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ABSTRACT 
 
This study focus on two-dimensional, non-isothermal, two phases and steady state model to explore the effects of 
temperature gradient on liquid water accumulation in porous electrode of cathode at proton exchange membrane fuel cell 
and consequently its effect on output power. For this goal, a homemade FORTRAN code is developed to simulate transport 
phenomena in PEM fuel cell. Strongly coupled transport equation is discretized using power law scheme and solved by 
Stone's method. A comparison between isothermal and non- isothermal fuel cell models are made. Results reveal that the 
maximum liquid saturation is higher for the isothermal model than non-isothermal model and thermal gradient distribution 
in cell affects the saturation amount and its location at cathode section and cause saturation level decrease and shift to 
channel downstream. Therefore porous medium paths that blocked by saturation, opens for oxygen diffusion through gas 
diffusion layer and voltage lost due to mass diffusion problem decrease and hence PEM fuel cell output power increase 
.this study reveals that non-isothermal model give precise and real information of PEM fuel cell's transport phenomena. 
The results are in good agreement with available experimental data. 
KEYWORDS: PEM fuel cell, temperature gradient, saturation, polarization curve, output power. 
 

1. INTRODUCTION 
 

      PEM fuel cells are expected to be future’s power generation device, there are still some technological 
limitations that are restricting these energy converter devices from becoming a commercial success. Performance of 
Fuel cell is evaluated by the relation between the cell potential and current density [1]. During fuel cell operation, water 
is produced in the cathode catalyst layer in the form of liquid, resulting in gas–liquid flow in the porous media and the 
channels [2, 3]. On the other hand, due to the low operating temperature of PEM fuel cells (30–100 ◦C), it may be the 
partial pressure of water vapor exceeds to the value of saturation pressure, condensation occurs [1, 4,  5]. If formed 
Liquid excessive water is not removed from the cathode, it may cause flooding of the cell resulting in a lower air flow 
rate on the cathode side, increasing the voltage loss due to mass transport limitation, leading to cell degradation 
[1].Therefore, water management, has been a critical challenge for a high-performance fuel cell design and 
optimization. A number of different computational approaches for PEM fuel cells have been carried out in recent years 
considering two-phase or single-phase water transport with or without heat transfer at proton exchange membrane 
regions [2-10]. Several studies [9, 11, 12] have attempted to predict the temperature distribution for single-phase 
condition. Two-phase transport in PEM fuel cells has also been studied by several researchers [13, 14]. However, the 
focus of these studies was primarily on the isothermal investigation of the transport phenomena. The two-phase non-
isothermal model, gives a proper simultaneous description of water and thermal management with phase change. The 
model presented by [15, 5] illustrates the behaviors of the two-phase flow and heat transfer in a porous electrode. Wang 
et al. [16] first studied two-phase flow and  liquid water transport on the cathode side of a PEM fuel cell based on the 
multiphase mixture model (M2 model) originally developed by Wang and Cheng.  

      The above literature review obviously indicates that water and thermal management are critical issues in 
investigations of PEM fuel cells. However, discussions concerning the effect of the saturation location on the cell 
performance and transport process are rarely seen. Therefore, in the present study, a two-dimensional, two-phase, non-
isothermal, and steady state model together with coupled electrochemical relations is developed and the effects of 
temperature gradient distribution on water saturation are investigated. The model couples the flows, energy, species, 
electrical potential, and current density distributions in the cathode and anode fluid channels, gas diffusers, catalyst 
layers and membrane. 
 

