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 The discontinuous S-shaped and the crescent ribs are introduced for a PEMFC flowing channel.

 Mass transfer, flow and energy performance of the PEMFC are described and evaluated.

 The enhancement of mass transport is much better than that of sinusoidal ribbed flow field.

 The proposed ribs improve the energy efficiency by up to 23.61% compared to a sinusoidal rib.
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Abstract  7 

Better mass transfer, temperature distribution, pressure drop and the output performance could 8 

be achieved by realizing better flow field in PEM fuel cells. In the paper, based on the concept of 9 

a sinusoidal rib, two kinds of discontinuous ribs: S-shaped rib and crescent rib, are proposed and 10 

introduced into flowing channels of a PEM fuel cell. Results show that the presented ribs induce 11 

better flow field, and the local convection effect becomes stronger due to the velocity field 12 

changes, and that a better distribution of O2 concentration benefits from the better flow pattern, 13 

resulting in an improvement of the electrochemical rate and an increase of the temperature. The 14 

pressure drop is effectively reduced and the electrochemical efficiency is improved by up to 15 

23.61% in the condition of high current density, compared to those of the baseline sinusoidal 16 

ribbed flow field. 17 
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Nomenclature 
θ angle 

 the effective conductivity solid phase(S/m) 

a active surface area(1/m) / water activity λ water content 

A area(m2) μ viscosity (Pa·s) 

C concentration(mol/m3) ρ density (kg/m3) 

Cr condensation rate constant(mm) σ resistance(1/m2)/conductivity (S/m) 

dr the ribs thickness(mm) σT standard deviation 

D diffusivity(m2/s) ϕ potential (V) 

E voltage(V) / potential(V) T uniformity index 

EW equivalent weight(kg/mol) 
Superscripts and Subscripts 

F Faraday's constant(96485 C/mol) 

H height(mm) a anode 

i exchange current density(A/m2)  ACT activation 

k thermal conductivity(W/m·K) c cell /contact / capillary / cathode 

K permeability(m2) cl catalyst layer 

L length (mm) CC current collector 

L0 wavelength(mm) CH channel 

Lr the spacing of ribs(mm) CON concentration 

m mass rate(kg/s) d dissolved water 

M molecular weight (kg/mol) eff effective 

n the number of electron EL electrical energy 

nd electro-osmotic drag coefficient gdl gas diffusion layer 

p pressure(Pa) l liquid water 

R universal gas constant(8.314 J/mol·K) loss potential loss 

s water saturation L limited 

T temperature(K) mass mass equation 

u velocity vector(m/s) mem membrane 

V voltages(V) M membrane 

W width(mm) OHM ohmic 

x mass fraction OCV open circuit voltage 

Greek symbols 
p proton 

pene hydrogen penetration 

α the inlet/outlet angle / concentration dependence r reversible 

γ transfer coefficient ref reference 

 universal diffusivity(m2/s) s solid 

ε porosity sat saturation 

ζ stoichiometric ratio w water saturation 

η overpotential(V) wv water vapor 

ηt electrochemical efficiency   
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1.  INTRODUCTION 1 

With the growth of the global population, existing fossil energy system cannot meet energy 2 

needs. As a large amount of fossil fuels are consumed, the level of CO2 production increases in the 3 

industrial process, which is the main cause of the greenhouse effect. Renewable energy plays a key 4 

role in the transformation of the crisis. Hydrogen, the most abundant element in nature, can be 5 

obtained from fossil fuels such as coal, oil and natural gas. The energy content of hydrogen energy 6 

is exceed double of conventional foil fuels regardless of lower or higher heating value [1]. 7 

Electrochemical energy technologies are far superior to all heat engines in terms of thermodynamic 8 

efficiency [2]. It is well known than proton exchange membrane fuel cell (PEMFC) is an efficient 9 

and clean electrochemical power source. Its advantages are as follows: i) the only product of the 10 

electrochemical reaction is water, and the waste gas contains neither the toxic substances such 11 

Nitrides and Sulfides produced by conventional fuels nor greenhouse gases such as CO2; ii) it is 12 

quieter and simpler than the internal combustion engine (ICE); iii) PEMFC operates at a lower 13 

temperature than other types of fuel cells, which providing the basic conditions for portable 14 

applications. 15 

In fact, PEMFC is not very efficient in actual use. Its internal charge separation and ion 16 

transfer are limited by components and operating processes [3]: The reactants must be supplied 17 

through the flow channel and the porous electrode; Electrons and protons must be transmitted 18 

through macroscopic conductive medium to involve electrochemical reaction; Part of the reaction is 19 

the interface reaction, which has to overcome the activation energy; The product of the reaction can 20 

be converted to liquid, which impedes reactants and products transport. The above impediments to 21 

transmission and reaction lead to a decrease in efficiency. 22 

In order to solve the problems faced by PEMFC, scholars have done a lot of research. A PEM 23 

fuel cell is generally composed of proton exchange membrane(PEM), catalyst(CL), gas diffusion 24 

layer(GDL) and current collector(CC) with flow field. Each of these parts great effects the 25 

efficiency of PEMFC. Huo et al. [4] investigated the water transfer behaviour on the catalyst layer 26 

and membrane based on cold start operating conditions. The transport characteristics of water and 27 

proton (H+) in a swelling Nafion membrane and electro-osmosis were studied based on volumetric 28 

flux and flow potential measurements [5]. Proton travel modes in membrane is studied based on 29 

molecular dynamics [6]. Darcy et al. [7] analyzed the effect of thickness of Nafion films on oxygen 30 

permeability and proton resistivity at different temperature and relative humidity. About porous 31 

