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 This study presents a novel T-junction fractal flow field plate (FFP) for proton exchange 

membrane fuel cells (PEMFCs), designed according to Murray’s law and an entropy-based 

scaling criterion. The concept introduces a reduced-thickness plate compared to existing 

fractal architectures, aiming to simplify manufacturing while enhancing reactant 

distribution and water management. A three-dimensional, non-isothermal, multiphase 

computational fluid dynamics (CFD) model is used to evaluate concentration fields, current 

density distribution, heat generation, and liquid water behaviour under varying relative 

humidity (RH) conditions. Simulation results indicate that the fractal design improves 

performance by 8% relative to a standard serpentine configuration with the same 25 cm² 

active area, attributed to more uniform oxygen delivery and lower local entropy generation. 

The optimal operating condition is observed at 70% RH, where a balance between 

membrane hydration and liquid water removal is achieved: performance declines at higher 

RH due to local flooding. Based on water transport analysis, two strategies are proposed 

for further improvement: relocating outlets to facilitate drainage and incorporating 

microgrooves to support capillary removal. The findings highlight the potential of low-

thickness fractal FFPs for high-efficiency and cost-effective PEMFC development.  
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1. INTRODUCTION 

 

The application area of fuel cells (FCs) is rapidly expanding 

due to their ability to directly convert chemical energy into 

electrical energy with high efficiency and minimal 

environmental impact. Among various FC types, proton 

exchange membrane fuel cells (PEMFCs) have gained 

significant attention due to their wide range of applications, 

high energy density, and silent operation. PEMFCs are 

composed of several key components, including Bipolar Plates 

(BPs) with flow-field channels, membrane electrode 

assemblies (MEA) with catalyst layers (CL), and Gas 

Diffusion Layers (GDLs), as shown in Figure 1 [1-5]. These 

components play crucial roles in ensuring efficient 

electrochemical reactions and overall system performance. 

Among these components, the design and material selection 

of the flow field plates (FFPs) have garnered increased interest 

from researchers, as they directly impact the FC’s efficiency, 

durability, and cost-effectiveness. FFPs serve multiple 

functions, such as distributing reactant gases evenly across the 

MEA, facilitating product water removal, and assisting in 

thermal and electrical management. In fact, FFPs contribute 

approximately 60% of the overall FC weight and nearly 30% 

of the manufacturing cost [6, 7]. Therefore, optimizing FFP 

designs is crucial for improving PEMFC performance and 

achieving cost-effective commercialization [8-10]. Bio-

inspired FFPs designs have emerged as promising alternatives 

to traditional configurations. These designs draw inspiration 

from natural structures that have evolved to optimize fluid 

distribution, such as tree branches, lung airways, and vascular 

networks. Fractal designs, as shown in Figure 2, in particular, 

have demonstrated superior gas distribution properties 

compared to conventional serpentine and parallel designs. By 

mimicking naturally efficient flow patterns, these bio-inspired 

structures can enhance PEMFC performance by ensuring 

uniform reactant distribution and reducing pressure losses. 

However, despite these advantages, fractal designs face 

challenges related to manufacturing complexity and water 

management, which can limit their practical implementation 

[11-13]. 

The present computational fluid dynamics (CFD) study 

addresses two key limitations of existing fractal FFP concepts: 

the manufacturing complexity and thickness of previously 

proposed tree-like plates, and the insufficient control of water 

management at high generations of fractal branching. To this 

end, a developed T-junction fractal FFP is designed for the 

cathode side of a 25 cm² PEMFC, based on Murray’s law and 

an entropy-minimizing diameter scaling parameter. The 

proposed plate features a reduced thickness compared to 

reported fractal designs, thereby simplifying fabrication while 

preserving the uniform distribution network. 
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Anode: H2 → 2H+ + 2e− 

Cathode: 
1

2
O2 + 2H+ + 2e− → H2O 

(1) 

 

 
 

Figure 1. Schematic diagram showing the components of a 

single proton exchange membrane fuel cell (PEMFC) [5] 

 

Based on the simulated water transport behaviour, two 

conceptual design modifications are also proposed: 

repositioning outlets to enhance drainage of liquid water and 

integrating microgrooves to promote capillary-driven removal 

from the GDL and channels. These propositions are intended 

as practical guidelines for future experimental 

implementation. 