2. MATHEMATICAL MODELIG 
 

             The model domain comprises of the following sub regions: the gas channels, gas diffusion layers (GDLs), 
catalyst layers, with the membrane in the middle. Fuel and oxidant flow through channels and are distributed into anode 
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and cathode, Fig.1.The fuel and oxidant flow rates can be described by a stoichiometric flow ratio, defined as the 
amount of reactant discharge to channel to the amount consumed by the electrochemical reaction. That is: 

௔ߦ = ுଶ,௜௡ܷ௔,௜௡ݔ
ܨ2
௥௘௙ܫ

௔,௜௡ܣ

ܣ 																																																																																																																																																			(1) 

௖ߦ = ைଶ,௜௡ݔ ஼ܷ,௜௡
ܨ4
௥௘௙ܫ

஼,௜௡ܣ

ܣ 																																																																																																																																																				(2) 

 

 
Fig.1: schematic of fuel cell layers and 2-D computational domain 

 
     The governing equations used in the present, two-phase model are given in this section. A unified form of the 
governing equations is used to model the component of fuel cell. 
Continuity and Momentum equation for the two-phase mixture in open channel and the porous GDL are presented as 
follows: 
∇. (ρεu) = 0																																																																																																																																																																												(3) 
     Flow channel is considered non-porous therefore  ߝ quantity is one for this region and for CL and GDL it is number 
between 0 and 1. The total mixture density (including both phases) is: 
 

ρ = (1 − s)ρ୥ + sρ୪ 																																																																																																																																																														(4) 
∂(ρuu)
∂x +

∂(ρuν)
∂y = −

∂P
∂x +

∂
∂x
൬μ
∂u
∂x
൰ +

∂
∂y
൬μ
∂u
∂y
൰ − ε

μ
K u																																																																																						(5) 

∂(ρνu)
∂x +

∂(ρνν)
∂y = −

∂P
∂y +

∂
∂x
൬μ
∂ν
∂x
൰ +

∂
∂y
൬μ
∂ν
∂y
൰ − ε

μ
K ν																																																																																								(6) 

 

The two-phase mixture viscosity is obtained from: 

ߤ =
ݏ௟ߩ + −௚(1ߩ (ݏ

݇௥௚
௚ߥ

+ ݇௥௟
௟ߥ

																																																																																																																																																												(7) 

     Here, the liquid water saturation,ݏ, is defined as the volume fraction of open pores occupied by liquid water, which is 
a key parameter characterizing the two-phase flow. 

ݏ = ௅ܸ

௣ܸ௢௥௘
																																																																																																																																																																																	(8) 

Where the physical properties of the two-phase mixture are defined as: 
ερ୪u୪ = j୪ + ελ୪ρu																																																																																																																																																																		(9) 
ερ୥uV୥ = j୥ + ελ୥ρu																																																																																																																																																												(10) 
     	j୪	 represent the phase diffusion between the liquid and the mixture momentum. Similarly	j୥  is the phase diffusion 
between the gas phase and the mixture momentum,  
j୥ = −j୪																																																																																																																																																																																									(11) 

j୪ = λౢλౝ୏

ν
[∇Pେ]																																																																																																																																																																							(12)  
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     Where ν is the mixture kinematic viscosity and λ is the relative mobility, with the value for liquid and gas phases 
obtained from]: 

λ୪ =

k୰୪
ν୪

k୰୥
ν୥

+ k୰୪
ν୪

																																																																																																																																																																							(13) 

λ୥ = 1− λ୪																																																																																																																																																																													(14) 
     The relative permeability for the phases is obtained from the experimental equations as 
 Follows: 
		k୰୥ = (1 − s)ଷ																																																																																																																																																																				(15) 
  k୰୪ = sଷ																																																																																																																																																																																(16) 
The capillary pressure can be further expressed as: 

	Pେ = P୪ − P୥ = σ cos(θେ)ቀ
ε
K
ቁ
ଵ
ଶ J(s)																																																																																																																																	(17) 

      σ  Is the surface tension of water and θେ is the contact angle of water on the porous material. J(s) is the Leverett 
function, which takes the following form: 

J(s) = ൜1.417(1 − s) − 2.120(1 − s)ଶ + 1.263(1 − s)ଷ									for	θେ < 90଴												
1.417s− 2.120sଶ + 1.263sଷ																																												for	θେ > 90଴													

																																												(18) 