electrode (i.e. CL and GDL), its functions include: (1) Reaction gases and products transfer; (2) Ion 32 

and charge transport; (3) Desorption of the reactant at the reaction interface. In the CL, the life of 33 

material is a crucial factor affecting the PEMFC. However, the conditions conducive to the rapid 34 

participation of reactants in the chemical reaction will also lead to the dissolution of catalyst Pt in 35 
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the reduction reaction of oxygen and to the instability of the catalyst layer. To understand and 36 

improve the oxygen reduction reactions, the approaches of nanostructure and wettability 37 

enhancement at electrochemical reaction interfaces of the catalyst layer were summarized by Qiao  38 

et al. [8]. Meanwhile, a novel catalyst, such as SiO2-Fe/N/C catalyst [9], was studied as an 39 

alternative to Pt. Different catalyst layer models have been studied to accurately predict cathode 40 

electrochemical reaction, among which agglomerate model [10, 11] has been most widely used and 41 

studied. To improve the transmission characteristics and pressure drop of the GDL, Hou et al. [12] 42 

considered the real GDL surface structure and proposed a 3D lattice Boltzmann model under the 43 

real GDL microstructure based on multi-component transmission. Polytetrafluoroethylene (PTFE) 44 

has an important effect on the hydrophobicity of diffusion layer. PTFE content and its effect on heat 45 

transfer performance have been studied and discussed [13]. In terms of numerical prediction, the 46 

thermal conductivity of the anisotropic GDL has been proved to improve the accuracy of 47 

mathematical modeling [14, 15]. 48 

For current collector, it plays a key role because the flow field ensures the distribution and 49 

transmission of the reactant gas. And the ribs on the CC determine the efficiency of conduction and 50 

heat transfer. According to the shaped and structure of ribs, the existing flow field structure can be 51 

divided into three types: continuous ribs flow field and discontinuous ribs flow field. (1) Common 52 

continuous ribs flow field: parallel, serpentine (single- and multi-channel), interdigitated [16], zig-53 

zag and sinuous [17], leaf and lung inspired interdigitated design [18], and so on. Zigzag flow field 54 

has lower pressure and better water management than serpentine and interdigitated [17]. Sinusoidal 55 

flow field are proposed to change the dead zone of retention at the corners of zigzag flow field [19, 56 

20]. It is found that the sinusoidal flow field significantly reduces the pressure drop, the higher 57 

velocity to drive water transfer, more uniform O2 distribution and better performance compared to 58 

the parallel flow field. (2) Discontinuous ribs flow field: mesh flow field, pin design [21], matrix 59 

flow field [22], honeycomb flow field [23], bionic design flow field [24], and so on. Wang et al. [21] 60 

and Atyabi et al. [22] found that conventional parallel flow field may led to insufficient gas supply 61 

when operating at high current densities, while serpentine flow field has large pressure drop. 62 

However, discontinuous ribs flow field can improve O2 supply area and reduce pressure drop. At 63 

the same time, pin design flow field [21] and honeycomb flow field [23] also showed the lower 64 

pressure drop and the better flood relief. In addition, there are some flow field that are based on the 65 

combination of these two types flow fields.  66 

Zigzag and sinusoidal have shown good heat transfer performance and low pressure drop 67 

characteristics in heat sink and printed circuit heat exchanger(PCHE). Wen et al. [25] studied the 68 

heat transfer and pressure drop characteristics of PCHE based on the sinusoidal and zigzag channel. 69 

The conclusion of PCHE's pressure drop characteristics is consistent with that of PEMFC. With the 70 
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requirement of miniaturization of electronic components, the S-shaped ribs obtained by 71 

discretization of sinusoidal ribs greatly improve the heat transfer performance and reduce the 72 

pressure drop. In heat sink, Nilpueng et al. [26] studied the discrete heat sink rib at a different phase 73 

angles and found that the discontinuous ribs had the best performance and pressure drop when the 74 

phase angle is equal to zero. S-shaped pressure drop was reduced by 1/7 compared with zigzag, 75 

while heat transfer performance [27]. In PCHE, the S-shaped structure can provide about 3.3 times 76 

less volume and lower pressure drop [28]. Alawadhi et al. [29] found that the S-shaped fin shape 77 

base on the cosine curve can eliminate the flow recirculation zones. 78 

From the above literature, it can be obtained that discontinuous structure base on zigzag and 79 

sinusoidal design show the better thermal performance and pressure drop characteristics. Therefore, 80 

we will propose two different discontinuous ribs flow fields based on existing zigzag and sinusoidal 81 

to investigate pressure drop, mass transport and electrochemical characteristics of PEMFC. In the 82 

process of numerical modeling, the anisotropic material properties of the porous electrode are 83 

considered. The research of these two discontinuous ribs flow fields provides a novel idea for the 84 

study of flow field topology. 85 

2.  PHYSICAL MODELS AND RIBS DISCREET PROCESS 86 

2.1 Continuous Ribs Discreet Process 87 

In the paper, Fig.1 illustrates the design idea of the structure based on the sine flow field. For 88 

Fig.1 (a), sinusoidal ribs can be discretized at the different phase angles (the red line and the green 89 

line in Fig.1 (a) are /2 apart in phase angles) to from different discrete structure. In the first 90 

discrete structure mode, the leading edge and trailing edge of each rib should be rounded to from a 91 

guide wing, because the guide wing can reduce pressure drop [27]. In the second discrete structure 92 

mode, the structure retains the sinusoidal curve of the inner edge while the outer edge is round. The 93 

sine curve based on the conventional zigzag design is shown is shown in Fig.1 (b). The bend angle, 94 

, is equal to 10° and the wavelength, L0, is equal to L/2 (half of the length of the straight channel). 95 

The detailed parameters of the two novel discontinuous ribs flow field (Case B-A and B-S are the 96 

bionic discontinuous S-shaped ribs flow field, and Case C-A and C-S are the crescent ribs flow field) 97 

are shown in Fig.1 (c) (aligned, i.e., the same sine curve), where the rib thickness, dr, is 1.0 mm and 98 

the spacing the ribs , Lr, is 2.0 mm. 99 
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Fig.1  The conceptualization and the discrete method based on sine channel. (a) two different 

discrete process; (b) the reference curves in model design; (c) novel structure under two different 

discrete process. 

