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 An improper designed flow field of a polymer electrolyte fuel cell (PEFC) 

stack can cause the maldistributions of current density, temperature, and water 

concentration, which lead to localized mechanical stress, flooding or drying of the 

membrane, and flooding in flow channel. These problems, consequently, reduce 

performance and shorten the membrane electrode assembly (MEA) lifetime. In this 

work, a numerical investigation on the distributions in six different flow field designs, 

namely single, three, and five channel serpentine; three and five channel parallel in 

series; and z-type parallel over 5 cm2 PEFC has been systematically carried out using 

CFD techniques via ANSYS FLUENT software. The model was validated with 

experimental data obtained from our previous work. The results revealed that, for a 

small size PEFC, the flow fields with a longer channel (less number of channels) 

provided both a better uniformity and cell performance. With the same number of 

channels, the parallel in series flow fields clearly performed better than the multi-

channel serpentine flow fields in both uniformity and water management. However, 

the effect of flow field design on the PEFC performance was found lower than the 

length of channel. In summary, for making a small stack, the single channel 

serpentine is suggested to be used as a flow field with its outstanding performance. 
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Chapter 1 

Introduction 

 

1.1 Background & Rationale 

At present, the carbon dioxide concentration in the earth’s atmosphere has 

increased remarkably due to the use of the fossil fuel based energy converter, resulting 

in the critical greenhouse effect. Therefore, finding new power sources and energy 

converters is becoming a very important issue. Among various candidates, fuel cells, 

the devices that transform chemical energy to electrical energy via electrochemical 

reaction, has been considered as one of the most promising energy conversion devices 

since they are not restricted by the thermodynamics limitation such as Carnot cycle 

which is the restriction of fossil fuel based energy converter. Among the different types 

of fuel cells, polymer electrolyte fuel cell (PEFC) has received a high attention as a 

strong contender of an alternative power source for automotive and stationary 

applications because of their high energy conversion efficiency, zero greenhouse gas 

emission, low operating temperature and pressure, high power densities, low noise and 

fast start ups. PEFC consists of 9 important components as shown in figure 1.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Schematic of PEFC components 
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To operate PEFC, Hydrogen is supplied into an anode gas flow channel 

(GFC), while Oxygen is supplied into a cathode GFC, to diffuse through a gas diffusion 

layer (GDL) and thus chemical energy is converted to electrical energy via 

electrochemical reactions inside a catalyst layer. The electrochemical reactions take 

place on both sides as describe in Eq. 2.1 and Eq. 2.2, 

 

𝐻2 → 2𝐻+ + 2𝑒−   (Anode)  (1.1) 

And, 

𝑂2 + 4𝑒
− + 4𝐻+ → 2𝐻2𝑂  (Cathode) (1.2) 

 

The electrons, which produce at anode, travel through the bipolar plate (BP) 

and the current collector (CC), while the protons, which also produce at anode, travel 

through specific membrane, mostly Nafion of Dupont, to cathode and form up the 

water. 

Although PEFC is one of the most promising candidates in transportation and 

stationary power generation, it still needs to be developed to overcome a number of 

challenges such as high cost, cell durability and degradation, before competing in the 

global energy market. In order to overcome those barriers, both experimentation and 

modeling play an important role in fuel cell research. They allow researchers to gain 

understanding in non-linear physical aspects of fuel cell and perform a design 

optimization. However, experimental approaches are time-consuming, expensive and 

highly uncertain. As a result, modeling approaches, which are less time-consuming and 

inexpensive, have attracted a lot of interests. Among various available modeling, 

computational fluid dynamics (CFD) is a very special tool since they are very powerful 

in fuel cell performance evaluation and parametric design optimization. Furthermore, 

CFD can also give a better understanding in transport phenomena inside a PEFC stack 

because experimentation has a limitation in measuring technology. 

However, the major concerns of working with PEFC CFD modeling are the 

quality and accuracy of the obtained solution due to a complexity of the governing 

equation, an accuracy and reliability of model parameters, mesh quality, mesh 

dependency results and the others. Iranzo et al. [1] performed a model validation of 50 

cm2 commercial fuel cell stack with parallel and serpentine flow field by using model 
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parameters which obtained from technical data sheets, literature review and 

experimental measurement. The investigation of convergence criteria of 50 cm2 fuel 

cell by using published model parameters was explored by Arvay et al. [2]. 

Kamarajugadda and Mazumder [3] compared the accuracy of various membrane 

models by using predicted results against experimental data and also performed a grid 

independence analysis to suggest the optimum value of computational cells within each 

layer of the model. These works are a good example of an attempt to create best practice 

guidelines for computational fuel cell dynamics (CFCD). However, such guidelines are 

not yet available for all PEFC CFD models and still need to be developed. Thus, all 

those basic analysis has to be performed in case by case to ensure the quality of PEFC 

CFD modeling. Once the model is validated, the parametric design evaluation and 

optimization, the estimation of PEFC performance, and the understanding of the 

complex non-linear physical and electrochemical processes occurring inside a PEFC 

can be done by using the model. 

Many researchers used CFD to study the problem of water, current density, 

temperature and pressure distribution inside a PEFC, which effort to develop more 

efficient PEFC. Shimpalee et al. [4] studied the distribution of current density, water, 

temperature and pressure in a 480 cm2 PEFC flow-field selected from the US patent 

literature. He et al. [5] investigated the effect of the anisotropic gas diffusion layer 

thermal conductivity on temperature and water distribution of the PEFC. Water 

flooding in the gas diffusion layer was investigated using a numerical CFD model by 

Shimpalee et al. [6]  

One of the major factors which affects the efficiency of PEFC is geometric 

parameters of the flow fields since the bipolar plates performs keeping the reactants 

separates from each other, distributing them to the catalyst layer and also helping of 

water management. There are several works which attempt to propose a flow field that 

distributing the reactants more uniformly [7 - 9] since uniform distribution of reactants 

leads to a uniform distribution of current density, temperature and liquid water 

production, and reduction in localized hot spots, which reduce both performances, and 

material degradation. On the other hand, maldistribution of reactants leads to non-

uniform current density, and mechanical stress in membrane electrode assembly, which 

causes performance and material degradation. Thus, the cell performance is 
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significantly affected by the flow field design and can be increased up to 50% by using 

an optimal design of the flow field only. Manso et al. [10] performed a comprehensive 

review of PEFC on an influence of geometric parameters of the flow fields and 

classified the parameters into eight types. After a study, many researchers have studied 

an impact of flow field designs by comparing them [11-13]. It was found that the two 

most popular designs are parallel and serpentine flow field as displayed in figure 1.2. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 The popular flow field designs a) Serpentine and b) Parallel flow field 

 

Serpentine channel configurations, the most famous of studying as shown in 

figure 1.3, are widely used in commercial fuel cell stacks, such as the one for 

Electrochem, due to their simplicity and excellent performance. Figure 1.3 also 

indicates that numerical study (NS) has received higher attention than experimental 

analysis (EA) resulting in the amount of papers. Note that the detail of different flow 

field configurations in thoroughly presented in chapter 2. 

Although a 5 cm2 fuel cell stack, three channels parallel in series (or three 

channels parallel discontinuous) as displayed in figure 1.4, has also sold by 

Electrochem, the effect of those channel configuration has received less attention in 

such researches  (see figure 1.3). Therefore, the broad objectives of the present work 

are to investigate transport behaviors of the parallel in series flow field configuration 

as compared with those popular flow fields, such as serpentine and parallel 

configurations. In this work, the fuel cell stack and membrane electrode assembly will 

(a) (b) 
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be modelled using ANSYS FLUENT software and validated with experimental data. 

Finally, the best flow field among the different flow fields for a small-scaled MEA 

applications in overall aspects can be suggested. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 Popularity of each flow field type in previous research 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Three channels parallel in series flow field of commercial fuel cell stack 
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1.2 Objectives 

1.2.1 Predict the performance of PEFC in different flow field designs  

1.2.2 Study transport behaviors such as water, temperature and reactant 

distribution in different flow field designs 

 

1.3 Scopes 

 The numerical modeling is conducted by using ANSYS FLUENT. 

 The model is validated with an experimental data of our previous work. 

 The model is a 5 cm2 PEFC with 6 different flow field designs which are one, 

three, five channel serpentine configuration, parallel configuration and three, 

five channel parallel in series configuration. 

 

1.4 Expected Outcomes 

1.4.1 The performance of 5 cm2 PEFC in the 6 different flow field designs can 

be predicted. 

1.4.2 The transport behaviors such as water, temperature and reactant 

distribution of 5 cm2 PEFC in the 6 different flow field designs can be 

well understood. 

1.4.3 The best flow field among the 6 different flow fields for a small-scaled 

MEA applications in overall aspects can be suggested. 
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1.5 Research Plan 

 

Table 1.1 Research Plan 

Research Methodology 

2014 2015 

5 6 7 8 9 10 11 12 1 2 3 

1. Literature study            

2. Model development            

3. Validation of the 

simulation results with 

experimental data            

4. Other flow field designs 

models simulation            

5. Result analysis            

6. Conclusion            

7. Research publication            

 

 



Chapter 2 

Literature Study 

 

In this present work, a reference theory of the PEFC CFD model of ANSYS 

FLUENT [14] and several academic literatures, which have been studied, will be 

discussed as follows; 

2.1    Theory 

2.1.1    PEFC model theory 

2.2    Previous study 

2.2.1    CFCD role in PEFC research 

2.2.2    Geometric parameters of flow fields 

2.3    Related Research 

In section 2.1.1, the governing equation of ANSYS FLUENT PEFC modeling 

will be discussed. The discussion of CFCD role in PEFC research will be presented in 

section 2.2.1. Section 2.2.2 will discuss about the geometric parameters of flow fields 

and its effect. Finally, in section 2.3, related research, which investigates the transport 

behaviors of parallel in series flow fields configuration, will be discussed  

 

2.1 Theory 

2.1.1    PEFC Model Theory 

A comprehensive review of fuel cell and PEFC modeling was performed by 

Wang [15], Weber and Newman [16], and Siegel [17]. In this research, the three-

dimensional model will be conducted by ANSYS FLUENT. The Navier-Stokes 

equations (conservation equations), which include mass, momentum and energy 

conservation, is used to solve those transport phenomena, fluid and heat flows, 

numerically based on CFD techniques using finite volume method, the governing 

equation which can be expressed as 

 

𝜕

𝜕𝑡
(𝜌𝜙) + ∇ ∙ (𝜌𝜙�⃗� ) = ∇ ∙ (Γ𝜙∇𝜙) + 𝑆𝜙   (2.1) 
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Where, 

𝜙 = the transported quantity (mass, energy, and momentum) 

t  = the time 

𝜌 = the density 

�⃗�  = the velocity vector 

Γ𝜙 = the transported quantity diffusivity 

𝑆𝜙 = the source of 𝜙 

 

This conservation equation states that the rate of change of the transport 

quantity 𝜙 plus the transport by convection mechanism is equal to the diffusive 

transport of transport quantity 𝜙 plus the source 𝑆𝜙. The equations of each transport 

quantity such as electron, proton, species and liquid water are presented below. 

 

2.1.1.2    Electrochemistry modeling 

The electrochemical reactions are modelled by computing Hydrogen 

oxidation reaction (HOR) and Oxygen reduction reaction (ORR) which takes place 

within the catalyst layers. The equations of the potential used in this model, which are 

the electronic potential and protonic potential, are solved for solid phase (j = solid) and 

the membrane phase (j = membrane), respectively. 

 

∇ ∙ 𝜎𝑗∇𝜑𝑗 + 𝑅𝑗 =  0     (2.2) 

Where, 

 𝜎 = the electrical conductivity   unit: 1/(Ω·m-elec) 

 𝜑 = the electric potential    unit: V 

 𝑅 = the volumetric transfer current unit: A/m3-elec 

 

For the solid phase, the equation describes the electron transport through 

the solid conductive materials; the gas diffusion layer and current collector, while 

membrane phase describes the proton transport through the membrane. 

The volumetric transfer current of equation 2.2 is calculated by the 

Butler-Volmer equation [14]. 
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𝑅𝑎𝑛 = (𝜁𝑎𝑛𝑗𝑎𝑛
𝑟𝑒𝑓
) (

[𝐻2]

[𝐻2]𝑟𝑒𝑓
)
𝛾𝑎𝑛

(𝑒
𝛼𝑎𝑛𝐹𝜂𝑎𝑛

𝑅𝑇 − 𝑒−
𝛼𝑐𝑎𝑡𝐹𝜂𝑎𝑛

𝑅𝑇  )  (2.3) 

𝑅𝑐𝑎𝑡 = (𝜁𝑐𝑎𝑡𝑗𝑐𝑎𝑡
𝑟𝑒𝑓
) (

[𝑂2]

[𝑂2]𝑟𝑒𝑓
)
𝛾𝑐𝑎𝑡

(−𝑒
𝛼𝑎𝑛𝐹𝜂𝑐𝑎𝑡

𝑅𝑇 + 𝑒−
𝛼𝑐𝑎𝑡𝐹𝜂𝑐𝑎𝑡

𝑅𝑇  )  (2.4) 

Where, 

  𝑗𝑟𝑒𝑓 = the exchange current density   unit: A/m2-Pt 

𝜁 = the surface to volume   unit: m2-Pt/m3-elec 

  [] = the local species concentration unit: kmol/m3 

  []𝑟𝑒𝑓 = the reference concentration  unit: kmol/m3 

  𝛾 = the concentration exponent 

  𝛼 = the charge transfer coefficient 

  𝐹 = the Faraday constant 

  𝜂 = the activation loss   unit: V 

  R = the universal gas constant 

  T = the temperature 

 

The activation loss 𝜂 also called the local surface over-potential, which 

is the driving force for the kinetics, is computed by this following equations. 

 

𝜂𝑎𝑛 = 𝜑𝑠𝑜𝑙 − 𝜑𝑚𝑒𝑚     (2.5) 

𝜂𝑐𝑎𝑡 = 𝜑𝑠𝑜𝑙 − 𝜑𝑚𝑒𝑚 − 𝑉𝑂𝐶    (2.6) 

Where, 

  𝜑 = the electric potential    unit: V 

  𝑉𝑂𝐶 = the open circuit voltage  unit: V 

 

2.1.1.2    Species transport modeling 

The general form of the conservation of chemical species, which 

predicts the local mass fraction of each species, is expressed as 

 

𝜕

𝜕𝑡
(𝜌𝑌𝑖) + ∇ ∙ (𝜌𝑣 𝑌𝑖) = −∇ ∙ 𝐽 𝑖 + 𝑅𝑖 + 𝑆𝑖   (2.7) 

Where, 

  𝑌𝑖 = the local mass fraction of each species  
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  𝐽 𝑖 = the diffusion flux of each species   

𝑅𝑖 = the source of chemical species due to the reaction 

  𝑆𝑖 = the species source term 

   

Volumetric source terms of the species in the catalyst layers are as 

follows. 

