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ABSTRACT 

Fuel cell is a electro-chemical energy conversion system, which converts the chemical energy 

of fuel, directly into electrical energy. The ever increase in energy demand, non-polluting 

energy generation, and other environmental issues have persuaded many researchers to look 

for new efficient energy conversion technologies. Proton exchange membrane (PEM) fuel 

cells have many unique features compared with other types of fuel cell, such as relatively low 

operating temperature (around 80 oC), high power density, quick start, rapid response, and 

high modularity which makes them as the most promising system in the applications such as 

automotive, distributed power generation and portable electronic devices.  

The aim of the present work is on evaluation of PEM fuel cell performance using serpentine 

flow fields with round corner by numerical modeling and experimentation. Three dimensional 

PEM fuel cell cell models of size 7x7, 7x12 and 7x17 cm are developed. Three types of flow 

field designs such as single, double and triple serpentine were considered for the supply of 

reactants. Computational fluid dynamics (CFD) based simulations were carriedout to analyse 

the pressure drop, distribution  of reactants (H2 and O2), liquid water activity in the flow 

channels, current flux density and water content in the membrane. Further the effect of flow 

field design on the performance of PEM fuel cells were examined. Single, double and triple 

serpentine flow field plates were fabricated and experiments were conducted to validate the 

simulation results. Based on simulation and experimental results, it is observed that triple 

serpentine flow field performance is better than single and double serpentine flow field as it 

offer less pressure drop and uniform distribution of reactants.   

The experimental tests were conducted by incorporating triple serpentine flow field in fuel 

cells to investigate the influence of cell design parameters such as membrane thickness and 

catalyst loading. The available membrane thicknesses are taken as 50, 51 and 175 µm. 

Similarly, the catalyst loadings are considered as 0.6, 0.8 and 1.0 mg/cm2. The results 

revealed that the cells performance is increased with decreasing membrane thickness and 

increasing the catalyst (Pt) loading. Peak powers were obtained with a thin membrane (50 µm 

thickness) having 1.0 mg/cm2 platinum loading. 

Further, the experimental tests were conducted by incorporating triple serpentine flow field 

and 50 µm thickness membrane with 1.0 mg/cm2 Pt loading to investigate the influence of cell 

operating parameters such as cell temperature (40, 50, 60, 70 and 80oC), reactants 

humidification temperatures (40, 50, 60, 70 and 80oC), and reactants flow rate on the 

performance of PEM fuel cells. The cell operating temperatures, reactants humidification 
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temperature are same for three active area PEMFCs and the reactants flow rates are different 

for three areas of PEMFC.  

The fuel cell of active area 49 cm2 with 50 µm membrane thickness and 1.0 mg/cm2 platinum 

loading produced a peak power density of 418 mW/ cm2 at 0.5 V when the cell was operated 

at 70oC cell temperature, 70oC anode humidification temperature, 60oC cathode 

humidification temperature, 400 ccm H2 flow rate and 800 ccm O2 flow rate. In the same way, 

the cell of active areas 84 cm2 and 119  cm2 produced a peak powers of 395 mW/cm2 and 374 

mW/cm2 respectively at 0.5 V.  From this analysis it is observed that the power density of 

smaller active area (49 cm2) cell is higher than the larger active area (84 and 119 cm2) fuel 

cells. From this investigation, it is concluded that instead of going for larger active area cell 

one can choose smaller active area cell with more number (i.e stack) of cells. 
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CHAPTER 1 

1. INTRODUCTION 

Fuel cell (FC) is an electro-chemical energy conversion device, which converts chemical 

energy of fuel directly into electrical energy. The ever increase in energy demand, pollution-

free energy generation, and other ecological issues have persuaded many researchers to look 

for new efficient energy conversion technologies [1]. Within such perception FC systems may 

consider as promising alternative due to practical advantages such as high-energy density, less 

harm to the environment, good dynamic response, and lightweight. Depending on type of 

electrolyte material used FCs are categorized as polymer membrane, alkaline, phosphoric 

acid, molten carbonate, and solid oxide fuel cells [2]. Proton exchange membrane (PEM) fuel 

cell has unique features such as relatively low operating temperature (around 80oC), high 

power density, quick start, rapid response, and high modularity make them as the most 

promising system for power generation in the applications such as automotive, distributed 

power generation and portable electronic devices [3,4]. 

1.1 History of Fuel Cell 

For the first time in 1839, Sir William Grove introduced the basic operating principle of FCs 

to the scientific community. Later in 1842, Grove produced a 50-cell stack and named as 

"gaseous voltaic battery". After Grove's invention, it took almost a century to re-introduce the 

FCs to the scientific community. In 1937, F.T. Bacon began to work on practical FC and he 

successfully built a 6 kW output stack by the end of the 1950s. In the early 1960s Grubb and 

Niedrach built a fuel cell using solid ion-exchange membrane electrolyte. Primarily, 

sulfonated polystyrene based membranes were employed as the electrolytes, then and there 

after Nafion membranes were substituted these sulfonated polystyrene based membranes. The 

Nafion has evidenced to be greater in performance and durability, and yet the most common 

membrane in use. This type of FC is generally called as polymer electrolyte membrane fuel 

cell or the proton exchange membrane fuel cell. 

In the early 1960s, PEM fuel cell (PEMFC) was first used in the Gemini space program, that 

FC was developed by General Electric based on the work of Grubb and Niedrach. Following 

the Gemini Program the FC was also used in the Apollo program, to produce electricity for 

life support and communications. These FCs were made by Pratt and Whitney based on the 

Bacon's patents. 
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Due to their high cost, use of FC systems were limited in space applications and in some 

special applications. In 1990, Ballard Power systems started development of PEMFC systems. 

The strategy of Ballard was to reduce the cost of the fuel cell by using low cost materials and 

fabrication techniques, that FC turn out to be a real option for many applications. In 1993, 

Ballard Power Systems manifested fuel cell powered buses. 

In 1993, Energy Partners demonstrated the first passenger car operating on PEMFCs. At the 

end of the century, almost all car manufacturers picked up on this activity and had built and 

manifested a fuel cell-powered vehicle. The timeline of FC development history is shown in 

Figure 1.1.  

 

Figure 1.1 History of fuel cells 

1.2 Principle of operation of PEM fuel cell and its components 

Figure 1.2 illustrates the schematic of a PEMFC. Hydrogen (H2) comes into the anode flow 

channel and disperses into the anode gas diffusion layer (GDL) whereas oxygen (O2) enters 

into the cathode flow channel and disperses into the cathode gas diffusion layer (GDL). The 

membrane comprises catalyst usually platinum, on both sides and it is made from a material 

that only permits the hydrogen ions and offer resistance to the flow of electrons. When 

hydrogen and oxygen reaches the catalyst layers (CLs) through GDLs on the PEM, the 

following reaction takes place. 
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Anode: 𝐻2 → 2𝐻+ + 2𝑒−    (1.1) 

Cathode: ½ 𝑂2 + 2𝑒− + 2𝐻+ → 𝐻2𝑂   (1.2) 

At anode catalyst layer hydrogen splits into hydrogen ions and electrons. Hydrogen ions pass 

from anode side to cathode side, through the membrane and electrons flow out of the cell 

through an electrical circuit. At the cathode CL oxygen reacts with hydrogen ions and 

electrons flow into the cathode, completing an electrical circuit. The overall reaction in a 

hydrogen and oxygen fuel cell is given in Equation 1.3. 

Overall: 𝐻2 +1/2 𝑂2 → 𝐻2𝑂    (1.3) 

 

Figure 1.2 Schematic of a PEM fuel cell along with parts  

1.2.1 Membrane (PEM)  

The membrane is considered as the heart of the PEMFC, in which hydrogen ions transport 

from the anode CL to the cathode CL. The membrane function is to separate the fuel (H2) and 

oxygen (O2). The hydrogen ions/protons transfer from anode to cathode through the 

membrane, the membrane need to possess relatively high proton conductivity. Also the 

membrane should be chemically and mechanically stable in the fuel cell environment. 

Perfluorocarbon-sulfonic acid ionomer (PSA) membrane is usually used in PEMFCs. Dupont 

developed the membranes based on a sulfonated tetrafluoroethylene-based fluoropolymer-

copolymer (Nafion family) and are considered as the best material for the membrane. A fully 

humidified membrane conducts the protons effectively, therefore it is essential to keep 
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membrane hydrated. Sometimes the water produced in the electrochemical reactions is 

inadequate to keep the enough humidification level in the membrane. Also, use of dry reactant 

gases and the electro-osmotic drag results in an under-humidified state. Therefore, it is 

desirable to humidify the inlet reactant gases before enter into the cell to achieve the required 

humidification level in the membrane [5]. 

1.2.2 Catalyst Layers (CLs)  

In a PEMFC, there are two CLs on both sides of the membrane. These CLs are placed 

between the membrane and GDLs at the anode and the cathode sides respectively. All the 

electrochemical reactions take place at the catalyst layer. The catalyst layer must have high 

intrinsic activity, larger active surface area, high ionic and electric conductivity, high porosity 

for reactants entry as well as product removal. Usually Platinum (Pt) is preferred as the 

catalyst in PEMFCs because of its great stability and reactivity. Sometimes Pt alloys also can 

be preferred as catalyst to further improve kinetic activity, stability, and tolerance to 

impurities when reformate gas is used on the anode side. Pt is generally in the form of tiny 

particles and these small Pt particles are reinforced on the carbon particles to offer a high 

surface area. A catalyst layer showing with Pt supported on carbon is depicted in Figure 1.3. 

 

Figure 1.3 Catalyst layer [6] 
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1.2.3 Gas Diffusion Layers (GDLs)  

There are two GDLs bonded to anode and cathode catalyst layers. Usually hydrophobic 

carbon fiber paper or cloth is used as GDL and it is called the substrate. A microporous layer 

(MPL) with hydrophobic property is applied to the catalyst side of the substrate. The 

hydrophobicity is usually attained through application of Poly Tetra Fluoro Ethylene (PTFE). 

The SEM images of carbon fiber paper and cloth are shown in Figure 1.4. The following are 

some key functions of GDL 

 It works as a passageway for transport of the reactants from the flow channels to the 

reaction site. 

 It works as a passageway for evacuation of product (water) from the reaction site to 

the flow channels.  

 It works as a heat conductor.  

 It conducts the electrons from CL to the current collector via bipolar plate. 

The membrane electrode assembly (MEA) is the combination of membrane, CLs and GDLs. 

 

Figure 1.4 GDL material: carbon cloth (left) and carbon paper (right) [7] 

1.2.4 Flow Field Plates (FFP)  

Every single PEM fuel cell has two flow field plates (FFP) and MEA is kept in between these 

two flow fields and assembled with the help of bolts and nuts. These FFPs are in direct 

contact with GDLs. These flow field plates are generally made out of graphite material or 

metals. The key purposes of the FFPs are:  

s to the GDLs, and evacuate the unused gases and water from the 

cell.  
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To transfer electrons and heat. 

To give mechanical strength. 

To serve these purposes the FFPs need to be chemically stable, electrically and thermally 

conductive, mechanically strong and contamination free. Figure 1.5 shows the commonly 

used flow field designs in PEM fuel cells. 

 

Figure 1.5 Common flow-fields: (a) Parallel (b) 1-pass serpentine (c) 3-pass serpentine and 

(d) Interdigitated [8].  

With the help of above, described components a complete fuel cell can be assembled with the 

help of bolts & nuts and the exploded view of a complete PEM fuel cell can be seen in   

Figure 1.6. 

 

Figure 1.6 Exploded view of a PEM fuel cell 
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1.3 Performance of PEMFC 

The performance of the PEM fuel cell can be summarized with a graph of its current-voltage 

characteristics. This graph shown in Figure 1.7 is called i–V curve (solid line), displays the 

voltage output of the FC for a given current output.  An ideal FC will generate any quantity of 

current at a constant voltage when there is enough supply of reactant gases. In practice, the 

real output voltage of a fuel cell is less than the ideal thermodynamically predicted voltage. 

Besides that, a further increase in the current drawn results drop in FC output voltage and 

limits the total power output. The power (P) output of a fuel cell is given by the product of 

current and voltage 

𝑃 = 𝑉 ∗ I     (1.4) 

Power density curve of a fuel cell can be drawn from the data obtained from fuel cell i-V 

curve, which gives the power output of a FC. Power density curves (dotted line) is shown in 

Figure 1.7. FC voltage is given on the primary y-axis (left), while power density is given on 

the secendary y-axis (right). 

 

Figure 1.7 polarization and performance characteristics of a fuel cell [9] 
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The current generated in a FC is directly proportional to the quantity of fuel consumed. It is 

difficult to keep the fuel cell at a high voltage under the current load. Due to irreversible 

losses the output voltage of a practical fuel cell is lower the thermodynamically predicted 

output voltage. These irreversible losses are greater while more current is drawn from the FC. 