 

Fig.2  The structure diagram of the computational domain. (a) the component of PEMFC's 

computational domain; (b) the sinus channels (Case A, continuous ribs), the discontinuous S-

shaped (Case B-A and B-S) and the crescent (Case C-A and C-S) ribs channel; (c) the global 

parameter of computational domain; (d) the global parameter of porous electrode and membrane. 
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2.2 Computational Domain  100 

As shown in Fig.2, the 3D multi-layer computational domain, consisting of anode current 101 

collector (ACC), cathode current collector (CCC), gas diffusion layer (GDL), catalyst layer (CL), 102 

channel and membrane, is established. It can be seen from Fig.1 that two discrete modes will 103 

produce different structure. Therefore, sinusoidal flow field will be used as the basic reference case 104 

˗˗ Case A, and two structures are discussed under the layout of aligned and staggered as shown in 105 

Fig.2 (b) (i.e., Case B-A, Case B-S, Case C-A and Case C-S). The inlet and outlet angle of the flow 106 

field is set at 120°. And the ratio, WCH : HCH, is equal to 1.0. The height of the entire computational 107 

domain (H) is equal to 3.47 mm (i.e., H=2HCC + 2Hgdl + 2Hcl + Hmem). Other model parameters and 108 

operating conditions are listed in Table 1. 109 

3.  DETAILS OF NUMERICAL SIMULATIONS   110 

3.1 Overview  111 

In this paper, the finite volume method (FVM) is used to investigate the output performance 112 

and flow characteristics of two novel discontinuous ribs flow fields under different layouts. The 113 

2016 version of SOLIDWORKS is adopted for the construction of geometric models. In the 114 

preprocessing, the grids are composed of hexahedral and tetrahedral meshes (structured and 115 

unstructured meshes), and are generated by ICEM. The governing equation and electrochemical 116 

dynamic process was solved by FLUENT version 15.0 based on the FVM. 117 

3.2 Assumptions 118 

PEMFC is a complex multi-physical system, including flow, energy, species transfer and 119 

transmission, electrochemistry and porous media. It is very difficult to solve the complex physical 120 

model. Therefore, the hypothesis is presented. 121 

1) The ideal gas equation of state is applied. 122 

2) The reactants are incompressible. 123 

3) Flow is solved based on steady state and laminar flow (Re<500). 124 

4) The heat conduction of porous materials satisfies isotropy (CL and membrane) and 125 

anisotropy (GDL). 126 

5) The electrochemical rate of the electrode is described using the Butler-Volmer equation and 127 

the contact resistance between the layers is ignored. 128 

3.3 Electrochemical Reaction Equation and Governing Equations 129 

3.3.1 Electrode electrochemical reaction [30]: 130 

When the PEM fuel cell starts to work, the fuel (H2) and the oxidant (O2 or air) enter the cell 131 

from inlet of CC at the anode and cathode respectively. The hydrogen diffuses through the porous 132 

media to the CL on the anode side. Hydrogen arrives involves in electrode chemical reaction at the 133 
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three-phase boundary (TPB) of the CL (i.e., the interface between gas, liquid and solid) as shown in 134 

Eq. (1). Hydrogen is desorbed in the presence of a catalyst to form protons (H+) and electrons (e-) 135 

(Oxidation Reaction). The protons pass through the hydrated proton exchange membrane and reach 136 

the CL on the cathode. And electrons travel through the anode conductor (ACL, AGDL and ACC), 137 

the external circuit connected with the load, and the cathode conductor to reach the CL at the 138 

cathode side. Similarly, oxygen diffuses to the CCL. Another electrode reaction will be performed 139 

based on oxygen, protons and electrons on the cathode TPB (Reduction Reaction), as shown in Eq. 140 

(2). The overall reaction of the PEMFC is similar to the combustion reaction, as shown in Eq. (3). 141 

 
2H 2H 2e    (1) 142 

 2 2

1
O 2H 2 H O

2
e     (2) 143 

 2 2 2

1
H O H O+

2
heat   (3) 144 

3.3.2 Conservation equations  145 

As a physical system coupled with multiphysics process, the conservation equations involved 146 

in mathematical model of PEMFC include: mass conservation, momentum conservation, energy 147 

conservation, species conservation and charge conservation. The general form of these conservation 148 

equations is shown below. 149 

 
 

   u S
t





    


Φ Φ

Φ
Φ Γ Φ  (4) 150 

where  is the density, Φ is the variable to be solved, t and u are the time and the velocity vector, 151 

respectively. ΦΓ is the universal diffusivity and SΦ  is the (universal) source term. It is worth noting 152 

that the four terms in Eq. (4), from left to right, are the unsteady term, the convection term, the 153 

diffusion term and the source term, respectively. 154 

If Φ= 1, Eq. (4) represents the equation of continuity [31]: 155 

   massu S
t





 


 (5) 156 

If Φ= u , Eq. (4) represents the momentum conservation equation [31]: 157 

 
 

    u

u
uu u S

t


 