 

𝑆𝐻2 = −
𝑀𝑊,𝐻2

2𝐹
𝑅𝑎𝑛 < 0     (2.8) 

𝑆𝑂2 = −
𝑀𝑊,𝑂2

4𝐹
𝑅𝑐𝑎𝑡 < 0     (2.9) 

𝑆𝐻2𝑂 = 
𝑀𝑊,𝐻2𝑂

2𝐹
𝑅𝑐𝑎𝑡 > 0   (2.10) 

Where, 

  𝑀𝑊 = the molecular mass of the species unit: kg/kmol 

  

The sign of the equations indicates that hydrogen and oxygen species 

are consumed while H2O is generated. 

The total electric current which produces in the catalyst layers on both 

sides is the same. Therefore, the current is conserved by this following equation. 

 

∫ 𝑅𝑎𝑛𝑑𝑉𝑎𝑛
= ∫ 𝑅𝑐𝑎𝑡𝑑𝑉𝑐𝑎𝑡

    (2.11) 

 

2.1.1.3    Heat source modeling 

Since all chemical energy cannot be completely converted to electrical 

energy due to the second law of thermodynamics, therefore volumetric heat sources are 

presented. 

 

𝑆ℎ = ℎ𝑟𝑒𝑎𝑐𝑡 − 𝑅𝑎𝑛,𝑐𝑎𝑡𝜂𝑎𝑛,𝑐𝑎𝑡 + 𝐼
2𝑅𝑜ℎ𝑚 + ℎ𝑙  (2.12) 

Where, 

  ℎ𝑟𝑒𝑎𝑐𝑡 = the net rate of enthalpy change 

    due to electrochemical reactions unit: J/s 
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𝑅𝑥𝜂𝑥 = the product of the transfer current  

and the over-potential in 

the anode or cathode side  unit: J/s 

  

𝑅𝑜ℎ𝑚 = the ohmic resistivity of the  

conducting media   unit: Ω 

 ℎ𝑙 = the rate of enthalpy change due to 

   Phase changes of the water  unit: J/s 

 

2.1.1.4    Liquid water formation and transport modeling 

In saturation model, when PEFC operates under low temperature, 

especially at low voltage, the water may condense and form a liquid water blocking the 

gas diffusion passage. Therefore, the cell performance will be reduced since the 

diffusion rate and the effective reacting surface area are decreased. The saturation 

model using in ANSYS FLUENT, is based on the model of Nam and Karviany [18], 

and Nguyen [19], which is governed by the following conservation equation for the 

water saturation. 

 

𝜕(𝜀𝜌𝑙𝑠)

𝜕𝑡
+ ∇ ∙ (𝜌𝑙�⃗� 𝑙𝑆) = 𝑟𝑤    (2.13) 

Where, 

  𝜌𝑙 = the liquid water density  unit: kg/m3 

  𝑟𝑤 = the condensation rate 

  𝜀 = the porosity 

  �⃗� 𝑙 = the liquid water velocity  unit: m/s 

 

The liquid water velocity is assumed to be equal to gas velocity inside 

the gas flow channel, and the condensation rate is modelled as follows. 

 

𝑟𝑤 = 𝐶𝑟max ([(1 − 𝑠)
𝑃𝑤𝑣−𝑃𝑠𝑎𝑡

𝑅𝑇
𝑀𝑊,𝐻2𝑂] , [−𝑠𝜌𝑙])  (2.14) 

Where, 

  𝐶𝑟 = the condensation rate constant 
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  𝑃𝑤𝑣 = the pressure of the water vapor unit: N/m2 

  𝑃𝑠𝑎𝑡 = the saturation pressure  unit: N/m2 

 

Since the porous zone is highly-resistant, the convective term is replaced 

by the capillary diffusion term and hence becomes 

 

𝜕(𝜀𝜌𝑙𝑠)

𝜕𝑡
+ ∇ ∙ (𝜌𝑙

𝐾𝑠3

𝜇𝑙

𝑑𝑝𝑐

𝑑𝑠
∇𝑆) = 𝑟𝑤   (2.15) 

Where, 

  K = the permeability   unit: 1/m2 

  𝜇𝑙 = the kinematic viscosity of  

liquid water    unit: Pa·s 

  𝑝𝑐 = the capillary pressure   unit: N/m2 

 

The capillary pressure 𝑝𝑐 is calculated by using the Leverett function. 

 

𝑝𝑐 =

{
 

 
𝜎𝑡𝑐𝑜𝑠𝜃𝑐

(
𝐾

𝜀
)
0.5 (1.417(1 − 𝑠) − 2.12(1 − 𝑠)

2 + 1.263(1 − 𝑠)3)     𝜃𝑐 < 90𝑜

𝜎𝑡𝑐𝑜𝑠𝜃𝑐

(
𝐾

𝜀
)
0.5 (1.417𝑠 − 2.12𝑠

2 + 1.263𝑠3)                                       𝜃𝑐 > 90𝑜
(2.16) 

Where, 

  𝜎𝑡 = the surface tension   unit: N/m2 

  𝜃𝑐 = the wetting angle of the porous  

media 

   

2.1.1.5    Species transport modeling in porous media 

Although the Stefan-Maxwell equation is governing the multi-species 

diffusion in the porous media, the dilute approximation method can also provide a good 

result when pure oxygen is used as oxidant. Therefore, the model for validating the 

numerical result is using the dilute approximation method which can be described as 

follows. 

 

𝐽 𝑘 = −𝜌𝐷𝑗∇𝑌𝑘     (2.17) 
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Where, 

  𝐷𝑗  = the diffusion coefficient  

 

𝐷𝑗 = 𝜀1.5(1 − 𝑠)𝑟𝑠𝐷𝑗
0(
𝑃0

𝑃
)𝛾𝑝(

𝑇

𝑇0
)𝛾𝑡   (2.18) 

 

Where, 

  𝐷𝑗
0 = the mass diffusivity of species i at 

    reference pressure and temperature unit: m2/s 

  𝑃0 = the reference pressure   unit: N/m2 

  𝑇0 = the reference temperature  unit: K 

  𝜀 = the porosity 

  𝑟𝑠 = the exponent of pore blockage 

  s = the saturation term 

 

However, when air is used as oxidant, the dilute approximation method 

cannot give the result accurately. Thus, Stefan-Maxwell equation, which can be 

described as follows, is used. 

 

𝐽 𝑗 = −∑ 𝜌𝐷𝑗𝑘∇𝑌𝑘 − 𝐷𝑇,𝑗
∇𝑇

𝑇

𝑁−1
𝑘=1     (2.19) 

Where, 

𝑁 = the number of the chemical species 

  𝐷𝑖𝑗 = the binary mass diffusion coefficient 

  𝐷𝑇 = the thermal diffusion coefficient 

 

𝐷𝑖𝑗 = [𝐷] = [𝐴]−1[𝐵]    (2.20) 

𝐴𝑖𝑖 = −(
𝑋𝑖

𝐷𝑖,𝑁

𝑀𝑤

𝑀𝑤,𝑁
+ ∑

𝑋𝑗

𝐷𝑖𝑗

𝑁
𝑗=1
𝑗≠𝑖

𝑀𝑤

𝑀𝑤,𝑖
)   (2.21) 

𝐴𝑖𝑗 = 𝑋𝑖 (
1

𝐷𝑖𝑗

𝑀𝑤

𝑀𝑤,𝑗
−

1

𝐷𝑖,𝑁

𝑀𝑤

𝑀𝑤,𝑁
)    (2.22) 

𝐵𝑖𝑖 = −(𝑋𝑖
𝑀𝑤

𝑀𝑤,𝑁
+ (1 − 𝑋𝑖)

𝑀𝑤

𝑀𝑤,𝑖
)   (2.23) 
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𝐵𝑖𝑗 = 𝑋𝑖 (
𝑀𝑤

𝑀𝑤,𝑙
−

𝑀𝑤

𝑀𝑤,𝑁
)    (2.24) 

Where, 

  𝑋𝑖 = the mole fraction 

 

2.1.1.6    Membrane modeling 

The electrolyte phase conductivity can be computed by the correlation 

from Springer et al. [20]. 

 

𝜎𝑚𝑒𝑚 = 𝛽(0.00514𝜆 − 0.00326)𝜔𝑒1268(
1

303
−
1

𝑇
)
  (2.25) 

Where, 

  𝜆 = the water content 

  

The water content is also obtained by using Springer et al.’s correlation. 

 

𝜆 = {
0.043 + 17.18𝑎 − 39.85𝑎2 + 36𝑎3              (𝑎 < 1)

14 + 1.4(𝑎 − 1)                                                  (𝑎 > 1)
   (2.26) 

Where, 

  𝑎 = the water activity 

  

The water activity is defined as, 

 

𝑎 =
𝑃𝑤𝑣

𝑃𝑠𝑎𝑡
+ 2𝑠     (2.27) 

 

The osmotic drag coefficient can be calculated by this following 

equation. 

 

𝑛𝑑 = 2.5
𝜆

22
     (2.28) 

 

The back diffusion flux is computed as follows. 
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𝐽𝑏𝑑 = −
𝜌𝑚

𝑀𝑚
𝑀𝑊,𝐻2𝑂𝐷𝑙∇𝜆   (2.29) 

Where, 

  𝜌𝑚 = the density of dry membrane  unit: kg/m3 

  𝑀𝑚 = the equivalent weight of  

dry membrane    unit: kg/kmol 

 

Membrane water diffusivity can be modelled using this following 

relation. 

 

𝐷𝑙 = 𝑓(𝜆)𝑒
2416(

1

303
−
1

𝑇
)
    (2.30) 

 

The developed CFCD models are consisted of 9 components as 

described in chapter 1 which indicate that the models can give a better understanding 

than the others since they are modelled in 3-D true dimension. Hence, CFCD is a very 

powerful tool which has been used so far. In next section, the discussion of CFCD role 

in PEFC study and its geometric parameters will be presented. 

 

2.2 Previous Study 

2.2.1    CFCD Role in PEFC Research 

Since the powerfulness of CFCD has been accepted so far, they have been 

used in performance evaluation and parametric design optimization. However, solving 

the PEFC model numerically is a very complex task due to the complicated governing 

equation. Therefore, the quality and accuracy of the model are needed to be checked 

before doing a design optimization. Although several CFD best practice guidelines have 

been published in order to ensure the results quality [21-23], the CFCD best practice 

guidelines has not available yet since fuel cells are very complicated. All these 

following research groups attempt to create best practice guidelines of CFCD. Iranzo 

et al. [1] attempted to validate their model of 50 cm2 commercial fuel cell stack with 

parallel and parallel in series flow field in several boundary conditions, such as feeding 

Oxygen with 100%, 60% relative humidity, and feeding Air with 60%, 0% relative 

humidity on the cathode side, by using model parameters which obtained from technical 
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data sheets, literature review and experimental measurement. However, two important 

parameters, platinum utilization and exchange current density, were unknown. 

Platinum utilization is a variable which controls the surface to volume ratio as described 

in equation 2.25 

 

𝑎𝑐 =
𝐸𝑆𝐴

𝑡𝑐𝑙
=

𝑢𝑝𝑡×𝐴𝑠×𝑆

𝑡𝑐𝑙
     (2.31) 

 

Where, 

  𝐸𝑆𝐴 = the electrochemical surface area unit:m2-pt/m2-elec 

  𝑡𝑐𝑙 = the thickness of catalyst layer  unit: m-elec 

  𝑢𝑝𝑡 = the platinum utilization 

  𝐴𝑠 = the specific surface area of platinum unit: m2-pt/g-pt 

  𝑆 = the catalyst loading   unit: g-pt/m2-elec 

 

Since cyclic voltammetry were not available, platinum utilization was 

assumed to be 0.5, which is in an acceptable range. The exchange current density, which 

can be determined from the Tafel plot, was adjusted to fit the polarization curve. 

However, their adjusted exchange current density is out of the general range. 

Furthermore, mesh independence analysis have been performed; 0.5, 1.0, 1.8 million 

mesh elements were used. It was found that the obtained solution still differed more 

than 5% between those two finest meshes and the finer resolution meshes cannot be 

accomplished according to their computing power. Note that their minimum cell angle 

is 19o, which means there is skewed elements and thus, the mesh quality could be 

improved.  

Arvay et al. [2] investigated convergence criteria of 50 cm2 commercial single 

channel serpentine fuel cell by using model parameters from the published paper [1]. 

Polarization curve and species mass fluxes were used to prove that the solutions are 

converged. It was found that minimum 15,000 iterations are required to achieve an error 

within 5% of current density. The accuracy and efficiency of various strategies of 

implementing membrane models; Springer model, Nguyen and White model, and 

Fuller and Newman model, were compared using predicted results to validate against 
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experimental data by Kamarajugadda and Mazumder [3]. Moreover, this work also 

performed a grid independence analysis to suggest the optimum value of computational 

cells across each layer of the model, concluding that 10, 5, 40 computational cells across 

the layers is needed for gas diffusion layer, catalyst layer, and membrane, respectively. 

Note that their models are two-dimensional and one-dimensional through-plane CFD 

membrane model, which concentrate on an investigation of the transport behavior of 

the membrane layer. By now, all those basic analysis has to be performed in case by 

case to ensure the quality of PEFC CFD modeling. Once the model is validated, the 

parametric design evaluation and optimization, the estimation of PEFC performance, 

and the understanding of the complex non-linear physical and electrochemical 

processes occurring inside a PEFC can be done by using the model. 

Shimpalee et al. have used CFD to investigate the transport behaviors of fuel 

cell in several works. A parallelized 3-D model of a 480 cm2 PEFC flow-field selected 

from the US patent literature to study the distribution of current density, water, 

temperature and pressure has been performed using STAR-HPC software [4]. The 

patented flow-field gives no significant difference in power output between humidified 

cathode and dry cathode cases, concluding that this flow field can give a high 

performance with a good water management. Furthermore, it was found that by using 

parallel computing techniques, the computational time is significantly reduced while 

maintaining less than 1% error in mass balance. A simplified approach, a homogenous 

and stationary liquid water phase inside gas diffusion layer, was proposed to investigate 

the effect of water flooding in a gas diffusion layer on cell performance in a 25 cm2 

PEFC with triple serpentine flow channels [6]. The validation of the model was 

performed showing the good agreement with the experimental data.  

