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Abstract: 

A proton exchange membrane (PEM) fuel cell has many distinctive features which 

makes it an attractive alternative clean energy source. Some of those features are low 

start-up, high power density, high efficiency and remote applications. In the present 

study, a numerical investigation was conducted to analyse the flow field and reactant 

gas distribution in a PEM fuel cell channel with transversely inserted pin fins in the 

channel flow aimed at improving reactant gas distribution. A fin configuration of 

small hydraulic diameter was employed to minimise the additional pressure drop. The 

influence of the pin fin parameters, the flow Reynolds number, the gas diffusion layer 

(GDL) porosity on the reactant gas transport and the pressure drop across the channel 

length were explored. The parameters examined were optimized using a mathematical 

optimization code integrated with a commercial computational fluid dynamics code. 

The results obtained indicate that a pin fin insert in the channel flow considerably 

improves fuel cell performance and that optimal pin fin geometries exist for 

minimized pressure drop along the fuel channel for the fuel cell model considered. 

The results obtained provide a novel approach for improving the design of fuel cells 

for optimal performance. 
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1. Introduction 
 
The flow distribution in a fuel cell bipolar plate is one of the most important 

enhancing factors of proton exchange membrane (PEM) fuel cell systems. One of the 

critical issues in PEM fuel cell design is the efficient design of the flow channels to 

ensure uniform distribution of the reactant gases in the fuel cell stack. The flow field 

geometry and pattern have great influence on the reactant gas transport, water 

management and the efficient utilization of the fuel. The flow field design of fuel cells 

is one of the critical technical challenges for PEM fuel cell designs and operation and 

impacts on the performance and the life - span of the system [1,2].  

 

 

Nomenclature 
 

Ac Fin cross-sectional area   [m2] 

Ach Channel cross-sectional flow area [m2] 

C Constant 

CF Quadratic drag factor 

cr Condensation rate constant 

Df Diameter of pin fin [m] 

Dch Channel diameter [m] 

D Gas mass diffusivity [m2 s-1] 

f Friction factor 

h Height 

H Computational domain height[m] 

k Permeability 

L   Channel axial length [m] 

M Molar mass [g/mol] 

m  Channel mass flow rate [kg/s] 

P Pressure [Pa] 

Po Poiseuille constant 

Ppump Pumping power [W] 

Q Volume flow rate [m3/s] 

rw Water condensation rate [s-1] 
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R Universal gas constant [8.314 J mol/K] 

Re Reynolds number 

fR  Dimensionless flow resistance 

sw Water saturation 

s Pin spacing [m] 

t Time [s] 

T Temperature [K] 

Uo Average velocity at inlet [m/s] 

u,v Velocities in the x- and y- directions [m/s] 

x,y Cartesian coordinates [m] 

V Volume [m3] 

Vd Volume ratio in diffusion layer 

Vs Surface ratio in diffusion layer 

w Mean velocity [m/s] 

W Molar mass fraction  of oxygen 

 

 

Greek Symbols 

 

∆  Difference 

ε  Porosity 
µ  Dynamic viscosity [kg/m.s] 

υ  Viscosity of flow [kg m-1 s-1] 
ρ  Density [kg/m3] 

λ  Tip clearance ratio 

v Kinematic viscosity [m2 s-1] 

ζ  Pitch 

 𝜏 Tortuosity 
ϕ  Solid fraction  

 

Subscripts 
 

ch Channel 

d Porous diffusion layer 

eff Effective 
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h Hydraulic 

l Liquid water 

max Maximum 

min Minimum 

opt Optimum 

sat Saturation 

w Liquid water phase 

 

Several studies have been carried out in recent years to improve fuel cell 

performance through flow-field design such as parallel, serpentine, interdigitated and 

many other novel combinations of these conventional types [3-10]. The serpentine 

channel type is the most widely used among the studied flow channels due to its 

outstanding performance when compared with others under the same operating and 

design conditions [11].  

However, a serpentine flow field has its associated problems and is not an 

ideal flow field configuration. Some of the associated problems are: (i) high reactant 

pressure loss resulting in significant parasitic power requirement to pressurize air 

especially at the cathode section [12], (ii) loss of reactant gas concentration along the 

channel from inlet towards the outlet and membrane dehydration near the channel 

inlet region, and (iii) resultant liquid water flooding near the exit region of the channel 

as a result of excessive liquid water carried downstream of the channel by the reactant 

gas stream and collected along the flow channel [13].  