      


 (6) 158 

the source term uS  is the momentum loss of the fluid in the porous electrode (i.e., CL and GDL). 159 

Darcy's law is applied to CL and GDL, and the expression of source term is as follows: 160 

 uS u
K


   (7) 161 

where  is dynamic viscosity of the fluid and K is the permeability of the porous layer. 162 
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If Φ= T, Eq. (4) represents the momentum conservation equation [31]: 163 

 
 

  eff

T

p

kT
uT T S

t c




 
        

 (8) 164 

where cp and keff  are the specific heat at constant pressure and effective thermal conductivity, 165 

respectively. TS  is the source term of energy conservation equation, i.e., the rate of heat production 166 

caused by the electrochemical reaction.  167 

 
2 2

0e s
T Leff eff

e s

i i dU
S j T h

k dT




   
       

  
 (9) 168 

The first term, 
2 2

e s

eff eff

e s

i i

k 

 
 

 
, is the heating generation due to the ohmic resistance; eff

s  and eff

ek  are 169 

the electron resistance and proton resistance, respectively. 0dU
j T

dT

 

 
 

 is the generate heat due to 170 

the electrochemical reaction at the CL; η is activation overpotential and edi
j

dy
 . And Lh  is the 171 

change in heat caused by a phase-transition. 172 

If Φ= Yi, Eq. (4) represents the species conservation equation [31]: 173 

 
 

   
i

i eff

i i i Y

Y
uY D Y S

t





      


 (10) 174 

where Yi and 
iYS  are the mass fraction and the species source term (the rate of consumption or 175 

production of reactant species at CL) of species i (i.e., H2, O2 and H2O). and eff

iD  is the effective 176 

diffusivity of the ith species. That is  177 

 1.5eff

i iD D  (11) 178 

 

1.5

1.5 2.5 0 0

0

(1 s)i i

p T
D D

p T


  
    

  
 (12) 179 

Di,  and s denote the mass diffusivity of species ith, the porous electrode and water saturation, 180 

respectively. And 0

iD  is the reference mass diffusivity of species ith based on the standard 181 

condition (p0, T0). 182 

If Φ=p or e (the potential of the proton or electron), Eq. (4) represents the charge 183 

conservation equation [31]: 184 

 
 

 

0

0

p

e

p p

e e

S

S





 

 

    


   

 (13) 185 
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It is note that the transient term can be ignored the electrochemical reaction time is very short 186 

compared with the fluid flow. 
p  and e  denote the effective conductivity of proton (PEM) and 187 

electron (solid phase), respectively. And S is the source term. The electrolyte phase's conductivity 188 

is modeled as Eq. (14) and is the function of water content  and temperature T. 189 

  
1 1

1268
3030.514 0.326 T

p e 
 

 
    (14) 190 

The source terms based on the conservation equations are summarized in Table 2. The 191 

modeling physical parameters and material characteristic parameters used in the mathematical 192 

modeling refer to Ref. [30,31] are listed in Table 3. 193 

3.3.3 Electrochemical modeling and electrochemical reaction rate 194 

The chemical reaction of PEMFC is similar to the combustion reaction of H2, that is, 195 

exothermic reaction. The change in chemical energy can be expressed in terms of the variation of 196 

Gibbs free energy (G), as shown below. 197 

 G H T S      (15) 198 

where H and S are the change in the enthalpy of electrochemical reaction and the variation of 199 

entropy. According to chemical thermodynamics, it can be known that: 200 

 rG nFE    (15) 201 

n, F and Er denote the number of electron moles exchange per mole of hydrogen, Faraday's constant 202 

and the reversible voltage (Er 1.23V). Usually, pressure change have an effect on the reversible 203 

voltage [32], the corrected voltage can be obtained: 204 

 2

2 2

H O

H O

ln
2

r

pG RT
E

nF F p p


    (16) 205 

In practice, PEMFC usually has an open circuit voltage (EOCV) of less than 1.0 V due to 206 

potential loss because of hydrogen penetration and internal current [33]. 207 

 ln
pene loss

OCV r

i iRT
E E

nF i

 
   

 
 (17) 208 

where i is the exchange current density. 209 

Different electrochemical reactions in the CL on the anode and cathode, which lead to the 210 

consumption and the release of electrons. In order to establish the relationship between current and 211 

potential, the kinetic equation of electron process (Butler-Volmer equation) was applied. 212 

    
a

a a c aF RT F RTref a
a a ref

a

C
i i a e e

C



    
  

 
 (18) 213 
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    
c

a c c cF RT F RTref c
c c ref

c

C
i i a e e

C



    
   

 
 (19) 214 

where refi and a are the reference exchange current density per active surface area and the reaction 215 

area of CL, respectively. C and refC denoted the local species concentration and the reference 216 

concentration.  and  is the transfer coefficient and concentration dependence. a and c are the 217 

driving forces for electron process and also the local surface over-potential (the activation loss) in 218 

anode and cathode. It is usually defined by the potential difference between the solid phase and the 219 

electrolyte. 220 

 
a e p     (23) 221 

 
c e p OCVE      (24) 222 

where p and e are the potential of solid phase and electrolyte phase, respectively. The EOCV term is 223 

the open-circuit voltage (OCV). 224 

3.3.4 I-V curve and efficiency 225 

The operating voltage for PEMFC is usually lower than the OCV due to the inevitable loss of 226 

ohmic polarization, activation energy and concentration polarization of the cell itself. 227 

 c OCV OHM ACT CONV E V V V     (25) 228 

here, VOHM , VACT and VCON are the ohmic voltages, the activation voltages and the concentration 229 

voltages, respectively. These three terms can be calculated from Eq. (13), Eqs. (18-19) and Eq. (26) 230 