The effect of the anisotropic gas diffusion layer thermal conductivity on the 

heat transfer and liquid water removal of a single channel serpentine flow field PEFC 

was investigated by He et al. [5]. It was found that in a comparison to isotropic case, 

the anisotropic gas diffusion layer produces higher temperature difference specifically 

on the in-plane direction. To be concluded, the isotropic gas diffusion layer is better 

than the anisotropic for several reasons; such as higher cell performance, uniform 

current density, lower material degradation, higher cell durability and others. Since it 

has been known that cell assembly force significantly affect the cell performance,  
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Zhou et al. [24] have studied the effect of single channel PEFC using ANSYS 

FLUENT. The results showed that the thick gas diffusion layer can sustain a larger 

assembly force without the risk of water flooding in gas diffusion layer and yield a less 

sensitivity cell performance to the variations of the assembly force while thin gas 

diffusion layer had a better water content, resulting in a better cell performance, 

however the cell performance are more sensitive to the variation of the assembly force. 

In next section, the discussion of the geometric parameters of flow fields will 

be presented since the cell performance is significantly affected by the flow field design 

and can be increased up to 50% only an optimal design of the flow field is used. This 

discussion is based on a review of Manso et al. [10] 

 

2.2.2    Geometric parameters of flow fields 

The maldistribution of reactant gases is considered as a major impact on the 

cell performance and its efficiency since uniform distribution of reactants lead to a 

uniform distribution of current density, a uniform distribution of temperature and liquid 

water production, and reduce localized hot spots which reduce both performance 

degradation, and material degradation. On the contrary, maldistribution of reactants 

leads to non-uniform current density, and mechanical stress in membrane electrode 

assembly which causes performance degradation and material degradation. For this 

reason, the flow field designs are a very important factor because its functions are 

distributing the reactants to the catalyst surfaces and also helping to remove a surplus 

water, which causes the water flooding, from the cell. Manso et al. [10] classified the 

geometric parameters of flow fields into eight types; 1. Flow field designs 2. Flow 

direction 3. Channel length and number of channels 4. Use of baffles in the flow 

direction 5. Cross section shape 6. Channel and rib width 7. Channel depth (or height) 

8. Height to width ratio of channel cross section. All these parameters are going to be 

discussed in this section. 

 

2.2.2.1    Flow  field designs 

Recently, the flow field geometric configurations have received a high 

attention as shown in an increasing of a new design in the literature (will talk about this 

in a later section). Depending on the operating conditions, each of these designs show 
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advantages and disadvantages. The most studied flow field designs; which are parallel, 

serpentine, interdigitated, and pin or mesh flow field, are shown in figure 2.1. 

The parallel flow field is the simplest design from the point of view that 

flow field function is, distributing the reactant gases to the TPB which usually spread 

in all over catalyst layer. For this flow field, if the pressure drop on each channel is not 

in the same level, which may occur by the water droplet in flow channels, the reactant 

gases, however, may not uniformly distribute and thus, the cell performance will 

decrease. The serpentine flow field was proposed to solve such problem since the 

reactant gases are forced to flow through one single path, which may consist of one or 

multiple channels. The reactants flow speed and the pressure drop along the channels 

are both increased in this flow field configuration resulting in an enhancement of water 

management by removing the surplus water out of the flow channels. The interdigitated 

flow field is the flow field with a dead end design which forces the reactants to flow 

under-rib path which enhancing the use of catalysts by removing the liquid water in the 

porous region. The flow field that consists the pin, which generally cubical or circular, 

arranged in a pattern are called pin (or mesh) type flow field. This flow field has similar 

behaviors to parallel flow field, a maldistribution and only a few pressure drop occur. 

Numerous researches have been conducted to investigate and compare 

the influence of the designs in cell performance. Hu et al. [25] compared parallel flow 

field with the interdigitated flow field using three-dimensional, steady-state numerical 

model. Birgersson and Vynnycky [26] studied the effect of different flow channels; the 

parallel (run in both co-flow and counter-flow), interdigitated, and porous flow field 

using CFX software. In porous flow field, the entire surface of the gas flow channel is 

surrounded by the porous material differs from the others, which contain dead zone 

between the channels. The results showed that the interdigitated flow fields performed 

the best in cell performance, followed in descending order by the porous, the parallel  

(counter-flow), and the parallel (co-flow) flow field, however, the porous provided the 

most uniform current distribution at the high current density. The effect of flow field 

designs which are; the serpentine, parallel, multi parallel (see figure 2.2a), and 

interdigitated flow field, on both steady and transient state cell performance of PEFC 

was explored by Kumar and Reddy [27] using FLUENT. It was found that in steady 

state case, which the current density was fixed to 5000 A/m2, the interdigitated 
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performed the best. However, for transient state case, where the current density was 

suddenly increased from 5000 A/m2 to 8000A/m2, the parallel flow field performed the 

best follow by the multi-parallel, serpentine, and interdigitated flow field.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Different geometrical configurations of the gas flow field a) Parallel  

      b) Serpentine c) Interdigitated and d) Pin-type flow field 

 

Ferng and Su [28] compared the parallel and serpentine flow field with 

uniform depth and step-wise depth flow channels. The results showed that the cell 

performance of the parallel flow field was significantly influenced by the step-wise 

depth flow channels, on contrary, the serpentine flow field was insensitive to the flow 

channels with different depth designs. The investigation of the effect on a 10 cm2 

serpentine flow field with single channel, double channel, cyclic-single channel and 

symmetric-single channel (see figure 2.2b, c) patterns was performed by Jeon et al. [8]. 

The results showed that the double channel flow field had better performance and more  

  

(a) (b) 

(c) (d) 
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Figure 2.2 Different geometrical configurations of the gas flow field a) Multi-parallel 

      b) Cyclic single channel c) Symmetric single channel and d) Z-type flow field 

 

uniform current distribution at high inlet humidity. However, at low inlet humidity, the 

four channel serpentine flow field showed an insignificant difference in cell 

performance. Since the results significantly showed low pressure drop, cyclic-single 

channel and symmetric-single channel flow-fields were considered as good candidates 

in large scale system and low inlet humidity operation application. Jang et al. [29] 

conducted a three-dimensional numerical model of 5 cm2 PEFC with different flow 

fields; parallel, Z-type (see figure 2.2d) and four channels serpentine flow field, to 

investigate the influence of the designs on reactants usage, liquid water removal, and 

cell performance. It was found that the serpentine flow field performed the best in cell 

performance, while parallel flow field performed the worst, which lead to conclude that 

(a) (b) 

(c) (d) 
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increasing the flow channel length in the conventional flow fields effectively raised the 

current density and thus, the cell performance. 

The comparison of different flow field geometric configuration by using 

numerical simulation is repeated in several works [30 - 37]. After a study, it can be 

concluded as follows: 

 In high voltage region, the flow field geometric configurations has an 

insignificant impact on the cell performance. On the other hand, the 

geometric configuration significantly affects cell performance in a low 

voltage region where concentration losses take place. 

 Generally, the flow fields with low pressure drop, such as the parallel, 

also have a low cell performance since the maldistribution can easily 

occur. 

 The flow fields with high pressure drop, such as the serpentine and the 

interdigitated, are having a high cell performance since the designs 

lead to more uniform reactant distribution. 

 One of the main purpose of designing flow field is preventing the 

liquid water flooding in cathode gas diffusion layer. Therefore, using 

different flow field design on each side is reasonable since anode side 

does not need to consider the water flooding 

 

2.2.2.2    Flow  direction 

Since the reactant gases flow through the flow field while the PEFC is 

operated, conditions of the reactants; concentration, partial pressure, temperature, 

relative humidity, and etc., vary as flowing along the channels. Thus, the direction of 

reactants flowing through the flow field on both sides is also affected the cell 

performance. Flow directions of the reactants which have been studied most are;  

co-flow, counter flow, and cross flow as shown in figure 2.3. 

Ge and Yi [38] used two dimensional steady state numerical model to 

investigate the effect of flow mode, including co-flow and counter-flow, on ohmic 

resistance, water distribution, current density distribution, and the performance. 

Without the external humidification, the dry reactant gases can be well internally 

humidified when operated in the counter-flow mode, and thus high performance was 
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achieved. The counter-flow, however, did not show any advantageous while well 

humidified reactant gases were feeding. 

 

 

 

 

 

 

 

 

Figure 2.3 Different flow direction schemes a) Counter-flow b) Co-flow c) Cross-flow 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Flow field pattern [39] a) 3-channel serpentine b) 6-channel serpentine c) 

13-channel serpentine d) 26-channel serpentine and e) 26-channel symmetric 

serpentine flow field 

(a) (b) (c) 

(a) (b) (c) 

(d) (e) 
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2.2.2.3    Channel length and number of channels 

The channel length and number of channels are considered as one of the 

most influential parameters on the cell performance and its efficiency. Shimpalee et al. 

[39] studied the impact of channel path length of PEFC using STAR-CD. 200 cm2 

serpentine flow fields with different number of channels, and thus different channel 

length, were modelled (see figure 2.4). The results showed that the current density of 

PEFC with shorter path lengths was more uniformly distributed and also lesser 

condensed liquid water than the longer paths. From a single cell performance, the 13-

channel flow field gave the best performance for a 200 cm2 PEFC. The 26-channel flow 

field, however, was considered as an optimal choice for making a PEFC stack since the 

current density distribution was more uniform and the pressure drop was much lower. 

The effect of increasing channel path length on the reactants distribution and cell 

performance in an interdigitated flow field was explored by Santamaria et al. [40]. The 

computational model showed that the longer channels lead to a maldistribution, while 

more uniform distribution was observed in the shorter channels. Experiment also 

confirmed that the performance of the 5 cm2 interdigitated flow field outperformed the 

25 cm2 since the maximum power density of the short interdigitated flow field was 

33.9% and 12.7% greater than the long for both normal and excess flow conditions 

respectively. 

 

2.2.2.4    Use of baffles in the flow direction 

As the reactants need to diffuse through gas diffusion layer to reach TPB 

within the catalyst layers where the electrochemical take places, the proposal of using 

baffles in the flow direction has been proposed since there are parts of the reactants, 

which do not react at the TPB, flow away and hence, the unreacted gas is found at the 

outlet of the flow channel, which is considered as a reduction of the system efficiency. 

The numerical investigation of the effect of the flow channel design with baffles was 

explored by Liu et al. [41] concluding that both the reactant transport and cell 

performance can be enhanced, especially at the low voltage region, by the presence of 

the baffles in the gas flow channel. Soong et al. [42] investigated the reactant gas 

transport in a PEFC with the gas flow channel partially blocked by installing baffle 

plates. It was found that the oxygen flux in cathode catalyst layer would become higher 



26 
 

 
 

when the number of baffles in the flow channels is increased, and hence the higher cell 

performance. However, increasing amount of baffles reduced the overall cell 

performance due to an increasing of pressure drop, which implies that there is an 

optimum number of baffles that enhances the overall cell performance. A novel baffled 

flow field design, as shown in figure 2.5, with a significant better performance than the 

conventional design was proposed by using three-dimensional numerical model [43]. 

The results showed that the compressor power needed to overcome the pressure drop 

of the novel design can be neglected as compared to the cell power output. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Flow field designs [43] a) SFF b) SBFF-1 c) SBFF-2 d) SBFF-3 

 

A two-dimensional numerical model had been conducted to examine the 

effects of humidity of reactants in the baffled flow field on the transport phenomena 

and cell performance by Jang et al. [44]. At low voltage region, increasing the relative 

(a) 

(c) 

(b) 

(d) 
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humidity of reactant gases in cathode side leads to the reduction of oxygen 

concentration, and thus the cell performance decreased. 

 

2.2.2.5    Cross-section shape  

Although channels with semicircular, trapezoidal, triangular, and others 

cross-section have been studied, PEFC with rectangular channel cross-section is still 

mostly used since it can reproduce easily. Kumar and Reddy [45] developed a 

numerical three-dimensional half-cell (anode) model to investigate the effect of 

different channel dimensions and shapes on the transport behaviors and cell 

performance by using FLUENT. It was found that the optimum value of channel width, 

land width, and channel depth were close to 1.5, 0.5, and 1.5 mm, respectively. 

Furthermore, triangular and hemispherical cross-section shaped channels, which the 

land width was close to 0 mm, were also explored. The results showed that both 

triangular and hemispherical cross-section shaped channels increased hydrogen 

consumption by 9 % over the rectangular, and thus the better performance was obtained.  

Ahmed and Sung [46] investigated the effect of three different channel 

cross section; rectangular, trapezoidal, and parallelogram, on low voltage region. The 

results revealed that, when their height were same, the rectangular channel cross-section 

gave higher power output, while the trapezoidal channel cross-section gave more 

uniform reactant and current density distributions. The channel and rib width ratio of 

1.3-1.4 was suggested as an optimum value for the rectangular. In production process, 

machining tolerances, tool wear, and different manufacturing process could possibly 

cause a variations in channel depth, which was expected to affect the performance. The 

effect of draft angle and etch factor on the cell performance was numerically studied by 

Shimpalee et al. [47]. The results can be concluded that higher draft angle gave low 

performance and pressure drop, while the effect of channel radius at the turning was 

not significant. Consider the effect of non-uniformity channel depth, for well hydrated 

membrane condition, shallower channels at the outlet gave more uniform distribution 

as compared to shallower channels at the inlet and uniform channel depth, while, for 

dry membrane case, the uniform channel depth showed the most uniform distribution. 

However, the researchers stated that the effect of channel depth on the overall 

performance is minimal. 
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2.2.2.6    Channel and rib width 

Several researches have studied the influence of channel and rib width, 

as displayed in figure 2.6, which are considered that the effect of these parameters are 

more evident in low potential region because of mass transport limitation, and 

suggested that, in each particular case, the optimal values of those parameters, which 

enhance the performance, are existed. Sun et al. [48] studied the effect of channel-to-

rib width ratio by using an improved two-dimensional model, and the results indicated 

that increasing channel to rib width, resulting in an improvement of water management 

and also enhancing the overall ORR rate. Too high ratio, however, lead to worse 

performance. Ying et al. [49] has performed a numerical simulation using STAR-CD 

for three cases of different channel width, 2, 3, and 4 mm, while the rib width was fixed 

to 1 mm and the results showed that the 3 mm channel width gave the best performance.  

The effect of the channel design, including the ratio of the number of 

channels and the channel-to-rib width ratio have been investigated amongst several 

parameters using Taguchi method by Lee et al. [50]. It was found that the geometric 

parameters of the flow field mainly contributed an increase of cell performance by 

affecting concentration loss. Case 3, which cathode channel height to anode channel 

height ratio, cathode channel-to-rib ratio, anode channel-to-rib ratio, the ratio of number 

of channels, cathode GDL thickness, anode GDL thickness, cathode GDL permeability, 

and anode GDL permeability were 2:1, 4:3, 3:4, 1:2, 0.2 mm, 0.2 mm, 10-12 m2 , and 

10-12 m2, respectively, showed the maximum power, but the pressure drop was high. 