Three foremost types of FC losses given below are shown in the i–V curve of a FC and its 

characteristic shape.  

1. Activation losses 

2. Ohmic losses 

3. Concentration losses 

 

Figure 1.8 Polarization curve with irreversible losses of a fuel cell  

The actual output voltage of a FC can be composed by beginning with the thermodynamically 

predicted voltage output and then deducting the voltage drops due to three losses mentioned 

above: 

𝑉𝑐𝑒𝑙𝑙 = 𝐸𝑟 − 𝜂𝑎𝑐𝑡 − 𝜂𝑜ℎ𝑚𝑖𝑐 − 𝜂𝑐𝑜𝑛𝑐        (𝟏. 𝟓) 

𝐸𝑛𝑒𝑟𝑛𝑠𝑡 = 1.229 − 0.85 ∗ 10
−3(𝑇 − 298.15) + 4.3085 ∗ 10−5 𝑇[ln ( 𝑃𝐻2) + ln 0.5 (𝑃𝑂2)            (𝟏. 𝟔) 
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Where 𝑉𝑐𝑒𝑙𝑙 is cell output voltage, 𝐸𝑟  is reversible cell voltage, 𝜂𝑎𝑐𝑡 is activation losses, 

𝜂𝑜ℎ𝑚𝑖𝑐 is ohmic losses, 𝜂𝑐𝑜𝑛𝑐 is concentration losses. 

These three irreversible losses each add to the characteristic shape of the fuel cell i–V curve. 

As illustrated in Figure 1.8, the activation losses majorly influence the first part of the curve, 

the ohmic losses are most ostensible in the middle part of the curve, and the concentration 

losses are most significant in the tail of the i–V curve. Equation 1.5 helps to characterize and 

model the performance of practical fuel cells. 

Activation losses 

Activation loss is associated to the energy barrier that need to be overcome to start a chemical 

reaction. At low current density, the electron transfer rate is sluggish and a bit of the cell 

voltage is lost to be able to compensate for having less electro-catalytic activity. The 

activation voltage drop can be described as 

𝑉𝑎𝑐𝑡 =
𝑅𝑇

𝛼𝑛𝐹
 𝑙𝑛 (

𝑖

𝑖0
)    (1.7) 

Where T is Fuel cell operating temperature (kelvin), R is Universal gas constant,α is the 

transfer constant, n is number of electrons participated in the reaction, F is Faraday’s constant, 

i is cell current density, and i0 is the exchange current density. 

Ohmic losses 

Every material comes with an inherent amount of resistance to charge flow. The materials 

usual resistance to charge-flow triggers ohmic polarization, which in turn causes drop in FC 

voltage. The resistive losses take place in the electrolyte (ionic), electrodes (electronic and 

ionic), and terminal connections of the cell (electronic). The ohmic losses (ohmic voltage 

drop) can be described as 

𝑉𝑜ℎ𝑚𝑖𝑐 = 𝑖 ∗ 𝑅𝑜ℎ𝑚𝑖𝑐    (1.8) 

Where i is the current density and Rohmic resistivity of membrane. The cell resistance relies 

upon membrane water content λ mem and cell temperature. On the other hand, the cell 

resistance is proportional to thickness of the membrane (tmem) and inversely proportional to 

the conductivity of the membrane (σmem). Thus resistivity of membrane can be described as 

follows 
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𝑅𝑜ℎ𝑚𝑖𝑐 = 
𝑡𝑚𝑒𝑚

𝜎𝑚𝑒𝑚
    (1.9) 

The membrane conductivity greatly depends on membrane water content λmem and cell 

temperature Tc.  The membrane conductivity can be determined using the following formula  

𝜎𝑚𝑒𝑚 = (0.005139 ∗ 𝜆𝑚𝑒𝑚 −0.00326)𝑒𝑥𝑝 [1268 ∗ (
1

303
− 

1

𝑇𝑐
)]  (1.10) 

Concentration losses 

Concentration losses are associated with mass transport limitations (reactants / products). In 

this region, the reactants turn out to be consumed at higher rates than the supplied rate 

whereas the product amasses at a larger rate than it could be cleared. Eventually, this will 

influence the reaction completely and the FC voltage drops to zero 

𝑉𝑐𝑜𝑛𝑐 = 𝑖(𝛽1 ∗  
𝑖

𝑖𝑚𝑎𝑥
  )𝛽2   (1.11) 

Where 𝛽1 , 𝛽2 are constants depends on cell temperature and partial pressure of reactants. 𝛽2 

can be taken as 2, and 𝛽1 is defined by Pukrushpan et al.[10] as follows 

𝛽1 =

{
 
 
 

 
 
 (7.16 ∗ 10

−4 ∗ 𝑇𝑐 − 0.622) (
𝑃𝑂2
0.1173

+ 𝑃𝑠𝑎𝑡) + (−1.45 ∗ 10
−3 ∗ 𝑇𝑐 + 1.68) 

𝑖𝑓
𝑃𝑂2
0.1173

𝑃𝑠𝑎𝑡 ≤ 2 𝑎𝑡𝑚

𝑒𝑙𝑠𝑒

(8.66 ∗ 10−5 ∗ 𝑇𝑓𝑐 − 0.068) (
𝑃𝑂2
0.1173

+ 𝑃𝑠𝑎𝑡) + (−1.6 ∗ 10
−3 ∗ 𝑇𝑓𝑐 + 0.54)

𝑖𝑓
𝑃𝑂2
0.1173

𝑃𝑠𝑎𝑡 ≥ 2 𝑎𝑡𝑚

 (1.12) 

Where Psat is water saturation pressure, 𝑃𝑂2 is Partial pressure of oxygen and Tfc cell 

temperature. 

1.4 Organization of Thesis 

The thesis comprises of 5 chapters, chapter 1 outline a short introduction of PEMFC. The 

literature review on PEMFC is provided in chapter 2. The gaps observed from the literature 

review and thesis objectives also presented in chapter 2. Both experimental methodology and 

computational methodology for PEMFC have been presented in chapter 3. In this chapter the 

fundamental concepts behind the electrochemistry modeling, current and mass conservation, 

liquid water formation and transport phenomena have been offered. The results of PEM fuel 
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cell validation have been achieved through the CFD modelling is provided in chapter 4. Other 

results in consort with research objectives are also presented in chapter 4. Finally, the overall 

conclusions are drawn out of this research and some recommendations for the future research 

are given in chapter 5. Appendix covers research output in the form of peer-reviewed journal 

and conference papers. 

  



 

12 

Department of Mechanical Engineering, National Institute of Technology, Warangal (T.S), INDIA 

CHAPTER 2 

2. LITERATURE REVIEW 

Significant amounts of theoretical and experimental studies have been carried out by many 

researchers on PEM fuel cells (PEMFCs). Experimental tests are commonly used approaches 

for understanding and predicting PEMFC performance. Some empirical and mathematical 

models also proposed in the literature to comprehend and analyze performance of PEMFCs. 

These models usually acceptable with the experimental data by means of a single equation but 

they are less precise and trustworthy in envisaging the fuel cell performance. To understand 

basic transport processes, more fundamental models were developed to simulate the 

performance of PEMFCs. The objective of the current literature review is to overview the 

PEM fuel cells development.  

For the first time in 1839, Sir William Grove demonstrated the principle of a fuel cell (FC). 

After his demonstration, it took almost one decade to re-introduce the FC to the scientific 

community. Being enthralled with Grove’s invention, Bacon began working on FCs in 1939 

and successfully constructed a FC stack of 6 kW output power 1959 [11]. Later FCs have 

been used in the U.S. Space Program for the first time. Furthermore, the FCs were used in the 

Apollo Space Program to produce power for life support and communications. Based on 

Bacon’s patents, Pratt and Whitney made the fuel cells. General Motors made trials with a FC 

operated van by the mid-1960s, in the meantime the U.S. Space Program has continued to 

effectively make use of FCs up to today. In the 1960s many industries recognised that the FCs 

can be used in different applications, but because of their high manufacturing cost and 

technical difficulties, FCs were not have the capacity to monetarily focused with other energy 

conversion devices. In the 1980s, the Canadian Government sponsored the preliminary 

development work of FCs which was supported by Ballard Power Systems. Later in 1989, the 

company decided to concentrate on FC systems for transportation and stationary applications.  

2.1 Studies on 1-D and 2-D PEMFC models 

Gurau et al.[12] presented a mathematical model of a PEMFC and obtained strenuous 

analytical results of the model. Their modeling domain comprises of cathode flow channel, 

gas diffusion layer (GDL), catalyst layer (CL), and the membrane. Beginning with oxygen 

transport equations and Ohm’s law for proton movement, expressions for the oxygen 

distribution in the flow channel, GDL, CL, current density in the CL and membrane 
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phasepotential have been derived. Bernardi & Verbrugge [13] presented a mathematical 

model of the solid polymer electrolyte FC to (i) examine causes which are limiting the FC 

performance and (ii) explain the mechanism of species transport in the intricate network of 

gas, liquid, and solid phases of the FC. Parthasarathy et al. [14] examined the temperature 

dependency on the kinetics of the reduction of oxygen kinetics at the platinum/Nafion 

interface of PEM fuel cell and they derived empirical relationships between the exchange 

current densities and the transfer coefficients as a function of temperature. Amphlett et al. 

[15] presented a generalized steady-state electrochemical model of the PEMFC and 

investigated the polarization curve empirically. The empirical relationship permits the 

prediction of cell voltage, so that it is possible to avoid complicated numerical computations 

in the estimation of activation and ohmic overpotentials. However, the empirical model is 

inadequate in capturing the internal resistance of the membrane and the proportion of water in 

the cathode catalyst layer, since the latter is a function of the temperature and the results 

calculated by using Amphlett’s model are valid only for the isothermal situation.  

Kim et al. [16] presented an empirical model which fits into the entire polarization curve of 

the PEMFC. The authors found that addition of an exponential term be responsible for 

compensation for the mass-transport region at high current densities. Kazim et al. [17] 

presented a 2-D steady state PEMFC model with conventional and interdigitated flow fields. 

The outcomes of this model uncovered that limiting current density of interdigitated flow 

field fuel cell is about 3 times the limiting current density of the conventional flow field fuel 

cell. Mann et al.[18] developed a generalised steady-state electrochemical model (GSSEM) 

which is more extensive in pertinence than the previous steady state electrochemical models 

(SSEM) of Amphlett et al. [15]. It now holds the ability to deal with PEMFCs of any active 

area and Nafion membrane thickness. Fowler et al.[19] modified the genaralised steady-state 

electrochemical model (GSSEM) of Mann et al.[18] with incorporation of voltage degradation 

term to estimate the durability of fuel cells and named this model as generalised steady-state 

electrochemical degradation model (GSSEDM). Wang et al.[20] developed a spherical 

flooded-agglomerate model for the cathode CL of a PEMFC. This model incorporates the 

kinetics of oxygen reduction at the interface of catalyst-membrane, proton transportation 

through the membrane, the oxygen diffusion through pores, and the dissolved oxygen 

diffusion through membrane. The studies (1-D and 2-D models) presented so far require 

number of simplifications due to limitations of the numerical techniques. 
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2.2 Studies on 3-D PEMFC models 

Dutta et al. [21] developed a first true three-dimensional (3-D) numerical model based on the 

commercial CFD software ANSYS-FLUENT to aid in understanding of gas flow, species 

transport, and electrochemical aspects of a fuel cell. Berning et al. [22] developed a 

nonisothermal 3-D, single-phase model using the CFD program CFX-4.3 (AEA Technology). 

This model consist of the gas flow channels, GDLs, and membrane; the CLs were treated as 

interfaces. Kumar & Reddy [23] developed a computational 3-D half-cell PEMFC model to 

study the impact of different channels sizes and shapes in the flow-field. Their channel study 

results showed that high fuel consumptions (≈80%) were obtained with optimum channel 

depth and width as well as land width were close to values of 1.5, 0.5 and 1.5 mm, 

respectively. The channel shapes study results revealed that channel cross-section in 

triangular and hemispherical shape caused an improvement in hydrogen consumption around 

9% at the anode.   

Berning & Djilali [24] developed a 3-D single-phase model of a PEMFC and studied the 

influence of cell operational and material parameters on the cell performance.                

Nguyen et al.[25] presented a 3-D computational fluid dynamics model of a PEMFC with 

serpentine flow field channels using the CFD program CFX-4.3. A distinctive feature of this 

model is the implementation of VTC (voltage-to-current) algorithm, which allows for a far 

more accurate three-dimensional variation of the electrochemical kinetics. Furthermore, the  

3-D activity of the catalyst layer is also considered in this model. Lum & McGuirk [26] build 

up a steady-state, 3-D model of a complete PEMFC and carried out some parametric studies, 

such as variation of electrode thickness, shoulder width, degree of permeability and oxidant 

concentration on cell performance. Lin & Beale [27] developed a 3-D full model and a hybrid 

model for an industrial PEM fuel cell to predict water transport distribution within the cell 

and also the impact of oversaturation and dehydration on either side of the membrane, on the 

overall cell performance. Yan et al.[28] proposed a 3-D PEMFC model with a novel  straight 

channel tapered in height or width to increase the fuel utilization efficiency. The results 

revealed that the tapered channel designs enhance fuel velocity, fuel transport through porous 

layers, fuel utilization, and the liquid water removal capability.  