[34]. 231 

 ln L
CON

L

iRT
V

nF i i

 
  

 
 (26) 232 

where, i and iL are the current density and the limiting current density, respectively. 233 

Efficiency is defined as the ratio of effective output energy to input energy. For PEMFC, the 234 

output energy is electrical energy and the input energy is consumed hydrogen. 235 

 

2H

cEL
t

VW

W H nF
  


 (27) 236 

for hydrogen, H = 286 kJ/mol at the higher heating value (HHV) and H = 241 kJ/mol at the 237 

lower heating value (LHV). LHV efficiency will be used in the paper, as shown below. 238 

 
1.254

c
t

V
   (28) 239 

3.3.5 Liquid water formation and transport equation  240 

PEMFC usually operates at the relatively low temperatures that will result in the conversion of 241 

water vapor to liquid water. Proton exchange membrane can be hydrated by liquid water, which 242 

provides a good foundation for protons (H+) transport. However, liquid water will prevent the gas 243 
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from reaching the TPB and thus reduce the reaction efficiency and PEMFC's performance. The 244 

prediction of liquid water can be established by the water saturation, s, to model the formation and 245 

transport [35]. 246 

 
  3

l c
l w

l

s dpKs
s S

t ds






  
   

  
 (29) 247 

where l and l are the density and viscosity coefficient of liquid saturation. And  is the porosity. 248 

pc, the capillary pressure of porous media, is the function of saturation. It can be defined by Eq. (32). 249 

Note that Sw is the source term of saturation.  250 

 
2

2

(1 )        

               

wv sat
r H O wv sat

w

wv sat
r H O wv sat

p p
s C M p p

RT
S

p p
sC M p p

RT


 

 
 



 (30) 251 

The source term is only used in the CL and GDL and applied to the phase change at the 252 

cathode side only. And Cr is the condensation rare constant is defined by Cr=100s-1. pwv and psat are 253 

the water vapor pressure and the saturation pressure respectively. The psat is modeled as, 254 
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here   and c  are the surface tension and the contact angle, respectively. K is the permeability. 257 

For the channel, Eq. (29) can be simplified for Eq. (23), that is: 258 
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where l and lv are the diffusion coefficient and the velocity of liquid water in channel. The term, lv , 260 

is equal to the gas velocity (i.e., the mist). 261 

3.3.6 Water transport in membrane [35]  262 

For the swelling membrane, water can percolate in proton exchange membrane due to 263 

migration (electro-osmotic drag) and diffusion (the gradient of concentration and pressure). In PEM, 264 

the water molecules tend to agglomerate locally under the action of hydrogen bonds to form water 265 

molecular clusters. Therefore, water is usually assumed to be "the dissolved phase". Eq. (34) 266 

describes the water transport in the membrane. 267 
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where Cd is the dissolved water concentration. d is the diffusivity of water content. nd is the 269 

electro-osmotic drag coefficient. And 
pi  is the membrane phase current density (i.e., 

p p pi    ). 270 

Sd is the water generation rate at the cathode TPB due to the electrochemical reaction (i.e., the 271 

volumetric source term 
2H OS ). 272 
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where, w and EW are the dry membrane density and the equivalent weight of the membrane 276 

respectively. And f() can be computed form Eq. (38): 277 
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 (38) 278 

The water content, , is the number of water molecules per sulfonic group. It can be obtained 279 

by: 280 
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here a stand for the water activity that is calculated by the vapor molar fraction and the local 282 

pressure, 283 
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3.4 Boundary Conditions and Solution Method 285 

For the inlet and outlet, Dirichlet and Neumann boundary condition [36] are applied 286 

respectively. The mass rate, temperature and species mass fraction are specified and the water 287 

saturation is zero at the inlet. The mass rate of anode and cathode is defined by Eq. (41) and (42), 288 

respectively. The stoichiometric ratio, , are given in Table 1. For the outlet, the pressure boundary 289 

condition is used.  290 
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At the other external boundary (terminal of PEMFC), temperature and potential are specified. 293 

The electron potential, e =0 and e =Vcell , are applied by the terminal of anode and cathode, 294 

respectively. And Neumann boundary condition is used to the potential field boundary and zero flux 295 

boundary inside the PEMFC. 296 

The SIMPLE algorithm is adopted to the governing equation, and F-Cycle is selected for all 297 

equation. The pressure term choose the standard format and the other term can adopt to the first-298 

order upwind schemes at the before stable convergence. The second-order upwind schemes will 299 

apply to improve the calculation accuracy. 300 

3.5 Grid Independence  301 

In order to improve the efficiency of calculation and ensure the accuracy of simulation result, 302 

the sinusoidal flow field (Case A) is selected as the baseline to do the grid independence under the 303 

different grid systems. In the paper, the mesh pattern of tetrahedral and hexahedral meshes (i.e. 304 

unstructured and structured meshes) are adopted. Hexahedral meshes were used in CL and 305 

membrane and the tetrahedral meshes were applied in other parts. The global grid of computational 306 

domain and the grid near the flow channel are shown in Fig. 3. The three grid systems are: 2.41M, 307 

3.43M and 5.03M, respectively. The mass fraction of oxygen at the intersection line between Y2 308 

and interface of CL and GDL is used as the variable, as shown in Fig. 4. The grid system of 5.03M 309 

are the baseline. The errors of the first two grid systems are 1.31% (2.41M) and 0.48% (3.43M), 310 

respectively. Therefore, the grid system of about 3.34M was selected to finish the other analysis and 311 

calculation considering the calculation accuracy and the workload comprehensively. 312 

 

(a) (b) 

Fig.3  The mixed grid based on unstructured and structured mesh (take Case B-S as an example).  

