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Response to Reviewers: 

Reviewer #1: The paper represents an interesting contribution to the fuel cell research by 

proposing a model to understand the effect of pulsating pressure and frequency on PEM fuel cell 

performance. The paper is well written and the works seem to be original and very informative. 

Authors have done a very good job in including all the relevant information. 

Authors are recommended to make some modifications to the paper according to the following 

comments. 

1) Authors have proposed a model in this paper and matched it to the experimental data of Han. 

However, they never mentioned anything about how reliable is this model. There is no reliability 

study done to prove how accurately the model can predict the results over time and with different 

experimental conditions. 

As you certainly know the polarization curve describes the performance of Fuel cell in the 

different current densities and when one simulation can predict the experimental data of 

polarization curve, it means this modeling is reliable. Also, the results of this model have been 

investigated with other experimental data in different operation condition and these results will 

be presented in another paper which is under publishing in one reputable journal.   

 

2) What is the error percentage in predicting the results? There is no error estimating done in the 

results presented in this paper. 

We added the error percentage on this paper. 

 

3) Is there any design variability or exceptions in this model? Are there any cases where the 

model could not be used? Author needs to address that. 

This model can be improved to multi-phase flow by adding interaction forces between the 

components. This single phase model can't well predict the flooding on the GDL and rapid 

decrease of performance of the fuel cell at high current density because of flooding. We try to 

extend this model to multi-phase in future works.  

We have added one sentence at the end of conclusion to explain it. 

4) The manuscript seems to be very lengthy. I would like them to make the manuscript more 

concise and shorten it. 

We tried to present all detail of this modeling in shortest form but because of lot of details in this 

model, we can’t make shorter than this. 
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Reviewer #2: The paper is of interest as any idea to improve performance of PEMFC is to be 

discussed and models can help understanding its influence. 

Some additional information are to be introduced before final acceptance. 

1. Check that all the parameters are defined in the text 

For instance, unless mistaken, nu (Eq. 1), (u,v) in Eq. (37) are not defined 

We checked all equations and defined all parameters in equations. 

 

2. Check that all the Eq. used in the text are the correct ones 

For instance, reference to Eq. (28) should be Eq. (27)... 

We have used an exponential function in eq.(27) for calculating ohmic resistance by using fitting 

parameters by own idea. 

3. Some additional references would be useful, for instance: 

* description of LBM (§2.1) 

* Butler-Volmer Eq. (17) 

We added the Refs.[25,30] for these sections. 

4. Electrochemical model: 

* the Butler-Volmer Eq (17) is surprising as no CH2O appears and CO2 is of a first order 

dependance ==> please justify and add a reference 

The new novel half way bounce back boundary condition presented by Kamali et al. [29] was 

obtained by assumption of first order reaction on the catalyst layer. The ORR rate in PEMFCs is 

usually assumed to be first-order with respect to the oxygen concentration, indicating that the 

rate of oxygen consumption (and the current density) is proportional to the oxygen concentration 

at the catalyst sites. Based on this method was presented by Parthasarathy et al. (1992a) and they 

presented Tafel equation for modeling OOR in fuel cell and after that many researchers have 

used this model for modeling reaction on the catalyst layer. After some years the first-order Tafel 

equation was improved to Butler-Volmer equation presented by Madhusdana et al. (2007). Like 

most other modelers, Madhusdana et al. (2007) assumed that the ORR was first-order with 

respect to oxygen concentration. In this study we used this model for reaction. We have added 

the Ref.[30] for Butler-Volmer equation. 

 



* the Vcell (Eq. 26) does neglect mass transport, whereas the paper deals with influence of gas 

transport ==> please justify 

The values of eta and I completely depend to the concentration of Oxygen on the surface of 

catalyst layer. Thus V_cell depends to mass transport. I have added one sentence after Eq.(26) to 

explain it.  

 

5. Topics that are unclear to me and shall be more explained* unless mistaken, you simulate gas 

permeability and gas diffusion ==> if so, can you conclude on which of these transfers the 

pulsating gas has more influence? 

In this paper, first the ability of this method for modeling flow on the heterogeneous porous 

media with one suggested geometry (an overlapping random distribution of circular obstacles) 

was compared with previous studies. For this comparison, we investigated the effective 

parameters in characterizing porous media such as permeability and tortuosity. Our 

computational results first of all showed that our way of mimicking the porous GDL reproduces 

several (semi-)empirical correlations available in the literature. After that we used this structure 

for GDL in PEMFC and investigated the overall performance of PEM in different conditions and 

we didn’t separately investigate the gas permeability and gas diffusion for  PEMFC in pulsating 

condition. “One may expect that the positive effect of pulsatile flow may mainly be due to 

increased species transport in the open channel, as the transport in the GDL may be affected to a 

much lesser extent due to the limited permeability.”  We added this sentence above Fig. 12 in the 

paper. 

 

 

* Eq (18) deals with the influence of liquid saturation; it seems that this relates to the cathode 

catalyst layer (CCL), but the CCL seems to be a surface condition ==> please explain how you 

simulate the CCL 

There are two different ways for simulating the CCL. One way is modeling volumetric catalyst 

layer and solve momentum and mass transfer equations on it. In the second way the narrow 

catalyst layer predicts as a surface and only the boundary conditions implement on it. In this 

paper we used second way. The liquid saturation can calculate by eq.(18) for all domains but we 

used only its value on the surface of catalyst layer in eq.(17). These values estimate the liquid 

saturation on the catalyst layer in the second way.      

We have modified first paragraph of section 2.2.1 to explain it on the paper. 

 

 



* Pv(T) used in Eq (19) is at operating conditions ==> why don't you consider the local 

conditions, at CCL interface 

We assumed that the channel is isothermal, so the temperature of flow and water vapor saturation 

pressure in all domains is fixed. Because of P_v only depends to temperature. We have modified 

3
rd

 assumption in section 3.     

 

* the "top surface" on which Eq (20) are applied is not clear on the figures 

The top surface in this sentence indicates to CCL and we showed it on fig. 1. 

 

* I would expect that the study could also have been done with more classical approaches 

(continuous using Darcy equation) ==> please explain the advantages/drawbacks of LBM 

compared to the other approaches 

LBM can easily simulate the flow through complex geometries and porous media such as this 

heterogeneous GDL which was considered in this study because of using simple bounce back 

boundary condition on the surface of solid walls and also this presented model was used 

modified bounce back boundary condition where it needs only one node on the reactive surface 

which is very easy to implement. The LBM code can be easily parallelized because the collision 

is calculated locally. The extension of this model to 3D with real geometry in the GDL is easy 

although that is computationally expensive. 