Yan et al. [29] build up 3-D PEMFC models to investigate the performance with various flow 

field designs such as parallel flow field, parallel flow field with baffles, Z-type flow field, Z-

type flow field  with baffles and serpentine flow field. The authors reported that parallel flow 
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field with baffles offers less pressure drop and best performance. Liu et al. [30] presented an 

isothermal, steady-state, 3-D multicomponent transport model for PEMFC with straight gas 

channels and their findings revealed that the distribution patterns are moderately uniform at 

low current densities and are non-uniform at high current densities because of the mass 

transfer limitation. Jang et al. [31] developed a 3-D numerical PEMFC models with parallel 

flow field, Z-type flow field, and serpentine flow fields to investigate the performance as well 

as transport phenomena of the PEMFCs. The authors reported that the PEMFC with 

serpentine flow field offered best performance, followed by Z-type flow field and then 

parallel flow field. Sadiq Al-Baghdadi [32] also developed a full 3-D, non-isothermal CFD 

model of a tubular in shape PEMFC to study the transport phenomena. Wang et al.[33] 

developed a 3-D numerical PEMFC model and investigated the local transport phenomena 

and performance of the cell using parallel and interdigitated flow fields. The results of the 

studies shown that the performance of PEMFC with interdigitated flow field is superior over 

the PEMFC with parallel flow field.  

Weng et al.[34] presented a 3-D PEMFC model with contracted outlet flow channels to 

analyze the performance of the FC and the local transport phenomena. The authors reported 

that the contracted channel design ameliorate the reactant velocities, which enhances liquid 

water evacuation and increases reactant utilization. Rismanchi & Akbar [35] also presented a 

3-D PEMFC model with square cross section straight flow channels to study the flow 

structure, species concentrations and current distribution inside the cell. Wang et al.[36] 

presented a full 3-D, two-phase transport model for PEMFCs based on the two-fluid method 

to examine the influence of gas channel aspect ratio on the performance of FCs with one pass 

and three pass serpentine flow field. The results revealed that enhancement in the cell 

performance can be obtained with decrease in the aspect ratio and the aspect ratio has less 

influence on the performance for the three-pass serpentine flow field PEMFC than one pass 

serpentine flow field PEMFC because of the weaker under-rib convection. Manso et al. [37] 

presented a 3-D CFD model for PEMFC with serpentine flow field to examine the influence 

of the flow channel’s aspect ratios, varying between 0.07 and 15. The study concluded that 

the channel with high aspect ratio displayed more uniform current distributions, moderate 

temperature distribution gradients, and higher water content in the membrane than channel 

with low aspect ratio.   
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Robles et al. [38] developed a single phase 3-D PEMFC model with a flow field path in the 

shape of 1, 2, 3, 4, 6, and 8 concentric spirals. The authors found that model with 4 spirals is 

best geometry due to the more uniform current density distribution, a uniform water 

distribution, and relatively small pressure drop. Choi et al.[39] presented a 3-D PEMFC with 

serpentine flow field having five flow passes to examine the influence of flow channel height 

and width on pressure drop and liquid water removal. The authors noticed reduction in the 

pressure drop with increase in channel height and width. The authors also noticed that the 

increase in the channel width caused quicker liquid water removal than when the channel 

height increases. Khazaee & Ghazikhani [40] built a duct-shaped PEMFC numerical model 

and investigated the influence of number of connections between bipolar plate  (BP) and GDL 

on the cell performance and species distribution. The study concluded that increase in the 

number of connections between BP and GDL caused increase in the cell performance, 

utilization of hydrogen, oxygen and water generation   

Sierra et al. [41] conducted a 3-D numerical analysis on a PEMFC model using serpentine, 

interdigitated and straight channels adapted to tubular plates. The authors compared the 

numerical results with literature data described for analogous designs and the results reveal 

that the conventional flow channel designs have several benefits (uniform pressure and 

current density distributions) over the rectangular designs. Performance and flow 

characteristics of bigger-size PEMFC (cell active area 300 cm2) having branch channel were 

studied by Han et al. [42] through simulation and experiments. The branch channel (f=0.5) 

performance is compared with serpentine channel performance and found that the 

performance of branch channel was analogous to serpentine channel performance. Also found 

that the pressure drop in the branch channel is less by 52.5% than serpentine channel.  

Limjeerajarus & Amornkitt [43] numerically studied the effect of six flow field designs 

namely 1-S, 3-S, 5-S, parallel, 3-PIS and 5-PIS as well as number of channels on performance 

of a small PEMFC (5 cm2 active area). The authors reported that: i) 1-S flow field gave the 

highest performance and uniformity whereas the parallel flow field gave the least 

performance, ii) with the same number of channels, the parallel in series (PIS) flow fields 

performance is superior than the multi-channel serpentine flow field. Rostami et al.[44] 

developed a single phase model of PEMFC with serpentine flow field and studied the effect 

of bend size (from 0.8 mm to 1.2 mm) on the cell performance. The study concluded that 

bend size of 1.2 mm has an improved performance when matched with the other bend sizes.  
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Paulino et al.[45] presented a CFD based 3-D PEMFC model with single channel and studied 

the effect of channel cross section (rectangular, trapezoidal and hybrid stepped geometries) on 

performance and water management of the cell. The results revealed that the performance of 

rectangular channel FC was slightly higher than stepped and trapezoidal channel FCs while 

water management behavior of stepped and trapezoidal channel FCs was superior than the 

rectangular channel FC.  

2.3 Studies on PEMFC flow field designs 

Nguyen [46] developed a non-conventional flow channel to enhance the mass-transport of the 

reactants from the flow channels to the porous electrodes and to decrease the cathode 

electrode water flooding. Kazim et al.[17] presented a simple 2-D PEMFC model to explore 

the influence of conventional and interdigitated flow fields on cell performance. The 

outcomes demonstrate that limiting current density of interdigitated flow field PEMFC is 3 

times the limiting current density of conventional flow field PEMFC. Dutta et al. [21] 

developed a first true 3-D PEMFC with straight channel and studied the gas flow, species 

transport, and electrochemical aspects of the cell. The authors also studied the performance of 

the cell with and without inclusion of GDL. The results indicated that addition of gas 

diffusion layer (GDL) generates a lower and more uniform current density compared to case 

without GDL. Kazim et al.[47] inspected the effect of cathode operating conditions on the 

performance of PEMFC with an interdigitated flow field. The operating conditions include 

cathode porosity, inlet oxygen mole fraction, operating temperature and pressure. The results 

demonstrate that increasing the porosity of the GDL as well as mole fraction, operating 

pressure or temperature of the oxygen increase the overall performance of the fuel cell. 

Kumar & Reddy [48] studied the effect of different flow field designs, viz. (1) serpentine; (2) 

parallel; (3) multi-parallel; and (4) discontinuous on the steady state and transient state 

performance of PEMFC through simulations. The study concluded that multi-parallel design 

steady state and transient state performance was better than other three designs. Yan et al.[28] 

proposed a novel flow channel design having varying cross-section for PEMFCs and studied 

the influence of the taper ratio of channel height and width. The results revealed that the flow 

area variation along the flow channel contributes to observable influence on the reactants 

velocity in flow channel, liquid water removal capability, the reactants transportation and 

consumption, and the cell performance. The best performance was achieved at the height 

taper ratio of 0.5 and the width taper ratio of 1.8 among the taper ratios studied.  
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Yan et al. [29] developed 3-D PEMFC models to investigate the performance with several 

flow channel designs viz. parallel flow field, parallel flow field with baffles, Z-type flow 

field, Z-type flow field with baffles and serpentine flow field. The results revealed that 

parallel flow field with baffles offered less pressure drop and best performance. Sun et al. [49] 

presented a 3-D numerical PEMFC model with trapezoidal cross-sectional shaped single 3-

pass serpentine flow field to study the pressure distribution and flow cross-over through GDL. 

The results revealed that increase in channel size ratio (R=B/A), increases the flow cross-over 

through GDL and this increase in the flow cross-over decrease the pressure drop across the 

channel. Shimpalee et al.[50] developed a 200 cm2 active area PEM fuel cell 3-D numerical 

models with (a) 3-channel serpentine, (b) 6-channel serpentine, (c) 13-channel serpentine, (d) 

26-channel serpentine, and (e) 26-channel complex serpentine flow fields to study the impact 

of channel path length on species distribution and performance of the cell. The model results 

concluded that with smaller path lengths or more number of channels helps to achieve more 

uniform local temperature, water content, and current density distribution.  

Su et al. [51] developed a 25 cm2 active area 3-D PEMFC model with straight and serpentine 

flow field plates to study the influence of step depth on pressure drop and mass transfer 

phenomena. The authors observed i) an increase in the performance and pressure drop with 

the number of step-depths in the straight flow pattern, ii) no increase in the performance and 

pressure drop with the number of step-depths in the serpentine flow pattern. Hongthong et al. 

[52] developed a 3-D, single phase, compressible and isothermal PEMFC models of 5 cm2 

active area and examined the impact of the geometry and pattern of the flow channel on the 

performance of the FC. The results demonstrate that the change in channel geometry has no 

impact on the FC performance and interdigitated flow channel pattern offers a higher limiting 

current density and performance than the conventional flow channel pattern on the cathode 

side. Al-baghdadi & Al-janabi [53] developed a full 3-D, non-isothermal CFD model of a 

PEMFC with straight flow field channels to study species transport, heat transfer, 

electrochemical kinetics, and the water transport through the membrane. Ferng & Su [54] 

developed a 3-D CFD model of PEMFC with different types of flow field channels namely 

parallel and serpentine flow channels, single-path and multi-path flow channels, and uniform 

depth and step-wise depth flow channels to study their effect of cell performance. The results 

confirmed that the parallel flow channel with the step-wise depth design significantly 

promotes the cell performance.  
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Wang et al. [33] developed a 3-D numerical PEMFC model and investigated the local 

transport phenomena and cell performance using parallel and interdigitated flow fields. The 

results revealed that the performance of PEMFC with interdigitated flow field is superior over 

the PEMFC with parallel flow field. Yan et al. [55] presented a 3-D full PEMFC model with 

serpentine flow field to analyze the effects of the channel height and length contraction ratios 

on the cell performance. The authors concluded that i) when the power losses because of 

pressure drops are neglected, the performance of the cell having the contracted outlet channel 

keep on increase, ii) when the pressure losses are considered, the optimum performance is 

attained at a height contraction ratio of 0.4 and a length contraction ratio of 0.4.  

Weng et al.[34] developed a 3-D PEMFC model with contracted outlet flow channels to 

analyze the performance and the local transport phenomena of the FC and the reaults 

indicated that the contracted channel design enhances the reactant velocities in the contracted 

area, which enhances liquid water removal and increases reactant utilization. Jeon et al. [56] 

conducted CFD based simulations for 10 cm2 active area PEMFC with four types of 

serpentine channels namely single channel, double channel, cyclic-single channel, and 

symmetric-single channel to examine their influence on  performance of the PEMFC. The 

simulation results revealed that double serpentine channel performs better at high humidity 

inlet conditions while at low humidity inlet conditions cyclic-single channel and symmetric-

single channel flow-field performs better. Min [57] presented a 3-D model of PEMFC with 

stepped flow field channel and carried out simulations. The results reported that the stepped 

flow field increases the reactant concentration distribution, local current density distribution, 

water vapor concentration distribution and performance of the FC.  

Wang et al. [36] presented a full 3-D, two-phase transport model for PEMFCs based on the 

two-fluid method to examine the influence of flow channel aspect ratio on the FC 

performance using single (1-S) and triple serpentine (3-S) flow field designs. The results 

revealed that for both designs, the performance of the FC increases with reducing the aspect 

ratio. Iranzo et al. [58] conducted experiments on a 50 cm2 PEMFC under various operating 

conditions and with different flow field designs to study the performance. The authors 

reported that the PEMFC with serpentine flow field perform is superior than the PEMFC with 

parallel flow field and supply of pure oxygen and humidified reactant also improved the 

PEMFC performance. Carton & Olabi [59] conducted DOE study on a 14.45 cm2 PEM fuel 

cell with serpentine, parallel and maze type flow plate designs under different operating 
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conditions (H2 flow rate, O2 flow rate and the inlet H2 pressure). The results show that the 

serpentine flow plate design is more effective design than the maze or parallel flow design 

and the parallel flow design performed fairly well at high inlet pressures but over-all statically 

the serpentine flow plate achieved better performance.  