The obtained set of optimum parameters was in case 18, which those values were 3:1, 

3:4, 3:4, 1:1.5, 0.3 mm, 0.25 mm, 10-12 m2 , and 10-8 m2, respectively. Shimpalee et al. 

[51] numerically studied the effect of rib and channel dimension on the performance. 

The results indicated that, for well hydrated membrane, the narrower channel with 

wider rib gave a slightly better performance, while, for dry membrane, the wider 

channel with narrower rib gave a higher performance. However, the authors stated that 

the channel and rib width effect showed less sensitive to the cell performance as 

compared to channel path length in the reference [39].  

Similar studies were repeated in Scholta et al. [52], which analyzed a 

model of parallel flow field with counter-flow, and Wang et al. [53], which parallel and 

interdigitated flow field were modelled. 
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Figure 2.6 Schematic of channel and rib width 

 

2.2.2.7    Channel depth 

Although many literatures were found focusing on the analysis of other 

geometric parameters of flow channel which effected the channel depth (or height), 

only a few papers have focused in an investigation of the influence of the channel depth 

on the PEFC cell performance. Yan et al. [54] proposed a novel straight flow channel 

tapered in height or width (as shown in figure 2.7) enhancing the efficiency of fuel 

utilization resulting that with the tapered channel design either decreasing height or 

increasing width, the fuel transport through porous media, fuel utilization, the capability 

of the liquid water removal, and thus cell performance could be increased. Considering 

of pressure loss, height taper ratio of 0.5 and weight taper ration of 1.8 was suggested 

as optimal values. The effects of tapered flow channel on the reactant gas transport and 

the cell performance were examined in Liu and his co-workers [55]. The authors stated 

that the effects of the tapered channel were significant in low voltage region since it 

forced more reactants into gas diffusion layer resulting in a better cell performance.  

Yan et al. [56] conducted a three-dimensional numerical model to 

investigate the effects of reductions of the outlet channel flow area (figure 2.8) on cell 

performance and transport behaviors. The results showed that with an increasing of the 

outlet channel height contraction ratio (Hc/H0), the reactant velocities increased 

significantly around the contracted outlet channel, which improved the cell 

performance and the outlet channel height contraction ratio of 0.4 was suggested as an 

optimal value. Moreover, the larger length contraction ratio (Lc/L0) also enhanced the 

cell performance. Several works of similar study [57], [58] were repeated and found 

Rib width Channel width 
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that the maximum power output can be increased around 9.5-11.9% with an optimal 

design. 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 Straight flow channel tapered in a) height and b) width [54] 

 

2.2.2.8    Height to width ratio of the channel cross-section 

Only a few works interested in the influence of height to width ratio of 

the channel cross-section on the cell performance. Moreover, they studied only the 

effects in serpentine channel flow field of both single, and multiple channel. The effects 

of different channel heights and widths of a 25 cm2 5 channel 4-turns serpentine flow 

field were numerically investigated by Choi et al. [59]. The results showed that as the 

channel height increased, the pressure drop was decreased due to an increase in cross-

sectional area of channel flow resulting in an accumulation of liquid water at the outlet, 

and hence the cell performance was slightly decreased. However, the current 

distribution remained mostly unchanged. Besides, as the channel width increased, the 

cell voltage was decreased greatly as compared to an increase in channel height. 

Additionally, it was found that the wider configuration showed poor water 

management, and thus membrane dehydration occurred since the formed water was 

unable to diffuse back to anode side by the back diffusion. Manso et al. [9] observed 

the influence of the channel cross-section aspect ratio in 10 different cases, varying 

between 0.07 and 15, on the cell performance. The obtained results showed that the 

channel cross-section aspect ratio was insignificant in high voltage region. As expected, 

in low voltage region, the channel cross-section aspect ratio significantly affected the 

(a) (b) 
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cell performance. The authors stated that, generally, the models with high aspect ratio 

gave more uniformity of the current distribution, and thus the overall performance was 

increased. From this work, the aspect ratio of 10/06 and 12/05, which the first and the 

second number represent value of height and width, respectively, were suggested as the 

optimal values. 

 

Figure 2.8 Flow field with the reductions at the outlet channel flow area 

 

Apart from the investigation of the influence of the common geometric 

parameters of the flow fields, numerous studies interested in proposing the new flow 

field designs, and such a study tend to increase and receive more attention in this recent 

year. The work of Kuo et al. [60] is a one of the great examples of an attempt to propose 

a novel flow channel. They conducted a numerical model to investigate the effect of the 

wave-like flow channel on transport behaviors and the cell performance. The results 

revealed that the wave-like flow channel significantly improved cell performance as 

compared to a conventional straight flow channel. Wang et al. [61] proposed a novel 

biometric flow field which gave higher flow uniformity, lower pressure drop, and hence 

L0 

H0 

Lc 

Hc 
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a better performance than the conventional serpentine and parallel flow field. The 

investigation of new flow channel patterns; a leaf design and a lung design (see figure 

2.9), was presented by Kloess et al. [62]. The authors stated that these bio-inspired flow 

channel designs were a combination of advantages of the conventional serpentine and 

interdigitated flow field. As a result, both the leaf and lung design gave a higher peak 

power output for 30% more than the conventional design. Furthermore, a lower 

pressure drop was also investigated. The numerical analysis of new bio-inspired flow 

field design was conducted by Roshandel et al. [63]. It was found that the design 

produced 56% and 26% higher than conventional parallel and serpentine flow field, 

respectively. In two similar works of same research group [64], [65] presented the 

improvement of cell performance by using annular shaped bipolar plates. However, 

from our current technologies, the knowledge of producing membrane electrode 

assembly which is not flat are not existed since membrane electrode assembly are very 

thin and delicate. Cano-Adrade et al. [66] presented the numerical results of a novel 

radial flow field design and the authors stated that the design could be a strong candidate 

in replacing the conventional commercial design in the near future. The analysis of the 

entropy generation using Fermat’s spiral flow distributor and the proposal of a new 

dimensionless parameter had been presented [67], [68]. 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 Bio-inspired flow fields [62] a) leaf design b) lung design 

 

Note that, in past decades, the single-inlets single-outlet flow fields were 

mainly focused by researchers since it would be a very difficult task to balance the 

(a) (b) 
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amount of the reactants into each inlet of the multi-inlets flow field. However, recently, 

Toyota motor corporation launched Toyota Mirai, its first commercial fuel cell vehicle, 

and claimed that the flow field (called 3D fine-mesh), which is the multi-inlets flow 

field, used in this car contributed a better distribution and water removal. 

 

2.3 Related Research 

After a study, there are a lot of designs of flow channel configuration in 

distributing the reactant gases. Serpentine channel configurations are the most widely 

studied in academic literature since it is a commercial cell, such as the one from 

Electrochem, which is considered of giving an excellent performance, and in addition, 

it is one of the simplest designs. Parallel in series flow field design, which is also a 5 

cm2 commercial cell of Electrochem, however, received less attention in an 

investigation of the effects on PEFC cell performance (see figure 1.3). The discussion 

of the collected research which investigates the transport behaviors of parallel in series 

flow fields configuration will be presented as follows. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10 Photographs of transparent bipolar plates [69] a) parallel in series  

b) cascade-type flow field 

(a) (b) 
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Lopez et al. [69] conducted an experiment to observe the water management 

between two different flow-fields, including parallel in series and cascade type, in 

PEFC. In order to visualize the processed, the bipolar plates have been created of 

transparent plastics (see figure 2.10).  

Therefore, this fuel cells have been operated at low current density values 

(below 0.1 A cm-2) since bipolar plates were made of plastic, which low thermal and 

electrical conductivities. The results demonstrated that the pressure was always higher 

in parallel in series flow field which indicated that a lower overall efficiency was always 

found in the flow field since more energy was required for operating the cell. It was 

clearly seen that the amount of water inside the cell was higher in the parallel in series 

flow field. Furthermore, at high relative humidity which close to 100%, the liquid water 

flooding has been observed only in parallel in series flow field. As a result, cascade 

type flow field allowed a better liquid water management as expected. However, it is 

clearly seen that there are a limitation in experiment, which numerical simulation could 

play an important role in observing such effects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11 Different flow directions [70] a) cross-flow b) non-symmetric flow  

c) similar flow d) counter-flow 

 

(a) 

Anode Cathode Anode Cathode 

(b) 

(c) (d) 
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Numerical analysis of the effect of different gas feeding modes (or flow 

direction), including cross-flow, non-symmetric flow, similar-flow, and counter-flow, 

which define differently from other  papers (see figure 2.11), in a 5 cm2 parallel in series 

flow field design commercial cell of Electrochem was conducted using ANSYS 

FLUENT by Sierra et al. [70]. The mode of feeding gases that showed the most uniform 

current distribution was similar flow. From the polarization curve, however, the co-

flow mode gave the best performance as shown in higher current density. 

Lu and Reddy [71] studied the performance of micro-PEFC with 4 different 

flow field designs, including three channels parallel in series, single channel serpentine, 

two channels parallel in series, and z-type multi-parallel flow field. The results showed 

that at the high gas flow rate, the flow field with a narrow channel width and long 

channel length gave an excellent performance. However, with the lower gas flow rate, 

the flow field with a narrow channel width and long channel length performed badly 

due to the liquid water flooding effect. The authors suggested that the micro PEFC 

should use the flow field with a mixed of multi-channel and long channel design, which 

is clearly seen from the polarization curve that two channels parallel in series flow field 

gave the best performance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12 Schemetic illustration of multiple-U parallel flow field [11] 
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Development of an algorithm to investigate the pressure drop and flow 

distribution in various flow field configurations, including serpentine, parallel, 

multiple-U type parallel (see figure 2.12), and multiple-Z type parallel (or parallel in 

series) flow field, has been performed by Maharudrayya et al. [11]. The results had been 

validated against the obtained results from three-dimensional CFD simulations. As 

expected, serpentine flow field significantly showed higher pressure drop while parallel 

flow field gave non-uniformity of flow distribution. To reduce the latter problem, with 

insignificant increasing in pressure drop, multiple-U type parallel flow field had been 

proposed. Although multiple-Z type parallel gave the best in uniformity of flow 

distribution, the pressure drop were much higher. 

Since a good flow field design gives a uniform distribution, low material and 

cell degradation are hypothetically expected, current distribution measurement are one 

of the tools which is used to investigate the characteristics of  flow field designs.  

Lobato et al. [72] performed a study of flow field in high temperature PEFC using the 

measurement. It was found that the parallel in series and pin-type flow field gave better 

current distribution amongst others two flow fields. Furthermore, when using pure 

oxygen on cathode side, the flow fields performed 25 % higher in power output. When 

using air on the cathode side, however, interdigitated flow field performed as well as 

the flow fields. The variation of channel width and height of parallel in series flow field 

has also performed. The results showed that wider channel slightly gave a better 

performance in low voltage region, while higher channel have an insignificant effect. 

It should be noted that although interdigitated flow field gave a good performance when 

using air as oxidant, the flow fields, especially the pin-type, were required much lower 

operating power to compensate the pressure drop.  

Lobato et al. [73] also performed a numerical investigation of the influence of 

flow field designs, including parallel in series, parallel, and pin-type flow field, in high 

temperature PEFC. The results demonstrated that using parallel flow field gave a bad 

uniformity of current distribution, while parallel in series performed best, although the 

difference between pin-type and parallel in series flow field can only be observed at 

low voltage region.  
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The key findings in the previous studies mentioned above are summarized in 

Table 2.1. The details of the research methodology of this research are presented in 

chapter 3.  
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Table 2.1 Summary of literature study 

Researchers Year EA/NS Study Results Notice 

CFCD Role in PEFC Research 

Iranzo et al. [1] 2010 EA/NS Model Validation 

Their models are validated in several 

boundary condition by using model 

parameters which obtained from 

technical data sheets, literature review 

and experimental measurement 

 

Best practice guidelines 

 

 

 

 

 

Basic analysis has to be 

performed in case by case to 

ensure the quality of PEFC 

CFD modelling 

Arvay et al. [2] 2012 NS 
Convergence 

criteria 

Minimum 15,000 iterations are 

required to achieve an error within 5% 

of current density 

Kamarajugadda 

and Mazumder 

[3] 

2008 NS 

Investigation of the 

accuracy and 

efficiency in 

different membrane 

model 

Grid independence analysis to suggest 

the optimum value of computational 

cells across each layer of the model 

concluding that 10, 5, 40 

computational cells across the layers is 

needed for gas diffusion layer, catalyst 

layer, and membrane, respectively. 
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Table 2.1 Summary of literature study (Continued) 

Researchers Year EA/NS Study Results Notice 

Shimpalee et al. 

[4] 
2004 NS 

Water and current 

distribution 

The patented flow-field gives no 

significant difference in power output 

between humidified cathode and dry 

cathode cases 

 

Transport Simulation 

 

 

 

 

 

CFD has been a powerful tool 

to study the problem of water, 

current density, temperature 

and pressure distribution inside 

a PEFC for a decade or more 

Shimpalee et al. 

[6] 
2007 NS 

Flooding effects 

using a simplified 

technique 

A simplified approach, a homogenous 

and stationary liquid water phase 

inside gas diffusion layer, gave the 

results which showed a good 

agreement with the experimental data 

He et al. [5] 2010 NS 

Heat transfer of 

anisotropic GDL 

thermal 

conductivity 

The isotropic gas diffusion layer is 

better than the anisotropic for several 

reasons 

Zhou et al. [24] 2013 NS 
The effect of 

assembly force 

Thick gas diffusion layer can sustain a 

larger assembly force without the risk 

of water flooding in gas diffusion layer 

and yield a less sensitivity cell 

performance to the assembly force 

Manso et al. [10] 2012 - 

Review the 

influence of 

geometric 

parameters 

They classified geometric parameters 

into 8 categories and the flow field 

design is  the most important factor 

 

Review 

 

Flow field design was a major 

issue in the study, however, 

parallel in series flow field has 

received a low attention 
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Table 2.1 Summary of literature study (Continued) 

Researchers Year EA/NS Study Results Notice 

Flow field designs 

Cha et al. [35] 2004 NS 

Comparison of 3 

different flow fields  

  

 

• In low voltage region, the flow field 

geometric configurations has a 

significant impact to cell performance 

while in high voltage region, their 

effects are insignificant. 