These characteristics of serpentine flow channels proved their effectiveness in 

small cells ( 330250560 ××≤ mm and power rating 1000≤ W) where the pressure 

drop is in the order of 0.5-1 bar. However, serpentine flow channels perform poor for 

larger cells (> 330250560 ×× mm and power rating 1500≥ W) where the pressure 

drop is in the order of a few bars [14]. Hence, parallel flow channels have several 

applications especially for larger cell applications but the problems of cathode gas 

flow distribution and cell water management need to be solved. 

 In these channels, apart from issues related to maldistribution of reactant 

gases, water coalescence forms droplets of varying number and sizes in the channels. 

This subsequently forces the reactant gas to flow preferentially through the path of 

least obstruction [15]. Performance improvements for this type of channel and others 
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have been documented in the literature, but there is little information in the open 

literature regarding the design procedure and cross-sectional dimensions including 

pressure drops for flow in the channels [12]. Performance improvement of PEM fuel 

cells can be achieved in many ways and researchers have developed varieties of flow 

field layout for this purpose.  

An interdigitated flow field design was first proposed by Nguyen [16] with 

addition of baffles at the end of the channels. The design forces the reactants through 

the gas diffusion layer (GDL) and the generated shear forces help blow the trapped 

water in the inner layer of the electrodes resulting in better performance of the fuel 

cell. 

Kumar and Reddy [17] presented a three-dimensional steady-state numerical 

mass-transfer single cell model for a PEM fuel cell using metal foam in the flow-field 

of the bipolar/end plates rather than using conventional rectangular channels. Their 

result showed significant effect of the metal foam on permeability of the reactant 

species, thereby improving the performance of the fuel cell. They proposed the use of 

metal foam instead of conventional rectangular channels especially in thinner 

channels where there are manufacturing constraints. 

Liu et al. [18] investigated the effect of baffle-blocked channels on the 

reactant transport and cell performance using a conventional parallel flow field. Their 

results showed improved cell performance due to increasing reactant spread over the 

GDL, which enhances chemical reactions. 

Soong et al. [19] developed a novel flow channel configuration by inserting 

baffles in the channel of conventional flow fields to form a partially blocked fuel 

channel. They discovered that enhanced fuel cell performance could be achieved by 

reducing the gap size and/or increasing the baffle number along the channel though 

with penalty of higher pressure loss. 

Liu et al. [20] studied the reactant gas transport and cell performance of a 

PEM fuel cell with a tapered flow channel design. The results obtained from the study 

revealed that fuel cell performance can be enhanced with the fuel channel tapered and 

enhancement is more prominent at lower cell voltage. The reactant gas in the tapered 

channel is accelerated and forced into the gas diffusion layer, thereby enhancing the 

electrochemical reaction that improves the cell performance. 

Xu and Zhao [21] presented a new flow field design termed convection-

enhanced serpentine flow field (CESFF) for polymer electrolyte-based fuel cells. 
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They observed that the CESFF design induces larger pressure differences between 

adjacent flow channels over the electrode surface when compared with the 

conventional flow field. This characteristic of the design increases the mass transport 

rates of reactants and products to and from the catalyst layer and reduces liquid water 

entrapped in the porous electrode and subsequently, enhances the fuel cell 

performance. 

Wang et al. [22] similarly studied the use of baffles in a serpentine flow field 

to improve cell performance. The results showed that the novel baffle serpentine flow 

field, even though induces larger pressure differences between adjacent flow channels 

over the entire electrode surface than does the conventional serpentine design; helps 

gas diffusion which leads to enhanced current density and improved cell performance. 

These investigations have shown that fuel cell performance can be enhanced 

through addition of bluff bodies (baffles) in the flow channels to increase the 

convection of reactants through the GDL. This enhanced performance and operating 

stability in the fuel cell are achieved through improved reactant mass transport. 

Meanwhile, a proper understanding of the phenomenon of mass transfer through the 

GDL, under the influence of disturbances along the flow channels and associated 

pressure drop, will facilitate a proper design of PEM fuel cells. 

From the literature survey above, it is clear that issues of high penalty in terms 

of pressure loss due to high flow resistance do occur in most of the baffle-enhanced 

PEM flow field designs, which need to be alleviated. In addition, to the best 

knowledge of the authors, the application of pin fins for performance enhancement in 

PEM fuel cell has not been examined before especially determining the optimal 

geometry of the employed pin fins in PEM flow channels. Therefore, the purpose of 

this study is to investigate the effect of a pin fin insert in the flow field of a fuel cell 

with the aim of improving performance as well as pressure drop along the fuel cell 

flow channel. The cell overpotential at the anode side of the PEM fuel cell is 

negligible in comparison with the cathode-side overpotential [23], hence the choice of 

considering oxygen mass transport at the cathode side of the fuel cell system. 

