 

The similar procedure was applied to the divergent 

channel designs. Inthese designs, cases withrib width, 

channel width, and channel depths of 1.5 (mm), 1.0 (mm), 

and 0.5 (mm)were considered as baseline cases. Within this 

framework, while the channel and rib widths and depths at 

the anode and cathode gas inlets and rib depth, width, were 

maintained constant, different geometries were created by 

varying the ratio of the outlet channel depth to the inlet 

channel depth (a/b) between 0.2 and 1 (Figure 10).  

Figure 11 shows the impact of a/b ratios for the 

divergent anode flow channel on cell performance for 

different flow geometries. It is shown that variations  in the 

a/b ratio do not have an immense impact on performance 

when the rib width, channel depth, and channel width are 

1.5 (mm) and 1.0 (mm)(Fig. 11a).In addition, the cell 

performance variation was determined when the channel 

depth, rib width, and channel width are reduced to 0.5 (mm). 

For this anode proposed change in geometry, cell 

performance decreases as the a/b ratio reduces (Figs. 11b 

and 11c). 

 
Figure 10. Divergent channel design 

The effect of a/b ratios in the divergent cathode flow 

channel on cell performance for different flow geometries is 

given in Figure 12. It is seen that variations in the a/b ratio 

have no effect on the cell performance in which the rib 

width, channel depth, and channel width of 1.5 (mm), 

1.0(mm), and 0.5 (mm). However, when compared to the 

base case, the test cases shown in Figures 12b and 12c 

demonstrate a significant increase in cell performance.  
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Figure 11. Divergent anode geometry impact on cell performance for different a/b ratio when channel depth, rib width, and channel width 

are 1.5 (mm) (a), 1.0 (mm) (b), and 0.5 (mm) (c) 

 
Figure 12. Divergent cathode geometry's impact on cell performance for different a/b ratio when 
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Figure 13 shows how flow field designs with the same 

a/b ratio on cell performance for both anode and cathode 

flow channels. It is seen that changes in the a/b ratio do not 

have significant effect on performance when the rib width, 

channel depth, and channel width are designed as 1.5 (mm) 

and 1.0(mm)(13a and 13b). For rib width, channel depth, 

and channel width 0.5 (mm), the cell performance decreases 

with decreasing a/b ratio. In addition, the test case shown in 

Figure 13b exhibit an improvement in the cell performance 

compared to the base case. 

Case 39 revealed as the best configuration across the 

tested geometries, demonstrating the best electrochemical 

performance among the scenarios examined. This 

convergent channel design, especially at lower geometric 

dimensions (0.5 mm channel depth, rib width, and channel 

width), improved reactant distribution and mass transport 

characteristics in both the anode and cathode regions. 

The maximum power density was 0.211 W/cm², up from 

0.153 W/cm² for the baseline rectangular form. This is a 

37.91% improvement. The greater performance of case 

example 39 demonstrates the effectiveness of convergent 

flow channel geometries in generating more uniform current 

density distribution and improved electrochemical activity, 

demonstrating such designs' potential for increasing SOFC 

efficiency. 

Figure 14 depicts the distribution of the mass fractions of 

oxygen, hydrogen, and water produced by the SOFC. The 

mass fraction of oxygen at the inlet is 0.21; however, when 

it interacts with hydrogen along the electrolyte and 

membrane, its mass fraction at the outlet declines 

significantly, shown by the contour distribution in the 

cathode channel and at the electrolyte interface. Hydrogen 

flows in the opposite direction within the anode, with an 

inlet mass fraction of about 0.9. As it reacts with oxygen, its 

mass fraction in the anode channel gradually decreases to 

around 0.45. The electrochemical process produces water as 

a byproduct. Its mass fraction distribution is graphically 

illustrated, ranging from around 0.1 in the oxygen region to 

about 0.5 in the channel where water is dispersed as a result 

of the processes within the SOFC components. 

Overall, the use of hydrogen for energy production in 

highly intensive industries is gaining attention, and fuel cell 

technologies can convert hydrogen and other gases into 

electricity and heat more efficiently compared to traditional 

Rankin and Brayton cycle technologies. In this article, the 

role of novel flow distribution in convergent and divergent 

geometrical designs was investigated and analyzed through 

both experimental and numerical approaches. The analysis 

presented in this research broadens the overall 

understanding of phenomena occurring in SOFCs and how 

tools such as COMSOL Multiphysics, which integrate 

multiple physics processes, can be used for developing 

novel technologies and enhance the efficiency of existing 

technologies.  

The base case model represents the actual performance 

of a rectangular SOFC stack, while the evaluated scenarios 

provide a deeper insight into performance improvements 

achieved through different combinations of air and 

hydrogen channel flow geometries, particularly via 

convergent and divergent configurations. As shown in the 

literature review, rectangular channel designs exhibit better 

performance compared to triangular and trapezoidal 

geometries. Compared to similar studies analyzing the flow 

distribution in SOFC, this work contributes specifically to 

rectangular designs by incorporating convergent and 

divergent channels modifications, which have not 

beenextensively  exploredin previous research.  