 
Pୱୟ୲ , is obtained at the mixture temperature: 
logଵ଴ Pୱୟ୲ = −2.1794 + 0.02953(T− 273.15) − 9.1837 × 10ିହ(T− 273.15)ଶ 	× 	10ି଻(T− 273.15)ଷ		(19)  
     To predict the content of liquid water an equation for the saturation levels,s is required. The value of s can be 
somehow predicted using an algebraic equation [10]. However, at the cost of complexity and more computation time a 
separate PDE for the conservation of liquid water can been derived and solved to determine the saturation levels	s. This 
guarantees the conservation of the water (liquid water +water vapor) by adding the conservation equations of the liquid 
water (Eq. (20)) and the water vapor (Eq. (21)). The continuity equation of the liquid water is: 
∇. ൫εsρ୪u୪൯ =  (20)																																																																																																																																																																		q୪ߝ	
∇. ቀεsρ୥u୥ቁ = −εq୪																																																																																																																																																														(21) 
					q୪	Is a simplified switch function between condensation and /or evaporation of liquid water under these non-
equilibrium conditions .When the partial pressure of water vapor 
Exceeds the saturation pressure of water, liquid water may form and occupy the pores in the porous medium. 
Conversely, the liquid water will evaporate if the partial pressure of water vapor is less than the saturation pressure of 
water: 

q୪ = ቐkୡ୭୬ୢε(1 − s)
Mୌଶ୓. P୥

RT
൫x୥ୌଶ୓ − xୱୟ୲ୌଶ୓൯								if			x୥ୌଶ୓ ≥ xୱୟ୲ୌଶ୓

k୴ୟ୮εsρ୪P୥൫x୥ୌଶ୓ − xୱୟ୲ୌଶ୭൯																	if					x୥ୌଶ୓ ≤ xୱୟ୲ୌଶ୓
																																																																									(22) 

 
Where	݇௖ and	݇௘ are the vapor condensation and evaporation rate constants, ݔுଶை  is the mole fraction of water vapor. 
 

The species equation for the gaseous species is as follows: 
∇. (ρεuY୧)− ∇. ൫ρεDୣ୤୤∇Y୧൯ = S୩							k = HଶO, Hଶ, Oଶ																																																																																																		(23)   
Dୣ୤୤ = D × εଵ.ହ																																																																																																																																																																								(24) 
 
Charge conservation: 
      In a fuel cell, the potential gradient effect causes electrons and protons to move along individual paths. Solid phases 
control the movement of electrons. Electron transport generally occurs only in the bipolar plates, the diffusion layers, 
and the catalyst layers. However, ionomer phases control the motion of protons, which occurs in the catalyst layer and 
the electrolyte membrane. Potential fields in these two media are described as follows: 
In the solid phase: 
∇. (Гୱ∇Vୱ) = 	ܵ																																																																																																																																																																								(25) 
∇. (Гୱ∇Vୱ) = 	ܵ																																																																																																																																																																								(26) 
Total electrochemical potential lose consist of three terms as follows: 
ηୟ,୲୭୲ = ηୟ,ୟୡ୲ + ηୟ,ୣ୪ୣୡ + ηୟ,୮୰୭																																																																																																																																											(27) 
ηୟ,ୣ୪ୣୡ = หVୱ − Vୱ,୰ୣ୤ห																																																																																																																																																														(28) 
ηୟ,୮୰୭ = หV୫ − V୫,୰ୣ୤ห																																																																																																																																																												(29) 
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ηୡ,୲୭୲ = ηୡ,ୟୡ୲ + ηୡ,ୣ୪ୣୡ + ηୡ,୮୰୭																																																																																																																																												(30) 
ηୡ,ୣ୪ୣୡ = หVୱ− Vୱ,୰ୣ୤ห																																																																																																																																																															(31) 
ηୡ,୮୰୭ = หV୫ − V୫,୰ୣ୤ห																																																																																																																																																													(32) 
     S index indicate solid phase that consist of cathode and anode side GDL,CL . 
For membrane potential equation is: 
∇. (Г୫∇V୫) = ܵ																																																																																																																																																																							(33) 
η୫,୮୰୭ = V୫,ୡ − V୫,ୟ																																																																																																																																																															(34) 
Vୡୣ୪୪ = E୰ୣ୴ − ηୟ,୲୭୲ − ηୡ,୲୭୲ − η୫,୮୰୭																																																																																																																																	(35) 
E୰ୣ୴ = 1.23− 0.9 × 10ିହ(T − 298)																																																																																																																																		(36) 
     Where	Г୫	 , Гୱ and	S denote electron conductivity, proton conductivity and consumption rates of charge and product 
in the electrochemical reaction in the catalyst layer, respectively. In these expressions, S is equal to ݆௔ and	 ௖݆ that are the 
transfer current densities at the anode and cathode, respectively, which can be calculated based the Bulter-Volumer 
equations follows: 