 

1.1 Flow-field design evaluation criteria 

 

The evaluation of FFP designs in PEMFC involves several 

crucial criteria, including pressure drop, reaction uniformity, 

water management, and manufacturing complexity, as 

presented in Table 1. A minimized pressure drop is also 

essential to enhance energy efficiency by reducing the 

operational strain on pumps and compressors. Equally 

important is the uniform distribution of reactants across the 

catalytic surfaces to avoid gradual cell degradation. Effective 

water management within the FC is vital to maintain 

membrane hydration for optimal ionic conductivity while also 

preventing flooding that can impede GDL and MEA [14]. 

Lastly, the complexity of manufacturing FFPs significantly 

affects both the scalability and cost of the cell. All those 

influencing the operational stability and functionality of FC.  
 

 
 

Figure 2. Bipolar plate designs in proton exchange 

membrane fuel cell (PEMFC) 

 

Table 1. Evaluation of existing bio-inspired design of FFP; (+) are advantages, (-) are limitations, (n/a) are not mentioned 
 

Flow Field Design 
Pressure 

Drops 

Gas Distribution 

Uniformity 

Water 

Content 

Manufacturing 

Complexity 

Compared to 

Conventional FFP 
Ref. 

Novel Bionic Spider-

Web-Type 
+ + n/a + 

> straight FFP 

< serpentine FFP 
[15] 

fishbone-shaped cathode + + + - 8.7% > parallel. [16] 

Novel bionic bird type + + + + 5.894% > serpentine. [17] 

Bionic leaf shaped (1) + - n/a + n/a [18] 

Leaf shaped (2) + - n/a + 20–25% > serpentine [19] 

Leaf shaped (3) + - n/a + 26% > serpentine [20] 

Ginkgo shaped + - n/a - 
7% < serpentine 

40% > parallel 
[21] 

Lung shaped (1) + + n/a - 
> serpentine 

> parallel 
[22] 

Lung shaped (2) + + n/a - 
14% to 41% > 

serpentine. 
[23] 

Lung shaped (3) - + - - 25% > serpentine. [24] 

Lung shaped (4) - - n/a + n/a [25] 

Topology optimization + - n/a - 5.7% > parallel. [26] 

Tree shaped (1) + + n/a + 
33.5% < serpentine 

50% > parallel 
[27] 

Tree shaped (2) + + - - 11% < serpentine [28] 

Leaf and tree shaped - - n/a + 5.12% > serpentine [29] 

Spiral shaped - - + + 11.9% > serpentine [30] 

Spiral-nautilus shaped - + n/a - 21.53% > serpentine [31] 

Superior mesenteric 

branch shaped 
- + n/a - 3.16% < serpentine [32] 

Superior mesenteric 

branch shaped 
- + n/a - 25% > parallel [33] 

1.2 Theory of bio-inspired designs 

 

The bio-inspired designs are mostly based on Murray’s law, 

which was discovered on the bifurcations of arterial blood 

vessels and airways in animals and humans [34, 35]. Later, it 

was detected in the construction of the fluid flow passages in 

plants [36], sponges, and fish [37]. The law states that the 

diameters of the parent branch d0 and its daughter branches d1, 

d2, …, dn satisfy the relationship. 

 

d0
𝛾

= d1
𝛾

+ d2
𝛾

+ ⋯ + dn
𝛾
 (2) 
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where, γ = 3 for laminar flows, and γ = 7/3 for turbulent flows 

[38].  

In this study, the fractal T-junction design of the FFP is 

considered based on (2) and on the impact of the total entropy 

production in the FFP. The value of 0.794 for the 

dimensionless diameter scaling parameter provided the lowest 

total entropy production for the FFP geometry [39]. 