(a) the 3D global grid diagram; (b) the local grid near the channel. 

3.6 Model Validation 313 
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In order to verify the correctness of the numerical calculation, the simulation results were 314 

compared with the known experimental results of Wang et al. [37] based on the same operating 315 

conditions (T=353.15 K, p=3.0 atm), as shown in Fig. 5. In the numerical models verification, the 316 

same model as the experiment is used ˗˗ the current collector with a serpentine flow field. The 317 

simulation results are in good agreement with the experimental results. 318 

4.  RESULTS AND DISCUSSION  319 

4.1 The output performance of PEMFC 320 

The polarization curve can directly reflect the PEMFC's performance and is widely applied. 321 

The PEMFC's performance curves of several different structure in the paper are shown in Fig. 6. 322 
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Fig.4  The mass fraction of O2 for the intersection of Y2 and the interface membrane and catalyst on 

cathode based on the different grid systems at 0.3V (the intersection line: z=0.0 mm). 
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Fig. 6 (a) shows the relationship between operating voltage and the PEMFC's current density, and 323 

Fig. 6 (b) shows the variation of the power density during the working progress. It can be found that 324 

the performance of the two proposed novel flow fields is better than the sinusoidal flow field (Case 325 

A). Generally, the power density first gradually increases and then decreases and the maximum 326 

power density is around 0.9 W/cm2. In the higher current density area, the power density of two 327 

novel structure from high to low is Case B-S, Case C-A, Case B-A, Case C-S and Case A, 328 

respectively. However, the performance of PEMFC is similar in the low current density area. 329 

Higher power density means smaller size of PEMFC, which is important for PEMFC 330 

miniaturization. The performance improvement of Case B-S, Case C-A and Case B-A are obviously 331 

greater than Case C-S. Flow, mass transfer and temperature will be further discussed based on 0.4V 332 

in the following. 333 
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(a) (b) 

Fig.6  The polarization curve and power curve of the different cases. (a) PEMFC's operating 

voltage; (b) the relationship between the power density and current density. 

4.2 The flow characteristics in flow field 334 

There are three methods of mass transfer in PEM fuel cell: electromigration, convection and 335 

diffusion. The flow state of reactants and products in the flow field obviously effects the species 336 

transfer process, which leads to the change of electrochemical reaction rate of PEM fuel cell. The 337 

streamline of the flow field and the velocity of y-direction at the cathode side are shown in Fig. 7. It 338 

can be seen from Fig. 7 that the flow pattern of the discontinuous S-shaped ribs flow field (Case B-339 

A and Case B-S) and the crescent ribs flow field (Case C-A and Case C-S) is different compared to 340 

the sinusoidal flow field (Case A). Case B-A and Case B-S are greater than other cases for the flow 341 

velocity along the y direction. Besides, the leading edge and trailing edge of two novel structure can 342 

guide the fluid flow, which improve the flow state as can be seen from the streamline in Fig. 7.  343 

As the sinusoidal flow field is discrete at different phase angle, the flow state of the fluid in the 344 

novel discontinuous ribs flow field can be changed, which leads to the change of pressure drop and 345 

velocity, and the mass transfer state will be affected. For adjacent discontinuous ribs, the fluid 346 
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velocity decreases near the trailing edge in front due to the divergent structure and then increases at 347 

the leading edge due to the convergent structure, which facilitates the water transport. For Case B-A 348 

and Case B-S, the discrete position appears at the limit point where the flow direction turns. But the 349 

discrete position for Case C-A and Case C-S come into being along the path of fluid. Compared 350 

with zigzag flow channel, the improvement of sinusoidal flow field performance lies in the change 351 

of the stagnation zone at the turning point of flow in the zigzag flow channel. However, the 352 

sinusoidal flow field is likely to appear a low-speed retention area on the inside of the turning point 353 

of flow direction, which can generate water retention. Case B-A and Case B-S can weaken the 354 

effect but water retention can appear in the same place. On the contrary, the discrete position of 355 

Case C-A and Case C-S are applied to the stagnation zone, which will increase the velocity of 356 

position  and improve the flow field. Therefore, the velocity distribution along y-direction of Case 357 

B-A and Case B-S is superior to Case C-A and Case C-S. 358 

 

Fig.7  The streamline and velocity in the y-direction on the middle surface of the flow field on 

cathode at the 0.4V 

4.3 Temperature uniformity and local temperature distribution 359 

As an important factor affecting PEMFC's performance, the proton transport and 360 

electrochemical rate depend on it on the on hand, and the durability and the thermal stress of 361 
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materials on the other hand. In order to evaluate the uniformity of temperature distribution for the 362 

membrane, the temperature standard deviation, T, and uniformity index, T, on the neutral plane 363 

along z-direction of the membrane were used. T and  T are defined as follows. 364 
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where Ti is the temperature at each of the N selected points. And T  is the arithmetic mean of the N 366 

selected points, 
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where Ai is the facet area in the neutral plane. And 
AT  is the weighted average of the area, as shown 369 

below.  370 
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The average temperature and temperature uniformity of the neutral plane of the membrane are 372 

shown in Fig. 8. It can be seen that the mean temperature of novel structure is greater than the 373 

sinusoidal flow field (Case B-A, Case B-S, Case C-A and Case C-S larger than Case A). And it is 374 

worth noting that Case B-S has the largest increment. More heat is generated as a result of an 375 

increase in the rate of chemical reaction. From a statistical point of view, the standard deviation 376 

illustrate the degree to which each sample point deviates from the mean. The deviation of the novel 377 