 

• The flow fields with low pressure 

drop generally have a worse cell 

performance as compare to the higher 

pressure drop since the maldistribution 

can easily occurs. 

 

• Using different flow field design in 

each sides is reasonable 

None of these has focused on 

parallel in series 

Jang et al. [29] 2008 NS 

Wang et al. [31] 2009 NS 

Ramos-Alvarado 

et al. [34] 
2012 NS 

Birgersson and 

Vynnycky  [26] 
2006 NS 

Comparison of 4 

different flow fields  

 

Kumar and Reddy 

[27] 
2006 NS 

Boddu et al. [32] 2009 NS 
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Table 2.1 Summary of literature study (Continued) 

Researchers Year EA/NS Study Results Notice 

Hu et al. 25] 2004 NS 

Comparison of 

parallel and 

interdigitated flow 

fields 

 

• In low voltage region, the flow field 

geometric configurations has a 

significant impact to cell performance 

while in high voltage region, their 

effects are insignificant. 

 

• The flow fields with low pressure 

drop generally have a worse cell 

performance as compare to the higher 

pressure drop since the maldistribution 

can easily occurs. 

 

• Using different flow field design in 

each sides is reasonable 

None of these has focused on 

parallel in series 

Ferng and Su [28] 2007 NS 

Comparison of 

parallel and single 

serpentine flow 

fields 

Jeon et al. [8] 2008 NS 

Comparison of 

different serpentine 

flow field designs 

Zhang et al. [30] 2009 NS 

Comparison of 

different parallel 

flow field designs 

Lee et al. [33] 2011 NS 

Comparison of 

multi and single 

inlet serpentine flow 

field 

Wang et al. [36] 2011 NS 

Transient state 

comparison of 

parallel and 

interdigitated flow 

fields 

Li et al. [37] 2011 NS 

Transient state 

comparison of 3 

different flow fields 
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Table 2.1 Summary of literature study (Continued) 

Researchers Year EA/NS Study Results Notice 

Flow direction 

Ge and Yi [38] 2003 NS 

Comparison of 

different flow 

modes 

The dry reactant gases can be well 

internally humidified when operated in 

the counter-flow mode. However, The 

counter-flow did not show any 

advantageous while well humidified 

reactant gases were feeding 

Although, while well 

humidified reactants were 

used, the result showed 

insignificant different, the 

counter-flow showed the best 

performance. 

Channel length and number of channels 

Shimpalee et al.  

[39] 
2006 NS 

Comparison of 

different channel 

length of serpentine 

flow fields 

The 13-channel flow field gave the 

best performance. However, The 26-

channel flow field were considered as 

an optimal choice for making a PEFC 

stack due to their lesser pressure drop 

The effect of the channel path 

length has been observed only 

in serpentine design. 

Santamaria et al. 

[40] 
2013 NS 

Comparison of 

different channel 

length of 

interdigitated flow 

fields 

The longer channels leads to a 

maldistribution 

The effect of the channel path 

length has been observed only 

in interdigitated design. 

Use of baffles in the flow direction 

Liu et al. [41] 2005 NS 

The effect of the 

flow channel design 

with baffles  

In low voltage region, the performance 

can be enhanced by using the baffles 
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Table 2.1 Summary of literature study (Continued) 

Researchers Year EA/NS Study Results Notice 

Soong et al. [42] 2005 NS 

The effect of the 

partial blocked flow 

channel design 

When increasing the number of baffles 

in the flow channels, the higher cell 

performance is obtained. However, 

increasing amount of baffles reduced 

the overall cell performance due to an 

increasing of pressure drop 

The parallel in series flow 

field can be considered as 

parallel flow field with fully 

blocked baffles 

Dong et al. [43] 2007 NS 

Study the behaviour 

of their novel 

serpentine-baffle 

flow field design 

The compressor power needed to 

overcome the pressure drop of the 

novel design can be neglected as 

compared to the cell power output 

Jang et al. [44] 2006 NS 

The effect of the 

flow channel design 

with baffles  

Increasing inlet relative humidity in the 

cathode at lower operating voltages 

leads to insufficient mass concentration 

and furthermore, more liquid water 

produced and filled the pore in the 

porous media. Thus, the cell 

performance was decreased with and 

increasing of baffles 

Channel cross-section 

Kumar and Reddy 

[45] 
2003 NS 

The effect of the 

channel cross-

section 

Both triangular and hemispherical 

cross-section shaped channels 

increased Hydrogen consumption by 9 

% over the rectangular. However 

rectangular cross-section showed a 

significant lower pressure drop 

Even though the effect of 

different channel cross-

sections have been studied, 

the rectangular is used in 

commercial cell. 
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Table 2.1 Summary of literature study (Continued) 

Researchers Year EA/NS Study Results Notice 

Ahmed and Sung 

[46] 
2006 NS 

The effect of three 

different channel 

cross section 

The rectangular channel cross-section 

gave higher power output, while the 

trapezoidal channel cross-section gave 

more uniform reactant and current 

density distributions 

Even though the effect of 

different channel cross-

sections have been studied, 

the rectangular is used in 

commercial cell. 
Shimpalee et al. 

[47] 
2011 NS 

The effect of draft 

angle and etch 

factor on the cell 

performance  

Higher draft angle gave low 

performance and pressure drop 

Channel and rib width 

Sun et al. [48] 2005 NS 

The effect of 

channel-to-rib width 

ratio  

Increasing channel to rib width resulted 

in an improvement of water 

management. However, too high ratio 

lead to worse performance. 

The channel and rib width 

effect showed less sensitive to 

the cell performance as 

compared to channel path 

length 

Ying et al. [49] 2005 NS 

The effect of 

different channel 

width 

The 3 mm channel width gave the best 

performance 

Lee et al. [50] 2008 NS 

Channel-to-rib 

width ratio has been 

investigated 

amongst several 

parameters using 

Taguchi method  

Taguchi method can be useful to get 

the optimal combination between 

design parameters in the system design 
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Table 2.1 Summary of literature study (Continued) 

Researchers Year EA/NS Study Results Notice 

Shimpalee and 

Van Zee 

(2007) [51] 

2007 NS 
The effect of different rib and 

channel dimension  

For well hydrated membrane, the 

narrower channel with wider rib 

gave a slightly better 

performance, while, for dry 

membrane, the wider channel 

with narrower rib gave a higher 

performance.  
The channel and rib width 

effect showed less 

sensitive to the cell 

performance as compared 

to channel path length 

Scholta et al. 

(2006) [52] 
2006 NS 

The effect of different rib and 

channel dimension in parallel flow 

field 

Narrow channel dimensions are 

preferred for high current 

densities, whereas wider 

dimensions are better at low 

current densities 

Wang et al. 

(2007) [53] 
2007 NS 

The effect of different rib and 

channel dimension in parallel and 

interdigitated flow field 

In parallel flow field, the cell 

performance improved as the 

increasing of the flow channel 

area ratio. For interdigitated flow 

field, however, the effect was 

insignificant. 

Channel depth and Height to width ratio of the channel cross-section 

Yan et al. 

(2006) [54] 
2006 NS 

Proposed a novel straight flow 

channel tapered in height or width 

Both decreasing height and 

increasing width positively affect 

the cell performance 

There is a difficulty in 

producing the flow fields, 

and it cannot be 

commercial cell in the 

near future. 
Liu et al. 

(2006) [55] 
2006 NS The effects of tapered flow channel  

The effects of the tapered channel 

were significant in low voltage 

region 
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Table 2.1 Summary of literature study (Continued) 

Researchers Year EA/NS Study Results Notice 

Yan et al. [56] 2008 NS 

The effects of 

reductions of the 

outlet channel flow 

area  

The outlet channel height contraction 

ratio of 0.4 was suggested as an 

optimal value 

There is a difficulty in 

producing the flow fields, and 

it cannot be commercial cell 

in the near future. 

Wang et al. [57] 2010 NS 
Propose the flow field 

with varying channel 

heights 

The maximum power output can be 

increased 11.9% with the design 

Fontana et al. [58] 2011 NS 

The effects of flow 

channel tapered in 

height 

The peak current density can be 

increased  9.5 with an angle of 0.75o 

Choi et al. [59] 2011 NS 

The effects of 

different channel 

height and width 

ratio 

As the channel height increased, the 

pressure drop was decreased and the 

cell performance was also slightly 

decreased. However, as the channel 

width increased, the cell voltage was 

decreased greatly 

Manso et al. [9] 2011 NS 

The effects of 

different channel 

height and width 

ratio 

The models with high aspect ratio gave 

more uniformity of the current 

distribution, and thus the overall 

performance was better. 
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Table 2.1 Summary of literature study (Continued) 

Researchers Year EA/NS Study Results Notice 

New flow field designs 

Kuo et al. [60] 2008 NS Wave-like flow channel  

The channel showed significant 

improved cell performance as 

compared to a conventional straight 

flow channel 

From our current 

technologies, there are 

several barriers in 

producing such flow 

fields and also the 

knowledge of producing 

membrane electrode 

assembly which is not flat 

are not existed 

Wang et al. [61] 2010 NS Novel biometric flow field 

The flow field could give higher flow 

uniformity, lower pressure drop, and 

hence a better performance than the 

conventional serpentine and parallel 

flow field. 

Kloess et al. 

[62] 
2009 NS 

A leaf design and a lung 

design flow field 

Both the leaf and lung design gave a 

higher peak power output for 30% 

more than the conventional design. 

Furthermore a lower pressure drop 

was also investigated. 

Roshandel et al. 

[63] 
2012 NS 

New bio-inspired flow field 

design 

The design produced 56% and 26% 

higher than conventional parallel and 

serpentine flow field, respectively.  

Khazaee and 

Ghazikhani [64] 
2011 NS Annular shaped bipolar plates 

The cell performance wass increased 

as the number of connections between 

GDL and bipolar plate increased 

Khazaee et al. 

[65] 
2012 NS Annular shaped bipolar plates 

Differently from conventional PEFC, 

the performance enhanced in an 

increasing of the thickness and a 

decreasing of the porosity of GDL. 

 



 
 

  

4
8
 

Table 2.1 Summary of literature study (Continued) 

Researchers Year EA/NS Study Results Notice 

Cano-Andrade et 

al. [66] 
2010 NS Novel radial flow field design  

The design could be a strong 

candidate in replacing the 

conventional commercial design 

in the near future 

From our current 

technologies, there are 

several barriers in 

producing such flow 

fields and also the 

knowledge of 

producing membrane 

electrode assembly 

which is not flat are 

not existed 

Rangel-Hernandez 

et al. [67] 
2011 NS Fermat’s spiral 

A new dimensionless parameter 

has been presented 

Juarez-Robles et al. 

[68] 
2011 NS Fermat’s spiral 

 4-channel Fermat's spiral is the 

best option since It gave the best 

performance 

Parallel in series research 

Lopez et al. [69] 2009 EA Water management 

Lower overall efficiency was 

always found in the flow field as 

compared to cascade type. 

They observed in high 

voltage region, 

however, water 

generation showed 

significant effect in 

low voltage region 

Sierra et al. [70] 2011 NS Flow direction 

The mode of feeding gases that 

showed the most uniform current 

distribution was similar flow 

They did not compare 

the results with other 

types of flow field 

designs 

Lu and Reddy [71] 2010 EA 
Performance comparison of 4 

different flow fields 

With lower gases flow rate, the 

parallel in series flow fields 

perform better than serpentine 

flow field 

The did not carefully 

control the geometric 

parameters of the flow 

fields 
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Table 2.1 Summary of literature study (Continued) 

Researchers Year EA/NS Study Results Notice 

Maharudrayya et 

al. [11] 
2006 NS 

Pressure drop and 

flow distribution 

using analytical 

approach 

Parallel in series gave the best in 

uniformity of flow distribution 

but the pressure drop were much 

higher as compared to the others 

Others behaviors have not been 

investigated excepted pressure 

drop and flow distribution since 

they used analytical approach 

Lobato et al. [72] 2011 EA Current distribution 

When using pure oxygen as 

oxidant, parallel in series flow 

fields performed 25 % higher than 

the others in power output. 

It's HT-PEMFC and they 

compare only current density 

distribution 

Lobato et al. [73] 2010 NS 

Comparison 

between 3 different 

flow fields 

Parallel in series performed best 

in uniformity of current 

distribution 

It's HT-PEMFC. Therefore, 

water management is not their 

interest 

Iranzo et al. [1] 2010 EA/NS Model validation 

Model validation using model 

parameters which obtained from 

technical data sheets, literature 

review and experimental 

measurement 

They did not compare the 

characteristics of distribution 

between both 2 flow fields 

Iranzo et al. [74] 2014 EA/NS 

Model validation 

against local liquid 

water distributions 

Their model cannot reproduce the 

liquid water accumulated in the 

channels 

Although the absolute values are 

different, their model can gave 

the trend. Therefore, the model 

could give a superficial 

understanding 
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Chapter 3 

Research Methodology 

 

This chapter presents a research methodology which is described by the 

following flow diagram.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Flow diagram of research process 

  

Since the literature study has been presented in the previous chapter, in this 

chapter, the discussion of selecting the scopes of study will be presented in section 3.1. 

In section 3.2, the model creation is described. The processes of the model validation 

will be described in section 3.3. Once the model is validated, the other interested 

designs will be modelled, and this process will be discussed in section 3.4. Section 3.5 

presents the process of results analysis. 

 

Literature study 

The scopes of study 

 

Model development 

 

Model validation 

 

Other flow field designs model simulation 

 

Results analysis 

 

Understand the advantages of using parallel in 

series flow field configuration 

No 

Yes 
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3.1 The scopes of study 

After several academic literatures had been reviewed in chapter 2, it is found 

that there are numerous designs of gas flow channel configuration, which present 

different advantages in each condition. Both single and multiple serpentine channel 

configurations have received the highest attention in both numerical and experimental 

studies (see figure 1.1) since their designs are simple, which are easy to get a converged 

solution when models numerically, and they are commercial cells, which are easy to 

get for experimental study. However, parallel in series flow channel configuration, 

which is also sold by Electrochem in 5 cm2 PEFC stack, has received very low attention. 

Therefore, the broad objectives of this work are to investigate transport behaviors and 

cell performance of the parallel in series flow field configuration. Six different flow 

fields with minimal change in each will be studied, in order to understand the behaviors. 

Since experimental approaches are time-consuming, expensive and highly uncertain, 

CFD has become an important tool for studying the PEFC. Therefore, in this present 

work, the study will be conducted by using commercial ANSYS FLUENT software, 

which is one of the most famous CFD software in PEFC study.  

 

3.2 Model development 

There are three basic steps involving in modeling and simulating PEFC using 

ANSYS FLUENT. 