 

* "p13 "As a result... numerically" ==> please explain this sentence, what would be the other 

choices than modeling and experiments? 

Of course there isn't another choice. The structure of this sentence has been changed in final 

version. 

 

* §2.4.1: LBM is performed on a random solid structure 

 

==> how do you manage the "real" Pore Size Distribution of the GDL? 

==> do you perform statistical analysis on the spatial distribution of the fibers? If no what 

difference would you expect? If yes, what is the standard deviation? 

Please also discuss this in the frame of the comparison Fig.3. is this comparison a function of this 

spatial distribution hypothesis? 

In this study, the obstacles diameter and porosity of GDL and overlapping random distribution of 

obstacles have been adjusted. The different distributions such as staggered parallel fiber 



geometry and quadratic fiber distribution were investigated and by comparison with previous 

studied we found this distribution can well predict the permeability and tortuosity of GDL. There 

are some empirical correlations for calculating permeability and tortuosity as a function of 

porosity and Fig. 3 revealed our numerical results in comparison of these empirical correlations. 

We found our result has a good agreement with empirical data. 

 

* the anisotropy of GDL is to be discussed in Eq (32) and (33); could you compare the LBM 

anisotropy to these? 

Exactly in Fig. 3 the LBM results compared with TS model (Eq.32) and TS model (Eq.33). 

 

* §3: assumption (2): is laminar still valid in the case of wavy channels studied? 

Yes, The Reynolds Number on the wavy channels is under 10, thus the laminar flow is valid for 

this range of Reynolds. 

 

* §3: assumption (4): why this hypothesis? Could we use more realistic dependencies? 

The First-order reaction is very common on the catalyst layer and the boundary conditions on 

catalyst surface in Eqs. (20-21) were obtained by this assumption. It needs to more fundamental 

study to obtain the LBM B.C from more realistic B.C.    

 

* §4.1: comparison is done on Ref [5] from Han ==> are the GDL, Operating Conditions the 

same in both cases? 

The pressure and temperature operating conditions and other geometrical parameters in this 

study is the same as Han’s study [5]. 

 

* §4.2: the channel waves enhance the transport of species: does this depend on the flow field 

design on the anode side? 

We assumed that the enough hydrogen protons and electron exist on the cathode catalyst layer 

and only with more diffusion of Oxygen in the cathode GDL, the reaction rate on the catalyst 

layer enhances. Absolutely, in real case the design of flow field of anode effects on the 

performance of PEMFC. However splitting of the hydrogen molecule is relatively easier than 

oxygen molecule, thus the cathode side design is more effective on the performance of PEMFC. 

 



 

* §4.2: the maximum velocity is two times higher in the case of straight channel; what about the 

average velocity? Is the increase of performance linked to the increased maximum or increased 

average? 

The time average velocity and stoichiometry ratio of inlet air is constant in all cases of this study. 

But increasing of maximum velocity can enhance the performance of fuel cell. 

  

* §4.3: please add the values of deltaP (in mbar for instance) and not only in dimensionnel form 

We have corrected them. 

 

* Fig 1: add the cathode active layer 

We have added it to Fig 1. 

 

* Fig 2: the GDL structure is 3D with fibers perpendicular to the Fig ==> please discuss the 

relevance of the 2D-model 

Transport phenomena in some structures can be efficiently modeled in 2D with significant 

computational savings and without compromising accuracy. Perpendicular flow over arrays of 

infinite parallel fibers is an example of a 2D simulation that is representative of the 3D case. 

However, there are situations where 3D modeling is required, such as when the geometry and 

flow fields are not symmetric. In this study, we assumed all parallel fibers perpendicular to xy 

plate which can be accurately modeled in 2D.   

 

* Fig. 3: are experimental results included in the comparison? If no, please compare for instance 

to the data sheet of the manufacturer 

The present LBM results were compared with the experimental data which was presented by Han 

et. al [5] in Fig.5.   
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In the context of attempts to improve the performance of Proton Exchange Membrane (PEM) 

fuel cells with a heterogeneous porous gas diffusion layer (GDL) consisting of carbon paper, we 

investigated whether - and to which degree - pulsating the pressure in a single waveform cathode 

channel affects the flow field in the channel and the performance of the fuel cell. In this 2-D 

study, the GDL was modeled by a stochastic arrangement of circular solid obstacles the 

macroscopic transport properties of which, such as permeability and tortuosity, were numerically 

simulated and found to compare favorably with experimental data. The focus of this paper is on 

the effects of varying amplitude and frequency of the pressure pulsations on cell performance. 

The results obtained show that a pulsating pressure enhances the convective species transport to 

the reaction sites and thereby increases cell performance. We found that in a waveform channel a 

pulsatile pressure with an amplitude as high as 0.7 times the pressure drop over the cathode 

channel improves the fuel cell performance by around 7%, while the effect of pulsation 

frequency on output power is marginally small only. 
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GDL, lattice Boltzmann method 

1. Introduction 

In a fuel cell, the chemical energy stored in fuels is directly converted into electricity power;  the 

efficiency of this process is relatively high, e.g. with respect to heat engines [1]. Due to its low 

operating temperature, very low emissions and – in principle - high power density, the Proton 

Exchange Membrane Fuel Cell (PEMFC) looks very attractive as a power source for future 

automotive and portable applications. The size of the fuel cell is a decisive issue for portable 

applications: the smaller the more attractive but also the more difficult to remedy certain 

drawbacks. 

Particularly in many of the smaller devices, and depending on the ambient operating conditions, 

the output power density of this type of fuel cell suffers from a low diffusion flux of oxygen (air) 

and from flooding by the water produced [6]. Imposing a forced convective flow with the help of 

a blower or compressor may cure the issue of mass transfer limitation. Several investigators tried 

to improve the performance of a PEMFC even further. Kuo and Chen [2-4] proposed a waveform 

cathode surface and claimed that this novelty improved the power density delivered by the fuel 

cell by almost 40 % [4]. Recent experimental data reported by Han et al. [5], however, did not 

confirm this claim. Han et al. [5] investigated the effect of a wavy channel wall in a PEMFC both 

numerically and experimentally, and found the fuel cell’s performance improved by just some 

5%. Their results further indicated that the optimum value for the Expansion Ratio (ER) is two, 

where ER is defined as the ratio of channel depth to the wave’s amplitude.  Another option to 

reduce serious power loss while keeping system size small is by means of a pulsating or 

oscillating air flow [7].  
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This paper investigates the combined effect of an oscillating air flow and a wavy cathode surface 

on the performance of a PEMFC. The geometry investigated is shown in Figure 1. 