structure based on T  is larger than the sinusoidal flow field (Case A), which indicates that the 378 

deviation degree of the mean temperature is higher. The temperature uniformity index, T, from 379 
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Fig.8  The characterization of mean temperature and temperature uniformity on the mid plane of 

membrane at 0.4V 
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high to low is: Case A > Case B-A > Case B-S > Case C-A > Case C-S. This mean that the 380 

uniformity of temperature distribution decreases gradually. The decreasing amplitude of T is in 381 

turn: 0.175% (Case B-A), 0.187% (Case B-S), 0.188% (Case C-A), 0.204% (Case C-S), 382 

respectively. Although the temperature uniformity index, T, of the novel structure is smaller than 383 

of Case A, its decline is very small (the maximum value is 0.204%). Therefore, the distribution of 384 

the global temperature is acceptable.  385 

 

Fig.9  The temperature distribution of CL and membrane on Y1 and Y2 along the flow direction at 

0.4V. (a) the temperature distribution on Y1; (b) the temperature distribution on Y2. 

The local temperature distribution of the two discrete position (Plane Y1 and Y2) is shown in 386 

Fig.9. The temperature distribution of the novel structure is generally higher than that of Case A. 387 

Higher temperature regions occur at the cathode due to electrochemical process. And the 388 

temperature below the channels is higher than below the ribs. For Y1 (as shown in Fig. 9 (a)), the 389 

temperature distribution of the novel structure is different from that of Case A. The higher 390 

temperature region of Case C-A and Case C-S is greater than that of other cases, because the 391 

position is the discrete position of the two. The flow field, oxygen distribution and electrochemical 392 

rate were changed after the discrete. The temperature distribution is similar to Case A for the Case 393 

B-A and Case B-S, but the higher temperature region is slightly increased, especially Case B-S. For 394 

Y2 (as shown in Fig. 9 (b)), the distribution of higher temperature region is different to compared to 395 



 

21 

Y1. The higher temperature regions of Case B-A and Case B-S are greater than Case C-A and Case 396 

C-S, But the temperature distribution of Case C-A and Case C-S is similar to Case A. And the 397 

higher temperature region of Case C-S is smaller than Case A. 398 

4.4 Oxygen distribution 399 

The oxygen mass fraction distribution at the interface between the CL and GDL on cathode is 400 

shown in Fig. 10. The oxygen content decreases along the flow direction and the oxygen-rich 401 

regions are mainly in the middle and upstream. The oxygen concentration below the channels is 402 

higher than below the ribs, which is consistent with the temperature distribution because more 403 

oxygen is involved in the electrochemical reaction so that more heat being generated. Generally, the 404 

mass fraction of O2 of Case A decreases gradually along the flow direction, while the novel 405 

structure has a local increase of oxygen in the discrete position. It can be seen from Fig. 9 that the 406 

higher temperature region of discrete position promotes the mass transfer, and the increase of O2 407 

can increase the temperature. Besides, the converged structure of the leading edge can increase the 408 

speed of the fluid itself, which can allow more oxygen to travel over longer distances in channel. 409 

Meanwhile, the oxygen distribution region in the middle and upstream of Case B-A and Case B-S is 410 

slightly larger than that of Case C-A and Case C-S. 411 

 

Fig.10  The mass fraction of O2 at the interface between gas diffusion layer and catalyst layer 

on cathode at 0.4V. 
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Fig.11  The diffusion coefficient of saturation water at the interface between gas diffusion 

layer and catalyst layer on cathode at 0.4V 

4.5 Distribution and transfer properties of products 412 

The diffusion coefficient of saturation water is shown in Fig. 11. The coefficient increases first 413 

along the flow channel and then decreases gradually for Case A. For the other novel structure, the 414 

overall trend also decreases along the flow direction. However, the local minimum values appear in 415 

the discrete position, which is obvious in Fig. 11. In PEMFC, there are three models of mass 416 

transfer: Electromigration under the action of an electric field at the electrolyte; The convective 417 

effect caused by the relative flow of solution; Diffusion by spontaneous movement of components 418 

under a concentration gradient. The mass transfer in PEMFC is not any one of the three modes. In 419 

order to maintain the dynamic balance in the whole transport process, the convection and diffusion 420 

must be adjusted each other. For the diffusion coefficient of saturation water, the change of velocity 421 

field will affect the distribution. It can be seen from Fig. 7 that the distribution of flow field and the 422 

change of velocity at the discrete points, which can promote the convective effect and diffusion 423 

transfer due to concentration gradient will be changed in Case A. In other word, the diffusion 424 

coefficient of saturation water of other cases decreases compared to Case A, especially at the 425 

discrete position. The flow field velocity of the novel structure is significantly improved compared 426 
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with Case A, which will facilitate the timely transfer of the generated water based on the greater 427 

flow field. 428 

4.6 The pressure drop and electrochemical efficiency 429 

Fig. 12 illustrates the pressure drop and electrochemical efficiency. It can be seen from the 430 

pressure drop of five cases that the pressure drop of the novel structure is less than the sinusoidal 431 

flow field (Case A). At the same time, the staggered flow field (Case B-S and Case C-S) has lower 432 

pressure drop. The pressure drop from high to low is: Case A > Case B-A > Case C-A > Case B-S > 433 

Case C-S. The lower pressure drop can indicate that the less energy is consumed to overcome the 434 

energy loss due to the pressure drop. For the electrochemical efficiency, the efficiency improvement 435 

are: 21.07% (Case B-A), 23.61% (Case B-S), 22.15% (Case C-A) and 6.97% (Case C-S) compared 436 

with Case A. The electrochemical efficiency improvement of the novel structure is most obvious in 437 

Case B-S, which means that the chemical energy utilization rate of fuel is higher. 438 
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Fig.12  The pressure drop and electrochemical efficiency of the PEMFC. 