Extended surfaces (fins) are frequently used in heat exchanging devices for the 

purpose of increasing the heat transfer between the primary surface and the 

surrounding fluid. Extended surfaces of various shapes have been employed for this 

purpose in heat and mass transfer studies, ranging from relatively simple shapes, such 

as rectangular, square, cylindrical, annular, tapered or pin fins, to a combination of 
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different geometries. Literature shows that pin fins are some of the most widely 

employed extended surfaces looking at its hydrodynamics along flow channels [24-

28]. A pin fin is a cylinder or other shaped element attached perpendicularly to a wall, 

with the transfer fluid passing in cross-flow over the element. Pin fins having a height 

to diameter ratio between 0.5 and 4 are accepted as short fins, whereas long fins have 

a pin height to diameter ratio exceeding 4 [25]. The effective selection of the pin fin 

geometric parameters will result in the improvement of the reactant gas distribution in 

the flow channel due to the mixing of the main flow and/or the flow in the near-wall 

region and subsequently, will permit effective reactant spread on the GDL.  

In the present work, it is intended to investigate the effect of pin fins 

transversely arranged along the flow channel on the reactant gas distribution and 

pressure drop characteristics of the fuel cell reactant gas channel. Pin fins of small 

hydraulic diameter, which can reduce the additional pressure drop, are employed and 

the effect on PEM performance is investigated. In addition, a mathematical 

optimization tool is used to select the best pin fin geometric configuration that 

improves the fuel cell performance at a reduced pumping power requirement penalty 

in the PEM fuel cell flow channel. This study presents a novel approach at enhancing 

the oxygen mass transfer through the PEM fuel cell GDL at reduced pressure drop.   

 

 
2. Model description 
 
In this study, a two-dimensional half-cell model of a PEM fuel cell system for the 

cathode-side fuel gas channel and the GDL is considered. Fig. 1 shows a schematic 

diagram of the two-dimensional half-cell model with two pin fins along the transverse 

section of the flow channel. The fluid considered here is air at an inlet pressure P0 and 

velocity U0. The fin disturbance employed in this study protrudes from a rectangular 

base towards the gas diffusion layer having a height to diameter ratio between 0.5 and 

4. The parameters h1, h2 and h3 (Fig. 1) depict the flow channel height, tip clearance 

size and GDL thickness, respectively. The tip clearance size is characterized by 

defining a dimensionless parameter named clearance ratio, 12 hh≡λ , for the study. 

The values of 0=λ  and 1 indicate fully blocked and block-free conditions, 

respectively, and the values in between are a measure of various levels of blockage 

[19]. Also defined is another dimensionless parameter: the ratio of the distance 
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between pin distances in the transverse direction to fin thickness (pitch), .ds=ζ  

The effects of the tip clearance size, the pitch, the fuel flow Reynolds number e)(R  

and the porosity )(ε  of the GDL on the reactant gas transport and the pressure drop 

across the channel are critically explored. The porosity, ε  , of the porous medium is 

defined as the fraction of the total volume of the medium that is occupied by void 

space. In this study, parameters were varied in the following range: 6020 .. ≤≤ λ , 

1005 ≤≤ ζ. ,  35050 ≤≤ Re  and 6020 .. ≤≤ ε . Other parameters used for the 

modeled PEM fuel cell are shown in Table 1. The idea in this paper is aimed at 

improving the reactant species distribution over the catalyst layer in the fuel cells to 

increase the fuel cell performance at reduced pumping power requirement.  

 

 
2.1 Governing equations 
 
The present study provides a two-dimensional solution for the half-cell model of a 

PEM fuel cell. The following assumptions are used in this study: (1) the reactant gas 

(air) is an ideal gas, and the flow is incompressible, steady and laminar, (2) the gas 

diffusion layer is from an isotropic porous material and uniform, (3) the catalyst layer 

is treated as an ultra-thin layer (regarded as a boundary condition), hence the reactant 

gas is totally consumed in the reaction, (4) the reaction is assumed to be fast ensuring 

that the transport time scale is dominant when compared with the reaction time scale. 

This assumption allows treating the chemical reaction simply as a boundary condition 

at the catalyst layer, (5) the fuel cell operates at a constant temperature. Based on 

these assumptions, the following governing equations for the gas channel and the gas 

diffusion layer can be written as [29]: 

 

In the gas channel section, the governing equations are: 

 

,0=
∂
∂
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where Di  and Wi  depict the diffusivity and mass fraction of the species, respectively. 