 

1.3 Fractal design of flow field plate in PEMFC 

 

Fractal binary tree patterns represent innovative design 

approaches for FFP, which are based on human lungs or vein 

networks of plant leaves. Sauermoser et al. [28] investigated 

the T-junction fractal FFP. The study focused on the 

development and testing of a new FFP design with varying 

width-scaling parameters, aiming to achieve a uniform 

distribution of reactants and improve the performance of 

PEMFCs. The tree-like FFP designs were CNC milled on 

high-quality graphite plates, and three designs with different 

width-scaling parameters were employed in the experimental 

investigations. It was noted that the RH had no significant 

impact on the FC performance and electrochemical impedance 

spectroscopy test of the classical serpentine FFP, indicating 

proper membrane hydration. However, for the tree-like FFP, 

higher charge transfer resistances and Warburg diffusion 

impedances were observed at even low RH, indicating 

problems caused by poor water management. 

Bethapudi et al. [40] used fractal FFP of a novel method of 

3D flow field by using 2D planar printed circuit board plates 

with a layer-wise assembly approach. This design emulates the 

efficient, scalable air transport inside the lungs, a n-generation 

hierarchical fractal structure, with the airflow occurring from 

a single inlet to 2n-1 outlets.  
 

Table 2. Summary of T-junction fractal FFPs 

 

Parameters 
Sauermoser 

et al. [28] 

Bethapudi et 

al. [40] 

Proposed 

Prototype 

(Current Study) 

Number of 

outlets 
128 1024 64 

Thickness 

5 mm 

(2 

compressed 

plates) 

< 5 mm 

(one plate for 

each 

generation) 

3 mm 

Width scaling 0.97 1 0.79 

Outlet 

section-

configuration 

fractal parallel parallel 

 

Despite the progress achieved in recent fractal-based 

PEMFC flow fields, important limitations remain. The work 

of Sauermoser et al. [28] demonstrated that channel width-

scaling strongly affects performance, yet the optimal scaling 

factor and nominal number of fractal generations required for 

balanced reactant distribution and water removal were not 

fully established. Conversely, the multilayer fractal 

configuration proposed by Bethapudi et al. [40] enabled high 

outlet multiplicity and efficient transport, but its printed-

circuit architecture increases fabrication complexity and is less 

compatible with low-cost industrial plate manufacturing. 

achieving a fractal flow field that combines optimal geometric 

scaling, controlled outlet generation, and practical 

manufacturability, while simultaneously improving water 

management. To address this, the present work introduces a 

reduced-thickness T-junction fractal FFP, designed using an 

entropy-informed scaling parameter and evaluated across 

multiple humidity conditions. The comparison in Table 2 

summarizes how the proposed design positions itself relative 

to existing approaches in terms of generation count, scaling 

factor, thickness, and outlet configuration. 

 

 

2. NUMERICAL MODELLING AND METHOD 

 

A numerical study refers to the use of CFD modelling to 

simulate and analyse the behaviour of the proposed fractal FFP 

prototype, as shown in Figure 3. This study is conducted using 

a 3D multiphase model. This simulation was carried out by 

ANSYS FLUENT 2021 R1 software.  

 

 
 

Figure 3. T-junction fractal FFP: (a) distributing system, (b) 

outlets, and (c) the entire cell 

 

The PEMFC module is an add-on module of ANSYS 

FLUENT with capabilities of modelling electrochemical 

reactions, transport of protonic, ionic, and species gases, 

generation of water, heat, and electric energy [41]. The 

principal assumptions that are made in the module for the 

current study are: 

 The operation of PEMFC is under steady-state conditions.  

 Laminar flow of the reactants. 

 Non-isothermal operation. 

 Production and transportation of liquid water. 

 Materials used for PEMFC are assumed to be by default. 

 

2.1 Governing equations 

 

According to the model description, the governing 

equations and associated source terms are expressed as follows 

[8, 41-43]. 