Figure 1 

There are several studies about the effect of oscillations on mass transfer in straight and 

waveform channels. Nishimura and Kojima [8] experimentally studied the effects of pulsating 

flow on the mass-transfer in a symmetrical sinusoidal wavy-walled channel. They showed that 

the combination of flow separation and oscillation leads to a significant increase in mass transfer 

rates under laminar-flow conditions. In another study, Nishimura et al. [9] experimentally 

investigated the influence of an oscillation frequency on mass transfer in grooved channels at a 

high Schmidt number. They found that intermediate Strouhal numbers resulted in substantial 

transport enhancement in laminar flows.  

There are just a few reports, however, on applying oscillating air flow in fuel cells. Hwang et al. 

[7] experimentally studied the oxygen diffusion rate at the cathode of PEMFC in a pure 

oscillating flow (the mean flow rate being zero) and measured the effects of oscillation frequency 

f  and sweep distance (oscillation amplitude). The effect of the frequency was expressed in terms 

of the non-dimensional Womersley number α defined by 

2cH f      (1) 

in which Hc stands for the channel height and 
 
is the kinematic viscosity. According to Hwang 

et al. [7], the reaction rate of the oxygen increases linearly with sweep distance, while the non-

dimensional effective diffusivity varies linearly with α for α >>1. Recently, Ramiar et al. [10] 

numerically studied the effect of pulsation of the air flow at the cathode side of a PEMFC with 

an interdigitated flow field by using a transient 2-D isothermal two-phase multi-component 

transport model. They found that the pulsation amplitude increased the fuel cell performance 
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while the pulsation frequency didn’t have a significant effect. To the best of the authors’ 

knowledge, the effect of air pulsation in a waveform cathode channel in PEMFC has never been 

studied before. 

In all of these numerical studies, the porous medium of the cathode electrode, i.e. the gas 

diffusion layer (GDL), is considered homogeneous and isotropic with uniform morphological 

properties such as porosity, tortuosity and permeability. In reality, however, GDLs are 

inhomogeneous and anisotropic [11], since in general they are fabricated from carbon fiber based 

paper or cloth. The microscopic structure of a GDL may significantly influence the performance 

of a PEMFC. The real microstructure of the cathode electrode porous medium may be mimicked 

by means of pore-scale numerical tools among which the Lattice Boltzmann (LB) methods seem 

very attractive [12].  

In fact, LB has superior properties as to dealing with a domain with a complicated morphology, 

parallelization of the algorithm, and modeling multi-phase fluid flow with a dynamic interface in 

a porous medium [13]. Classical chemical engineering models fall short due to the use of 

empirical correlations incapable of distinguishing between the transport of the various species. 

Although several studies modelled specific phenomena in a fuel cell such as the water 

management [14-17], the structure of the GDL [18-20] and the reactive flow in a porous medium 

[21,22] by means of LBM, just a few studies adopted LB methods to investigate the flow in all 

different layers of a fuel cell and its effect on the cell performance [23,24]. 

In the present study, the Pseudo-Potential LB method originally proposed by Shan and Chen [25] 

has been used for simulating multicomponent and transport processes in a 2-D PEMFC. Rather 

than using an approach in which the mixture behavior is the starting point, we used the so-called 

‘active approach’ in which the coupled velocity and concentration fields of each individual 
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species are solved. In this approach, the mutual interactions of all components are much more 

accurately taken into account. Recently, this model was also used by Molaeimanesh et al. [26-

28] for simulating a PEMFC with interdigitated flow field. Another advantage of this approach is 

that the modified bounce back rule proposed by Kamali et al. [29] for the reaction surface can 

easily be incorporated.  

The purpose of the present study is to investigate the effect of a pulsating air pressure in a 

waveform cathode channel of PEMFC while considering a pore-scale model for the GDL and to 

explore the effects of both pulsation amplitude and pulsating frequency on the fuel cell 

performance.  The focus of this paper is on the cathode side as its lay-out seems to have the 

biggest impact on the performance of a fuel cell, the hydrogen conversion at the anode being less 

critical.  

2. Numerical approach: 

2.1. Single-phase Multicomponent LBM 

The general form of the lattice Boltzmann equation for a distribution function 
k

if  in the so-

called BGK approximation is [25]: 

,( , ) ( , ) [1 ] ( , )
i i

k eq k
i k i k kf x e t t t f x t f x t        (2) 

Here, the superscript k denotes the k
th

 chemical species and the subscript i  denotes the velocity 

direction of a single particle, 1/k k   where k  is the single relaxation time for each 

component that relates to the kinematic viscosity k  for each species and which is defined as: 



6 
 

2
3 0.5k k

t

x
 

 
  

 
 (3) 

The particle streaming velocity ( ie ) for the usual D2Q9 model is defined as: 

(0,0) 0

(cos[( 1) / 2],sin[( 1) / 2]) 1,2,3,4

2(cos[( 5) / 2 / 4],sin[( 5) / 2 / 4]) 5,6,7,8

 

   

 


    


     

i

i

e i i c i

i i c i

 (4) 

where txc  /  is the lattice speed set equal to unity. In eq. (2),
 ,

eq

i kf  denotes the local 

equilibrium distribution function is defined as [25]: 

2
2

, 2 4 2

. 1 ( . ) 1
1 0,...,8

2 2

i ieq

i k k i

S S S

e u e u u
f w i

c c c


   
     

  
 (5) 

where u  is the common velocity in lattice units, k  is the component density, iw  is the weight 

function, which has the values of 0w 4/9, iw =1/9 for i 1 to 4, and iw 1/36 for i 5 to 8and 

3ccS   
is the speed of sound. 

To implement the Pseudo-Potential model originally proposed by Shan and Chen [25] for the 

single-phase multicomponent flow comprising the three species, viz. oxygen, nitrogen and water 

vapor, the streaming and collision steps are solved individually for each species to find all 

distribution functions 
k

if . The component density and velocity are then defined as follows: 

k

k i

i

f    (6) 

k
ii

i
k

k

f e

u





 

(7) 

and total density and common velocity are obtained [25]: 
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total k

k

 
 

(8) 

k
ii k

k i

k k

k

f e

u



 
 


  

(9) 

Also, the mass fraction of each component is obtained by: 

k
k

total

Y



  (10) 

We assume that all species obey the ideal gas law. Therefore, the total concentration is obtained 

by: 

total

P
C

RT
  (11) 

 where P and T are operating pressure and temperature of the fuel cell. 