In the GDL section, the governing equations are: 
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CF in Eqs. (6) and (7) depicts the quadratic drag factor. The Blake-Kozeny correlation 

[19,30] is used for the relationship between the porosity        and permeability k of 

the GDL: 
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The last two terms in Eqs. (6) and (7) are drag force terms added due to the presence 

of the porous wall, which might increase the pressure drop. The porous diffusion layer 

quantity is represented by the subscript d and '
s

'
d VV  is a geometrical parameter 

which depicts the volume-to-surface ratio of the gas diffusion layer [19].  In fuel cells, 

the fluid flow diffuses through the GDL for the reaction to take place on the MEA. 

The effective diffusivity ( effiD , ) for gas-phase flow in porous media can be written as: 

 

τ
εDD effi =,                   (11)                                                      

 

The porosity ε  is the void volume fraction in the porous media. The tortuosity,τ , is a 

measure of the average path length of the species flow through the porous media 

compared to the linear path length in the direction of the species transport.  The 

quantity (tortuosity) is usually estimated through experiment. Therefore, it is 

conventionally correlated in fuel cell studies using the Bruggeman correlation. This 

correlation assumes τ   is proportional to 50.−ε resulting in the simpler expression 

[31]: 

 
5.1

, εDD effi =   (12) 

 

The porosity correlation is used to account for geometric constraints of the porous 

media.  

 

The Reynolds number was defined as [32]: 

 

)(Re chch ADm µ=
 

(13) 

 

For hydraulic performance in the channel, an apparent friction factor  f  was evaluated 

using the following equation [32]: 

 

)2/()/( 2wDLPf ch ρ∆=
 

(14) 

where  
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)( chAmw ρ=
 

(15) 

 

The channel flow resistance, ),( mP ∆   is defined as [33]: 
 

chchf ADLPoR 22 ν=  (16) 

 

where oP is the Poiseuille constant. 

The pumping power is evaluated using the relation: 

dxxQ
dx

xdpP
L

pump ∫ 



=

0
)()(                                     (17) 

The water formation and transport of liquid water are modeled using a saturation 

model based on [34,35]. In this approach, the liquid water formation and transport are 

governed by the conservation equation for the volume fraction of liquid water sw or 

the water saturation [36]: 

 

wll
wl rsV

t
s
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∂

∂ )()( 

ρερ                             (18) 

 

 

where the subscript 𝑙 represents liquid water, and wr  is the condensation rate modeled 

as: 
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 −
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wrw sM
RT

PPscr ρ                    (19) 

 

where wr  is added to the water vapour equation. The condensation rate is constant at

1100 −= scr . 
 

The clogging of the porous media and the flooding of the reaction surface are 

modelled by multiplying the porosity and the active surface area by (1 – sw), 

respectively. 
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2.2 Numerical procedure 
 
The model equations were solved using a finite-volume computational fluid dynamics 

code Fluent [36] with Gambit® (2.4.6) as a pre-processor. The CFD code has an add-

on package for fuel cells, which has the requirements for the source terms for species 

transport equations, heat sources and liquid water formations. The domain was 

discretized using a second-order discretization scheme. The pressure-velocity 

coupling was performed with the SIMPLE algorithm [37] for convection-diffusion 

analysis. Numerical convergence was obtained at each test condition when the ratio of 

the residual source (mass, momentum and species) to the maximum flux across a 

control surface was less than 10-6. 

Uniform isothermal free stream and fully developed fluid (air) with constant 

properties were assumed at the inlet and flows were fully developed at the outlet of 

the channel. At the interface between the gas channel and the GDL layer interface, the 

same velocity, the same concentration and the same gradients were imposed. No-slip, 

no-penetration boundary conditions were enforced on the pin fins and wall surfaces. 

The domain was divided into hexahedral volume elements. A grid 

independence test was carried out to ensure that solutions were independent of the 

dimensions of the chosen grid with consideration for both accuracy and economics. 

For this purpose, four grid systems at 37 × 27, 82 × 27, 120 × 60 and 150 × 80 were 

tested. For the case of Re = 350, ,6.0=λ  0.7=ζ  and 5.0=ε , the maximum relative 

deviation for the skin friction between the 120 × 60 grid and the 150 × 80 grid was 

less than < 3%. It was considered that the system of 120 × 60 was sufficient enough 

for the study as a trade-off between accuracy and cost of time. A typical grid network 

for the computational domain is shown in Fig. 2. The model and solution were 

implemented using an Intel® Core(TM) 2Duo 3.00 GHz PC with 3.24 GB of 

DDRam. 