5.  SUMMARY AND CONCLUSIONS 439 

In the paper, the performance of PEMFC with a novel flow field structure based on the 440 

discontinuous S-shaped and crescent ribs are investigated and discussed. The flow, mass transfer, 441 

temperature and pressure drop are analyzed. According to the above discussed, these two novel 442 

flow field have better performance compared with sinusoidal flow field (Case A). Meanwhile, some 443 

valuable conclusions are drawn as follows. 444 
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1) The output performance of the discontinuous S-shaped and crescent ribs flow fields are better 445 

than sinusoidal. The performance of PEMFC is different from the flow pattern in discrete 446 

location. The electrochemical efficiency of PEM fuel cell will be improved based on two 447 

novel flow fields, among which the discontinuous S-shaped ribs flow field (Case B-S) has the 448 

best performance and the efficiency can be improved by 23.61% in the case of stagger in high 449 

current density 450 

2) Two novel structures can improve the flow pattern of sinusoidal flow field, especially at flow 451 

turning points. Lower-speed zones at flow turning points are avoided (i.e. the velocity is 452 

improved) and are conducive to the transport of mass, especially water. The improvement of 453 

flow field is most obvious in Case B-A and Case B-S. 454 

3) At the interface between CL and GDL on cathode, the oxygen-rich area on the same 455 

activation area increases at the discrete position, which leading to the accelerated 456 

electrochemical rate and the production of more heat. And the diffusion coefficient of water 457 

saturation will decrease under the local convection effect in the discrete region. 458 

4) The local temperature of the novel floe field was higher than of the sinusoidal flow field at 459 

different discrete positions because more oxygen enrichment led to the increase in 460 

electrochemical rate. And the mean temperature of the membrane as a whole increases. 461 

Although the temperature uniformity of the novel flow field is worse than that of the 462 

sinusoidal flow field (Case A), the uniformity index fluctuates between 0.9930 – 0.9955. 463 

5) The pressure drop of the novel flow fields is lower than that of the sinusoidal flow field (Case 464 

A), which indicates that the two novel flow field have less energy consumption. It is worth 465 

noting that the stagger structure has a lower pressure drop for the two novel flow field. 466 
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Table 1  Computational domain design parameters and working condition 

Parameters Parameters explanation Value Unit 

W The width of computational domain 12 mm 

H The total height of computational domain 3.47 mm 

L The length of the channel 50 mm 

HCC The height of current collector  1.5 mm 

HCH The height of inlet/outlet 1.0 mm 

Hgdl The thickness of gas diffusion layer 0.2 mm 

Hcl The thickness of catalyst layer 0.01 mm 

Hmem The thickness of membrane 0.05 mm 

WCH The width of inlet/outlet 1.0 mm 

 The inlet and outlet angle 120° ˗ 

 The bend angle 10° ˗ 

p The cell operating pressure 3.0 atm 

T The cell operating pressure 353.15 K 

RHa /RHc Relative humidification in anode/cathode 100%/100% ˗ 

ζa /ζc Stoichiometry ratio in anode/cathode 1.0/1.0 ˗ 
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Table 2  The source term of conservation equations 

Source term Explanation Expression Zone 

massS  The source term of the mass conservation 
2 2 2mass H O H OS S S S    Anode: CL and GDL 

Cathode: CL and GDL 

uS  The source term of the momentum conservation uS u
K


   

Anode: CL and GDL 

Cathode: CL and GDL 

TS  The source term of the energy conservation 

2 2

0e s
T Leff eff

e s

i i dU
S j T h

k dT




   
       

  
 

Membrane: 

Anode: CL and GDL 

Cathode: CL and GDL 

2HS  The species source term of H2 2

2 2

H

H a

M
S i

F
   Anode: CL 

2OS  The species source term of O2 2

2 4

O

O c

M
S i

F
   Cathode: CL 

2H OS  The species source term of H2O 2

2 2

H O

O c

M
S i

F
  

Anode: CL 

Cathode: CL 

p
S  The proton conservation equation 

p aS i    or 
p cS i    

Anode: CL (
p aS i   ) 

Cathode: CL (
p cS i   ) 

e
S  The electron conservation equation 

e aS i    or 
e cS i    

Anode: CL (
e aS i   ) 

Cathode: CL (
e cS i   ) 
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Table 3  The physical parameters and material characteristic parameters 

Item Explanation Value Unit 

EOCV Open circuit voltage 0.95 V 

ref

aC / ref

cC  Ref. concentration in anode/cathode 546.5/3.39 mol/m3 

ref

ai a / ref

ci a  Ref. exchange current density in anode/cathode 1.0109/2.5103 A/m3 

EW Equivalent weight of membrane 1.1 kg/mol 

c Contact angle 120° ˗ 

0

iD  Ref. diffusivity of H2/O2/H2O 9.1510-5/2.210-5/2.5610-5 m2/s 

 Density of membrane/CL/GDL 1980/2719/2719 kg/m3 

 Porosity of CL and GDL 0.5 ˗ 

cp Specific heat of membrane/CL/GDL/CC 2000/871/871/871 J/kg·K 

keff Thermal conductivity of membrane/CL/CC 0.25/0.3/100 W/kg·K 

kgdl,x / kgdl,z Thermal conductivity of GDL 1.7/21 W/kg·K 

e Electrical conductivity of CL/GDL/CC 2000/5000/20000 1/ohm·m 

 