j = aୣ୤୤j଴,ୟ
୰ୣ୤ ൬ େౄమ

େౄమ,౨౛౜
൰
భ
మ
ቀα౗ାαౙ

ୖ୘
. F.ηቁ 			in	anode																																																																																																																					(37)      

j = aୣ୤୤j଴,ୡ
୰ୣ୤ ൬ େోమ

େోమ,౨౛౜
൰exp ቀ− αౙ

ୖ୘
. F. ηቁ		 in	cathode		                                                                                                (38)  

                                       
The continuity criterion of current leads to: 

I୅୚୉ = ෍ jେ,୨ × Vol୨ = ෍ jୟ,୨ × Vol୨																																																																																																																																				(39)
୒౗

୨ୀଵ

୒ౙ

୨ୀଵ

 

	Vol୨ Is a node volume in computational domain. 
 

Energy conservation: 
∇. ൫ρεuc୮T൯ − ∇. ൫kୣ୤୤ε∇T൯ = ε்ܵ 																																																																																																																																										(40) 
 

்ܵ Is a source term due to heat generation inside the cell. 
 
Table.1 shows the source term related to governing equations in various regions of PEMFC. 
 

Table.1      Source terms for governing equations in various regions of a PEMFC 
 Gas channel Diffusion layer Catalyst layer Membrane 

Species O2 ܵ௢ = 0 ܵ௢ = 0 ܵை = −൬
݅௖

ை ܵ௢ܯ൰ܨ4 = 0 

H2 ܵ௛ = 0 ܵ௛ = 0 ܵ௛ = −൬
݅௔
ܨ2
൰ܯ௛ ܵ௛ = 0 

Charge     
Solid phase ܵథ,௦ = 0 ܵథ,௦ = 0 ܵథ,௦ = −݆ ܵథ,௦ = 0 
Membrane phase ܵథ,௠ = 0 ܵథ,௠ = 0 ܵథ,௠ = ݆ ܵథ,௠ = 0 
Energy ்ܵ = 0 ்ܵ = 0 

்ܵ = ݅ ൬ߟ + ܶ
݀ ௢ܸ௖

݀ܶ ൰+
ଶܫ

݇௠
 ்ܵ =

ଶܫ

݇௠
 

 
3. SOLUTION PROCEDURE 

 
Fig.2:    2-D computational domain 

 
     A unified single domain approach with a single set of governing equations is applied to all regions. The 

computational Domain is divided into a number of sub-domains and different sets of conservation equations are developed 
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for different sub-domains and the interfacial boundary conditions establish the connection between these equations. 
Therefore this model has a set of coupled non-linear partial differential equations including conservations of mass, 
momentum, species, energy and charge with electrochemical relations. The grid network used for numerical modeling is 
shown in Fig.2 with geometrical parameters listed in Table 2.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

                           
     
                                                                                                                                                                                   If not converged 
 

 
                                                           If converge                                                  Conservation  

                             Not satisfied   
                                                                                     
    
                                            Conservation Satisfied 
   
       