 For calculating the mole fraction of species, at first, we need to obtain the mixture molecular 

weight for each domain with mass fraction and molecular weight of species: 

 
1

k
Mix

k k

Y
M

M



 
  
 
  (12) 

Now, the mole fraction and the concentration of species k are calculated by: 

 k
k mix

k

Y
X M

M
  (13) 

k k totalC X C  (14) 

2.2 Boundary conditions 
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2.2.1 The reactive surface 

The cathode catalyst layer (CCL) is not explicitly modelled in our approach; rather, it is 

conceived as the boundary condition for the computational domain. At the surface of this CCL, 

we adopt the novel half-way bounce back  boundary condition for multi-component LBM on a 

no slip wall with surface reaction as recently proposed by Kamali et al. [29]. 

In this approach, it is needed to calculate the dimensionless surface reaction constant in the LB 

context from the real-world surface reaction constant sK  and the real-world diffusion coefficient

AD  as follows: 

6

1
2

s
LB

s

s

A

t
K

x
K

K x

D

 
 

 
 
 

 

 (15) 

After calculating 
LB

sK , it is easy to derive the halfway bounce-back boundary condition that 

simulates a surface reaction; for instance, in a PEMFC, oxygen reacts to water on the cathode 

surface of catalyst layer above of the GDL: 

 2 24 4 2O H e H O     

The real-world surface reaction constant sK  is related to the electrical current density I that is 

generated from the reaction according to 

2
4

s

O

I
K

F C
 (16) 

where F is Faraday’s constant and 
2OC is the oxygen concentration on the surface of the cathode. 

The current density I follows from the Butler-Volmer equation [30]: 
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2

2

0 (1 )
exp( ) exp( )

     
   

 

eff

c c a c
Oref

O

a I s F F
I C

C RT RT
 (17) 

where 0I  is a reference current density, 
2

ref

OC  is a reference oxygen concentration, c  
and a  

are cathode and anode mass transfer coefficients, c  is the activation loss, R is the universal gas 

constant and T is the operating temperature. In Eq. (17), 
effa is the roughness factor the value of 

which is chosen by fitting the model to experimental data [5]. The values of these parameters are 

all listed in Tables 1 and 2.  

Although single-phase modeling is the starting-point in this study, in real life the cathode 

reaction suffers from the formation of liquid water. The factor (1 )s  in Eq. (17) is a correction 

factor accounting for the reduced number of active reaction sites easily accessible for oxygen as 

a result of the formation of liquid water [31, 32]. Here, s denotes the liquid water saturation 

which can be calculated from: 

 
   1

w w

L sat

w w w

L g sat

Y Y
s
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 (18) 

where L and g  denote the densities of liquid water and air, respectively, while 
wY and  

w

satY  

represent the mass fractions of water vapor and saturated vapor, respectively; 
w

satY  is defined as: 

( )


w w v

sat

g

M P T
Y

R T
 (19) 

where ( )vP T is water vapor saturation pressure at the operating temperature. The unknown 

distribution functions for each species on the CCL are calculated as follows: 

for oxygen: 
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and for water: 
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(21) 

where kM denotes the molecular mass of species k and w  is the net water transport coefficient.  

As a result of the water production at the catalyst layer, water might travel from anode to cathode 

through the membrane. This water transfer may be due to three effects, viz., electro-osmotic drag 

(number of water molecules carried by each proton), back diffusion (due to the different water 

concentrations at anode and cathode) and water transfer by convection due to the pressure 

difference between anode and cathode. All three mechanisms are condensed into the mass 

transfer coefficient w  in the water vapor boundary condition which reflects the number of water 

molecules transported per proton. This coefficient has been used in previous numerical studies 

[33-34]. 

 

2.2.2 Inlet and Outlet Boundary Condition  
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First, the total density at the inlet is obtained by the ideal gas law from the (fluctuating) inlet 

pressure. The inlet mass fraction of each species multiplied with the total density then gives the 

(fluctuating) density of each species.  Finally, the inlet velocities for the different species are 

calculated by the Zou and He method [35]: 

3
  in

total

P
 

(22) 

 k k totalY
 

(23) 
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(24) 

The unknown distribution functions at the inlet are obtained from: 

1 3

2
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(25) 

 8 6 2 4

1 1

2 6

k k k k

k kf f f f u   
 

 

The same approach with constant ambient pressure is used for the outlet boundary condition. 

Because of the zero concentration gradient in the outlet of channel, the density of each 

component is calculated by using the mass fraction of species at the upstream nodes. The 

stability of this boundary condition, along with its independency of viscosity (or relaxation time), 

is the big advantage beyond the more common LBM open boundary condition such as the 

extrapolation method and the Neumann boundary condition.  

Since the Knudsen number for the gas in the channel and in the GDL is in the order of 
210

, the 

fluid may be regarded as a continuum. Thus, implementing no-slip boundary conditions with the 
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help of a bounce-back rule is justified on any solid wall in the GDL as well as on the wavy wall. 

Similarly, it is allowed to adopt the method proposed in [36-37] for dealing with velocity 

components at curved boundaries. 

2.3 Potential and current density: 

The performance of a PEMFC is usually expressed in terms of a polarization curve that relates the cell 

potential Vcell   to the current density I (in A/m
2
) and which can be calculated from [38]: 

  cell oc c ohmV E R I  (26) 

in which ocE  denotes the open circuit potential, ηc represents the activation loss, and ohmR stands 

for the total internal resistance of the PEMFC. The various losses will be explained briefly 

below. Note that both the current density and the activation loss, and therefore also Vcell , depend 

on the rate the oxygen reaches  the catalytic surface of the cathode. 

The total internal resistance ohmR  comprises the electronic resistance (which usually is very 

small), the ionic resistance, and the contact resistance at the interface between the bipolar plates 

and the gas diffusion layers. The ionic resistance on the membrane increases with increasing 

current density due to dry-out of the membrane on the anode side. In the present work, the 

internal resistance is approximated by means of an exponential function: 

  C I

ohmR A B e  (27) 

in which the constants A, B and C are parameters the values of which will be chosen by fitting 

the model to experimental data (see Section 4.1 and Figure 4).  