Geometrical modifications can significantly enhance 

overall cell performance compared to base case, while also 

improving internal energy and mass transfer processes 

within SOFC. The findings and methodology presented in 

this study can be utilized by industry, academia, and relevant 

stakeholders interested in advancing technologies for energy 

system transformation. 
 

  

 
Figure 13. Effect on cell performance for anode and cathode divergent designs at different a/b ratios: (a) rib width, channel width, and 

channel depth 1.5 (mm), and (b) 0.5 (mm) of rib width, channel depth, and channel width. 
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Figure 14. Cell performance analysis diagram of the best case (case 39) vs base case configuration 

 
Figure 15. Mass distribution fraction for the assessed case 39. 

 

4. CONCLUSION 

The research aims to evaluate and develop experimental 

and numerical approaches for improving the performance of 

SOFC technologies that use hydrogen to produce power and 

heat. Experiments were conducted at Niğde Ömer 

Halisdemir University employing a reference SOFC case 

with a rectangular flow channel geometry on both cathode 

and anode sides. In addition, a numerical model was created 

and deployed in COMSOL Multiphysics for validation and 

performance improvement investigations. The rectangular 

channel reference (base) case, as well as other newly 

developed convergent and divergent flow distribution 

designs, were studied by applying a scenario-based 

methodology. 

 
The analysis included 75 different anode and cathode 

channel counter-flow geometric novel designs (as shown in 

tables 3 and 4), through increasing (divergent) and 

decreasing (convergent) flow channel geometries in a 

counter-flow SOFC model. It has been determined that 

convergent and divergent channel designs do not 

significantly impact the performance of cells, especially in 

cases where channel depth, rib width, and channel width are 

1.5 mm and 1 mm. An increase in performance is observed 

to others convergent and divergent channel designs, 

especially in cases where channel depth, rib width, and 

channel width are 0.5 mm.  

The test cases that showed performance improvements 

are listed below: 14; 15-18; 20-22; 24-26; 27; 28-31; 32-35; 

37-39; 53-55; 57-59; 65-67; 69-71; and 73-75. In contrast, 
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the other test cases, which have been excluded from the total 

set of 75 simulations, showed no significant change in cell 

performance. Overall, this suggests that only certain 

geometric configurations have a substantial impact on 

SOFC performance, while the bulk of the evaluated changes 

have no effect under the conditions analyzed. Among the 

convergent designs, test case 39 yielded the highest cell 

performance with a maximum power density of 0.211 

W/cm2, while this value was found to be 0.153 W/cm2 for 

the rectangular base case. This shows an improvement of 

37.91% in the overall performance of SOFC due to proposed 

changes in the design of geometries. 

Overall, the findings show that geometric modifications 

can significantly enhance SOFC performance and provide a 

strong basis for the future advancement of hydrogen-based 

energy systems. The findings may assist researchers and 

practitioners develop SOFC technologies in support to the 

shift to sustainable energy. Future research might look 

towards various materials and geometric configurations to 

obtain even better performance. 
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Nomenclature 

SOFC  Solid oxide fuel cell 

H2  hydrogen 

CO2   carbon dioxide 

NOx  nitrogen oxide 

SOx  sulfur oxide 

SCCM  standard cubic centimeter per minute 

YSZ  yttrium stabilized zirconia 

MEG  membrane electrolyte group 

T   temperature [K] 

pa   absolute pressure [Pa] 

L   length  [m] 

εp  porosity 

k  permeability 

ia  current density at the anode [A/m2] 

ic  current density at the cathode [A/m2] 

i0a  exchange current density at the anode  

                                [A/m2] 

i0,c  exchange current density at the cathode  

                                [A/m2] 

n  number of electrons 

αa  anodic charge transfer coefficient 

αc  cathode charge transfer coefficient 

η   overvoltage [V] 

u   velocity[m/s] 

Ch2  molar concentration of   

                                hydrogen[mol/m3] 

Ch2, ref  reference concentration of  

                                hydrogen[mol/m3] 

Ch2o  molar concentration of water [mol/m3] 

Ch2o, ref                 reference concentration of water 

                  [mol/m3] 

CO  molar concentration ratio of oxidized 

                               species 

Co2  molar concentration of oxygen [mol/m3] 

Co2, ref        reference concentration of  

                               oxygen[mol/m3] 

CR  molar concentration ratio of reduced  

                                species 

Di  coefficient of diffusion[m2/s] 

Di
T  thermal coefficient of diffusion [kg/ms] 

Ect  potential of electrode [V] 

Eeq  difference potential equilibrium[V] 

Eeq,a  anode equilibrium potential [V] 

Eeq,c  cathode equilibrium potential[V] 

F   constant of Faraday [C] 

Fv  force volume [N/m3] 

R   universal gas constant [J/molK] 

Vcell  voltage of cell [V] 

Vpol  potential polarization [V] 

xk  fraction of a mole 

φℓ  electrolyte potential [V] 

φs  electric potential [V] 

ωi  mass fraction 

ρ   mixture density[kg/m3] 

μ   dynamic viscosity [Pas] 

ζ   permeability [m2] 

β   factor of correction  
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