1.    Creating the geometry 

2.    Meshing the computational surface and volume elements 

3.    Defining the parameter values and models used 

Creating the geometry can be done by using different computer aided design 

(CAD) software, such as CATIA, ANSYS, and SolidWorks. The purpose of this step 

is to define the physical dimension of the components and their relation to one another, 

which is a vital step since all physical parameters are related to the cell performance, 

therefore creating wrong size physical dimension may lead to wrong solutions. The first 

flow field, which will be used in validation against experimental data, will be modelled 

in single serpentine channel configuration. The geometries of 5 cm2 PEFC were created 

in ANSYS WORKBENCH, including bipolar plates (BPs), gas flow channels (GFCs), 

gas diffusion layers (GDLs), catalyst layers (CLs), and membrane. The geometries 
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dimension of the model is shown in table 3.1 and figure 3.2 in which their dimensions 

are the real geometries after compression obtained from Limjeerajarus et al. [75]. 

 

Table 3.1 Model geometries dimension. 

Parameter Value Unit 

Channel height 

Channel width 

Rib width 

Bipolar plate thickness 

Cell active area 

Gas diffusion layer thickness 

Catalyst layer thickness 

Membrane thickness 

0.8 

0.8 

0.8 

0.8 

510 

0.190 

0.015 

0.050 

mm 

mm 

mm 

mm 

mm2 

mm 

mm 

mm 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 The model geometries dimension 

 

ANSYS FLUENT is based on finite volume techniques, hence the created 

geometry is required to break down into small volume elements. This process can be 

done by using different software, such as meshing through ANSYS Workbench, 
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GAMBIT, and ICEM CFD. Since the phenomena in PEFC are very complex, high 

quality of generated meshes is needed to receive a converged solution, and lower 

computational time. Hexahedral volume elements and quadrilateral faces are suggested 

as the best meshing since they do not create highly skewed elements, which will lead 

to the divergent solution. Although a very fine meshing, a numerous amount of 

computational cells, leads to accurate results, long computational time is required. The 

balance between accurate results and computational time have to be carefully 

considered, thus the basic analysis, such as mesh independent analysis has to be done 

to ensure the quality of the results. In this work, the meshing process will be done using 

ANSYS ICEM CFD.  

 

 
 

 

Figure 3.3 Comparison of grid independent analysis 

 

In this present work, the grid independent analysis of each layer of the MEA 

(i.e., GDL, CL, and membrane) was performed. At the first stage, 5 cells lined in the 

deep of the through-plane direction were used across each layer of the MEA. After the 

results were obtained, the variation of the number of cells lined in the deep (5, 10, 20 

cells in each layer) was done to investigate the grid independency. It was found that the 
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maximum difference of the cell voltage obtained from the different cell numbers is 

within 1% of each other, as seen in figure 3.3. However, the computational time 

required for the higher number of cell cases were also much higher and moreover, the 

convergence solution was more difficult to obtain and the convergence rate was much 

higher since the computational cells were too many [76]. Thus, the number of cells 

lined in the deep, in all GDL, CL, and membrane used in the models were 5, resulting 

in the total of 681,164 hexahedral cells with a maximum aspect ratio of 94 (see figure 

3.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 Computational grids 

 

One of the main issues in PEFC modeling is, finding the correct values for the 

parameters. After a review through several literatures, the used parameters vary in high 

range. Hence, the properties and parameters used in this 3-D modelling were the 

GDL 

GDL 

Membrane 

CL 

CL 
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realistic material and reaction parameters obtained from Limjeerajarus et al. [75], as 

displayed in table 3.2.  

 

Table 3.2 Material and reaction parameters 

Physical parameters Value Units Ref 

GDL 

Wall contact angle 

Porosity 

 

110 

0.6 

 

Degree 

 

 

[77] 

[75] 

CL 

Porosity 

Surface to volume ratio 

 

0.4 

1.127 × 107 

 

 

m2-pt m-3-electrode 

 

[75] 

[75] 

Membrane 

Thermal conductivity 

Dry membrane density  

Equivalent weight of dry membrane  

 

0.16 

1,980 

1,100 

 

W m-1 K-1 

kg m-3 

kg kmol-1 

 

[78] 

[79] 

[79] 

Reaction parameters 

Open circuit voltage 

Reference concentration 

Anode charge transfer coefficient 

Anode exchange current density  

Cathode charge transfer coefficient 

Cathode exchange current density 

 

1.05 

0.0008814 

1 

7.17 

1 

7.17 × 10-5 

 

V 

Kmol m-3 

 

A m-2-pt 

 

A m-2-pt 

 

[75] 

[75] 

[75] 

[75] 

[75] 

[75] 

 

There are several options in simulating PEFC using ANSYS FLUENT, 

including joule heating, reaction heating, electrochemistry sources, Butler-Volmer rate, 

membrane water transport, multiphase, multicomponent diffusion, and anisotropic e-
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conductivity in porous electrode. Only this following six options will be included in the 

model in which oxygen was used as the oxidant. The joule heating option is an option 

which takes ohmic heating into account, while the heat generated by electrochemical 

reaction is included in the reaction heating option. Normally, the electrochemistry 

sources option is turned on but if the basic flow throughout the cells is an only interest, 

this option can be turned off. The Butler-Volmer rate is used in computing the transfer 

currents inside the catalyst layer. The transport of water across the membrane can be 

modelled by the membrane water transport option. The multiphase option will enable 

the formation of liquid water in gas diffusion layers. However, for taking the nitrogen 

specie into account when used air as an oxidant, the seventh option of multicomponent 

diffusion is enabled. 

In this study, the considered cell temperature was 60ºC in which the BPs were 

set to maintain at 60ºC. The system operating pressure was set at 1 atm on the outlet of 

GFCs. The stoichiometric flow rates of 1.1/10.6 at 60ºC with 90% RH in both H2/O2 

inlets were used in the model validation and cell performance evaluation. Since, 

generally, the real application uses air as oxidant due to its convenience in which no 

space is required for the storage, the stoichiometric number of 1.1/1.1 at 60ºC with 90% 

RH in both H2/Air inlets were also used to investigate the transport behaviors and cell 

performance. The stoichiometric number mentioned earlier was calculated based on the 

reference current density of 1.8 A/cm2. All of the boundary conditions used in the 

simulations are summarized in table 3.3. 

The computational time varies significantly in different cases, and also 

between the first point of IV performance curve and the others. Typically, the required 

time for achieving a convergence solution in the higher flow rate case was about 2 times 

lower than that in the lower flow rate case. The higher computational time was 

happening since the lower flow rate case included the Stefan-Maxwell equation in the 

model instead of Fick’s law which added the complexity to the model, and therefore 

the under-relaxation factors were set at a low value for the calculation stability.  

To ensure that the model is fully converged, the following 4 ways for judging 

convergence are used. 

1. Residual levels monitoring 

2. Consistency of the calculated voltage 
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3. Comparison of the calculated current and the fixed current 

4. The convergence of the average water saturation in the cathode CL 

As suggested by ANSYS [14], the default convergence criteria in FLUENT 

are sufficient for most problems in which the criteria require that the residuals of all 

equations has to drop lower than 10-3 except the energy equation in which 10-6 is 

recommended. However, in PEFC modelling, the mentioned criteria are not sufficient 

to ensure that the model is fully converged as the default setting in ANSYS FLUENT 

for terminating the calculation when the convergence criteria is achieved is 

automatically disable during which the fuel cell add-on module is loaded into ANSYS 

FLUENT via the text user interface. 

Differently from Arvay et al. [2], this model used the fixed current as the 

boundary condition at the cathode terminal and thus, a cell voltage is calculated during 

each iteration instead of current density. The consistence of the reported cell voltage 

was also used to be another aspect for judging convergence.  

To ensure that the solution is converged, the third way which used species 

mass conservation for another part of the convergence criteria is introduced by  

Arvay et al. [2] in which the consumed species mass obtained from simulation has to 

be satisfied the reported current flux. However, the fixed current density was used as 

the boundary condition instead of the cell voltage. Hence, in this work, the consumed 

species mass of the fixed current flux was used to be compared with the consumed 

species mass obtained from the simulation. The relation between the species mass flow 

and current can be expressed by this following equation. 

 

𝐼 =
𝑚𝑛𝐹

𝑀𝑀
     (4.1) 

Where, 

 𝐼 = the current    unit: A 

 𝑚 = the species mass flow rate  unit: kg/s 

 𝑛 = the number of electrons transferred 

 𝐹 = the Faraday constant   unit: C/kmol 

 𝑀𝑀 = the molar mass   unit: kg/kmol 
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However, besides these 3 ways of judging convergence, it is widely known that 

the multiphase flow and membrane water transport model is very difficult to achieve 

the convergence in PEFC modelling in which the typical solver generally uses very low 

under-relaxation factors for preventing a diverging of the solution which may 

sometimes mislead the users to consider that the solution is fully converged. Thus, the 

careful monitoring on the average scalar quantity of water saturation and water content 

in the cathode CL and the membrane are needed to ensure a good quality of the solution 

and that the model is fully converged. 

 

Table 3.3 Boundary conditions 

 H2/O2 H2/Air Unit 

Anode 

Volume flow rate 

Inlet temperature 

Inlet relative humidity 

 

100 

60 

90 

 

100 

60 

90 

 

mL/min 

ºC 

% 

Cathode 

Volume flow rate 

Inlet temperature 

Inlet relative humidity 

 

500 

60 

90 

 

250 

60 

90 

 

mL/min 

ºC 

% 

Anode voltage  

Cathode current density  

Outlet Pressure 

Cell temperature 

0 

0.0025-1.8000 

101,325 

60 

0 

0.0025-1.8000 

101,325 

60 

V 

A/cm2 

Pa 

ºC 

 

3.3 Model validation 

The CFCD modeling results are needed to validate carefully against the 

experimental results. There are several ways of validation such as using local liquid 

water distribution with neutron imaging [74], using current distribution [80], and using 

the polarization curve which is the most popular way. Thus, in this present work, the 

models will be validated against the experimental data of our laboratory previous work 

[75], the polarization curve.  
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3.4 Other flow field designs model creation 

There are eight geometric parameters of flow field which affect the cell 

performance and transport phenomena, and hence the variation of parameters in 

investigating the difference in each flow field design needs to be carefully checked 

since some parameters may affect the others, such as number of channels, which could 

reduce the channel and rib width. To prevent those problems, the channel density of 

single serpentine, which is used in the validation, and three channels parallel in series 

flow field, which is the main purpose of this study, will be used, and thus six different 

flow fields which used in this work are presented in figure 3.5. 

 

 

Figure 3.5 Flow fields used in this work a) single channel serpentine  

b) three channels serpentine c) five channels serpentine d) conventional parallel  

e) three channels parallel in series and f) five channels parallel in series flow field 

(↗) Anode and (↗) Cathode flow directions 

 

To eliminate the other parameters, flow direction will be fixed as counter, 

which is used in our laboratory previous work and furthermore, it is considered that in 

most cases this gas feeding mode performs the best. The channel cross-section shape, 
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channel and rib width, and channel depth are fixed as rectangle, 0.8 and 0.8 mm, and 

0.8 mm, respectively, as mentioned earlier. Hence, only two geometric parameters, i.e. 

flow field designs and channel path length, remain affecting the cell performance and 

transport behaviors. These two remaining geometric parameters were selected to be 

investigated for clarifying the doubtfulness of how the cell performance and transport 

behaviors are different among parallel in series, serpentine, and parallel flow field and 

also how the number of channels of the parallel in series and serpentine flow field would 

affect the cell performance and transport behaviors. 

 

3.5 Results Analysis 

Since ANSYS FLUENT can give us an observation in H2 concentration, O2 

concentration, temperature distribution, liquid water content in the membrane, protonic 

conductivity, water saturation in gas diffusion layer, current density distribution, and 

static pressure distribution, all of these results in every flow field will be presented and 

discussed in results analysis section along with the polarization curve. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4 

Results and discussion 

 

The results obtained from the simulation are presented and discussed in this 

chapter as follows. 

4.1.    Model validation 

4.2.    Using oxygen as oxidant 

4.3.    Using air as oxidant 

 

4.1 Model validation 

 

 

 

Figure 4.1 Validation of the model and its simulation parameters for the single channel 

serpentine flow field 

 

A reasonable agreement between experimental data and numerical solutions 

are clearly seen at all current density in Fig. 4.1. Note that the small discrepancy 

between those results in the high-potential region was caused by the limitation of the 

ANSYS FLUENT software, which is based on the finite volume method itself since the 
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finite volume method is not effective in responding to microscopic reaction phenomena. 

To solve such a problem, microscopic simulation which required the other developed 

program is needed.  

Nevertheless, in overall, it is adequate to use the developed model and its 

simulation parameters for investigating the macroscopic transport behaviors and cell 

performance of the PEFC in other five different flow field designs. 

 

4.2 Using oxygen as oxidant 

 

 

 

Figure 4.2 The IV performance curves of the six different flow fields with the 

conditions of 1.1/10.6 stoich at 60ºC 1 atm with 90% RH in both H2/O2 inlet 

 

The numerical results of the six different flow field designs when using pure 

O2 as the oxidant are shown in Fig. 4.2. From the polarization curve, the single channel 

serpentine (1S) flow field showed the best performance followed by three channel 

serpentine (3S), three channel parallel in series (3PIS), five channel serpentine (5S), 

five channel parallel in series (5PIS) and parallel flow field, respectively, which 

coincided with the experiment of Lu and Reddy [71]. A further investigation on the 
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distributions when current density was 1.0 A/cm2 (approximately at 0.6 V) was 

conducted and discussed since most PEFC stacks operate at around 0.6 V in practice 

[79], [81 - 84]. 

Fig. 4.3a–f shows the hydrogen mass fraction distribution on the anode 

CL/GDL interface of the 1S, 3S, 5S, parallel, 3PIS, 5PIS flow fields, respectively. As 

expected, the 1S flow field gave the best uniformity in distributing the hydrogen, while 

the parallel flow field performed worst. The PIS flow fields distributed the hydrogen 

quite better than the multi-channel S flow fields (i.e., 3PIS and 5PIS), as seen by the 

contour in the first corner. In addition, the hydrogen concentration at the inlet was lower 

than that at the outlet as the water was mostly absorbed into the CL around the inlet 

area. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Hydrogen mass fraction distribution at 1.0 A/cm2 of a) 1S b) 3S c) 5S  

d) parallel e) 3PIS and f) 5PIS flow fields when using oxygen as oxidant 

 

The oxygen mass fraction distribution on the interface of CL/GDL at the 

cathode side is displayed in Fig. 4.4. The oxygen gradually reduced along the flow 

channels from the inlet to the outlet, which was opposite to the behavior of the hydrogen 

at the anode side. For such a high flow rate, i.e., 10.6 stoich, the difference among the 

different flow fields in distributing the oxygen cannot be observed with clarity. 