In Eq.(26), ocE is the open circuit potential defined by Mann et al.  [39]: 
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oc rev mixE E E   (28) 

where r evE denotes the reversible cell potential which depends on the cell temperature and the 

partial pressure of oxygen and hydrogen; it is defined by a modified version of the Nernst 

equation [39] as: 

2

2 2

4 5 5
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1.185 2.302 10 ( 298.15) 4.308 10 ln 2.154 10 ln  

   
           

  

H O ref
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H O

X P
E T T T
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(29) 

in which kX is the mole fraction of component k. 

In Eq. (28), mixE is the mixed potential between the electrodes which might be due to such 

effects as the crossover of fuel through the electrolyte from anode to cathode or vice versa, slow 

O2-reduction kinetics, Pt-oxide formation, and oxidation of impurities [40-41].  

 

2.4. Structure of the GDL 

2.4.1 The representation of the GDL 

Generally, GDLs in PEMFCs are porous media made of carbon fibers 7-10 m  in diameter, 

assembled in the form of papers or cloths [42]. These materials have a complex microstructure 

with a random distribution of fibers which does not allow for an exact representation of flow 

field and permeability. In this regard, some researchers experimentally and numerically 

investigated flow in porous media to determine the permeability of GDLs as a function of 

porosity. We opted for mimicking the GDL by means of a random arrangement of cylindrical 

obstructions 10 m  in diameter which may touch upon each other. This 3-D structure was then 
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simplified to a random 2-D structure of circles, which were approximated by means of octagons 

with mesh size much smaller than the octagon size (see Figure 2). Typical values for porosity, 

fiber diameter and thickness of a GDL were selected from a common type of GDL, viz.  the 

commercial brand TGP-H-120 the properties of which were reported by the manufacturer and by 

Gostick et al. [42].  

Figure 2 

To show the power of LBM for modeling the fluid flow in such a random structure mimicking a 

porous medium, we will compare our LBM results for permeability and tortuosity with previous 

empirical and analytical equations specified below. 

2.4.2 Permeability: 

The permeability and its relation with porosity are effective parameters in characterizing porous 

media. The permeability K (in m
2
) of a porous medium is numerically calculated from Darcy’s 

law [43]: 


 



u
K

P
 (30) 

where u  denotes the volume-averaged flow velocity,   is the dynamic viscosity of the fluid 

and P represents the pressure gradient. Eq. (30) is valid for incompressible steady single-phase 

low Reynolds number flows and constant fluid properties. The Reynolds number based on the 

fiber diameter is lower than 0.1 in the present study; therefore, the Darcy equation is applicable. 
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Gebart [44] performed a combined theoretical, numerical, and experimental study of the 

permeability of ordered arrays of fibers and presented the following permeability-porosity 

relation in the limit of closely packed fibers:  

2.5

2

1
1

1





 
  

 

c
G

K
C

R
 (31) 

where R denotes fiber radius,   is porosity, and c  is the critical porosity below which flow 

does not occur (i.e. percolation threshold). GC  is a proportionality constant, also known as the 

geometric factor, for which Gebart found 
16

9 2
GC


  while 1

4
c


    for a square arrangement. 

Gebart [44] showed that the above analytically determined permeability is in agreement with a 

finite difference solution of the NS equations for porosity values up to 0.65. 

Gostick et al. [42] report a relation due to Tomadakis and Sotirchos (TS) predicting the 

anisotropic permeability of 1-D, 2-D and 3-D random fiber beds which only requires fiber 

diameter and porosity as input parameters. The TS expression for the absolute permeability runs 

as: 

(2 )

22 2

( )

8 ( ) (1 ) (1 )





  

    




    

p

p p

K

R ln
 (32) 

where p  and  are fitting parameters which depend on the geometry of the fibrous structure. 

For a 2-D random alignment of fibers, which is analogous to the carbon fiber structure in a 

conventional carbon paper GDL, p  is set to 0.11 while  is set to 0.785. 
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Tamayol and Bahrami (TB) [45-46] used a scaling analysis to relate the permeability of a fibrous 

medium to its microstructure and geometrical parameters such as tortuosity, pore diameter and 

porosity. They successfully compared their model (TB) – see eq. (33) – with experimental data 

collected from various sources for a variety of materials:  

2

2 0.54
0.048(1 ) 1 1 0.72

4 2 (0.89 )

  


  

    
        

     

K

R
 (33) 

where   denotes the solids volume fraction, i.e., 1   . With a view to our current case of 

interest, their model is able to demonstrate the effects of the compression factor G compH H where 

HG and Hcomp denote the compressed and uncompressed GDL thicknesses, respectively, viz. by 

recalculating the solid volume fraction and porosity by means of  [19]:  

0  G
comp

comp

H

H
 (34) 

Finally, when polytetrafluoroethylene (PTFE) is added onto the carbon paper GDL, the pore 

volume may be randomly filled with PTFE. According to Hao and Cheng [19], the final porosity,

PTFE , can be expressed in terms of the PTFE content, , and the original porosity 0 : 

0
0

(1 )
0.9

(1 )

 
 




 


PTFE  (35) 

Eqs. (34-35) will be used to transform the porosity of a fresh GDL to the value under live 

conditions in a PEMFC to be used in the simulations.  

2.4.3 Tortuosity:  
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Another important feature of porous media is tortuosity which is defined as the ratio of the actual 

path length in the porous medium as covered by the fluid particles to the shortest distance in the 

direction of the flow: 

Actual

Shortest

=
L

L
 (36) 

The volume averaged tortuosity in the streamwise direction (i.e., the x-direction) can be 

calculated from [20]: 

2 2u v

u







 (37) 

Koponen et al. [47] studied 2-D random porous media by using lattice gas automata  (LGA) and 

arrived at the following correlation for tortuosity as a function of porosity: 

1
1

( )m

c

a



 


 


 (38) 

where a , m and c  are fitting parameters equal to 0.19, 0.65 and 0.33, respectively. 

2.5   A pulsating pressure 

In this paper, pressure at the inlet is pulsating according to: 

 

(1 sin (2 ))    in opP P P Amp ft  (39) 

in which Pop is the operating  pressure, P is the average pressure difference between inlet and 

outlet,  f  is the frequency of the pulsation, and Amp denotes a non-dimensional pulsation 

amplitude.  