 Continuity equation: 

 

( ) ( ) ( )
m

u v w
S

x y z

    
+ + =

  
 (3) 

 

𝜌 [kg/m3] is the fluid density. In the context of a PEMFC, it 

could represent the density of the reactant gas, such as 

hydrogen or oxygen. 

u, v, w [m/s] are the velocity components in the x, y, and z 

directions, respectively. They describe the flow of the gas 

within the cell along each spatial axis. 

Sm [kg/m3‧s] is the mass source term determined by 

chemical reactions. 
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 Momentum equation: 

 

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

px

py

u u u
u v w

x y z

P u u u
S

x x x y y z z

v v v
u v w

x y z

P v v v
S

y x x y y z z

w w w
u v w

x y z

P w w

z x x y y

  

  

  

  

  

 

  
+ + =

  

          
− + + + +    
          

  
+ + =

  

          
− + + + +    
          

  
+ + =

  

     
− + + 
     

pz

w
S

z z


    
+ +   
   

 (4) 

 

P [Pa] is the operating pressure within the system. 

μ [Pa‧s] is the dynamic viscosity of the fluid, which accounts 

for the internal resistance to flow within the gas. 

Spx, Spy, Spz represent source terms in the x, y, and z 

projections of momentum equations. These terms account for 

body forces, such as gravity, and reaction forces inside the 

system. 

 

 Energy 
 

( ) ( ) ( )

h

CpT CpT CpT
u v w

x y z

T T T
k k k S

x x y y z z

    
+ + =

  

         
+ + +    

         

 (5) 

 

Cp [J/(kg‧K)] is the specific heat at Constant Pressure, 

which is the amount of heat required to raise the temperature. 

T [K] is the operating temperature of the system. 

k [W/m‧K] is the thermal conductivity of the used material. 

Sh [W/m3] is the heat source term. This term represents 

internal heat generation or loss due to chemical reactions, 

phase changes, or other processes inside the system. 
 

 Hydrogen transport (anode side) 
 

( ) ( ) ( )

( ) ( ) ( )

2 2 2

2 2 2

2

, , ,

H H H

x H y H z H

H

Y Y Y
u v w

x y z

J J J
S

x y z

    
+ + =

  

  
+ + +

  

 (6) 

 

YH2 is the mass fraction of hydrogen. 

JH2 [kg/m2‧S] represents the flux of hydrogen; it describes 

the rate of hydrogen transport. 

SH2 [kg/m3‧S] source term for hydrogen consumption at 

anode. 
 

 Water transport (anode side) 
 

( ) ( ) ( )

( ) ( ) ( ),, ,

aw aw aw

y awx aw z aw

aw

Y Y Y
u v w

x y z

JJ J
S

x y z

    
+ + =

  

 
+ + +

  

 (7) 

ρ is water density. 

Yaw is the mass fraction of water at the anode side. 

Jaw represents the flux of water. 

Saw [kg/m‧s] source term for water vapour generation. 

 

 Oxygen transport (cathode side) 

 

( ) ( ) ( )

( ) ( ) ( )

2 2 2

2 2 2

2

, , ,

O O O

x O y O z O

O

Y Y Y
u v w

x y z

J J J
S

x y z

    
+ + =

  

  
+ + +

  

 (8) 

 

𝜌 is oxygen density. 

𝑌O2 is the mass fraction of oxygen at the cathode side. 

JO2 represents the flux of oxygen at the cathode. 

SO2 source term for oxygen consumption at the cathode. 

 

 Water transport (cathode side) 

 

( ) ( ) ( )

( ) ( ) ( ),, ,

cw cw cw

y cwx cw z cw

cw

Y Y Y
u v w

x y z

JJ J
S

x y z

    
+ + =

  

 
+ + +

  

 (9) 

 

𝜌 is water density. 

𝑌cw is the mass fraction of water at the cathode side. 

Jcw represents the flux of water at the cathode. 

Scw source term for water vapour generation at the cathode.  