 

3. Mathematical optimisation algorithm 
 
The Dynamic-Q optimization algorithm [38] was used in this study. The algorithm is 

a robust multidimensional gradient based optimization algorithm which does not 

require an explicit line search and it is ideally robust for cases where the function 

evaluations are computationally expensive. The algorithm applies the dynamic 
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trajectory LFOPC (Leapfrog Optimisation Program for Constrained Problems) which 

is adapted to handle constrained problems through approximate penalty function 

formulation [38]. This dynamic approach is applied to successive quadratic 

approximations of the actual optimization problem. The successive sub-problems are 

formed at successive design points by constructing spherically quadratic 

approximations which are used to approximate the objective functions or constraints 

(or both) if they are not analytically given or very expensive to compute numerically 

[39-41]. The use of spherically quadratic approximation in the Dynamic-Q algorithm 

offers a competitive advantage when compared with other algorithm in term of the 

computational and storage requirements [39]. The storage savings becomes highly 

significant when the number of variables becomes large. Therefore, this particular 

strength of the Dynamic-Q method makes it well suited for optimisation of 

engineering problems with large number of variables and it has been used to 

successfully solve a large variety of engineering problems [41,42-47]. 

 

4. Optimisation problem formulation 
 

The optimization problem was tailored towards finding the best pin fin geometric 

parameters, which give the best reactant species diffusion to the GDL layer of the fuel 

cell for a fixed Reynolds number, GDL thickness and GDL porosity at a reduced 

channel flow resistance contributing to the increase in pressure drop along the 

channel. The apparent pressure drops increase the pumping power requirement for 

operating a fuel cell system. The design variables which greatly affect the 

hydrodynamic performance of pin fins are the geometric parameters ,h,d,s 2 and 1h  

as depicted in the half-cell model shown in Fig. 1. 

 

4.1 Optimisation constraints 
 

The optimization problem was carried out subject to the following constraints: 
 
4.1.1 Total pin fin area constraint: In pin fin application, the weight and material 

cost of the pin fins are limiting factors. Hence, the total area of the pin fins is 

fixed to a constant value: 

=∴∑ j
cA  Constant 
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CHD jj =∑π   

π
CHD jj

=∑  (26) 

 for  j = 1, 2 

 

 

where Ac
 is the pin fin area. 

 

4.1.2 The tip clearance size: The tip clearance size 𝜆 is the ratio of the gap size 

between the pin fin tip and the GDL to the channel height. This was varied 

between 0.2 and 0.6. 

 

             
6.02.0

1

2 ≤







=≤

h
h

λ                                                              (27) 

 

4.1.3 The pitch: The pitch is the ratio of the distance between successive pin fins to 

the pin fin diameter. This is allowed to vary between 5 and 10. 

              [ ] 105 ≤=≤ dsζ  
(28) 

 

 

4.1.4 Manufacturing constraint: The solid area fraction ,ϕ which is defined as the 

ratio of the pin fin material to the total area of the fuel cell channel is allowed 

to vary between 0.5 and 4. This is based on manufacturing and size constraints 

[48,49]. 

 

45.0 21 ≤



 −

=≤
d

hh
ϕ  (29) 

 

Also, the interfin spacing is limited to 50 microns based on pin fin fabrication 

techniques [50,51]. 

 

ms µ50≥  (30) 
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4.2 Optimization procedure 
 

The optimization problem defined in Section 4.1 was solved by coupling the 

Dynamic-Q optimization algorithm with computational fluid dynamics code FLUENT 

[36] and grid generation (GAMBIT [52]) code in a MATLAB [53] environment. Fig. 

3 depicts a flow diagram of how the automation is carried out until convergence 

(either by step size or function value criteria) is attained. To ensure that the converged 

solution obtained is indeed the global minimum, a multi-starting guess approach was 

employed. 

 

5. Results and discussion 

 

5.1 Results of flow field 
 
The pin fins employed in this work are expected to induce high levels of mixing of 

main flow and/or the flow in the near-wall region and subsequently to improve the 

convection of reactant gas through the GDL. The power output in fuel cell system is 

the consequence of the electrochemical reaction; subsequently, the consumption of 

oxygen through diffusion into the catalyst membrane region is an index of the cell 

performance [22]. Higher oxygen mass flow rates through the GDL to the catalyst 

layer result in better fuel cell performance since this reaction gas is more available to 

participate in the electrochemical reaction per unit time. A qualitative description of 

the flow velocity pattern around the pin fin and within the GDL is presented in Figs. 

4-6 to give the impression of the hydrodynamic phenomenon in the computational 

domain. 