A main element of this paper relates to the effect of a pulsating pressure on the performance of a 

PEMFC. The effect of the frequency of such pulsations is investigated in terms of the 
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Womersley number α – see Eq. (1) – varying between 0.5 and 2, while Amp is varied in the 

range between 0.1 and 0.7. The pressure difference between inlet and outlet in this equation is 

considered P 0.03 mbar for the waveform channel. 

In general, the pulsatile pressure at the inlet of the channel leads to fluctuations in the output 

averaged current density along the time. The time averaged current density is calculated 

according to: 

0
 


T

ave

time ave

I dt

I
T

 
(40) 

 

3. Details of the simulations 

The simulations are about 2-D single-phase multi-component isothermal flow in a PEMFC 

cathode channel including a porous GDL consisting of fibers 10 m  in average diameter. The 

simulations were carried out to validate the concept of a random 2-D structure of circles 

mimicking the fibrous GDL structure and to investigate the effects of a wavy channel wall and a 

pulsating pressure on the performance of PEMFCs. The geometries studied are shown in Figs. 1 

and 2. For the bottom of the channel, a sinusoidal wavy wall is considered with amplitude wH

and wave length L, where 2w cH H  and L = 4Hw to allow for comparison with results 

reported by Han et al. [5].  

The following assumptions are considered for the simulations:  

(1)  Ideal gas law is employed for gaseous species. 

(2)  The fluid flow in the fuel cell is laminar due to the low flow velocities and the small size of 

channel. 



19 
 

(3)  The fuel cell cooling is controlled by forced convection heat transfer and the temperature in 

the channel is assumed to be uniform and constant.  

(4) The reaction occurring in the catalyst layer is first-order, meaning that the local oxygen 

consumption rate is linearly proportional to its concentration.  

The computational domain comprises both the cathode channel and the GDL with different 

rectangular meshes for these two zones. A coarse mesh 4000 cx 100 cx is used for the open 

cathode domain, whereas a fine mesh 16000 fx 120 fx  is used for the porous GDL with 

10cx m  and 2.5fx m  , respectively.  To enable such a local mesh refinement in the 

LBM, the speed of sound and the kinematic viscosity should be equivalent on all sub-grids to 

guarantee physical consistency. According to Filippova and Hanel [48], the refinement factor 

/r c fm x x   = 4 requires / 4c ft t    where the subscripts c and f still relate to the coarse 

and the fine grid, respectively. Consequently, the relaxation parameters should also be rescaled 

such that the kinematic viscosity is the same on both grids: 

1 1
( )

2 2
f r cm     (41) 

For more details on mesh refinement in the LBM, the reader is referred to refs. [49-50]. 

To study the effects of the key parameters of pulsating flow, i.e., the amplitude and the 

frequency, on the performance of a PEMFC, a transient simulation is needed. Along with the fine 

lattice used for the GDL sub-domain (needed to accurately resolve the flow between solid 

obstacles), this would lead to excessive running times. To mitigate this issue, the channel length 

for the base validation is taken equal to 4 cm, while in the remainder of this study it was reduced 

by a factor of 2, to 2 cm.  
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The compression factor and the PTFE content for the carbon paper GDL of the commercial 

brand TGP-H-120 used for this study amount to 1.2 and 15%, respectively, where the original 

porosity equals to 0.79. By substituting these values into Eqs. (34) and (35), a final porosity of 

0.7 is obtained that was used in our simulations.  

Tables 1 and 2 present the numerical values of physical properties, operating conditions and 

geometrical parameters used throughout all our simulations.  

Table 1 

Table 2 

 

4.  Results and discussions 

4.1  The base case including our 2-D pore scale modeling 

First, in the absence of a chemical reaction, we investigated whether our pore scale modeling 

illustrated in Fig. 2 was capable of mimicking permeability and tortuosity of real-life porous 

media. Fig.3(a) shows a comparison between our LBM results and some empirical relations from 

literature for permeability and tortuosity in the porosity range 0.65 – 0.85 which is common for a 

GDL in a PEMFC. 

A close agreement is observed between our LBM results and the various permeability–porosity 

relationships. Also, the tortuosity calculated by Eq. (37) on the basis of our LBM data compares 

favorably with Koponen’s correlation in Fig.3(b). The maximum error of permeability between 

LBM result and TB model is under 3% and for tortuosity is near 2% .We conclude that our pore-

scale LBM is a powerful tool for simulating the porous GDL of a PEMFC. 

Figure 3 

Figure 4 
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In the next step, the cell performance of a regular PEMFC (with a single straight cathode 

channel) was evaluated. To this end, a series of LB simulations were carried out in which the 

activation loss was increased stepwise from 0.1 to 0.4 with the view of increasing the surface 

reaction constant – see Eqs. (16) and (17). Each of these simulations results in values for the 

oxygen concentration at the cathode surface and the water saturation s; by using these values, a 

series of potential and current density are calculated with the view of constructing the pertinent 

polarization curve. In this procedure, we need values for the parameters A, B and C in Eq. (28) 

for the ohmic resistance of the fuel cell. Figure 4 presents the various potential losses in the fuel 

cell as a function of the current density. The ohmic loss is described by means of an exponential 

function as expressed in Eq. (28). By using such a function rather than a fixed value, and by 

optimizing the values of A, B and C in Eq. (28) we obtained fuel cell potentials comparable with 

those reported by Han et al .[5], especially at high current densities. Fig. 5 then presents a 

comparison of our eventual results with the experimental data reported by Han et al. [5].  

It is noteworthy that our simulation can accurately predict the performance of the PEMFC even 

in the high current density, where the maximum error of 4% occurs in this area. The maximum 

power density occurs at a current density of about 1.2 A/cm
2
 where the activation loss amounts 

to 0.365 V and the total ohmic loss is about 0.215 V, the cell potential is around 0.44 V and, 

consequently, the maximum power density is almost 0.525 W/cm
2
. 

Figure 5 

Since the optimized parameters A, B and C are related to losses concentrated in the upper layers 

of the cathode GDL, such as the membrane and the anode catalyst layer, it is rather safe to use 
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these values in the remainder of this study that focuses on flow and transport phenomena in the 

cathode channel as a result of a waveform channel bottom and pulsatile pressures.  

4.2  A PEMFC with a waveform channel 

The idea behind a waveform channel is that the periodic expansions and contractions of the 

channel width assist the transport of species towards and from the cathode. Fig. 6 presents the 

axial velocity fields in both the straight and the wavy channel.  