Bansode et al. [60] carried out computational and experimental studies on a PEMFC using 3 

types of flow fields (parallel, serpentine, and mixed). In addition, they studied the effect of 

flow rate and temperature on cell performance. The results indicated that the mixed flow field 

offered best electrochemical performance as well as moderate pressure drop compared with 

the parallel and serpentine flow-fields. Wang et al. [61] presented a 3-D, two-phase PEMFC 

model with serpentine flow field and studied the influence of cathode channel size on the FC 

performance. The numerical predictions revealed that smaller cross-sectional area channels 

enhanced the liquid water removal and optimal performance obtained with a 0.535x0.535 

mm2 cross-sectional area flow channel when pressure drop losses are considered.  

Fontana et al.[62] developed a complete 3-D PEMFC model to investigate the effects of non-

uniform cross-sectional area flow channels on the FC performance. The results reveal that an 

inclination of 0.75o in the flow channel improves the current density by approximately 9.5% 

and the power density by 8% and the pressure drop in the flow channel increase by factors of 

about 2 and 3.5 for angles of 0.5o and 0.75o, respectively. Yan et al. [63] fabricated a 256 cm2 

active area PEMFC with serpentine flow field and conducted experiments with two 

membranes namely PRIMEA 5621 and PRIMEA 57. The authors found that the PRIMEA 57 

membrane performance is better than the PRIMEA 5621 membrane. Suresh et al. [64] 

developed a flow field which is based on the enhancement of the local cross-flow conditions 

in a split serpentine flow field and concluded that split serpentine flow field enhances the 

cross flow, reduces the total pressure drop, increases the stoichiometric ratio and provides 

higher current as well as power.  

Chiu et al. [65] presented a 3-D numerical PEMFC model with parallel, interdigitated and 

serpentine flow fields to examine performance and transport phenomena. The authors also 

examined the influence of channel geometry and size on the cell performance and water 

activity in the channels. The results revealed that decrease in channel height caused increase 

in water removal rate and decrease in cell performance and parallel flow channel width 

increase resulted drop in the cell performance due to low gas velocity with less water 

removal. Jang et al. [66] proposed spiral channels for PEM fuel cells and conducted both 
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simulations and experiments to evaluate the performance of  PEMFC using spiral and 

serpentine flow channels. The authors compared the spiral and the serpentine channels results 

and found that cell with spiral channel performs better than cell with serpentine channel due 

increased heat and mass transfer and reduced pressure drop in the channels.  

Sreenivasulu et al. [67] conducted experimental study on a PEMFC with three types of flow 

fields (4-Serpentine, interdigitated and dual inlet and single outlet flow channel) to explore 

the effect of back-pressures on FC performance. The results indicated that highest PEMFC 

performance can be obtained using 4-Serpentine flow channel and with and without back-

pressure. Additionally, the performance of twin inlet and single outlet flow channel PEMFC 

is better than the interdigitated channel PEMFC at higher back pressures. Liu et al. [68] 

conducted experimental study on single cell PEMFC and PEMFC stack to examine the 

influence of different flow field designs on performance. The study found that PEMFC with 

serpentine flow fields exhibited paramount performance than other designs, while the PEMFC 

with spiral flow field design exhibited the poor performance. Khazaee [69] conducted 

numerical and experimental investigations on 25 cm2 active area PEM fuel cell to study the 

effect of rectangular, triangular and elliptical channel geometries on cell performance. Both 

numerical and experimental results reveal that PEMFC with rectangular geometry channel 

performed better than the cells with triangular and elliptical geometry channel.  

Torkavannejad et al. [70] developed circular, square and octagonal duct-shaped PEMFCs and 

analysed their performance numerically. The results indicated that the performance of square 

duct shaped PEMFC is better circular and octagonal duct shaped PEMFCs. Performance and 

flow characteristics of large-sized  PEMFC ( active area 300 cm2) having branch channel 

were studied by Han et al. [42] through simulation and experiments. They compared the 

performance of branch channel (f=0.5) with serpentine channel and found that the 

performance of branch channel was similar to serpentine channel performance. In addition, 

they found that the pressure generated inside the branch channel is lower by 52.5% than 

serpentine channel.  

Iranzo et al. [71] conducted experiments on a 50 cm2 PEMFC with multi-pass serpentine flow 

field channels to examine the influence of orientation (horizontal and vertical) on liquid water 

distribution and cell performance. Their results reveal that the configuration with horizontal 

cathode flow field channels gives a better cell performance and prevents the blocking of flow 

channels with liquid water. Li et al. [72] proposed waved serpentine flow field (WSFF) 
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channels for PEM fuel cells and conducted both numerical as well as experimental studies. 

The results reveal that WSFF channel offered less pressure drop and better performance than 

conventional serpentine flow field (CSFF) channel. WSFF channel also enhanced the oxygen 

transport and liquid water removal. 

2.4 Studies on PEMFC design and operating parameters 

The performance of fuel cells is known to be affected by various cell operating and design 

parameters, for example, temperature, pressure, humidification of the reactant gases, cell 

components dimensions, shape. It is essential to be acquainted with the impacts of these 

parameters on cell operation to enhance cell performance. In this regard, it is useful to 

recognize the operating conditions that offer the maximum possible power output with respect 

to the chosen current density. With regards to the current density, the operating conditions to 

attain the maximum power are different, and thus it is useful to know the complete operation 

map of the PEMFC. Figure 2.1 shows the various design and operating parameters which 

affect the FC output. 

 

Figure 2.1  Factors affecting the fuel cell output 

For safe and efficient operation of PEM fuel cells, the influence of operating parameters such 

cell temperature, gas humidification temperature, pressure, gas flow rate need to be study and 

optimize in addition to design parameters such as dimensions of flow channel, membrane, 

catalyst loading, and gas diffusion layers. It is well known that both membrane dehydration 
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and flooding can limit the performance of PEM fuel cells, and therefore it is very important to 

understand the water and thermal management of fuel cell and their effects on the cell’s 

performance. Wang et al. [73] experimentally examined the influence of different cell 

operating temperatures, different cathode and anode humidification temperatures, different 

operating pressures on performance of 7.2x7.2 cm active area single PEM fuel cell. They 

concluded that the cell performance improves with the increase of cell operating temperature 

and pressure. The authors also concluded that anode humidification temperature has great 

impact on the FC performance at lower current densities and no effect at higher current 

densities. While the cathode humidification temperature impact is not significant on the FC 

performances, particularly at higher current densities.  

Berning & Djilali [24] developed a 3-D single-phase model of a PEMFC and studied the 

influence of operating and cell material parameters on the fuel cell performance. The study 

found that both cell operating temperature and pressure has positive influence on cell 

performance. Kazim et al. [47] investigated the influence of cathode operating conditions viz 

cathode electrode porosity, inlet oxygen mole fraction, cell temperature and pressure on the 

performance of PEMFCs using an interdigitated flow field. The results demonstrate that 

increase in the porosity of the gas diffusion layer as well as mole fraction, temperature or 

pressure of the oxygen increase the overall performance of the FC.  

Kumar & Reddy [23] developed a computational 3-D half-cell PEMFC model for predicting 

the effect of different channels dimensions and shapes in the flow-field plate. Their studies on 

effect of channel dimensions showed that high fuel consumptions (≈80%) were obtained with 

optimum channel width, land width and channel depth were close to values of 1.5, 0.5 and 1.5 

mm, respectively. The investigations on the influence of channel shapes revealed that 

triangular and hemispherical shaped cross-sections increase in the hydrogen consumption by 

around 9%. Wang & Liu [74] conducted both experimental and numerical studies on a 

interdigitated flow field PEM fuel cell (50 cm2) to investigate the influence of different cell 

temperatures, humidification temperatures, backpressures and mass flow rates on cell 

performance. The authors concluded that the increase in cell temperature showed positive 

influence on cell performance when sufficient humidification is provided and negative 

influence when sufficient humidification is not provided. The authors also concluded that 

with the increase in the anode and cathode humidification temperature, operation pressure and 

reactant flow rate, the cell performance improves.  
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Hsieh et al. [75] experimentally examined the effect of different operating temperature and 

backpressure on a micro PEMFC performance with three different flow field configurations 

(interdigitated, mesh, and serpentine) and reported that increase in the temperature and 

backpressure caused increase in the cell performance. Yan et al. [76] conducted experimental 

studies on 198.1 cm2 active area PEM fuel cell with different flow field designs to investigate 

the influence of flow channel dimensions and operating parameters on FC performance. The 

authors observed decrease in the cell performance with increase in the cell temperature (from 

50 to 70◦C). The authors also observed that increase in the cathode humidification and 

cathode gas flow rate increase the FC performance.  

Amirinejad et al. [77] conducted experiments on a 5 cm2 active area PEMFC by varying 

operating conditions to study their influence on cell performance. The results iindicated that 

temperatures, pressures, and reactants humidity could drop the mass transport limitations and 

increase the performance of the FC. Yu et al. [78] carried out parametric analysis for a 25 cm2 

PEMFC performance using design of experiments (DOE). The study revealed that the 

operating pressure, the operating temperature, and the interaction between these two 

parameters have a noteworthy influence on the FC performance. Yan et al. [79] conducted 

experiments with Core 5621 and Core 57 MEAs for a 256 cm2 PEMFC to study the influence 

of operating temperature on FC performance. The authors found that the FC performance 

improvement with an increase in cell temperature when the FC temperature is less than the 

humidification temperature. On the otherhand when the cell temperature is higher than the 

humidification temperature, the FC performance decreased with increase in cell temperature. 

Tohidi et al. [80] developed a 1-D, steady state and isothermal PEMFC model to investigate 

the influence of different parameters such as relative humidity, temperature, pressure, 

membrane thickness, and stoichiometric flow ratio of anode and cathode on FC performance. 

The authors reported that the cell performance improves with increase of the operating 

pressure, temperature, anode and cathode stoichiometric flow ratio. While the performance of 

the FC can decrease by decreasing the relative humidity of inlet gases and increasing the 

membrane thickness. Ting et al. [81] build up a PEMFC using Au-coated Ni-foam as the 

bipolar plate and studied the influence of operating parameters on the cell performance. 

Among the operating parameters, the effect on the cell performance, from most significant to 

least, is as follows: cell operating temperature, cathode humidification temperature, cathode-

gas stoichiometric ratio.  
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Platinum (Pt) is a rare and costly metal, therefore reducing its loading without losing 

performance has always been a main goal. Both the electron transfer coefficient and exchange 

current density are platinum loading dependent. Zahari & Aziz [82] studied the performance 

of PEMFC at different catalyst loadings (0.3, 0.35,0.40, 045 and 0.50 mg/cm2). The authors 

obtained best fuel cell performance at 0.50 mg/cm2 platinum loading in both anode and 

cathode. Okafor & Mogbo [83] also studied the performance of 50 cm2 PEMFC at 0.5 

mg/cm2 and 1.0 mg/cm2 Pt loadings. The authors found that MEAs with 1 mg/cm2  Pt loading 

offered lower ohmic resistance, activation resistance, and total cell resistance than MEAs with 

of 0.5mg/cm2 Pt loading. Meng et al. [84] studied the effect cathode platinum loading (0.1, 0.2 

and 0.4 mg/cm2) and backpressure (100, 150 and 200 kPa) on PEMFC performance. The 

results revealed that increase of Pt loading decreased the transport losses under the equivalent 

backpressure. They also reported that increase in the backpressure enhanced the cell 

performance, and this improvement in performance is more noticeable at a low Pt loading. 

Gazdzicki et al. [85] examined the impact of the Pt loading on the performance and 

degradation of  a 19 cells PEMFC rainbow stack and varied the platinum in the range of   

0.05–0.20 mg/cm2 on the anode and 0.15–0.40 mg/cm2 on the cathode. The study concluded 

that the cell performance is independent of the anodic Pt loading for current densities up to 

1.4 A cm2 and the performance drops significantly for cathodic Pt-loadings < 0.2–0.25 

mg/cm2 and for current densities ≥ 1.0 A/cm2.  

Chen et al. [86] numerically examined the effects of various bend angle and width of the flow 

channel for a 25 cm2 active area PEMFC performance. The authors reported that flow channel 

with the combination of 60 deg and 120 deg, attains the peak performance due to the highest 

mass diffusion rate, especially at low operating voltage regime. Takalloo et al. [87] 

numerically and experimentally examined the effect of inlet gas humidification and inlet gas 

flow rate on the performance of PEMFC. The study concluded that increase in inlet gas 

humidity  improve the performance because of drop in ionic resistance of the membrane and 

increase in inlet gas flow rates to a particular level will increase the diffusion possibility for 

gaseous forms and helps to improve the cell performance. Ozen et al. [88] experimentally 

investigated the effects of operation conditions on the performance of a 25 cm2 PEM fuel cell 

and presented the results along with a detailed literature review on the allied topics. The 

results indicated that the FC performance could be ameliorated with enhancing the relative 

humidity (RH) and temperature of the inlet gases and the cell operating temperature. 
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2.5 Research gaps identified from the literature review 

 Full 3-D modeling taking into account Round Corner Serpentine Flow Fields 

(RCSFFs), electrochemical reactions, and charge flow (electrons and protons) in all 

regions of single PEM fuel cells, with a detailed comparison of the simulation results 

with experimentation has not been studied comprehensively.  