 

 Current density 

 

𝑖 = 𝑖0 [exp (
𝛼𝑎𝐹

𝑅𝑇
𝜂) − exp (

−𝛼𝑐𝐹

𝑅𝑇
𝜂)] (10) 

 

𝑖0 [A/m2] the exchange current density. 

𝛼𝑎 and 𝛼𝑐  are the anodic and cathodic charge transfer 

coefficients. 

F [C/mol] is the Faraday constant. 

R [J/mol·K] is the universal gas constant. 

η is the overpotential (V), which is the difference between 

the actual electrode potential and the equilibrium potential. 

 

• Total mass sources 

 
(anode): Sm = SH2

+ Sa𝑤

(cathode): Sm = SO2
+ Scw

 (11) 

 

2.2 Geometry 

 

The 3D geometry of the proposed PEMFC was created 

using SolidWorks (Figure 3). The design features an FFP with 

an active area of 5 × 5 = 25 cm2. On the anode side, there is a 

serpentine design with a channel width of 2 mm, while the 

cathode side is a fractal design. Panel (a) displays the top 

section of the cathode side, while panel (b) displays the bottom 

section; panel (c) displays the entire cell. The dimensional 

parameters are presented in Table 3. The widths of the 

channels of consecutive generations are related according to 

Murray’s law (2). The depth of the channels was taken as 1 

mm according to technological restrictions.  
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Table 3. Dimensional geometric parameters of the PEMFC 

studied 

 
Parameter Value (mm) 

Plate dimension (L × W) 50 × 50 

Thickness (FFP) 3 

Channel depth (flow field) 1 

Channels width (Flow field) 4, 3.2, 2.5, 2, 1.5, 1.25, 1 

Thickness GDL 0.3 

Thickness CL 0.12 

Thickness PEM 0.08 

 

2.3 Meshing 

 

The developed 3D FFP geometry was transferred to the 

ANSYS workbench Mesher to discretise the geometry into 

small computational elements (Figure 4). Due to the complex 

processes in PEMFC, the simulation requires a fine mesh with 

relatively small computation time to get a converged solution. 

 

 
 

Figure 4. Mesh of the proposed FFP 

 

A mesh independence assessment was performed using four 

mesh densities ranging from 0.9 to 2.7 million cells, as shown 

in Table 4. The difference in current density between 2.1 M 

and 2.7 M elements at 0.6 V was less than 0.06%, indicating 

that further refinement produces negligible variation in results. 

Therefore, the configuration with 2.7 million elements was 

selected for all simulations to ensure accuracy while 

maintaining reasonable computational cost. 

To account for numerical uncertainty, discretization 

sensitivity was evaluated through the mesh refinement study 

presented above, and convergence criteria of 10⁻⁶ were applied 

for continuity, momentum, and species equations. Material 

properties were taken from standard PEMFC datasets 

provided within Fluent, introducing minor uncertainty related 

to transport coefficients. Considering these factors, the overall 

numerical uncertainty is expected to be low and suitable for 

comparative flow-field analysis. 

 

Table 4. Mesh sensitivity test 

 
Number of Elements Current Density (w/m2) at 0.6 V 

900.000 0.611 

1,500.000 0.60962 

2,100.000 0.604593 

2,700.000 0.604220 

 

2.3 Boundary conditions 

 

In this study, the boundary conditions for the 3D model of 

the PEMFC are defined in Tables 5 and 6 to ensure accurate 

simulation of the physical and electrochemical processes. The 

operating pressure, temperature, gas inlet conditions, and 

stoichiometric ratios used throughout the simulations are 

summarized in Table 5. The same operating conditions were 

applied to both configurations examined in this work 

(serpentine-serpentine/fractal-serpentine). The values 

presented in Table 6 correspond to different RH levels and 

were calculated using the FLUENT PEMFC calculator. These 

include the inlet mass flow rates of hydrogen, oxygen, and 

water vapor, adjusted for each RH condition to assess the 

impact of humidification on cell performance. 