Figure 6 

Figure 7 

In general, the velocity increases along the channel, because the reaction of oxygen with 

hydrogen on the catalytic cathode surface produces water (vapor plus liquid) that is transported 

into the cathode channel. As a result, the flux at the outlet of the cathode channel will be larger 

than the flux at the inlet. In the waveform channel, velocities are locally higher than in the 

straight channel because half of the channel’s cross-sectional area is occupied by wavy wall. 

Consequently, the maximum velocity in our waveform channel is roughly two times higher than 

in our straight channel.  

Fig. 7 shows the velocity field and the stream lines in the middle plane of the GDL in the straight 

channel as well as above the middle crest in the waveform channel at high power density. Our 

results show that the maximum velocities in the narrow regions between the circular obstacles 

are significantly higher in the wavy channel, especially near the interface of GDL and channel. 

Figure 8 



23 
 

Fig. 8 shows the effect of the waveform channel in comparison with the straight channel without 

pulsating flow: the maximum power density increases from 0.525 W/cm
2
 in the straight channel 

to 0.55 W/cm
2
 in the waveform channel at a cell potential of about 0.44 V. The wavy wall 

doesn’t have a significant effect, however, on the performance of a fuel cell at low current 

densities. The wavy channel is found to improve the maximum power density by just some 5% , 

in excellent agreement with experimental data reported by Han et al. [5].  

4.3  A PEMFC with a pulsating pressure 

Fig. 9 presents how the output current density reaches a steady pattern after a number of pressure 

pulsations and illustrates the effect of varying the Womersley number α  at a constant pulsation 

amplitude Amp =0.5 and at the maximum power density for a cell potential of about 0.44 V. The 

amplitude of the fluctuations in the output current density decreases for increasing α , a higher α 

means a higher frequency which leaves the oxygen insufficient time to penetrate in the GDL and 

to affect the reaction rate on the catalyst surface. As a result, at α = 2, the output current density 

fluctuates by just 0.2% between 12525 to 12555 A/m
2
. At lower α values, however, the output 

current densities oscillate significantly: at α = 0.5, the fluctuations in the output current density 

amount to some 6.5% between 12200 to 13000 A/m
2
.   

Figure 9 

For all the above cases in which only the effect of α was investigated, the time averaged current 

density increased by some 6% in comparison with the straight reference channel. This increase 

hardly depends on α¸ all averaged values (the dashed lines) approaching a similar value after 

some cycles. 
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The effect of the non-dimensional pulsation amplitude Amp at a fixed Womersley number α =1 is 

presented in Fig. 10. Increasing  the pulsation amplitude not only increases the fluctuations of the 

output current density, but also the time average current density (represented by the dashed 

lines): increasing Amp from 0.1 to 0.5 increases the time average current density from 12420 to 

12550 A/m
2
, i.e. by 1%. 

Figure 10 

Figure 11 

The above results suggest that the performance of fuel cells can be improved by applying higher 

frequencies and larger amplitudes for the pulsating flow. Fig. 11 then presents the effect of  

pulsation amplitude Amp in the range 0.5 – 0.7 on the polarization curve at α =2 where the latter 

value has been chosen to avoid too strong fluctuations in the output current density.  The results 

show the maximum power density is approximately 0.555 W/cm
2
 for Amp = 0.6 and 0.7 whereas 

this value is about 0.52 W/cm
2
 in the straight reference channel, while this higher value is 

obtained at a higher current density.  

The overall conclusion of the simulations is that the performance of a PEMFC can be improved 

by some 7% by using pulsatile flow in a waveform channel provided that higher values for the 

Womersley number α  and the pulsation amplitude Amp  are used. These findings deserve a more 

in-depth analysis and explanation in terms of velocity and concentration fields. 

Fig. 12 shows the contours of the axial velocity along the channel at different time steps within a 

pulsation period of duration T, for  = 2 and Amp = 0.7.  At  t = T⁄4, both pressure and axial 

velocity are maximum at the inlet, since for  < 3 pressure and velocity are in phase. This 

maximum propagates through the channel; at t = T/2,  it has arrived in the second half of the 
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channel, while at this moment the inlet pressure is 0.03 mbar higher than the outlet pressure and 

the velocity at the inlet is around 0.12 m/s. Finally, at time of t = 3T/4, the inlet pressure is 

minimum (just 0.009 mbar higher than at the outlet) leading to a dramatic reduction of the inlet 

velocity: it drops to below 0.04 m/s while at this moment the average outlet velocity is higher 

than some 0.2 m/s. This means there is a substantial active breathing effect. One may expect that 

the positive effect of pulsatile flow may mainly be due to increased species transport in the open 

channel, as the transport in the GDL may be affected to a much lesser extent due to the limited 

permeability. 

Figure 12 

Fig. 13 displays a number of concentration fields in the case of maximum power density for 

pulsatile pressure with  = 2 and Amp = 0.7 at T = T/2. Figure 13(a) shows how overall the 

oxygen mass fraction along the channel decreases along the channel. Thanks to the diffusion of 

oxygen into the GDL and the reaction on the catalyst surface, water vapor is produced, resulting 

in an increase of the water mass fraction along the channel: Fig. 13(b) shows how the water 

vapor mass fraction increases from 0.06 at the inlet (at an imposed relative humidity of 70%) to 

around 0.22 at the outlet of the channel. As can be inferred from Fig. 13(c), water saturation also 

increases along the channel because of its direct relation with the water vapor mass fraction as 

expressed by Eq. (18) in which the value of 
w

satY  calculated with the help of Eq. (19) amounts to 

0.076 for the operating condition pertinent to this simulation. 

Figure 13 

The production of water deserves some further comments. As soon as the water vapor mass 

fraction rises above the critical value
w

satY , liquid water may be produced. In our simulations, the 
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effect of liquid water on flooding the GDL is only considered in an empirical way by the effect 

of water saturation on the Butler-Volmer equation, see Eq. (17). A more sophisticated approach 

of the water production requires a multiphase model which is the topic of future research. In real 

life, the pulsating flow may help to remove the produced water from the GDL and enhance the 

performance of the fuel cell even further. 