 The experimental studies on the effect of active area and catalyst loading on the 

performance of PEMFCs are relatively less. 

 Experimental studies on the effects of operating parameters such as reactant flow 

rates, cell and gas temperatures, and gas humidification temperatures on performance 

of the larger active area PEMFCs are very less. 

2.6 Objectives of the present research work 

The objectives of the present work are 

 To develop 3-D CFD model of PEM fuel cell having active area 49 cm2 (7cm x 7cm), 

84 cm2 (7cm x 12cm) and 119 (7cm x 17cm) cm2. 

 To investigate the effect of single serpentine (1-S), double serpentine (2-S) and triple 

serpentine (3-S) flow fields on fuel cell performance using Ansys Fluent. 

 To investigate the cell performance experimentally by incorporating 1-S, 2-S and 3-S 

flow fields for three active area fuel cells and validate the simulation results with 

experimental results.  

 To analyze experimentally the effect of membrane thickness, cell active area and 

catalyst loading on cell performance. 

 To experimentally investigate the influence of operating parameters namely cell 

temperature, reactants humidification temperature and reactants flow rate on the  

performance of FCs. 
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CHAPTER 3 

3. METHODOLOGY 

3.1 Computational methodology 

Computational evaluation of PEM fuel cell performance includes three major steps. The first 

step is modeling the geometry of the PEMFC by means of computer-aided design software. 

The geometrical model forms the basis for creating a computational mesh. The second step 

involves generating the mesh from the geometry. In order to solve the numerous of equations 

associated with a fuel cell simulation, the entire cell is split into a finite number of discrete 

volume elements or computational cells. The relevant equations are then solved in each 

individual cell and integrated over the computational domain to give a solution for the entire 

domain. Generating a good mesh is one of the challenging steps. It needs a careful balance of 

generating adequate computational cells to capture the geometry without exceeding the 

available memory of the meshing computer. Many other factors must also be considered in 

order to create a computational mesh which delivers archetypal results when simulated. 

The third and final step involves inputting the various physical and operating parameters of 

the simulation. Some of these include thermal and electrical properties of the various 

materials, operating temperatures and pressures, inlet gas flow rates, open circuit voltage, 

porosity, and humidification among many others. The flow chart of the computational 

methodology can be seen in Figure 3.1. 
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Figure 3.1 Flow chart of computational methodology  

3.1.1 Modeling assumptions 

The developed models were assumed as 3-D, steady and isothermal. The reactants at inlet to 

the channel assumed as perfect gases, the flow is laminar, incompressible and the porous 

layers assumed as isotropic and the thermo-physical properties assumed as constant [89].  

3.1.2 Governing equations 

Fundamental conservation equations such as conservation of mass, momentum and charge 

were used to develop a mathematical model for PEMFC. Conservation of energy equation 
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was not considered as the model was assumed as isothermal. The PEMFC was examined in 

four parts: flow channels, GDLs, CLs and the membrane.  

Flow channel 

Continuity equation for mass transport in a flow channel is 

𝜌(𝑢. ∇)𝑢 + ∇𝑝 − ∇. 𝜂(∇𝑢 + (∇𝑢)𝑇) = 0  (3.1) 

∇. (𝜌𝑢) = 0    (3.2) 

Maxwell-Stefan relation describes the mass transport of the species 

∇. [−𝜌𝑤𝑖 ∑ (𝐷𝑖𝑗∇𝑥𝑗 +(𝑥𝑗 − 𝑤𝑗)𝑗
∇𝑝

𝑝
) + 𝜌𝑤𝑖𝑢] = 0  (3.3) 

Gas diffusion layer 

The phenomena taking place in the GDL may be explained by Darcy’s law. Continuity 

equation with generation term 

𝜌(𝑢. ∇)𝑢 + ∇𝑝 − ∇. 𝜂(∇𝑢 + (∇𝑢)𝑇) = −
𝜂

𝑘𝑝
𝑢 (3.4) 

A charge balance must be performed in the GDL 

∇. (𝑘𝑠
𝑒𝑓𝑓
∇∅𝑠) = 0   (3.5) 

Catalyst layer  

A simplified Butler-Volmer equation is adapted to calculate local current density at the anode 

and cathode. 

𝑖𝑎 = 𝑖𝑎
𝑒𝑥 ((

𝐶𝐻2

𝐶𝐻2
𝑟𝑒𝑓)

0.5

[
𝛼𝑎+𝛼𝑐

𝑅𝑇
𝐹𝜂𝑎]) = 0  (3.6) 

𝑖𝑐 = 𝑖𝑐
𝑒𝑥 ((

𝐶𝑂2

𝐶𝑂2
𝑟𝑒𝑓)

0.5

[𝑒𝑥𝑝 (−
𝛼𝑐𝐹𝜂𝑐

𝑅𝑇
)]) = 0  (3.7) 

Electrolyte  

Charge balance of the electrolyte by neglecting crossover of gases 

∇. (𝑘𝑒∇∅𝑒) = 0    (3.8) 

Net water flux through the membrane 

𝑁𝑤 = 𝑛𝑑𝑀𝐻2𝑂
𝑖

𝐹
− ∇. (𝜌𝐷𝑤∇𝑐𝑤)  (3.9) 

The water diffusivity in the membrane  

𝐷𝑤 = 1.3 ∗ 10−10𝑒𝑥𝑝 [2416 (
1

303
−

1

𝑇
)]  (3.10) 

Water content inside the membrane is related to water vapor activity which affects the 

membrane protonic conductivity[90]. 
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𝜆 = 0.043 + 17.18𝑎 − 39.85𝑎2 + 36𝑎2           𝑖𝑓𝑎 < 1    (3.11) 

                   𝜆 = 14 + 14(𝑎 − 1)     𝑖𝑓 𝑎 > 1    (3.12) 

                                    𝑎 =
𝑎𝑎+𝑎𝑐

2
                  (3.13) 

     𝑎𝑎 =
𝐶𝐻2𝑂,𝑎
𝑀𝐸𝑀 𝑅𝑇

𝑃𝑠𝑎𝑡
              (3.14) 

    𝑎𝑐 =
𝐶𝐻2𝑂,𝑐
𝑀𝐸𝑀 𝑅𝑇

𝑃𝑠𝑎𝑡
                               (3.15) 

3.1.3 Development PEM fuel cell models 

The first step in the development of FC model is modeling of individual parts of the three 

active area PEMFCs such as current collector, gas diffusion layer, catalyst layer (for anode 

and cathode) and a membrane (PEM) in SOLIDWORKS 2010. These parts have been 

assembled to get the complete fuel cell assembly. The geometric dimensions of these 

components have been given in Table 3.1. The exploded view of the PEMFC with proposed 

serpentine flow fields is shown in Figure. 3.2.  

 

 

 



 

31 

Department of Mechanical Engineering, National Institute of Technology, Warangal (T.S), INDIA 

 

Figure 3.2 7 cm x 17 cm size single (top), double (middle) and triple (bottom) serpentine 

flow field designs 



 

32 

Department of Mechanical Engineering, National Institute of Technology, Warangal (T.S), INDIA 

Figure 3.3 7 cm x 12 cm size single (top), double (middle) and triple (bottom) serpentine 

flow field designs 
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Figure 3.4 7 cm x 7cm size single (top), double (middle) and triple (bottom) serpentine flow 

field designs 
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Figure 3.5 Exploded view of three active area PEMFCs with serpentine flow fields 
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Table 3.1 Geometric dimensions of three PEM fuel cells  

Cell Part Length (cm) Width (cm) Height (cm) 

PEMFC 1 

(7x7 cm2) 

Gas diffusion layers (GDL) 7 7 0.025[91] 

Catalyst Layer (CL) 7 7 0.005[91] 

Membrane 7 7 0.00175[92] 

Channels 7 0.1 0.1[93] 

Rib 7 0.1 0.1[92] 

PEMFC 2 

(7x12 cm2) 

Gas diffusion layers (GDL) 12 7 0.025[91] 

Catalyst Layer (CL) 12 7 0.005[91] 

Membrane 12 7 0.00175[92] 

Channels 12 0.1 0.1[93] 

Rib 12 0.1 0.1[92] 

PEMFC 3 

(7x17 cm2) 

Gas diffusion layers (GDL) 17 7 0.025[91] 

Catalyst Layer (CL) 17 7 0.005[91] 

Membrane 17 7 0.00175[92] 

Channels 17 0.1 0.1[93] 

Rib 17 0.1 0.1[92] 

 

Table 3.2 Naming conventions for boundary surfaces 

Surface function Named surface 

Anode flow channel  Inlet  mass_flow_inlet_a 

Outlet  pressure_outlet_a 

Cathode flow channel  Inlet  mass_flow_inlet_c 

Outlet  pressure_outlet_c 

Anode side electrical contact terminal_a 

Cathode side electrical contact terminal_c 

The second step is generating high quality mesh using ANSYS WORKBENCH 

MESH. The computational domain is divided into a number of elements as shown in     

Figure. 3.6. Named selections are required to define the boundary conditions of the mesh and 

naming conventions used are specified in Table 3.2. Refinement of mesh greatly influences 

the solution. So, the grid independency test is carried out with three different mesh sizes 
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namely coarse, medium and fine. The current generated in the MEA is simulated with three 

different mesh sizes, is shown in Figure 3.7 and noticed very nominal variation of 0.3% in the 

results. Therefore, mesh with medium size is considered for all the simulations to save 

computational time and space. Now this mesh can be exported to solver. 

 

Figure 3.6 Computational mesh of 2-S PEMFC 

 

Figure 3.7 Grid test 

The third step is to define the boundary conditions with thermo-physical and operating 

parameters of PEMFC for solving the reaction kinetics. Some of these include gas flow rates, 

operating pressures and temperatures, heat flux rates, resistances and load. These parameters 

are not fixed and these will be changed with the requirements of the simulation and the 
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materials used. The type of models which can be incorporated in the simulation include joule 

hating, reaction heating, electrochemistry sources, Butler-Volmer rate, membrane water 

transport, multiphase, multi-component diffusion and anisotropic e-conductivity in porous 

electrode. A detailed computational procedure is given below. 

3.1.4 Computational procedure 

The simulation setup is initiated by loading fuel cell module. This is accomplished by typing 

the following command into the Text User Interface (TUI) and pressing the Enter 

key./define/models/addon-module 3. Once the module is loaded, it is important to test the 

mesh with the default settings first.  The basic parameters have to be set first. To set operating 

parameters (Table 3.6) and material properties (Table 3.7), open the Fuel Cells & Electrolysis 

– PEMFC module as shown in Figure 3.7.  

Table 3.3 Operating parameters used in simulation 

Specifications Value 

Mass fraction (H2/O2/H2O) on anode 0.6/0/0.4 

Mass fraction (H2/O2/H2O) on cathode 0/0.96/0.04 

Operating pressure (Pa) 101325 

Operating temperature (K) 323 

Mass flow rate  on anode side (cm3/min) PEMFC 1 196 

PEMFC 2 336 

PEMFC 3 476 

Mass flow rate on cathode side (cm3/min) PEMFC 1 588 

PEMFC 2 1008 

PEMFC 3 1428 

 



 

38 

Department of Mechanical Engineering, National Institute of Technology, Warangal (T.S), INDIA 

 

Figure 3.8. Opening the fuel cell module and setting the fuel cell zones 

Table 3.4 Key properties used in the simulation 

Parameter Value 

Reference concentration at anode 1 kmol/m3 

Reference concentration at cathode 1 kmol/m3 

Reference current density at anode 10000 A/m2 

Reference current density at cathode 20 A/m2 

Membrane equivalent weight (g/mol) 1100 

Porosity of anode GDL 0.5 

Porosity of cathode GDL 0.5 

Porosity of anode CL 0.5 

Porosity of cathode CL 0.5 

 

Under the parameters tab, key properties given in Table 3.4 are applied. Then, under the 

anode tab, current collector, GDL and CL are assigned for the anode. Similarly, current 

collector, GDL and CL are  for cathode, under cathode tab. Under the electrolyte tab, 

electrolyte (membrane) is assigned for the cell. Finally, under the  reports tab, anode and 

cathode terminals are assigned. Under the same tab, electrolyte projected area in m2 (the cell 

active area) also given. All the steps explained are given in the Figures 3.8 - 3.12. 
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Figure 3.9 setting of model parameters 

 

Figure 3.10 setting of anode electrode parameters 
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Figure 3.11 setting of membrane parameters 

 

Figure 3.12 setting of cathode electrode parameters 
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Figure 3.13 assigning of anode and cathode terminals 

 

Figure 3.14 setting of anode mass flow inlet 
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Figure 3.15 setting of cathode mass flow inlet 

 

Figure 3.16 setting of anode outlet 
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Figure 3.17 setting of cathode outlet 

 

Figure 3.18 setting of anode terminal voltage 
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Figure 3.19 setting of cathode terminal voltage 

Under-relaxation factors are also used to control the solution and here in this work under- 

relaxation factor adopted as 0.3 for momentum, 0.7 for pressure and 0.95 for H2, O2, H2O and 

water saturation. There are 6 boundary conditions that must be set. These are the inlets for the 

anode and cathode flow channels, outlets for the anode and cathode flow channels, and the 

anode and cathode terminals.  To set inlet mass flow rate on anode and cathode (see Figures 

3.13 and 3.14), under the momentum tab, fixed the inlet mass flow rate of hydrogen 

according to the current to be drawn. Similarly, on cathode side also oxygen flow rate is fixed. 