 

Table 5. Boundary conditions 

 
Parameters Value Unit 

Operating pressure 200 000 Pa 

Operating temperature 353.15 K 

Open-circuit voltage 1 V 

Inlet hydrogen temperature 298.15 K 

Inlet oxygen temperature 298.15 K 

Stoichiometric factor of hydrogen (anode) 2 - 

Stoichiometric factor of oxygen (cathode) 6 - 

Table 6. Boundary conditions at different RH values 

 
FFP Anode (Serpentine) Cathode (Fractal) 

Humidity level 
Mass flow rate 

(kg/s) 
H2 H2O 

Mass flow rate 

(Kg/s) 
O2 H2O 

RH 50% 1.1437e-06 0.4530422 0.5469578 5.7836e-05 0.2150084 0.07725582 

RH 55% 1.12156e-06 0.4262417 0.5737583 5.835e-05 0.2131157 0.08537863 

RH 60% 1.2895e-06 0.4018162 0.5981838 5.8877e-05 0.2112052 0.09357773 

RH 70% 1.4436e-06 0.3589304 0.6410696 5.9978e-05 0.6924609 0.1102092 

RH 80% 1.6066e-06 0.3225012 0.6774988 6.1143e-05 0.2033804 0.127159 

 

 

3. RESULTS AND DISCUSSION 

 

The performance of the proposed PEMFC with the fractal 

FFP was evaluated and compared to the conventional 

serpentine design under identical operating conditions. The 

parameters used for both configurations are listed in Tables 5 

and 6 across varying RH levels. The main results are 

summarized as follows. 

 

 

3.1 Model validation 

 

The numerical model was referenced to the experimental 

study of Sauermoser et al. [28], who reported that fractal 

PEMFCs operate most stably in the range of 60–70% relative 

humidity (RH). Figure 5 illustrates the measured voltage–time 

curves at RH = 50%, 60% and 70%, demonstrating that 70% 

RH provides the most stable output with minimal voltage 

decay over time. Based on this trend, RH = 70% was selected 

as the reference operating condition for validating the 

5



 

numerical setup and for subsequent performance comparison. 

 

3.2 Concentration of oxygen 

 

The amount of current generation in a PEMFC is directly 

influenced by the oxygen concentration at the CL on the 

cathode side. Figure 6 shows the molar concentration contours 

of O₂ at the GDL/CL interface for both configurations: (a) the 

fractal FFP and (b) the serpentine FFP. 

As illustrated in Figure 6(a), the fractal flow field provides 

more uniform and higher oxygen concentrations across the 

entire active area, with values reaching up to 2.16  × 10⁻² 

kmol/m³ from the inlet to the outlet. This uniformity is due to 

the symmetrical and distributed branching structure of the 

fractal channels, which promotes balanced oxidant delivery 

throughout the electrode surface. In contrast, Figure 6(b) 

reveals that the serpentine FFP exhibits non-uniform oxygen 

distribution, with a maximum concentration of only 1.37  ×  

10⁻² kmol/m³ near the inlet, followed by a gradual decline 

toward the outlet at 1.45 ×  10⁻² kmol/m³. This leads to reactant 

starvation at downstream sections, resulting in localized 

current density variations and potentially non-uniform 

electrochemical reactions and thermal gradients, which can 

accelerate membrane degradation. These findings confirm the 

superior reactant distribution performance of the proposed 

fractal FFP and align with trends reported in prior numerical 

studies [17, 19-23]. 

 
 

Figure 5. Operating voltage at RH = 50% (a), 60% (b), 70% (c) of fractal FFP [28] 

 

 
 

Figure 6. Molar concentration of O2 at the cathode GDL/CL interface in the fractal (a) and serpentine (b) FFPs 

 

 
 

Figure 7. Current density at 0.6 V at the cathode GDL/CL interface of fractal (a) and serpentine (b) FFPs 

 

6



3.3 Current density 

 

The contours of current density and heat generation at the 

cathode CL interface are shown in Figures 7 and 8, based on 

CFD results under identical operating conditions. These 

distributions are crucial for evaluating the electrochemical 

performance and thermal management of the FC. 