 5.  Conclusions 

In this study on PEMFCs, the effect of a pulsating pressure on their performance was 

investigated for cells with a waveform cathode channel. This was done by carrying out 2-D 

Lattice Boltzmann simulations of single-phase multi-component flow of oxygen, nitrogen and 

water vapor through a cathode channel including a heterogeneous porous gas diffusion layer 

(GDL). The chemical reaction at the cathode was modelled by means of the half-way bounce-

back rule proposed by Kamali et al. [29]. The relevant result of each simulation is the oxygen 

concentration at the cathode surface and the water saturation s from which the current density is 

calculated with the help of the Butler-Volmer equation. By varying stepwise the activation loss, 

which affects the surface reaction constant and therefore oxygen concentration as well as water 

saturation, the so-called polarization curves are obtained which relate cell potential to current 

density. The heterogeneous GDL was mimicked by an overlapping random distribution of 

circular obstacles, while in the majority of the simulations the cathode channel had a wavy 

bottom. The effect of pressure pulsations was evaluated for different values of the Womersley 

number α (denoting the non-dimensional pulsation frequency) and the amplitude of the 

pulsations. A stoichiometric ratio of 1.5 was used throughout. The effect of the formation of 

liquid water was taken into account by means of a correction factor in the Butler-Volmer 

equation. 
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Our computational results first of all showed that our way of mimicking the porous GDL 

reproduces several (semi-)empirical correlations available in the literature for permeability and 

tortuosity. Secondly, our simulations were able to reproduce typical polarization curves such as 

those reported by Han et al. [5], thanks to the use of some fitting parameters for the cell’s 

internal resistance and roughness. Then, the effect of switching to a waveform cathode channel 

was investigated.  

The main conclusions of the paper relate to the effect of pulsating pressure in a waveform 

channel: the maximum power density improves by some 7% by applying a pulsating pressure at 

the inlet of a waveform channel at a Womersley number α of 2 and a non-dimensional pulsation 

amplitude Amp of 0.7. Our simulations demonstrate the effects of the waveform channel and the 

pressure pulsations on the flow and concentration fields in the GDL and in the channel. Their 

combined effects result in spatially and temporally varying velocities and concentrations which 

assist in increasing the oxygen transport toward the cathode surface. The effect of water 

production and flooding has been taken into account by means of an empirical correction 

coefficient and should be described better with the help of a more sophisticated version of the 

Pseudo-Potential Lattice Boltzmann model that allows for the formation of a liquid phase. 
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Table 1.  Physical parameters and operating conditions 

Parameter Symbol Value 

Operating temperature T  323 (K)   

Operating pressure P  1 (bar)  

Faraday’s constant F  96485       
-1(Cmol )  

Universal gas constant R
 

8.314 -1 -1(J mol K )
 

Water vapor dynamic viscosity  w  3 1.5 14.11 10 ( ) ( 120)
291.15

  
T

T -1 -1(kg m s )  

Oxygen dynamic  viscosity 
2

 O  3 1.5 18.46 10 ( ) ( 127)
292.15

  
T

T -1 -1(kg m s )  

Nitrogen dynamic  viscosity 
2

 N  3 1.5 17.33 10 ( ) ( 111)
300.55

  
T

T -1 -1(kg m s )  

Oxygen diffusivity 
2OD  5 1.5 1

2.2 10 ( ) ( )
293

T

P

 2 -1(m s ) [34]  

Reference current density  
0I  

21.3874 10 -2(A m ) [26]  

Reference oxygen concentration 
2

ref

OC  10.875            -3(molm ) [17]  

Cathode transfer coefficient  c  0.5 [26]  

Anode transfer coefficient  a  1 [26]      

Net water transport coefficient  w  0.3  

Roughness factor  effa
 

3000 

Fitting parameters A, B, C
 

2 -4 2 - 5 -1 20.16 (Ωm ), 4×10 (Ωm ), 5×10 (A m )
 

Mixed potential 
mixE

 
0.16 (V) [41]
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Table 2.  Geometry parameters 

Parameter Symbol Value 

Channel length 
cL  -22×10 (m)  

Channel height 
cH  -410×10 (m)  

GDL height 
GH  -43×10 (m)  

Amplitude of wave 
wH

 
-45×10 (m)

 
Wavelength  L  

-32×10 (m)  

GDL porosity    0.70  

Relative humidity at the inlet RH  70 (%) 

Stoichiometry ratio of oxygen   1.5  

Mass fraction of oxygen 
2OY  0.22  

Mass fraction of water vapor  
wY  0.055 

Mass fraction of nitrogen 
2NY  0.725 

 

 

 

 

 

 

 

 

 



 

 

 

(a) 

 

(b) 

 

 

 

 

Fig. 1. (a) Computational domain of a PEMFC wavy cathode channel; (b) the structure of the 

mesh on the specified zone at the interface of channel and GDL 
 

 

 

 

 

 

 

 

 

 

 

Figure



 

 

 

 
 

Fig. 2. Representation of the random arrangement of parallel fibers by means of a 2-D arrangement of 

circles with the cross-sectional areas of the fibers in black. Each circle is approximated by means of an 

octagon.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

  

(a) (b) 

 

Fig. 3. Comparison of our LBM results for (a) the non-dimensional permeability with Gebart’s 

analytical relation [44], the TS model [42] and the TB model [46]; for  (b) tortuosity with Koponen’s 

correlation [47]. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Fig. 4. Various losses of fuel cell potential in the validation case 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

Fig. 5. The comparison between the present modeling (solid line) with experiments (dots) by 

Han et al.[5].  
 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 (a) 
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Fig. 6. The axial velocity fields in the straight and waveform channels at the maximum current 

density  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

  
(a) (b) 

 

Fig. 7. Velocity contours and streamlines in the middle of a GDL in (a) a straight channel and in 

(b) a waveform channel at maximum current density 
 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 
 

Fig. 8. The potential and power density along current density in the straight and waveform 

channel  
 

 

 

 

 

 

 

 

 

 

 



 

 

 
 

 

Fig. 9. The effect of the Womersley number α on the output current density versus time, with 

Amp=0.5, compared with the reference channel.  
 

 

 

 

 

 

 

 

 

 

 



 

 

 

 
 

Fig. 10. The effect of pulsation amplitude on the average current density versus time for α =1.  
 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 
 

 

Fig. 11. The effect of larger values for Amp on potential and power density versus average 

current density at α =2. 
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Fig. 12. Contours of velocity for  =2 and Amp =0.7 at different moments of time in a pressure 

pulsation period: at  a) t = T/4, b) t = T/2, c) t = 3T/4. 
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Fig. 13. The contours of (a) oxygen, (b) water vapor mass fraction, and (c) water saturation in the 

maximum power density case with pulsatile pressure with at  = 2 and  Amp = 0.7 at time t = 

T/2. 

 