Fig. 4 shows the Reynolds number influence on the flow pattern for the case 

of s/d = 5, and 2.0=λ at a fixed GDL porosity of 0.5. The Reynolds number has a 

significant effect on the flow field and the diffusion of the reactant gas through the 

GDL medium. The rate of diffusion increases as the Reynolds number increases 

thereby improving the reaction rate in the fuel cell system. The wake shedding 

generated by the front pin fin interacts with the pin fin immediately behind it along 

the channel, which affects the flow field characteristics. At a low Reynolds number of 

50 (Fig. 4a), there is flow attachment between the front pin and the back pin tips. This 
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flow attachment also occurs at a Reynolds number of 150 (Fig. 4b), but for a 

Reynolds number of 250, a flow separation occurs at the tip between the front pin and 

the back pin. This phenomenon at the increased Reynolds number increases the wake 

generation and the diffusion pattern into the GDL layer of the cell. The angle of 

separation of flows depends on the Reynolds number and level of clearance ratio. As 

the clearance ratio increases, the location of the boundary layer separation moves 

forward. This movement is practically due to the change in the velocity distribution 

inside the boundary layer formed on the pin fins. 

The flow pattern for a higher tip clearance  ( 6.0=λ ) is shown in Fig. 5, where 

the effect of the Reynolds number (at fixed GDL porosity of 0.5) can also be clearly 

observed. The flow pattern in Fig. 5 depicts the significant influence of the increase in 

the tip clearance between the pin fin and the GDL layer on the rate of reactant 

diffusion through the GDL into the catalyst reaction site. The reactant gases are forced 

down the GDL hence improving the rate of electrochemical reaction to improve the 

performance. In Fig. 6, the contours of the tangential velocity profiles for the same 

case described in Fig. 5 are shown. High pressure points are shown at the tips of the 

front pin. The rate of reactant gas diffusion into the GDL improves from Contours (a) 

to (c).  

 

5.2 Results of pin fin geometry  
 
Fig. 7 presents the friction factor f as a function of the channels Reynolds number and 

the pitch (ratio of distance between the pin fin and the pin fin diameter). The friction 

factor decreased with increasing Reynolds number. The data obtained in Fig. 7 further 

shows that as the pitch increases, the friction factor decreases. This implies lower 

diffusion of reactant gas, which reduces performance of the fuel cell. Hence, lower 

pitch value, which generates more flow disturbance between the pin fin tip and GDL 

surface will be more appropriate as this improves the fuel transport rate and 

subsequently, the reaction rate at the catalyst layer is improved, but this should also be 

optimised for minimum power requirement. 

Fig. 8 shows the variation of the friction factor as a function of the channel 

Reynolds number and the clearance ratio ( λ ) between the pin fin and the GDL 

surface. Decreasing λ  means that the height of the fin towards the GDL increases. 

Similarly, decreasing the height of the fin reduces the pressure drop in the gas channel 
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flow and subsequently reduces convectional flow through the fuel cell GDL thereby 

reducing the cell performance. Increasing the height of the pin fin increases the fluid 

flow into the reaction site of the fuel cell. This is due to the tangential flow velocity 

created by the pin fin and flow mixing effects, however, with a penalty of increasing 

pumping power requirement due to increased pressure drop along the fuel channel. 

This is also supported by the flow description experienced at higher λ  in Fig. 5. An 

optimised clearance ratio will reduce the associated pressure drop due to the increase 

in pin length towards the GDL and pumping cost will be reduced. 

Fig. 9 depicts the friction factor as a function of channel Reynolds number and 

the GDL porosity. The results show a decrease in the friction factor with an increase 

in the GDL porosity of the fuel cell. The increased GDL porosity improves the 

convection flow through the GDL and subsequently improves the fuel cell 

performance. The flow resistance in the channel at the larger GDL porosity (e.g. 0.7) 

was much less than with the smaller porosity (e.g. 0.3). The pressure drop along the 

flow channel enhanced with pin fins can be considerably reduced with an appropriate 

higher GDL porosity.  

 Fig. 10 shows the peak channel flow resistance as a function of the clearance 

ratio and the GDL porosity. There is an optimum clearance ratio at 390.≈λ  in which 

the peak flow resistance in the fuel gas channel is minimised. Also, Fig. 11 shows the 

peak channel flow resistance as a function of the pitch and the GDL porosity. There is 

also an optimal pitch at 87.d/s ≈ , which minimises the fuel channel friction. These 

results support the fact that an optimal arrangement of the pin fin parameters could 

effectively minimise the fuel channel friction and reduce the pressure drop along the 

fuel channel with a corresponding increase in reaction rate on the catalyst layer, 

thereby improving the fuel cell performance. Figs. 10 and 11 also show that the GDL 

porosity has a significant effect on the peak flow resistance along the fuel gas 

channel. An increase in the GDL porosity reduces the peak flow resistance in the fuel 

channel. This observation is in agreement with previous work of Soong et al. [19]. 