Figure 7 presents the current density distribution. In the case 

of the fractal FFP (Figure 7(a)), the current density reaches up 

to 1.31 × 10⁴ A/m², especially concentrated at the outlets of the 

fractal branches, where oxygen is effectively delivered. The 

distribution is more uniform across the active area, reflecting 

improved oxygen availability and reactant utilization. In 

contrast, the serpentine FFP (Figure 7(b)) exhibits a lower 

peak current density of approximately 7.07 × 10³ A/m², with 

weaker activity toward the outlet, indicating oxygen depletion 

and less efficient electrochemical performance. 

Figure 8 presents the associated heat source distribution, 

which is primarily governed by the rate of electrochemical 

reaction. The fractal FFP (Figure 8(a)) shows a smoother and 

more balanced heat profile, consistent with the uniform current 

generation. Meanwhile, the serpentine FFP (Figure 8(b)) 

exhibits a highly non-uniform heat source pattern with 

concentrated hot spots, especially near the inlet, where 

reactant delivery is strongest. These differences imply that the 

serpentine FFP leads to higher local energy dissipation and 

entropy generation, potentially causing thermal stress and 

long-term degradation of the membrane. In contrast, the fractal 

design enhances thermal uniformity, which supports better 

durability and performance stability, as also supported by 

previous studies [13, 28, 38]. 

The higher heat generation observed near the inlet region in 

the serpentine plate is associated with local reactant 

availability and higher current density, which increases 

activation losses and ohmic heating. In contrast, the fractal 

configuration distributes oxygen more evenly across the 

cathode surface, leading to a more uniform reaction rate and 

lower localized heat peaks. This mitigates thermal gradients 

within the MEA, reducing the risk of membrane drying near 

the inlet and water condensation downstream. 

 

3.4 Water mass fraction and water content 

 

The distributions of water mass fraction and water activity 

at the cathode GDL/CL interface for the fractal FFP at Vcell = 

0.6 V are illustrated in Figure 9(a) and (b). 

The water mass fraction (Figure 9(a)) exhibits a gradual 

increase from the inlet toward the outlet, indicating effective 

water transport along the flow channels. The maximum water 

mass fraction reaches 6.56 × 10⁻², while maintaining a 

relatively balanced distribution across the active area. This 

uniformity is essential for mitigating localized flooding and 

ensuring stable reactant transport. 

 

 
 

Figure 8. Heat source reaction 0.6 V at the cathode GDL/CL interface of (a) fractal, (b) serpentine 

 

 
 

Figure 9. Water content (a) and water activity, (b) at the cathode GDL/CL interface 
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The water activity (Figure 9(b)) shows consistent hydration 

across most of the active area, with values ranging from 3.2 × 

10⁻¹ near the inlet to 9.4 × 10⁻¹ near the outlet. However, a 

notable observation is the higher water activity at the corner 

opposite the outlet, which suggests a tendency for localized 

water accumulation in this region. This could lead to flooding 

under high-humidity operating conditions, potentially 

hindering reactant transport and reducing performance. 

 

3.5 Performance and power curves 

 

Figure 10 presents the power density curves for the fractal 

FFP under varying humidity levels: RH = 50%, 55%, 60%, 

70% and 80%. The results indicate that the highest 

performance is achieved at 70% humidity when the maximum 

power density was 0.584 W/m2, while a humidity level of RH 

= 80% marks the onset of performance decline. Figure 11 

depicts a comparative analysis between the fractal and 

serpentine FFPs. The results demonstrate that the fractal 

design outperforms the serpentine design, showing an 

enhanced performance of 8%. 

 

 
 

Figure 10. The power-current density curves in the case of 

fractal FFP at different RH 

 

 
 

Figure 11. The comparison power density of the proposed 

fractal and standard serpentine FFP 

 

The comparison across different operating humidities (50–

80% RH) indicates a clear performance trend: power density 

increases with membrane hydration up to 70% RH, beyond 

which excess liquid water accumulation hinders oxygen 

transport and reduces cell output. These results confirm that 

70% RH represents the optimal balance between proton 

conductivity and liquid water removal for the present fractal 

configuration. 