Under the thermal tab, the temperature is set as 323K.  This is a typical operating 

temperature of the fuel cell. Under the species tab, the species concentration on the anode side 

of H2, O2, and H2O are set as 0.8, 0, and 0.2, respectively. While, on the cathode side H2, O2, 

and H2O are set as 0, 0.2 and 0.1, respectively. These values correspond to a 100% humidified 

inlet gas. Next, pressure outlet of anode and cathode are set as shown in Figures 3.15 and 

3.16. Finally anode electric potential (anode terminal voltage) is set as 0 V (Zero)  and 

cathode electric potential (cathode terminal voltage) is varied from 0.1 to 0.9 V as shown in 

Figures 3.17 and 3.18. The iteration criterion for convergence has been set at 10−6 to ensure 

the accuracy of simulation results. The simulations have been carried out in an Intel Xeon HP 

workstation with 32 GB RAM and 2.40 GHz CPU, running on Windows 7 Operating System. 

3.2 Parameters to be investigated in the simulation study 

3.2.1 Pressure drop 

Pressure drop takes place in the flow channel because of friction and bending losses. This is 

one of the key parameter that must be taken into account while designing the flow channel for 

fuel cell. This pressure drop helps in deciding the type of blowers or compressors to be used 
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to maintain sufficient pressure in the channel. This pressure drop also affects the 

electrochemistry of the FC. The product water produced at the cathode channel should be 

evacuated from the FC and this needs a high pressure drop. Sometimes too high pressure 

drops create an extreme parasitic power requirement for the driving of gases into the FC, 

hence, the effective design of the flow channel is important to ensure a balance in pressure 

drop requirements at the FC cathode section. 

3.2.2 Reactants distribution in flow field plates 

Flow field plates (FFPs) distribute the reactants in the FC. If these FFPs fail to distribute the 

reactant gasses to the reaction active surface via GDL then mass transfer losses takes place in 

the FC subsequently reduces the FC output. The flow distribution influences the performance 

of the FC significantly. A uniform distribution of the reactants on the GDL with reasonable 

pressure drop along the flow channel is important for both effective utilization of reactants 

and PEMFC performance. Additionally, proper water and thermal management inside the FC 

are necessary for achieving maximum power output from the FC. 

3.2.3 Currents flux density distribution 

The uniformity of the current density over the entire active area in operational PEMFC is vital 

for optimizing the cell performance. Non-uniform current distribution, in conjunction with 

non-uniform water production in the cathode, has adverse effect on the durability, and 

reliability of PEMFCs. It is well documented that the overall PEMFC performance is strongly 

affected by sophisticated interaction of the assembly method, component design, operating 

conditions as well as the properties and microstructure of fuel cell components. The design 

and assembly processes include: flow field geometry, reactant flow arrangement, and 

clamping pressure. The operating conditions include: reactant pressure, cell temperature, 

relative humidity, and reactant flow rate. However, it has been observed by many studies that 

the most crucial implication of this complex interaction is an uneven electrochemical reaction 

rate, which takes place on the surface of the membrane electrode assembly (MEA) active 

area. As a result, this may lead to low/poor reactions and electro-catalyst utilization, which 

reduces the overall performance, and accelerates cell aging. For example, reactant reduction 

along the flow channel causes current variation from the inlet to the exit of the channel, and 

degrades the FC performance. 

3.2.4 Membrane water content 

The polymer electrolyte membrane is one of the important components in a PEMFC. An ideal 

membrane to use in PEMFCs must have a good proton conductivity, low electron 
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conductivity, low fuel permeability, good chemical and thermal stabilities, and good 

mechanical properties. A good water balance on the anode and cathode is one of the key 

issues in FC water management, which is mainly related to the water content in the 

membrane. If the membrane is not adequately hydrated then ion transport will not take place 

effectively from anode to cathode, which adversely affects the FC performance. However, if 

the membrane is hydrated excessively, this will deluge the reaction sites, that will influence 

the transport of reactant gases. The water content of the membrane should be maintained in 

certain ranges (λ=14). So in order to avoid dry-out and flooding of the membrane, the water 

content inside the membrane should be distributed uniformly and which will improve the 

proton conductivity of the membrane. 

3.2.5 Liquid water activity 

The low-pressure drop corresponds to generally low gas velocities, which contribute to poor 

water management properties of this flow field design. Any water build up that occurs in the 

channels will not be effectively forced to the outlet. Water build up has two immediate 

negative consequences. First, the liquid water will occupy reaction sites in the catalyst layer 

which will decrease the reaction rate. Second, the water buildup in the channels can block the 

flow of the reactant gases which causes large inactive zones to form. When a channel is 

completely flooded, a limiting current density is reached. This may lead not only to an 

extremely low efficiency, but also causes the failure of the cell due to high-pressure drops and 

oxygen starvation. If water removal from the cell could be improved, higher current densities 

could be reached leading to FCs with higher power using the same materials. This would 

make FCs cheaper, lighter and smaller. Moreover, operating conditions leading to irreversible 

degradation of the cell must be avoided thus improves the FC durability. In PEMFCs, the 

water generates on the cathode side due to oxygen reduction reaction (ORR). Sometimes 

water molecules may transfer from anode side to cathode side. Some amount of water is 

necessary to keep the membrane hydrated and excess water must be removed to avoid 

flooding. Both flooding and dehydration cause drop in cell performance. 

3.3 Experimental methodology 

Three PEMFCs with an active area of 49 cm2, 84 cm2 and 119 cm2 used in the present study. 

All PEMFC components with the customized specifications are fabricated with the help of 

Vinpro Technologies, Hyderabad. 
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3.3.1 Materials 

The main components of PEMFC include flow field plates (single, double and triple 

serpentine), end plates, copper current collector plates, and gaskets. At the anode and cathode 

sides of each cell, the flow field and current collector plates are insulated from the end plates 

by thick rubber sheets. Each flow field plate for the anode/cathode has one inlet and one 

outlet. The cell assembly is subjected to uniform compression controlled by torque wrench. 

Membrane Electrode Assembly (MEAs) 

Three types of membrane-electrode assembly (MEAs) are used and mainly contain Nafion 

membranes namely Nafion™ 112, Nafion™ 117 and Nafion™ 212 with an approximate 

thickness of 53, 175 and 50 μm respectively. Each membrane is supported by catalysts with a 

platinum loading of 0.6, 0.8 and 1.0 mg/cm2 on cathode side and platinum loading is fixed as 

0.4 mg/cm2 on anode side which is illustrated in Figure 3.19. The carbon paper act as gas 

diffusion layer which has a thickness of 230 μm and is coated with 30% PTFE by weight.  

 

Figure 3.20  Membrane electrode assembly (MEA) 

Flow Field Plate 

Figure 3.20 shows three types of serpentine (1-S, 2-S and 3-S) flow field plates (FFPs) used in 

this study and these FFPs are made of graphite. The graphite material is selected due to its 

desirable properties even though it is brittle.  The dimensions of these FFPs are given Table. 

3.1 
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Figure 3.21 Flow fields used in experiments 

Endplates 

Figure 3.21 shows the end plates made of aluminum are used in this study. Holes are provided 

to end plates, which are identical to those in flow field plates and current collector plates. The 

thickness of the plate should be sufficient to accommodate the shear stress at the bolts without 

deflection because excess deflection of the end plates can result in poor sealing of the 

PEMFC.  

Figure 3.22 End plates of the FC 
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The desired physical properties of common materials which can be used for the end plate are 

as follows: low density, excellent electrochemical stability, high electrical insulation, easy to 

machine, high mechanical strength and stiffness. Therefore, Aluminum alloy 6061 is used to 

meet the functional requirements of the endplates, high strength (125 MPa tensile strength), 

high thermal conductivity (180 W/m.K), and it is relatively cheap when compared to other 

aluminum alloys. The most commonly used materials are aluminum, titanium, and stainless 

steel alloys. 

Current Collector 

One of the copper electrical/current collector plates used in this study is shown in Figure 3.22. 

The plates are designed in house and fabricated in the Engineering Machine Shop. It is made 

from C15720 copper, which contains 99.6 wt% (weight) copper. The copper provides both 

excellent electrical and thermal conductivities with 89 S/m and 353 W/m.K at 20 oC, 

respectively. The current collector is fastened to the endplate via thick sheet of rubber. The 

rubber gasket is applied between these two plates to insulate the plates electrically while 

providing proper sealing for the inlet and outlet flow reactants.  

  

Figure 3.23 current collectors  
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Rings of silicon were used to seal the reactant flow between the current collector and the flow 

field plate. Two holes are drilled on opposite corners for the reactant supply, and four small 

holes were drilled for locating dowel pins. 

 

Figure 3.24 PEMFC hardware used in the present work 

 

3.3.2 PEM fuel cell test station 

The experimental investigations are carried out on single PEM fuel cell with the help of 

programmable SMART2 Fuel Cell Test Station (make:WonATech Co Ltd, Korea) which is 

available in the Centre of Excellence (CoE) at the Department of Mechanical Engineering, 

NIT Warangal. The fuel cell test station has the provision to vary the reactants mass flow rate, 

FC temperature, humidification temperature and back pressure on both the anode and cathode 

sides. Back-pressures are controlled using backpressure regulators. This test station is 

equipped with data acquisition system and computer-based control. The mass flow rates, cell 

temperature, humidification temperatures are set at desired value and read through the 

software called WFTS™. The FC polarization curves are obtained from this system in 

conjunction with the Electric Load on the cell, which measures the voltage against the current 

response. The schematic and photograph of the SMART2 Fuel Cell Test Station is shown 

Figures 3.23 and 3.24. 
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Figure 3.25 schematic of PEMFC test station 

 

Figure 3.26 SMART2 PEM fuel cell test station 
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3.3.3 Activation of MEAs 

Prior to conduct the experiments on the cell, the MEAs of fuel cell need to be activated. 

Activation of MEAs is carried out at cell temperature of 70oC. Hydrogen and oxygen 

humidification temperatures also set at 70◦C. During the activation, the fuel cell performance 

is recorded for every 30 minues. When no further increase in performance is observed, it 

indicates that, the MEA is activated. 

3.3.4 Experimental procedure 

The procedure for the experimentation on the fuel cell is given below: 

 Connect the reactants inlet and outlets of the PEM fuel cell to the Test Station. 

 Connect the electrode terminals of the fuel cell test station to the current collectors of the 

fuel cell 

 Check the availability of distilled water for the humidification processes in the test station. 

 Switch-on the Fuel Cell Test Station and WFTS™ software interfaced computer. 

 Open the hydrogen, nitrogen and oxygen cylinder valves.  

 Prior to start the experimentation, check for any leakage in the connections and then purge 

the anode side with nitrogen to make sure that no left-over gas is present inside. 

 Set the experimental parameters such as mass flow rate, FC temperature, gas 

humidification temperatures at desired value through the WFTS software interface as 

shown in Figures 3.25 and 3.26. 

 Set the maximum voltage, minimum voltage and voltage increment of the fuel cell. 

 Set the delay between every two voltage vs. current data points in the test software 

interface. 

 Start the computer program to automatically control the experiments and collect the data. 

The fuel cell is disconnected from the test station and dismantled. Again PEM fuel cell is 

reassembled by changing flow field design or Membrane. The above experimental procedure 

is repeated for three active area PEM fuel cells (49, 84 and 119 cm2) with three flow field 

designs (1-S, 2-S and 3-S), three MEAs (N112, N117 and N212) having Pt loadings 0.6, 0.8 

and 1.0 mg/cm2.  
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Figure 3.27 setting inlet mass flow rates in through software interface 

 

Figure 3.28 setting of cell and humidification temperatures through software interface 
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CHAPTER 4 

4. RESULTS AND DISCUSSION 

Computational and experimental investigations on the performance of three active area 

PEMFCs using single (1-S), double (2-S) and triple (3-S) serpentine flow field configurations 

has been completed. Numerically predicted pressure drop, mass fraction distribution of 

hydrogen, oxygen, and liquid water activity along the channel at peak power performance of 

three PEMFCs with three flow fields presented. To validate the numerical results, 

experiments were conducted with same flow field configurations used in the simulation for 

three PEMFCs. After validation of numerical results with experimental results, further 

experiments are conducted to investigate the influence of platinum loading, membrane 

thickness, operating conditions such as cell operating temperature, reactants humidification 

temperature and the reactants flow rate on the performance of three PEMFCs using triple 

serpentine flow field. It is observed from the simulation results that 3-S flow field is 

performing better than 1-S and 2-S flow fields. 