 

5.3 Optimisation results 
 
In this section, the optimisation algorithm was applied to obtain the best geometric 

configuration of the pin fin that will offer optimal flow resistance along the fuel cell 

channel, ensuring the system performance at an optimum. From the results in Section 
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5.2, it is clear that the pin fin geometric parameters (clearance ratio and pitch) 

optimally exist, which minimises the channel flow resistance. This optimal geometric 

parameters and the porosity of the GDL have significant influence on the fuel cell 

performance through reactant gas distribution and reaction rate on the catalyst layer. 

Reducing the inherent flow resistance along the flow channel will reduce the 

additional pressure drop, therefore reducing the pumping power requirement. A series 

of numerical optimisations and calculations were conducted within the design 

constraint ranges given in Section 4.1 and the results are presented in the succeeding 

section to highlight the optimal behaviour of the fuel cell system. 

Fig. 12 shows the effect of the minimised flow resistance as a function of the 

Reynolds number for a fixed clearance ratio of 0.3 and a GDL porosity of 0.5. 

Minimised flow resistance decreases with an increase in the Reynolds number. Fig. 13 

shows that the optimal fin clearance ratio decreases as the Reynolds number 

increases. This result affirms the fact that there exists a unique optimal fin clearance 

ratio for the fuel gas Reynolds numbers. Similarly, Fig. 14 shows the optimal pitch as 

a function of the fuel gas Reynolds number at a fixed clearance ratio of 0.3 and a 

GDL porosity of 0.5. The result also shows the existence of a unique optimal pitch for 

the fuel gas Reynolds numbers. 

The effect of channel flow resistance on the optimised channel clearance ratio 

at a porosity of 0.5, pitch of 5 and Reynolds number of 250 was investigated in Fig. 

15. The result shows that channel flow resistance has a significant effect on the 

optimised clearance ratio. As the flow resistance increases, the optimal clearance ratio 

decreases. Also in Fig. 16, the effect of channel flow resistance on the optimised fin 

pitch was investigated at clearance ratio of 0.3, GDL porosity of 0.5 and Reynolds 

number of 250. The result shows that the optimised pitch also decreases with an 

increase in channel flow resistance. Generally, in this model, the flow resistance 

decreases when the Reynolds number increases. The optimal clearance ratio and pitch 

also decrease with increasing channel flow resistance, but an optimal level of these 

factors (clearance ratio and pitch) exists which minimises the flow resistance of 

reactant gases in the fuel cell gas channel.  

 

5.4 Performance evaluation 
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Generally, in heat transfer studies using pin fins for enhancement, performance 

analysis is done using performance evaluation criteria [25,54]. Therefore, it is 

necessary to perform a similar analysis for this study and state the performance in 

terms of pressure drop for a fuel cell channel equipped with pin fins and one without 

pin fins. Fig. 17 shows the pressure drop characteristic for a fuel cell channel with and 

without pin fin. The figure shows that higher pressure drops occur in the fuel channel 

with pin fins than in the fuel channel without pin fins, as can be expected. However, 

the difference obtained along the flow channel for all the fin geometry cases 

considered in this study was less than 6%. Thus a critical assessment of the result of 

this study shows that in terms of both high performance enhancement and reasonable 

pressure drop in a fuel cell system, the pin-fin-enhanced fuel channel is a promising 

approach for the optimal design of a fuel cell system. Fig. 18 shows the pumping 

power as a function of the clearance ratio at a Reynolds number of 250 for a pitch of 5 

and GDL porosity of 0.6. The pumping power is the product of the volumetric flow 

rate and pressure drop. The result shows that there is a minimum pumping power for 

the friction factor of the fuel channel at a fixed Reynolds number and specified pitch 

and GDL porosity of the fuel cell system. In general, the clearance ratio λ , which has 

a significant effect on the fuel gas flow, can be optimized to improve the fuel cell 

performance at a reduced pumping power requirement. 

      

Conclusions 

The enhancement of the reactant gas transport phenomenon in the gas flow channel of 

a half-cell model of a PEM fuel cell with pin fin insert was numerically investigated. 

The effect of the flow and geometrical parameters of the pin fin on the flow 

distribution in the GDL and friction characteristics in the channel were critically 

studied. Pumping power requirement at varying pin fin clearance ratios to evaluate the 

performance was also explored. The conclusions are summarized as: 

• The flow Reynolds number had a significant effect on the flow field and the 

diffusion of the reactant gas through the GDL medium increased as the 

Reynolds number increased.  