                           Fig.3 Flowchart for solving the equation 
     
  Table. 2 properties and geometrical parameters 

Table.2                        Model parameters for basic case 
Parameter Symbol Value 
Gas channel length 70 ܮ mm 
Gas channel thickness ܪ௖௛ 1 mm 
Diffusion layer thickness ܪௗ 0.3 mm 
Catalyst layer thickness ܪ௖௟  0.01 mm 
Membrane thickness ܪ௠  0.058 mm 
Gas channel inlet temperature ௜ܶ௡ 353	ܭ 
Anode/cathode pressure ݌௔/݌௖ 1/1ܽ݉ݐ 
Fuel/air stoichiometric flow ratio ߦ௔/ߦ௖ 3/3 
Anode exchange current density multiply specific area ݆ܽ௔,௥௘௙ 5.0 × 10଻  ଷି݉	ܣ	
Cathode exchange current density multiply specific area ݆ܽ஼,௥௘௙ 120	ܣ	݉ିଷ 
Anode transfer coefficient ߙ௔ .5 
Cathode transfer coefficient ߙ௖ .5 
Porosity of diffusion layer ߝௗ .3 
Porosity of catalyst layer ߝ௖௟ .28 
Absolute permeability K 1.76 × 10ିଵଵ		݉ଶ 
Solid phase conductivity Г௦ 53	ܵ	݉ିଵ 
Membrane phase conductivity Г௠ 6	ܵ	݉ିଵ 
Surface tension 0.0625 ߪ	ܰ	݉ିଵ 
Current collector thermal conductivity ݇௖ 150	ܹ	݉ିଵ	ିܭଵ 
Diffusion layer thermal conductivity ݇ௗ 150	ܹ	݉ିଵ	ିܭଵ 

Mesh generation 

Start 

Set initial value and condition - Set the appropriate voltage 

Guessing the initial value for ߟ௔ ,௧௢௧ 

Gaining ߟ௖,௧௢௧	from EQ (30) 

Solving momentum and pressure EQ using SIMPLE algorithm 

Solving the species, saturation, energy and potential EQ 

Calculating local current density, average current 
density and activation over potential 

Source terms 
updating 

Checking the convergence of 
momentum, energy, species and 

potential equation 

Checking the conservation of 
electrical current 

End 
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The set of equations explained in Section 2 are discretized using the power law method. A code was developed for 
solution of the set of PDE’s using the SIMPL scheme of Patankar [17]. Stringent numerical tests were carried out to ensure 
that the Solution was independent of grid size. The coupled set of equations was solved iteratively, and the solution was 
checked to be convergent when the relative error in each field between two consecutive iterations was less than 10−5. The 
flowchart for this simulation is shown in Fig. 3. 
 

4. RESULT AND DISCUSSION 
 

      Fig. 4 presents the comparison between the numerical and experimental polarization curves as verification. As 
shown in this figure, reasonable agreement between the present study and the experimental data [18] can be seen. 
difference between two curve result of some simplification as considering the two dimensional model instead of three 
dimensional model. Comparison between isothermal and non isothermal polarization curve shows that non isothermal 
model is much similar to experimental curve than isothermal one. 

 
Fig.4 polarization curve 

 
     The temperature distribution on the surface of the fuel cell is shown in Fig. 5. The temperature tends to become 

higher at the flow entrance and near the middle region. It is thought that this high temperature at entrance region is 
caused by high concentration of hydrogen and oxygen supplied at the flow inlet. The maximum temperature difference 
is observed to be 4.5 co near the inlet and at the interface between membrane and catalyst layer in the cathode side. 
Unlike channels, velocity in the membrane–electrode assembly is very low; therefore heat generation in the cell is 
carried downstream smaller and is removed primarily through the gas diffusion layer by conduction. 

 
Fig. 5 The temperature distribution on the surface of the fuel cell 

 
      The numerically predicted liquid saturation distribution at cathode side GDL-CL interface 
Is shown in Fig. 6 (where the water production takes place) for both the isothermal and non-isothermal models. 