In 

Out 

(a) (b) (c) 

(d) (e) (f) 
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However, as expected, the parallel flow field still performed worst as it distributed the 

oxygen non-uniformly. It should be noted that the lower oxygen concentration areas 

had, at the same time, the high water mass fraction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Oxygen mass fraction distribution at 1.0 A/cm2 a) 1S b) 3S c) 5S d) parallel 

e) 3PIS and f) 5PIS flow fields when using oxygen as oxidant 

 

Since it has been widely known that a uniform distribution of water content 

leads to a better cell durability, many researchers have tried to develop the flow fields 

which give the uniform distribution of membrane water content. Fig. 4.5 presents an 

information of local water content distribution on CL/MEM at the cathode side. The 1S 

flow field provided the best uniformity of the membrane hydration, while the parallel 

gave the worst uniformity. As seen in Fig. 4.5, the area of high water content was the 

same with the area of low oxygen mass fraction in Fig. 4.4 which confirmed that the 

lower oxygen concentration areas were full of water. Furthermore, the results also 

indicated that the MEA, especially membrane, was full of liquid water since a 

maximum value of membrane water content is higher than 14, which is the value when 

equilibrated with saturated water vapor [20]. Although the higher water content leads 

to the higher proton conductivity, the too-high water content (higher than 14) can cause 

water flooding which is an explanation of the lower cell performance of other flow 

Out 

In 

(a) (b) (c) 

(d) (e) (f) 
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fields as compared to that of the 1S flow field. Therefore, apart from its uniformity, the 

membrane water content should not exceed 14 during the operation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Water content distribution at 1.0 A/cm2 of a) 1S b) 3S c) 5S d) parallel  

e) 3PIS and f) 5PIS flow fields when using oxygen as oxidant 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Water saturation distribution at 1.0 A/cm2 of a) 1S b) 3S c) 5S d) parallel  

e) 3PIS and f) 5PIS flow fields when using oxygen as oxidant 

(d) 

 

 

(e) (f) 
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The existence of liquid water in the MEA was also confirmed by the water 

saturation distribution, as depicted in Fig. 4.6, in which the pore in cathode GDL of the 

parallel flow field was full with the volume of liquid water (higher values of water 

saturation). Since the 1S flow field consisted only one flow path, the reactants were 

forced down to eliminate the liquid water in GDL out through the channel, and thus the 

1S performed best in both cell performance and water management. On the contrary, 

the parallel flow field could not handle the liquid water flooding since it could not 

distribute the reactants uniformly when the flooding occurred, resulting in the lowest 

cell performance. 

 

 

 

Figure 4.7 Water saturation in cathode gas diffusion layer at 1.0 A/cm2 when using 

oxygen as oxidant 

 

However, from the experiment of Wang and Van Nguyen [85], it was observed 

that the performance would be unstable when the average water saturation level reached 

0.2. Therefore, considering the amount of water saturation in cathode porous layer (see 

Fig. 4.7), the cell voltage of all flow fields was still stable, although it was found that 

the liquid water in the parallel flow field was very high as compared to that of the others. 
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Moreover, the PIS flow fields tend to handle the flooding situation slightly better than 

the S flow fields while keeping the membrane hydrated. 

The current distribution in the in-plane direction is shown in Fig. 4.8. It was 

observed that the trend of the distribution was the same in all flow fields in which the 

current mostly generated under the ribs. The different rates of current generation were 

caused by the hydrogen distribution (see Fig. 4.3) and the membrane water content (see 

Fig.4.5) which mostly higher under the ribs. Furthermore, the results implied that the 

1S provided the best uniformity in current distribution while the others were almost the 

same. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 Current density distribution (A/m2) at 1.0 A/cm2 of a) 1S b) 3S c) 5S  

d) parallel e) 3PIS and f) 5PIS flow fields when using oxygen as oxidant 

 

 The temperature distribution at the interface where electrochemical reaction 

occurs is depicted in Fig. 4.9. As expected, the 1S flow field provided the most uniform 

in temperature distribution. Since the amount of water in the PIS flow fields was slightly 

lower than that in the multi-channel S flow fields, the temperature in the PIS flow fields 

was found higher as compared to the multi-channel S flow fields with the same number 

of channels. Although the maximum temperature differences were approximately 

within 2.5 K, a safety limit for ensuring that the temperature differences would not 

(a) (b) (c) 

(d) (e) (f) 
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affect the MEA durability is approximately 5 K in general [86]. Therefore, those 

differences were considered as a very small value. The differences were small and 

provided an insignificant effect on the cell durability due to the small size MEA and 

the thin membrane. However, the temperature variation did play an important role on 

the MEA durability in the MEA which has a large cell area and used the thick membrane 

since the water distribution is hardly uniform. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 Temperature distribution (K) at 1.0 A/cm2 of a) 1S b) 3S c) 5S d) parallel e) 

3PIS and f) 5PIS flow fields on the cathode CL/MEM interface when using oxygen 

as oxidant 

 

In a PEFC system design, the pressure drop is one of the important aspects as 

it defines the required power for the flowing of the reactants which reduces the overall 

system performance. Although the 1S flow field was the best in cell performance and 

water management, the required power for compensating the pressure drop is 

approximately 10 times higher than the 3S and 3PIS flow fields and approximately 20 

times higher than the 5S and 5PIS flow fields (see Fig 4.10). It was also observed that 

the PIS flow fields produced the higher pressure drop as compared to the multi-channel 

S flow fields since the PIS flow fields consisted only one flow path for connecting the 

parallel flow field in the series while the multi-channel S flow fields could flow through 

(a) (b) (c) 

(d) (e) (f) 
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many flow paths simultaneously. Considering all aspects in this given operating 

condition, it can be concluded that the 1S flow field would be the optimal choice for 

making a stack with a 5 cm2 PEFC which could be useful for a small application (such 

as a small stack or lab scale experimentation) due to its reasonably high cell 

performance, more reactants uniformity and lower water saturation. Although the 

pressure drop is very high, from the user point of view, the PEFC used oxygen as 

oxidant does not required any power to force the reactants through the channel since 

the pure oxygen is generally stored in a high pressure tank and the required power to 

pressurize the oxygen does not supply by the user. However, commercial PEFC stacks 

in a real application used air as the oxidant due to its convenience that no space is 

required for the oxidant storage. Therefore, a further study on the transport behaviors 

and cell performance of the different flow fields with air as the oxidant was conducted 

and discussed in the next section. 

 

 

 

Figure 4.10 Pressure drop at 1.0 A/cm2 when using oxygen as oxidant 

 

4.3 Using air as oxidant 

When air mixture is used as the oxidant, Fig. 4.11 shows the simulation results 

of the six different flow field designs. From the I-V performance curve, in high voltage  
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Figure 4.11 The IV performance curves of the six different flow fields with the 

conditions of 1.1/1.1 stoich at 60ºC 1 atm with 90% RH in both H2/Air inlet 

 

region (above 0.7 V) [87], the 1S flow field showed the best performance followed by 

3S, 3PIS, 5S, 5PIS and parallel flow field, respectively, which is in concurrence with 

when using oxygen as oxidant. In the low potential region (below 0.7 V), with the same 

number of channel, the PIS flow fields performed better than the multi-channel S flow 

fields. The higher performance in low potential region indicated that the PIS flow fields 

could deal with the water flooding problem better than the multi-channel S flow fields. 

Same as using oxygen as oxidant, these results are in concurrence with the developed 

2.25 cm2 PEFC experiment of Lu and Reddy [71] in which, with a high gas flow rate, 

the long channel flow field (i.e. 1S) provided the best performance as compared to PIS 

and z-type multi-parallel flow field since the high gas flow rate enhanced the under-rib 

mass transport and thus the liquid water removal. Even though the PIS fields did not 

present a performance in the low voltage region higher than the 1S as expected, the PIS 

flow fields perform slightly better than the multi-channel S flow fields with the same 

number of channels. Furthermore, the performances tended to decrease as the number 

of channels were increased. Note that it is considered as a high flow rate case since the 



71 
 

stoichiometric flow rate of 1.1 was calculated based on the current density of 1.8 A/cm2. 

This result of the effect of number of channel was contradictory to the results obtained 

from the 200 cm2 PEFC simulation by Shimpalee et al. [39] in which, in low voltage 

region, the flow fields which had a lower number of channel tended to perform worse. 

This result may imply that the PEFC performance and transport behaviors also changed 

significantly with a different MEA and a PEFC size due to its non-linear behaviors. 

 

 

 

Figure 4.12 Average membrane water content of each current density 

 

Since the PEFC performance is directly proportional to the protonic 

conductivity and so the water content of the membrane as long as there is no water 

flooding, the average membrane water content at each current density of each flow field 

was investigated to clarify this ambiguity. As displayed in Fig. 4.12, the results revealed 

that the water content increased with the current density in the region before 0.2 A/cm2 

(in the high-potential region) while in the region beyond 0.2 A/cm2 (in the low-potential 

region), the water content decreased as the current density increased. This indicated 

that, in the high-potential region, the water content increased due to the increasing 

amount of generated water and thus the domination of back diffusion while, in the low-
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potential region, the water content decreased (drying of the membrane) due to the 

domination of the electro-osmotic drag, as the current density increased [84]. 

 

 

 

Figure 4.13 The activation and concentration overpotentials (solid line) and ohmic 

overpotential (dash line) of each current density 

 

Since the amount of fed water and rate of generated water were same in each 

flow field, the difference in average membrane water content indicated that there was 

a difference in the water transport in the membrane and thus the uniformity of the water 

distribution. From Fig. 4.12, in the high potential region, the parallel flow field provided 

the higher water content than the others while the lower number of channel flow field 

contributed a slightly lower water content in the low potential. The result was not in 

concurrence with the statement mentioned earlier since the 1S flow field gave the best 

performance in an entire current density but the lowest water content in the low 

potential region. Note that the average water content results are opposite to the results 

of Shimpalee et al. [39] in which the fewer number of channel flow fields tend to have 

a higher membrane water. However, the average water content was only slightly 

different among the flow fields due to the performance of electrode, the thickness of 
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membrane and the size of PEFC. Hence, the higher water content does not always 

reflect in the better performance since there are plenty of factors remained affecting the 

cell performance.  

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14 Hydrogen mass fraction distribution at 0.8 A/cm2 of a) 1S b) 3S c) 5S  

d) parallel e) 3PIS and f) 5PIS flow fields when using air as oxidant 

 

The membrane water content can also be described in a form of voltage or 

power loss which is widely known as the overpotential. However, the overpotential 

consist of 4 types, i.e., activation overpotential, ohmic overpotential, concentration 

overpotential, and fuel cross over overpotential. Since the contact resistance was not 

considered in this model, the remaining effects in ohmic overpotential are then the ionic 

and electronic overpotential, which were almost the same in each flow field due to the 

insignificant difference in average water content. Moreover, the fuel cross over and 

internal current were already taken into account in the open circuit voltage, as seen in 

Fig. 4.13. Since the activation overpotential only depends on the reaction parameters of 

the MEA, not a flow field, therefore only the concentration overpotential remains 

affected the difference in IV performance curve, especially in the low potential region. 

Note that although the 1S flow field provided the lowest average membrane water 

(a) (b) (c) 

(d) (e) (f) 

In 

Out 
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content, the ohmic overpotential was also found lowest. This can be interpreted that the 

1S flow field gave a better water content uniformity. A further investigation on the 

distributions when current density was 0.8 A/cm2 (approximately at 0.6 V) was 

conducted and discussed since the operating voltage of the single cell PEFC application 

was around 0.6 V in practice [79], [81 - 84]. 

The hydrogen mass fraction distribution at the anode Cl/GDL interface of 6 

different flow fields is shown in Fig.4.14a-f. Same as when using oxygen as oxidant, 

the 1S flow field distributed the hydrogen the most uniform, while the worst flow field 

in distributing the hydrogen was parallel. The PIS flow fields performed slightly better 

than the multi-channel S flow fields in distributing the hydrogen, as expected. The 

results also revealed that most of the flow field, except the parallel flow field, provided 

almost the same contour as using oxygen as oxidant, although the magnitude was 

slightly different which may cause by a different investigated current density. From this 

result, it can be concluded that the distribution on the anode side did not depend on the 

flow condition of the anode side alone since the transport behavior of the anode side 

changed dramatically when the flow condition of the cathode side was changed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15 Oxygen mass fraction distribution at 0.8 A/cm2 of a) 1S b) 3S c) 5S  

d) parallel e) 3PIS and f) 5PIS flow fields when using air as oxidant 

(a) (b) (c) 

(d) (e) (f) 
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The phenomenon in which the hydrogen mass fraction at the inlet was lower 

than that at the outlet, which was found when using oxygen as oxidant, was also found 

in the cathode side when air is used as oxidant, as depicted in Fig. 4.15a-f. However, 

from Fig. 4.15a-f, it could not be concluded that the low oxygen mass fraction area is 

full of water since there were 3 species included in cathode side (O2, N2, H2O), while 

there were only 2 species in anode side (H2, H2O). Therefore, the water mass fraction 

needs to be investigated along with the oxygen mass fraction to clarify whether the 

reactive site is full of water. Fig. 4.16a-f presents the water mass fraction of the six 

different flow field in which it was found that, except the parallel, the water mass 

fraction at cathode side of all flow fields is exactly opposite to the oxygen mass fraction 

since the water was generated and removed along the channels and thus the water mass 

fraction was increased. The area with low oxygen mass fraction of the parallel flow 

field did not show a high water mass fraction. Thus, the area in cathode side which 

showed both oxygen and water in low mass fraction is an unreactive area where no 

water was generated. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16 Water mass fraction distribution at 0.8 A/cm2 of a) 1S b) 3S c) 5S  

d) parallel e) 3PIS and f) 5PIS flow fields when using air as oxidant 
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In 
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As mentioned earlier that a uniform distribution of water content leads to a 

better cell lifetime since uniform distribution of water content could reduce a local hot 

spot and water flooding and thus the mechanical stress. In addition, it has been also 

known that the cathode side of the PEFC associates with the water flooding problem, 

and hence Fig. 4.17a-f presents an information of local water content distribution on 

CL/MEM interface at the cathode side. Same as when using oxygen as oxidant, the 1S 

flow field provided the most uniform distribution of the membrane water content, while 

the parallel performed worst. It can also be observed that the PIS flow fields performed 

slightly better than the multi-channel S flow fields in the uniformity of membrane water 

content. Furthermore, the lower number of channels tended to give the better uniformity 

in both S and PIS flow fields. It was clearly seen that the distribution of water content 

shared the same contour with the water mass fraction in Fig. 4.16 in which the water 

gradually increased along the channel. Due to the effect of the water removal, at the 

inlet of the S (Fig. 4.17b-c), the parallel (Fig. 4.17d) and the PIS (Fig. 4.17 e-f) flow 

fields, the water content was found very low as compared to the other parts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17 Water content distribution at 0.8 A/cm2 at the cathode side of a) 1S b) 3S 

c) 5S d) parallel e) 3PIS and f) 5PIS flow fields when using air as oxidant 
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Figure 4.18 Water content distribution at 0.8 A/cm2 at the anode side of a) 1S b) 3S c) 

5S d) parallel e) 3PIS and f) 5PIS flow fields when using air as oxidant 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19 Current density distribution (A/m2) at 0.8 A/cm2 a) 1S b) 3S c) 5S d) parallel 

e) 3PIS and f) 5PIS flow fields when using air as oxidant 

 

(a) (b) (c) 

(d) (e) (f) 
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While the cathode side of the MEA has to deal heavily with the water flooding 

problem, the anode side has a problem of the protonic resistance of the membrane due 

to the membrane dehydration. Hence, the membrane water content on the anode 

CL/MEM interfaces are shown in Fig. 4.18a-f. Whereas the water content on the 

cathode side is hardly seen the differences in the uniformity, the anode side showed a 

better view. As seen in Fig. 4.18, the better uniformity in the membrane hydration can 

be observed in the flow fields with the lower number of channels. With the same 

number of channel, the PIS flow fields contributed a more uniform distribution as 

compared to the multi-channel S flow fields, as discussed earlier. However, while other 

flow fields had the water content on the same level, the parallel flow fields had a very 

peak water content at around 14 on the interface. This non-uniform distribution 

occurred since the fuel cannot not reach the catalyst layer at that area (see Fig. 4.14d). 