 

3.6 Recommendations and propositions 

 

3.6.1 Water management 

Based on the obtained results (Figure 9), the current design 

leads to inefficient removal of excess water, which potentially 

results in flooding of the FFP channels. This section outlines 

two proposed design modifications aimed at addressing this 

issue. 

The first proposition (Figure 12) is redesigning the water 

outlet position. An enhanced removal of excess water can be 

achieved by placing these outlets at the lowest points of the 

cell, which is consistent with recent studies highlighting the 

importance of outlet positioning in mitigating flooding [44]. 

The proposition (a) shows two outlets, while the proposition 

(b) suggests positioning a central outlet along the parallel 

channels for more efficient design. 

 

 
 

Figure 12. Proposed water outlet designs with one outlet, and 

two (a) or one (b) outlets for fractal PEMFC 

 

The second proposition (Figure 13) is the integration of 

microgrooves in the flow channels, which is an innovative 

approach to improve water management in PEMFC, in line 

with recent findings that emphasize the synergy between flow 

field geometries and microporous structures for efficient liquid 

water removal [45]. The challenge of this proposition requires 

high precision, which means an increase in the cost and time 

of production of the FC [46]. Similar conclusions have been 

drawn in recent works, where structured flow field 

modifications showed potential for enhanced drainage but also 

raised concerns of increased design complexity [47]. 

 

 
 

Figure 13. Proposed microgrooves for water removal from 

the FFP and GDL [46] 
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3.6.2 Uniform distribution of reactants 

Fractal design generally promotes uniform reactant 

distribution through multi-branching; however, simulation 

results show that the 7th-generation configuration exhibits 

maldistribution near the terminal outlets, where channels 

become closely spaced due to the applied scaling factor. This 

reduced spacing decreases local pressure gradients and creates 

preferential flow pathways, preventing homogeneous access 

to end branches and lowering overall distribution uniformity.  

To address this limitation, a 6-generation fractal 

architecture is recommended. Reducing one branching level 

restores more uniform outlet spacing and equalizes hydraulic 

resistance across branches (Figure 14), improving flow 

allocation while also reducing geometric complexity and 

fabrication effort. This confirms that increasing generations 

beyond an optimal point, especially under a narrower scaling 

factor, does not enhance uniformity, and an intermediate order 

provides a more balanced transport network for PEMFC 

operation. 

 

 
 

Figure 14. Distribution uniformity proposition 

 

 

4. CONCLUSIONS 

 

The results of this study demonstrated that the proposed T-

junction fractal FFP achieves the best performance at a RH of 

70%, showing an 8% increase in power density compared to a 

conventional serpentine FFP. This improvement is attributed 

to the more uniform oxygen distribution, effective water 

removal, and enhanced current density uniformity enabled by 

the fractal geometry. The introduction and verification of a 

new width scaling approach across the fractal generations 

played a key role in achieving these improvements. 

Although the 7th-generation design showed the highest 

uniformity, the 6th generation is recommended based on the 

optimized scaling factor, which balances performance with 

improved uniformity, outlet alignment, and fabrication 

feasibility. The reduced-thickness structure also simplifies the 

manufacturing process compared to traditional 3D fractal 

plates. Additionally, this study contributes to the field by 

visualizing internal water transport behaviour in fractal 

geometries, an aspect often overlooked in prior works. Future 

work will focus on the experimental validation of the scaling 

methodology, the effect of generation number, and the water 

removal performance of the proposed designs. 

In practical terms, the reduced-thickness fractal plate can 

support more compact and cost-efficient PEMFC stacks, 

making it suitable for portable energy devices, small vehicles, 

drones, and low-temperature hydrogen systems where water 

management and uniform reactant supply are critical. Its 

manufacturability also enables implementation through CNC 

machining or emerging low-cost fabrication routes, allowing 

the design to move toward prototyping and industrial use. 
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