The water may condense, but this does not occur until the water vapor concentration in the gas reaches the saturation 
level. The condensation with its location directly related to the local temperature and condensation front is then pushed 
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downstream. In the non-isothermal model, up to a certain point along its lengths, the GDL is free of any liquid water 
after which the stream of liquid water starts to appear. In the isothermal model, the water condensation and 
accumulation occur further upstream towards the inlet of the channel, where the amount of liquid saturation is higher in 
the isothermal compared with the non-isothermal model. This is because in non-isothermal model, the temperature is 
higher than that of the isothermal model. The increase in temperature causes an increase in saturation pressure, so less 
water vapor changes phase. 
     The liquid saturation level for isothermal and non-isothermal models at cathode GDL/catalyst layer interface is 
shown in Fig. 6. In both cases, the minimum liquid saturation occurs near the inlet and increases in the flow direction 
due to increasing water production in the channel length. The amount of liquid saturation along the channel in the 
isothermal model is more than the Non-isothermal one, where the maximum deviation for both cases appears at the 
entrance where the cell temperature is highest.. Further along the channel the temperature drop causes the deviation to 
decrease as well where the vapor saturation concentration is a strong function of temperature. 
 

 
Fig.6: liquid saturation distribution at cathode side GDL-CL interface 

 
     Fig. 7 shows the effect of the temperature gradient on I–P power density curves. For operating current density < 
0.4�/�3, the power density curves for isothermal and non-isothermal almost coincide, approximately at this current 
density water molecules are in vapor phase indicating negligible saturation effects [19]. However, at operating current 
density > 0.4�/�3, the saturation effect is profound. The difference of output power density magnitude between to 
model increase with increasing the current density, because at non- isothermal model water vapor pressure is a function 
of temperature and increasing the temperature cause low amount of water vapor condense and therefore porous paths 
for oxygen diffusion is not clog bye water drops, so voltage lose due to oxygen mass diffusion clogging and oxygen 
dilution decrease. 

 
 

Fig.7: the effect of the temperature gradient on I–P power density 
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At previous some research work has been done to explore the efficacy of saturation on cell performance [10, 
11,16] but variation of saturation level and its location by temperature gradient along the cell was not seen in previous 
fuel cell literature, therefore need to research in this section was indispensable.   This study was done to response the 
above demand. In future work it is necessary to consider three-dimensional model to come closer approach to real fuel 
cell's transport phenomena simulation. 

 
              Nomenclature 

Operating voltage, V ࢒࢒ࢋࢉࢂ Exchange current density, A m-3 ࢐࡭૙
 ࢌࢋ࢘

Y direction coordinate, m ࢟ Mass diffusivity, m2 s-1 D 
 Greek Faraday constant,96,487 C/mol F 
Electrical transfer coefficient in forward reaction ࢇࢻ Local Current density, A m-2 i 
Electrical transfer coefficient in backward reaction ࡯ࢻ Average current density in the fuel cell, A m-2 I 
Porosity ࣕ Transfer current density, A m-3 j 
Over potential, Volt ࣁ Coefficient of water vapor condensation rate, s-1 ࢊ࢔࢕ࢉࢉ࢑ 
Contact angle of water on the porous material, arc ࣂ Relative permeability of the liquid water ࢒࢑࢘ 
relative mobility ࣅ Permeability, m2 K 
Viscosity, kg m-1 s-1 ࣆ Relative permeability of the gaseous mixture ࢍ࢑࢘ 
Density, kg m-3 ࣋ Molecular weight, kg mol-1 ࡹ 
Proton conductivity, S m-1 Г࢓ Pressure, atm p 
Electron conductivity, Sm-1 Г࢙ Capillary pressure, atm ࢉ࢖ 
Electronic phase potential, V ࡿࢂ Universal gas constant, 8.314 mol-1 K-1 R 
Ionic phase potential, V ࢓ࢂ Ratio of the liquid water volume to the pore volume(saturation) s 
Anode a Source term in equations ࡿ 
Cathode c Velocity vector, m s-1 ሬ࢛ሬ⃗  
࢑th Species of the mixture ࢑ Velocity vector, m s-1 ࣇ 
Liquid phase l Volume, m3 ࢒࢕ࢂ 
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