• The friction factor increased with increasing clearance ratio of the pin fin in 

the channel. 
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• The optimal clearance ratio and pitch for the considered fuel cell channel 

decreased with an increase in the fuel channel friction. 

• The friction factor decreased with an increase in the GDL porosity. Hence, 

the channel friction and pressure drop can be significantly reduced with 

increasing GDL porosity. 

• An optimal pin fin clearance ratio exists which offered minimum pumping 

power requirement. 

• An enhanced fuel cell performance was achieved using pin fins in a fuel cell 

gas channel, which ensured high performance and low fuel channel pressure 

drop of the fuel cell system. 
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Fig. 1. PEMFC half-cell model with two transverse pin fins along the flow 
channel. 
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                         Fig. 2. The representative grid system and computational domain. 
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Initialise the optimization program by specifying an 
initial guess of design parameters x0

Write a GAMBIT journal file (Design_variables.jou), 
which lists the design parameters x

Run the Design_ variables.jou GAMBIT journal file

Run the geometry and mesh generation fin.jou 
GAMBIT journal file

Run the fin_fluent.jou FLUENT journal  file

Minimum flow resistance is found from 
flowresistance_data.dta.

f(x) = Minimum flow resistance

Mathematical Optimizer (DYNAMIC-Q 
ALGORITHM) finds new design variables vector x 

under constraints g(x) and h(x).
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Optimization solution converged?

 

            Fig. 3. Optimization automation flow diagram. 
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(a)                                          (b)                                       (c) 

Fig. 4. Effect of Reynolds number on the flow field for different flow field 
configurations (s/d = 5, 2.0=λ ): (a) Re = 50, (b) Re = 150, (c) Re = 250. 
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Fig. 5. Effect of Reynolds number on the flow field for different flow field 
configurations (s/d = 5, 6.0=λ ): (a) Re = 50, (b) Re = 150, (c) Re = 250. 
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              (a)               (b)                 (c)  

Fig. 6. Contours of tangential velocity for different flow field configurations (s/d = 5,
6.0=λ ): (a) Re = 50, (b) Re = 150, (c) Re = 250. 
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Fig. 7. Cathode gas channel friction factor as a function of the Reynolds 
number and pitch at a clearance ratio, .3.0=λ  
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Fig. 8. Cathode gas channel friction factor as a function of the Reynolds 
number and clearance ratio at a pitch, s/d = 5. 
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Fig. 9. Cathode gas channel friction factor as a function of the Reynolds number 
and GDL porosity at a pitch, s/d = 5, and a clearance ratio, .3.0=λ  
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Fig. 10. Effect of optimised clearance ratio on the peak cathode gas channel 
flow resistance. 
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Fig. 11. Effect of optimised pitch on the peak cathode gas channel flow 
resistance. 
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Fig. 12. The minimised cathode gas channel flow resistance as a function of 
Reynolds   number for a fixed GDL porosity, =ε  0.5, and a tip clearance ratio, 

=λ 0.3. 
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Fig. 13. Optimal clearance ratio as a function of Reynolds number at a fixed 
pitch, s/d = 5, and a GDL porosity, =ε  0.5. 
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                  Fig. 14 Optimal pitch as a function of Reynolds number at a fixed 
                  clearance ratio, =λ 0.3, and a GDL porosity, =ε  0.5. 
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        Fig. 15. Effect of channel flow resistance on the optimised clearance ratio at  
        a fixed pitch, s/d = 5, and a GDL porosity, =ε  0.5, at Reynolds number of  
        250. 
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  Fig. 16.  Effect of channel flow resistance on the optimised pitch at a fixed clearance 
  ratio, =λ 0.3, and a GDL porosity, =ε  0.5, at a Reynolds number of 250. 
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Fig. 17. Cathode gas channel pressure drop as a function of the applied pressure 
drop for a channel with pin fin (s/d = 5, 3.0=λ ) and one without pin fin. 
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      Fig. 18. Pumping power as a function of tip clearance ratio at a pitch, s/d = 5,  
      and GDL porosity, ε  = 0.6, at a Reynolds number of 250. 
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Table 1 Parameters of the modeled fuel cell                 

Channel length (mm)                                             120 

Channel width (mm)                                              1.0 

Channel depth (mm)                                              1.2 

Membrane thickness (mm)        0.036 

GDL thickness (mm)                                      0.21 

Membrane porosity 0.5 

Cell operating temperature (oC)                            70 

Cell operating pressure (atm)                                3 

GDL permeability (m2)                                         1.76 x 10-11 

Electric conductivity of GDL )( 11 −−Ω m                300 

Relative humidity                                                                                 100% 

 

 

 