Hence, there are no transferring protons to drag the water molecules from the anode to 

cathode resulting in a very high and low water content at that area on the anode and 

cathode side, respectively. This could be implied that the area of higher water content 

on the anode side would provide a lower current due to the low electro-osmotic drag 

effect. Furthermore, the distribution on the anode side in which the water was found to 

accumulate at the inlet occurred since the fed water was mostly absorbed into the CL 

at that area. Although the counter flow configuration provided the highest cell 

performance, the non-uniform distributions are the major drawback of this type of flow 

configuration which is in concurrence with the numerical result of Sierra et al. [70]. To 

achieve more even distribution, the similar-flow configuration should be used instead. 

However, the similar flow configuration provided the lowest cell performance among 

the different gas feeding modes. Therefore, selecting the gas feeding mode has to be 

considered carefully depending on the applications.  

A confirmation, of which the anode high water content area contributed to a 

lower current, is shown by the local current density distribution in a through-plane 

direction on cathode CL/GDL interface of each flow field, as displayed in Fig. 4.19a-f. 

The parallel flow field clearly gave a non-uniform distribution due to the unreactive 

area while the 1S flow field gave the best uniformity. Thus, mechanical stress due to 

the non-uniform variation of temperature and water distribution was likely to occur in 

the parallel as compared to other designs. 
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Figure 4.20 Proton conductivity on the anode CL/MEM interface at 0.8 A/cm2 a) 1S 

b) 3S c) 5S d) parallel e) 3PIS and f) 5PIS flow fields when using air as oxidant 

 

Although there were some differences in other uniformities, the difference in 

current density uniformity was hardly observed. Since the membrane used in this model 

is Nafion 112 which is a thin membrane, the membrane is easily hydrated. Therefore, 

it could be implied that the proton conductivity of the membrane was high enough for 

the protons to transfer to the cathode. As seen from Fig. 4.20a-f, the protonic 

conductivity of the membrane on the anode side shared the same trend with the water 

content. Even though the protonic conductivity distribution looks different in each area 

but considering the current density that is uniformly distributed, it can be implied that 

these MEAs used almost maximum capability of theirs utilizable catalyst at the triple-

phase boundary. 

 Fig. 4.21 shows the temperature distribution at the triple-phase boundary. The 

results revealed that the parallel flow field provided a very bad uniformity as expected 

since there were some areas where no electrochemical reaction took place and thus no 

reaction heat. Same as when using oxygen, the 1S contributed the most uniform 

distribution of the temperature, while the PIS flow fields provided a slightly higher 

temperature as compared to the multi-channel S flow fields. Besides the amount of the 

water, the higher temperature in the PIS flow fields was caused by the design of the 

(a) (b) (c) 

(d) (e) (f) 
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flow fields itself. Since the ribs around the corners of the PIS flow fields are not 

connected, the area to transfer the heat out through the BP is slightly lower than that in 

the multi-channel S flow fields, resulting in an accumulated heat around that area. As 

mentioned earlier, although the parallel flow field performed very badly in temperature 

distribution, the temperature differences were still on the safety limit of 5 K [86] which 

contributed no significant effect on the MEA durability. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.21 Temperature distribution (K) at 0.8 A/cm2 of a) 1S b) 3S c) 5S d) parallel 

e) 3PIS and f) 5PIS flow fields on the cathode CL/MEM interface when using air 

as oxidant 

 

As mentioned in the previous section that the pressure drop is one of the most 

important factors which reduces the overall system performance. Though using air as 

the oxidant reduces the storage problem, the required blower for forcing air into the 

stack adds the complexity into the designed system. Thus, designing the system for the 

applications has to be considered carefully. Same as it was found when oxygen is used 

as oxidant, the 1S flow field was the best in cell performance and water management. 

However, the required power for compensating the pressure drop is approximately 10 

times higher than that of the 3 channels flow fields and approximately 20 times higher 

than that of the 5 channels flow fields (see Fig 4.22), although the magnitude is hugely 

(a) (b) (c) 

(d) (e) (f) 
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different. This implied that the pressure drop increased highly with the less number of 

channels. It was also found that the PIS flow fields slightly produced the higher pressure 

drop as compared to the multi-channel S flow fields, as expected. In addition, the higher 

pressure drop may also occur due to a slightly longer channel length of the PIS flow 

field. Therefore, it can be concluded that the magnitude of the pressure drop is largely 

depend on the reactant flow rate. Since the pressure drop is proportional to the flow rate 

square [88], the pressure drop did play an important role on the system efficiency in the 

large cell area rather than the small cell area. The results also revealed that the type of 

flow fields showed less effect on the pressure drop as compared to the number of 

channels. It has to be noted that these pressure drops do not take the effect of the 

blockage of liquid water in the gas flow channel into account due to the limitation of 

the model itself. 

 

 

 

Figure 4.22 Pressure drop at 0.8 A/cm2 when using air as oxidant 

 

Water saturation is another kind of water associated in PEFC affecting greatly 

the cell performance, durability and stability in which the liquid water clog up the pores 

preventing the reactants to diffuse through the GDL. As mentioned earlier, the liquid 
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water in the porous media might form up when the water content is higher than 14. The 

liquid water in the MEA did exist as confirmed by the water saturation distribution in 

Fig. 4.23a-f, in which the pore in cathode GDL of the flow fields was full with the 

volume of liquid water. Since the 1S flow field consisted only one flow path, the 

reactants were forced down to eliminate the liquid water in GDL out through the 

channel and to reach the reactive site, and thus the 1S performed best in both cell 

performance and water management. The other flow fields also forced the liquid water 

out of the channel but could not eliminate the liquid water as much as the 1S flow field, 

resulting in the accumulated amount of liquid water at the outlet. The presence of these 

liquid water caused the flooding in GDL and thus the lower performance. From the 

results, it can be observed that the liquid water in the parallel and 5S flow field were 

very high as compared to that of the others. The PIS flow fields provided more uniform 

distribution than the multi-channel S flow fields with the same number of channel, 

although there is a very small difference in the 3 channels flow fields. Moreover, the 

flow fields with lower number of channels tend to handle the flooding situation better 

than the higher. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.23 Water saturation at 0.8 A/cm2 a) 1S b) 3S c) 5S d) parallel e) 3PIS and f) 

5PIS flow fields when using air as oxidant 
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Figure 4.24 Water saturation in cathode gas diffusion layer at 0.8 A/cm2 

 

Wang and Van Nguyen [8] conducted an experiment to observe the stability of 

PEFC during flooding situation, as mentioned earlier. It was found that, in most cases, 

when the average water saturation level reached 0.2, the voltage of PEFC would be 

unstable. Therefore, considering the amount of average water saturation in cathode 

porous layer (see Fig. 4.24), the cell voltage of all flow fields, except the 1S, would 

become unstable.  

By considering all aspects, it can be concluded that the 1S flow field would be 

the optimal choice for making a stack with a small size PEFC MEA same as when using 

oxygen as oxidant since it offered outstanding advantages among other flow fields. 

Although the pressure drop of the 1S flow field was extremely high as compared to the 

others, it required a power for forcing the reactant through the channel only around 

0.2% of its generated power, which is very low.  

Finally, the key findings in this study are summarized in Table 4.1. 
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Table 4.1 Summary of the key findings in this study 

Key findings Remark 

Performance 

 

 When oxygen is used as an oxidant, the 1S flow field provided 

the highest power followed by 3S, 3PIS, 5S, 5PIS and parallel 

flow field, respectively.  

 When using air as an oxidant, in the high potential region, the 

power contributed by each flow field arranged in order exactly 

the same with when oxygen is used.  

 Differently, in the low potential region, the PIS flow fields 

provided a slightly better performance as compared to the 

multi-channel S flow fields with the same number of channels. 

 

Water 

management 

 

 The PIS flow fields handled the flooding situation slightly 

better than the multi-channel S flow fields with the same 

number of channels.  

 The flow fields with a less number of channels contributed a 

better water management than the higher.  

 Considering the amount of the average water saturation level in 

the porous media, the cell voltage of all flow fields was still 

stable when oxygen is used.  

 However, the cell voltage of all flow fields, except the 1S, 

would become unstable when air is used. 

 

Heat 

management 

 

 As compared to the multi-channel S flow fields, the PIS flow 

fields provided a slightly higher temperature in some areas.  

 Besides the amount of the water that is lower in the PIS, the 

higher temperature in the PIS flow fields was caused by the 

design of the flow fields where the ribs around the corners of 

the PIS flow fields are not connected, resulting in an 

accumulated heat around that area.  

 However, the maximum temperature differences of each flow 

field were in the safety limit which ensured that it would not 

affect the cell durability. 

 

Geometric 

parameters 

 With a serpentine based flow field as studied in this work, the 

performance and uniformity were affected greatly by the 

number of channels greatly much more than the design of the 

flow field.  

 For a small size MEA, a flow field with a less number of 

channels contributed a better uniformity and performance. 

 



Chapter 5 

Conclusions and Recommendations 

 

5.1 Conclusions 

The conclusions on the numerical modeling of a polymer electrolyte fuel cell 

in different flow field geometric configurations using ANSYS FLUENT are 

summarized here as follows. 

The models of a macroscopic level based on finite volume method are 

successfully developed and validated against the experimental results obtained from 

our previous work. The results show a good agreement between the experimental data 

and numerical solutions. However, there is a small discrepancy between the results 

which was caused by the limitation of the ANSYS FLUENT software itself. 

When pure oxygen was used as oxidant, the 1S flow field showed the highest 

performance followed by 3S, 3PIS, 5S, 5PIS and parallel flow field, respectively, in 

every current density. However, there are differences when using air as oxidant. In high 

potential region (above 0.7 V), the 1S flow field also provided the highest power 

followed by 3S, 3PIS, 5S, 5PIS and parallel flow field, respectively, which concur with 

when using oxygen as oxidant. In the low potential region (below 0.7 V), with the same 

number of channel, the PIS flow fields performed better than the multi-channel S flow 

fields which indicated that the PIS flow fields could handle the water flooding problem 

in the porous media slightly better than the multi-channel S flow fields. 

The 1S flow field provided the best power and uniformity, while the parallel 

flow field performed worst in both. With the same number of channels, the PIS flow 

fields provided a slightly lower performance as compared to the multi-channel S flow 

fields but a better uniformity. Flow fields with a less number of channels tended to have 

a higher performance and uniformity. For a pressure drop, the required power of the 1S 

flow field for compensating them is approximately 10 times higher than the 3 channel 

flow fields and approximately 20 times higher than the 5 channel flow fields which 

were the same in both cases (using oxygen and air), although the magnitude is 

extremely different. By considering all aspects, it can be concluded that, with a 
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serpentine based flow field as studied in this work, number of channels greatly affected 

the performance and uniformity much more than the design of the flow field. 

When using oxygen (high flow rate case), the cell voltage of all flow fields 

was still stable, although it was found that the liquid water in the parallel flow field was 

very high as compared to that of the others from considering the amount of the average 

water saturation level in porous media. Nevertheless, the cell voltage of all flow fields, 

except the 1S, would become unstable when air is used (low flow rate case). Thus, the 

1S is the best flow field for a small-scaled MEA applications due to its outstanding 

advantages among other flow fields in these given operating conditions. 

 

5.2 Recommendations 

The recommendations that could be implemented for further research to 

receive better results of  PEFC modelling and more practical results for a commercial-

scale application are described as follows. 

- Since ANSYS FLUENT is based on the finite volume method which 

solves the macroscopic equations (i.e. the Navier-Stokes equations), the 

developed model cannot accurately predict the cell voltage in the high 

potential region (electrochemical reaction dominated region). The 

microscopic simulation is required to solve such a problem. 

- Although the developed model has already taken the two-phase flow (flow 

of liquid and water vapor) in the porous media into account, the flow 

through the gas flow channel is treated as a fine mist (no liquid water 

clogging in the flow channel). To make the model become more realistic, 

some modification in the user defined function (UDF) has to be done. 

- Due to the non-linearity of the governing equations, the transport behaviors 

may behave differently when the flow field is changed. Therefore, this 

model may valid only for the stack which uses a small PEFC MEA. The 

investigation on the transport behavior of the commercial PEFC has to be 

done in case by case depend on the design of the system. 

- A novel design flow field has to be designed to compete with the 1S flow 

field since the pressure drop of the flow field is extremely high. 
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- Recently, Toyota motor corporation launched its fuel cell vehicle called 

Toyota Mirai and claimed that the flow field (called 3D fine-mesh), which 

is the multi-inlets flow field, used in this car at the cathode side provided 

a uniform distribution, improved water removal and air diffusion. 

Therefore, a further study of the multi-inlets flow field should be carried 

out. 
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