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ABSTRACT 

Minimising the pressure drop in flow channels, ensuring high efficiency and utilisation of open 

pore cellular foam (OPCF) material in place of a traditional serpentine channel are investigated 

in this work. The paper establishes novel mathematical model that takes into account the effect 

of pressure drop in the flow channel and compares the dynamics of a porous flow channel with 

those of the traditional serpentine flow channel. The performance of a Polymer Electrolyte 

Membrane fuel cell with porous foam flow channel is analysed under static and transient 

conditions. The fuel cell mass transport equations are used in the model that also takes into 

account the effect of varying the current on the stack temperature. The membrane water content 

and IV-curves are analysed and simulation results are presented based on the mathematical 

models of the proposed system using the MATLAB® /Simulink® environments. The effect of 

varying pore diameter, porosity, and the flow velocity on pressure drop are also investigated 

using sensitivity analysis. Due to the lower pressure drop provided by the uniform distribution 

of reactants in OPCF channel, an improvement of approximately 55% is observed in current 

density when compared with that of the serpentine channel under the same operating 

conditions. The investigation further concluded that a higher pore diameter can have a lower 

drop in pressure provided the flow velocity of the reactant does not exceed 6m/s. 

Keywords: PEM fuel cell, pressure drop, porous channel, serpentine channel. 
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Nomenclature   

𝐹𝑂2
𝑖𝑛 Mass flow rate of oxygen at cathode inlet g s-1 𝑇𝑎𝑚𝑏 Ambient temperature K 

𝐹𝑁2
𝑖𝑛 Mass flow rate of nitrogen at cathode inlet g s-1 𝑃𝐻2 Partial pressure of hydrogen bar 

𝐹𝐻2
𝑖𝑛 Mass flow rate of hydrogen at anode inlet g s-1 𝑃𝑂2 Partial pressure of oxygen bar 

𝐹𝐻2𝑂_𝑎𝑛
𝑖𝑛 Mass flow rate of water vapour at anode inlet g s-1 𝐽 Current density A cm-2 

𝐹𝐻2𝑂_𝑐𝑎
𝑖𝑛 Mass flow rate of water vapour at cathode inlet g s-1 𝑀 mass of the PEMFC stack kg 

𝐹𝑂2
𝑜𝑢𝑡 Mass flow rate of oxygen at cathode outlet g s-1 𝐶𝑠 Average specific heat capacity J kg-1K-1 

𝐹𝑁2
𝑜𝑢𝑡 Mass flow rate of nitrogen at cathode outlet g s-1 𝑃𝑠𝑡𝑎𝑐𝑘 Stack power W 

𝐹𝐻2𝑂_𝑐𝑎
𝑜𝑢𝑡 Mass flow rate of water vapour at cathode outlet g s-1 𝑉𝑓𝑐 Stack Voltage V 

𝐹𝐻2
𝑜𝑢𝑡 Mass flow rate of hydrogen at anode outlet g s-1 ∆𝑃 Pressure drop bar 

𝐹𝐻2𝑂_𝑎𝑛
𝑜𝑢𝑡 Mass flow rate of water vapour at anode outlet g s-1 𝐿 Channel length  m 

𝐹𝑂2
𝑟 Required mass flow rate of oxygen at cathode g s-1 𝜇 fluid viscosity m2 s-1 

𝐹𝐻2
𝑟 Required mass flow rate of hydrogen at anode g s-1 𝛾 permeability of a porous media m2 

𝐹𝐻2𝑂
𝑔𝑒𝑛 Mass flow rate of water generated in cathode g s-1 𝑉 velocity of the reactive gases m s-1 

𝐼𝑓𝑐 Fuel cell current A 𝜌 density of the gas in the medium kg m-3 

𝐹 Faraday’s constant C mol-1 𝜀 porosity of the foam material - 

𝑀𝐻2𝑂 Molecular weight of water g mol-1 𝑑𝑝 pore diameter m 

𝑀𝑂2 Molecular weight of Oxygen g mol-1 𝑑ℎ hydraulic diameter m 

𝑀𝐻2  Molecular weight of Hydrogen g mol-1 𝑅 Universal gas constant J g-1 K-1 

𝑀𝑁2 Molecular weight of Nitrogen g mol-1 𝑅𝑒 Reynolds number - 

𝑡𝑚 Thickness of membrane m 𝑁𝑠𝑡𝑎𝑐𝑘   Number of cells in stack - 

𝐴𝑐𝑒𝑙𝑙 Area of cell m2 𝑆𝐻2 Stoichiometry of Hydrogen - 

𝜆𝑚 Membrane water content - 𝑆𝑂2 Stoichiometry of Oxygen - 

𝑇𝑐𝑒𝑙𝑙 Cell temperature K 𝑋𝑂2 ratio of oxygen - 

ρ𝑚𝑑𝑟𝑦
 Density of dry membrane kg m-3 ∅𝑎𝑛 Relative humidity in the anode inlet - 

𝑀𝑚_𝑑𝑟𝑦 Dry equivalent weight of membrane kg mol-1 ∅𝑐𝑎 Relative humidity in the cathode inlet - 