4.1 Simulation results  

4.1.1 Pressure drop  

A CFD analysis was carried out on 1-S, 2-S and 3-S flow field models to study the pressure 

drop from inlet to outlet. Figure 4.1 shows the pressure drop along the 1-S, 2-S and 3-S flow 

channels of 49 cm2 active area fuel cell (PEMFC 1). Similarly, Figures 4.2 and 4.3 shows the 

pressure drop along the 1-S, 2-S and 3-S flow channels of 84 cm2 active area fuel cell 

(PEMFC 2) and 119 cm2 active area fuel cell (PEMFC 3) respectively.  From Figures 4.1, 4.2 

and 4.3, it is observed that pressure drops are maximum at the inlets and gradually reduced 

towards the outlets.  It is also observed that highest-pressure drops are observed in 1-S flow 

channels and lowest pressure drops in 3-S flow channels of three PEMFCs. The numerically 

predicted pressure drops in 1-S, 2-S and 3-S flow fields of three PEMFCs are given in Table 

4.1. From this table, it is observed that pressure drops are reduced with increase in the number 

of flow passages. It is also observed that pressure drops are increased with increase in flow 

channel length. Therefore, the flow field of multichannel serpentine is prefered to reduce the 

pressure drop in channels.  
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Figure 4.1 Variation of Pressure in cathode channel of PEMFC 1 

 

Figure 4.2 Variation of Pressure in cathode channel of PEMFC 2 

 

Figure 4.3 Variation of Pressure in cathode channel of PEMFC 3 
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Table 4.1 Numerically predicted pressure drops in the cathode channels 

Cathode Channel 
Pressure drop ΔP (Pascal) 

1-S 2-S 3-S 

PEMFC 1 (49 cm2) 17115 9271 1633 

PEMFC 2 (84 cm2) 26532 14329 2783 

PEMFC 3 (119 cm2) 49277 23457 4376 

4.1.2 Hydrogen and oxygen distribution 

Figure 4.4 shows the hydrogen mass fraction distribution along the three types of anode flow 

channels (1-S, 2-S and 3-S) of PEEMFC1 at a cell potential of 0.5 V. Similarly, Figures 4.5 

and 4.6 shows the hydrogen mass fraction distribution along the three types of anode flow 

channels (1-S, 2-S and 3-S) of PEMFC 2 and PEMFC 3 respectively at a cell potential of 0.5 

V. From Figures 4.4, 4.5 and 4.6, it is observed that hydrogen mass fractions are high at the 

channel inlets and gradually decreased along the flow channel and become low at the channel 

outlets. Figures 4.7, 4.8 and 4.9 shows the oxygen mass fraction distribution along the cathode 

flow channels (1-S, 2-S and 3-S) of PEMFC 1, PEMFC 2 and PEMFC 3 respectively at cell 

potential of 0.5 V. From Figures 4.7, 4.8 and 4.9, it is observed that oxygen mass fractions are 

high at the channel inlets, decreased along the flow channel, and become low at the channel 

outlets. It is also observed that oxygen mass fraction distribution is more uniform than 

hydrogen mass fraction distribution. The reduction of species concentration along the 

channels is due to consumption of reactants in the reaction. 

 

Figure 4.4 H2 mass fraction distribution in anode channel of PEMFC 1 at 0.5 V 
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Figure 4.5 H2 mass fraction distribution in anode channel of PEMFC 2 at 0.5 V 

 

Figure 4.6 H2 mass fraction distribution in anode channel of PEMFC 3 at 0.5 V 

 

Figure 4.7 O2 mass fraction distribution in cathode channel of PEMFC 1 at 0.5 V 
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Figure 4.8 O2 mass fraction distribution in cathode channel of PEMFC 2 at 0.5 V 

    

Figure 4.9 O2 mass fraction distribution in cathode channel of PEMFC 3 at 0.5 V 

4.1.3 Current flux density distribution 

Figure 4.10 shows the current flux density distribution over the cathode catalyst layer of three 

flow field configurations (1-S, 2-S and 3-S) of PEMFC 1 at a cell potential of 0.5 V. 

Similarly, Figures 4.11 and 4.12 shows the current flux density distribution over the cathode 

catalyst layer of three flow field configurations (1-S, 2-S and 3-S) PEMFC 2 and PEMFC 3 

respectively at a cell potential of 0.5 V. The simulation results showed that the current 

densities are the maximum in the region close the anode inlet and decreased along the 

direction of the flow. The drop in the local current densities is because of the reactant 

depletion. It is also observed that the current flux density distribution over the CL of 3-S flow 

fields PEMFCs is better than 1-S and 2-S flow field PEMFCs. 
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4.1.4 Liquid water activity 

Figure 4.13 shows the liquid water activity in the three types of cathode flow field (1-S, 2-S 

and 3-S) of PEMFC 1 at a cell potential of 0.5 V. Similarly, Figures 4.14 and 4.15 shows the 

liquid water activity in the three types cathode channels (1-S, 2-S and 3-S) PEMFC 2 and 

PEMFC 3 respectively at 0.5 V cell potential. From Figures 4.13, 4.14 and 4.16, it is observed 

that liquid water activity is less at the inlet and gradually increased and become more at the 

outlet. This is due to movement of the liquid water molecules along the flow direction of the 

oxygen. It is also observed that liquid water concentrations are less in 3-S type flow field 

channels than 1-S and 2-S type flow field channels. From these contours, it is concluded that 

triple serpentine flow field has ability to remove liquid water from the cell.  

 

Figure 4.10 Current flux density distribution on cathode CL of PEMFC 1 at 0.5 V 

 

Figure 4.11 Current flux density distribution on cathode CL of PEMFC 2 at 0.5 V 
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Figure 4.12 Current flux density distribution on cathode CL of PEMFC 3 at 0.5 V  

 

Figure 4.13 Liquid water activity in cathode channel of  PEMFC 1 at 0.5 V  

 

Figure 4.14 Liquid water activity in cathode channel of PEMFC 2 at 0.5 V  
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Figure 4.15 Liquid water activity in cathode channel of PEMFC 3 at 0.5 V 

4.1.5 Membrane water content 

Figure 4.16 shows the water distribution in the membrane of three flow field configurations 

(1-S, 2-S and 3-S) of PEMFC 1 at a cell potential of 0.5 V. Similarly, Figures 4.17 and 4.18 

shows the water content in the membrane water distribution in the membrane of three flow 

field configurations of PEMFC 2 and PEMFC 3 at a cell potential of 0.5 V. From Figures 

4.16, 4.17 and 4.18, it is observed that the water content distribution is somehow good in 

PEMFCs of 3-S flow fields and the values of this water content are good enough to keep the 

membrane hydrated, which resulted in enhanced proton conductivity. This water content 

distribution in the membrane is identical to the current density distribution in Figures 4.10, 

4.11 and 4.12 because water production is dependent on generated. 

 

Figure 4.16 Membrane water content in PEMFC 1 at 0.5 V 
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Figure 4.17 Membrane water content in PEMFC 2 at 0.5 V 

 

Figure 4.18 Membrane water content in PEMFC 3 at 0.5 V 

4.2 Validation 

Numerical results may be reckoned as reliable and accurate when the numerical model is well 

resolved and has been systematically validated with experimental results. An experimental 

study is carried out to correlate the present numerical results with the experimental results. 

From numerically and experimentally obtained data, polarization as well as power curves 

have been drawn and compared as shown in Figure 4.19. It is observed that numerical data are 

in good agreement with experimental data. It is also observed that the 3-S PEMFCs 

performance is better than 1-S and 2-S PEMFCs. Further experiments have been carried out 

with 3-S flow field to study the influence of membrane thickness, platinum loading, operating 

parameters such as cell temperature, reactant gas humidification temperature, reactant gas 

flow rate on PEMFCs performance. 
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Table 4.2 Difference between numerical and experimental results 

 
Flow Field Simulation Experiment % deviation 

PEMFC 1 

1-S 14.2 13.71 3.57 

2-S 15.13 14.63 3.41 

3-S 16.59 16.01 3.62 

PEMFC 2 

1-S 21.86 20.86 4.79 

2-S 23.56 22.56 4.43 

3-S 26.16 25.16 3.97 

PEMFC 3 

1-S 29.97 29.11 2.95 

2-S 33.54 32.61 2.85 

3-S 36.15 35.25 2.79 
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Figure 4.19 Polarization and performance curve of three PEMFCs having three types of 

flow fields 
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4.2.1 Calculation of power output with respect to pressure drop 

The pressure drop is one of the crucial issue that should be considered while designing the 

flow channel. In this study, pressure drop loss associated to the power density is calculated for 

the three flow fields of PEMFC 1, PEMFC 2 and PEMFC 3 as follows. 

𝑊𝑛𝑒𝑡 = 𝑊𝑐𝑒𝑙𝑙 −𝑊𝑝                               (𝟒. 𝟏) 

𝑊𝑐𝑒𝑙𝑙 = 𝑖 ∗ 𝑉𝑐𝑒𝑙𝑙                                      (𝟒. 𝟐)                                  

𝑊𝑝 =
∆𝑃 ∗ 𝐴𝑐ℎ𝑎 ∗ 𝑉

𝐴𝑡𝑜𝑡𝑎𝑙
                             (𝟒. 𝟑) 

Where 𝑊𝑛𝑒𝑡 is the net power density, 𝑊𝑐𝑒𝑙𝑙 is the cell power density, 𝑊𝑝 is the pressure drop 

loss in cathode, ∆𝑃 is the total cathode pressure drop, 𝐴𝑐ℎ𝑎is the cathode flow channel inlet 

cross-sectional area, 𝑉 is the velocity of the oxidant at the cathode inlet, and 𝐴𝑡𝑜𝑡𝑎𝑙 is the cell 

active area. The calculated pressure drop loss and power output for the three proposed flow 

field configurations at 0.5 V are given in Table 4.3. The results show that as the number of 

flow passes increase the pressure drop losses decrease. It is observed that the pressure drop 

loss is minimum in 3-S flow fields and high in 1-S flow fields. It is also observed that the 

pressure drop losses (WP) are far less than the cell output power (WNet). Therefore, the 

pressure drop losses can be neglected. 

Table 4.3 Calculated pressure drops in the cathode channels at the operating voltage of 0.5 V 

 Flow Field ΔP (Pa) WCell (W) WP (W) WNet (W) 

PEMFC 1 1-S 17115 14.2 0.87 13.33 

2-S 9271 15.13 0.28 14.85 

3-S 1633 16.59 0.10 16.49 

PEMFC 2 1-S 26532 21.86 1.12 20.74 

2-S 14329 23.56 0.52 23.04 

3-S 2783 26.16 0.12 26.04 

PEMFC 3 1-S 49277 29.97 1.26 28.71 

2-S 23457 33.54 0.61 32.93 

3-S 4376 36.15 0.22 35.93 
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4.3 Experimental results  

It is well known that the performance of the FC is influenced by numerous parameters, such 

as the cell operating temperature, cell operating pressure, reactant gas humidification 

temperature, and reactant flow rate, in addition to design parameters such as membrane, 

catalyst particle size, quantity, and nature of gas diffusion layers. Every single parameter, 

depending on the conditions, may influence the reactions. In order to explore the influence of 

these parameters on the FC performance, experimental analyses has been conducted.  

4.3.1 Effect of membrane thickness 

Effect of membrane thickness on cell performance is analysed with three membranes having 

different thickness namely N212 (50 µm), N112 (51 µm) and N117 (178 µm). Figure 4.20 

shows the effect of the membrane thickness on the performance of three active area PEM fuel 

cells. Experimental tests were conducted at 70oC cell temperature and 1 bar pressure. The 

highest power output of 16 W, 23 W, and 34 W have been obtained when N212 membrane 

was used in PEMFC 1, PEMFC 2 and PEMFC 3 respectively. The peak power delivered by 

the PEMFC loaded with N112 and N117 membrane are less than PEMFC loaded with N212 

membrane because the ohmic resistance of N112 and N117 is higher than N212. From these 

results, it is concluded that a thin membrane (N212) offers less ohmic resistance and gives 

high performance.  
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Figure 4.20 Effect of membrane thickness on performance of PEMFC 1(top),        

PEMFC 1 (middle) and PEMFC 3(bottom) 
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4.3.2 Effect of catalyst (Pt) loading 

The effect of catalyst (Pt) loading on the performance of PEMFCs with an active area of 49, 

84 and 119 cm2 were analysed experimentally by incorporating N212 membrane. The 

platinum loading on the cathode side is taken as 0.6, 0.8 and 1.0 mg/cm2 and on anode side is 

0.4 mg/cm2. The catalyst loading is more critical on the cathode side due to the significant 

activation polarization/kinetic loss for the oxygen reduction reaction (ORR). Figure 4.21 

shows the effect of catalyst (Pt) loading on the i-V characteristics of three PEMFCs. It is 

observed that the cell performance has increased with increase in platinum loading. A larger 

catalyst loading facilitates higher surface area for electrochemical reactions, as a result, more 

reactant species involve in the reactions, generate more current and decrease the activation 

loss. It is also observed that the rate of increase in performance is more when the platinum 

loading increased from 0.6 to 0.8 mg/cm2 than 0.8 to 1.0 mg/cm2. Too high platinum loadings 

(more than 1 mg/cm2) negatively influence the FC performance due to mass transport 

resistance caused by the thick electrode layer. In this study, all the cells delivered maximum 

performance with 1.0 mg/cm2 platinum loading.  
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Figure 4.21 Effect of catalyst loading on performance of PEMFC 1 (top), PEMFC 2 

(middle) and PEMFC 3 (bottom) 
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4.3.3 Effect of cell temperature  

The effect of cell operating temperature on the performance of three PEMFCs has been 

studied. All the PEMFCs were assembled with 1.0 mg/cm2 Pt loaded N212 MEA and the 

experiments have been carried out at different cell temperatures ranging from 40 oC to 80oC, 

with an increment of 10oC while the anode and cathode humidification temperatures were 

kept at 70◦C. The experimental results are shown in Figure 4.22. It is observed that when the 

temperatures increased from 40oC to 70oC, the performance of PEMFCs is increased due to 

improvement in the catalytic activity, and as a result, the chemical reaction rate increases. 

Also increasing the cell temperature facilitates the reactant transfer in the electrodes. When 

the cell temperatures increase further from 70oC to 80oC (Tcell>Thumid) then the performance of 

FCs is decreased due to membrane dehydration (extreme evaporation of liquid water in the 

cell), which significantly increase ohmic resistance of membrane (the active catalyst surface 

area may also reduced.). This is mostly because of increase in exchange current density with 

temperature. The effect of the cell temperature is more significant in the high current region. 

At low current region, the cell performance does not change much with the increase in the cell 

temperature. 

 

 

 

 



 

71 

Department of Mechanical Engineering, National Institute of Technology, Warangal (T.S), INDIA 

 

Figure 4.22 Effect of temperature on cell performance of PEMFC 1 (top), PEMFC 2 (middle) 

and PEMFC 3 (bottom) 
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4.3.4 Effect of anode and cathode gas humidification temperature 

The effect of anode and cathode gas humidification temperature on the performance of three 

PEMFCs was studied with two sets of experiments. In first set of the experiments, anode gas 

humidification temperatures (Th,a) are varied from 40oC to 80oC with an increment of 10oC 

and the cathode humidification temperature is fixed at 70oC. In the other set of experiments, 

cathode humidification temperatures (Th,c) are varied from 40oC to 80oC with an increment of 

10oC and anode humidification temperature fixed at 70oC. For both cases, the cell temperature 

(Tc) is kept at 70oC. From Figure 4.23, it is observed that increase in the anode humidification 

temperatures indicated a positive influence on FCs performance till it reaches the cell 

temperature i.e. from 40oC to 70oC. This increase in anode humidification temperature keeps 

the membrane hydrated thus the ionic resistance of the membrane decreases. With further 

increase in the anode humidification temperature from 70oC to 80oC (i.e Th,a >Tc), the cells 

performance decreases significantly due to back diffusion.  

The effect of cathode humidification temperature on performance three PEMFCs is shown in 

Figure 4.24. It is observed that increase in the cathode humidification temperatures (from 

40oC to 60oC) exhibited a positive influence on the FCs performance. This increase in 

humidification temperature keeps the membrane hydrated thus the ionic resistance of the 

membrane decreases. With further increase in cathode humidification temperature (from 60oC 

to 80oC), the membrane become over hydrated due to both electro-osmosis and water 

production at the cathode, leads to significant reduction in the FCs performance. The 

influence of the gas humidification temperature is more significant at low cell potential. At 

high cell potential, the  performance of FCs does not change much with the increase in the gas 

humidification temperatures. In this study, the peak powers were obtained from the FCs at 

70oC and 60oC anode humidification temperature and cathode humidification temperatures. 
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Figure 4.23 Effect of anode gas humidification on performance of PEMFC 1, PEMFC 2 

and PEMFC 3 
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Figure 4.24 Effect of cathode gas humidification on performance of PEMFC 1, PEMFC 2 

and PEMFC 3 
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4.3.5 Effect of hydrogen and oxygen flow rate 

Two series of experiments are carried out to study the effect of reactants flow rate on the 

performance of three active area PEMFCs. In one set of the experiments hydrogen flow rates 

are varied and oxygen flow rate is fixed. In the other set of experiments oxygen flow rates are 

varied and hydrogen flow rate is fixed. In both sets of experiments, the cell and gas 

humidification temperatures are kept at 70oC.  

Figure 4.25 shows the influence of hydrogen flow rate on FCs performance and Figure 4.26 

shows the influence of hydrogen flow rate on the current generated in the FCs at different cell 

potential. From Figures 4.25 and 4.26, it is observed that the FCs performance is increased 

when the hydrogen flow rate increases from 200 to 400 ccm for PEMFC 1, 400 to 600 ccm 

for PEMFC 2, from 600 to 800 ccm for PEMFC 3. Similarly, Figure 4.27 shows the influence 

of oxygen flow rate on FCs performance and Figure 4.28 shows the influence of oxygen flow 

rate on the current generated in the FCs at different cell potential. From Figures 4.27 and 4.28, 

it is observed that when the oxygen flow rate increased from 400 to 800 ccm for PEMFC 1, 

800 to 1400 ccm for PEMFC 2, from 1200 to 1800 ccm for PEMFC 3. Increase in the 

reactants flow rate allows more fuel and oxidizer transport from GDL to the reaction sites 

(CL) and enhances the electrochemical reaction as well as FCs performance. But,with further 

increase in the flow rate of hydrogen and oxygen, the performance of FCs found to be 

decreased because transportation of fuel to the GDL decreases and they come out from the 

channel without involving in electrochemical reaction. From this study, it is also found that at 

high cell potentials the reactants flow rate is not significant and more significant at low cell 

potentials. 

 

 

 

 

 

 

 

 

 

 



 

76 

Department of Mechanical Engineering, National Institute of Technology, Warangal (T.S), INDIA 

 

Figure 4.25 Influence of hydrogen flow rate on performance of PEMFC 1 (top), PEMFC 

2 (middle) and PEMFC 3 (bottom) 
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Figure 4.26 Effect of hydrogen flow rate on the current generated in PEMFC 1 (top), 

PEMFC 2 (middle) and PEMFC 3 (bottom) 
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Figure 4.27 Effect of oxygen flow rate on cell performance of PEMFC 1(top), PEMFC 2 

(middle) and PEMFC 3 (bottom) 
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Figure 4.28 Effect of oxygen flow rate on the current generated in PEMFC 1 (top), 

PEMFC 2 (middle) and PEMFC 3 (bottom) 
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PEMFCs are obtained with the optimized parameters and presented in Figure 4.29. The fuel 

cell of active area 49 cm2 with 50 µm membrane thickness and 1.0 mg/cm2 platinum loading 

produced a peak power density of 418 mW/ cm2 at 0.5 V when the cell was operated at 70oC 

cell temperature, 70oC anode humidification temperature, 60oC cathode humidification 

temperature, 400 ccm H2 flow rate and 800 ccm O2 flow rate. In the same way the cell of 

active areas 84 cm2 and 119  cm2 produced a peak powers of  395 mW/cm2 and 374 mW/cm2 

respectively at 0.5 V.  From this analysis, it is observed that the power density of smaller 

active area (49 cm2) cell is higher than the larger active area (84 and 119 cm2) fuel cells. From 

this investigation, it is concluded that instead of going for larger active area cell one can 

choose smaller active area cell with more number (i.e stack) of cells. 

Table 4.4 optimized parameters for PEMFC 1, PEMFC 2 and PEMFC 3 

Parameter PEMFC 1 PEMFC 2 PEMFC 3 

Flow field type (1-S, 2-S and 3-S) 3-S 3-S 3-S 

Membrane thickness (µm) 50 50 50 

Platinum loading (mg/cm2) 1.0 1.0 1.0 

Cell temperature (oC) 70 70 70 

Anode gas humidification temperature (oC) 70 70 70 

Cathode gas humidification temperature (oC) 60 60 60 

Anode gas flow rate (ccm) 400 600 800 

Cathode gas flow rate (ccm) 800 1400 1800 

 

Figure 4.29 Performance comparison of PEMFC 1, PEMFC2 and PEMFC 3 
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CHAPTER 5 

5. CONCLUSIONS 

First, a computational fluid dynamics study on three active area PEMFCs with three types of 

serpentine flow fields (1-S, 2-S and 3-S) has been carried out and key parameters such as 

pressure drop, reactants mass fraction, liquid water activity, the membrane water content, 

polarization and performance of the PEMFC were presented. Then, experiments were 

conducted to validate the simulation results as well as to find out the best flow field design. 

Finally, experimental study has been carried out to examine the influence of operating 

parameters namely cell operating temperature, gas flow rates and gas humidification 

temperatures and design parameters such as membrane thickness and platinum loading on FC 

performance with best flow field design for three active area PEMFCs. The following 

conclusions were drawn from this study. 

 Highest pressure drops were observed in single (1-S) and lowest pressure drops were 

observed in triple (3-S) serpentine flow fields. Therefore the 3-S flow field is considered 

for further investigations. 

 Oxygen mass fraction distributions were more uniform than hydrogen mass fraction 

distributions. 

 Liquid water activity in the cathode channels is less at inlet and increases gradually 

towards outlet and 3-S flow field has the better water removal capability. 

 From experimental investigations the following observations were made 

 PEMFCs with triple serpentine flow field performs better than PEMFCs with 

single and double serpentine flow fields. 

 A thin membrane (N212) offers less ohmic resistance than thick membrane (N112 

and N117) and results in improvement in the cell performance. 

 Fuel cell performance was increased with increase in platinum loading from 0.6 to 

1.0 mg/cm2. Rate of increase in performance is more when the platinum loading 

increased from 0.6 to 0.8 mg/cm2 than 0.8 to 1.0 mg/cm2.  

 The increase in the cell temperature show positive influence on the fuel cells 

performance up to 70 oC and negative influence after 70 oC. 

 The increase in the anode gas humidification temperature indicated positive 

influence on the fuel cells performance up to 70 oC and negative influence after  70 

oC. 
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 The increase in the cathode gas humidification temperature has positive influence 

on the fuel cells performance up to 60 oC and negative influence after  60 oC. 

 PEMFC1 (49 cm2) produced a peak power of 20.5 W at 0.5 V when the cell was 

operated at 70oC cell temperature, 70oC anode humidification temperature, 60oC 

cathode humidification temperature, 400 ccm H2 flow rate and 800 ccm O2 flow 

rate.  

 Similarly, PEMFC2 (84 cm2) developed peak power of 33.2 W at 0.5 V when the 

cell was operated at 70oC cell temperature, 70oC anode humidification 

temperature, 60oC cathode humidification temperature, 600 ccm H2 flow rate and 

1400 ccm O2 flow rate.  

 PEMFC3 (119 cm2) generated a peak power of  44.5 W at 0.5 V when the cell was 

operated at 70oC cell temperature, 70oC anode humidification temperature, 60oC 

cathode humidification temperature, 800 ccm H2 flow rate and 1800 ccm O2 flow 

rate. 

From this study it is observed that the power density (418 mW/ cm2 at 0.5 V) of smaller active 

area (49 cm2) cell is higher than the larger active area viz. 84 and 119 cm2 (395 mW/cm2 and 

374 mW/cm2) fuel cells. From this investigation, it is concluded that instead of going for 

larger active area fuel cell, one can choose smaller active area cell with more number (i.e 

stack) of cells. 

5.1 Scope for future work 

In the present study the fuel cell with different active area, design and operating parameters 

were investigated. However, there is scope to investigate the parameters for the end use 

application of fuel cell.  

 The effect porosity and thickness of gas diffusion layer can be analysed. 

 The MEA of fuel cell other than Nafion membrane can be explored to reduce cost of 

fuel cell. 

 The power electronic circuit can be designed for the PEM fuel cell to run the portable 

power devices. 
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