𝑝𝑢 Upstream pressure bar 𝑃𝑎𝑛 total pressure in anode bar 

𝑝𝑑 Downstream pressure bar 𝑃𝑠𝑎𝑡 Saturated vapour pressure bar 

𝑘𝑎𝑛, 𝑘𝑐𝑎 Nozzle constant g s-1 bar-1 𝑃𝐻2𝑂_𝑎𝑛 Water vapour pressure at anode bar 

𝐹𝑎𝑛 Input flow rate at anode g s-1 𝑃𝑐𝑎 total pressure in cathode bar 

𝑉𝑐𝑎 Volume of cathode m3 𝑃𝐻2𝑂_𝑐𝑎    Water vapour pressure at cathode bar 

𝐹𝑐𝑎 Input flow rate at cathode g s-1 𝑉𝑎𝑛 Volume of anode m3 
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1. Introduction 

The continuing depletion of fossil fuel resources and the escalating levels of environmental 

pollution that is caused by transport have led to a new quest by researchers and the energy 

producers to explore other forms of energy generation and energy storage mediums [1]. Energy 

management using hybrid systems including the use of fuel cells have been explored 

experimentally [2 – 4].  

The conversion efficiencies of fuel cells are normally between 40 and 60% which makes them 

more efficient than other energy conversion systems. There are several types of fuel cells but 

solid polymer membranes [10] make PEM fuel cells a simpler and less hazardous alternative 

with high energy densities when compared with other fuel cells such as alkaline, phosphorous, 

solid oxide, or molten oxide fuel cell [5]. Fig. 1 shows different components of a single air 

breathing PEM Fuel Cell stack. 

 

Fig. 1: (a) 3D Schematic diagram of an air breathing PEM Fuel Cell [3] (b) Anode 

serpentine channel bipolar plate (c) Novel anode bipolar plate using OPCF material 

According to Spiegel [6] and Barbir [7], a PEM fuel cell performance is affected by the 

conditions at which it operates such as the temperature of the cell or the environment, reactive 

gases flow rates and its humidity. The stability of the cell operation is generally limited to a 

small operating range and inadequate mass transport due to the lack or abundance of the 

reactants can result in poor fuel cell performance. The rate of transport of reactant species is 

governed by the design of the bipolar plates due to their impact on the drop in pressure 

characteristics between the inlet and outlet of the flow channels [6]. To improve the efficiency 

of the fuel cell, the design of the bipolar plates and their properties should result in better 

electrical and thermal performance as well as better mechanical properties [8 – 13]. The flow 
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channel(s) can be straight, parallel and even serpentine [6, 14 – 15]. Recent research in the field 

has confirmed that poorly designed bipolar plates often lead to problems with water removal 

resulting in the obstruction of reactant transport [16 – 21]. Kloess et al. [22] undertook a 

thorough analysis of various kinds of flow plates in fuel cells and concluded that the bipolar 

plate must be carefully designed to ensure effective fuel distribution. The parallel channels 

plates experience higher variations in the amount of water in the channels and this often lead 

to the distribution of the reactants gases not being uniform at the membrane surface and also 

may cause dead zones to be formed. On the other hand, the serpentine flow plate design has a 

continuous gas flow direction and any blockage in any of the channels, will not significantly 

affects the downstream activity of the cell hence maintaining the fuel cell performance at a 

constant efficiency [7]. A major drawback of the serpentine design is the fact that as the gas 

passes through the channel and reaction takes place, the concentrations of the reactants reduce 

and this results in a reduced reaction rate at the membrane surface and more reactants are 

needed to keep the conversion rates high enough to ensure better cell efficiency. This may 

necessitate higher gas flow rates resulting in increased pressure drop.  

Recently a number of researchers have used OPCF material as an alternative to the traditional 

flow plate design. The pressure drop between the inlet and outlet through the OPCF material 

is determined by the structure of the foam especially the size of the pores [23 – 27]. The work 

of Tsang et al [28] confirmed that flow plate material made up of metal foam contributed 

significantly to the efficiency of the fuel cell when they critically analysed the effect the flow 

plate design has on the overall efficiency of PEM fuel cells.  

Mathematical modelling of fuel cells allows researchers to predict the effect that certain 

changes in the operating and design parameters on cell performance but this needs to be 

validated experimentally. Different researchers studied several characteristics of fuel cells 

using mathematical models during the last few years [29] Investigated the feasibility of a grid 

connected PEM fuel cell with varying residential load conditions. Such dynamic load changes 

require a reliable control strategy so that safe and durable cell operation could be relied upon. 

To achieve this Padulles et al.  [30] modelled a plant control unit for fuel cell dynamic 

operation.  

Purkrushpan et al. [31] developed a mathematical model for cell degradation, which looks into 

the aspects of transient control of the fuel cell system under optimal conditions. Other research 

in modelling the water dynamics have also been studied [32 -33]. However, the use of pressure 
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drop has not been considered which has a significant effect when comparing the performances 

of PEM fuel cells with OPCF channels to that of the traditional flow plate designs. Recent work 

[34 – 35] identified the effect of parameters on the performance of fuel cell both experimentally 

and using the design of experiment (DOE) technique, whereas in [36] the authors discussed 

different flow plate designs that provide an efficient PEMFC performance, due to the low 

pressure drop.   

In this paper, a novel PEMFC dynamic model based on rate expressions for mass balances and 

mass transfer across the membrane has been developed and used to compare the performance 

of fuel cells based on the newly developed porous flow channel using OPCF material with that 

of a traditional serpentine flow channel design. The comparison takes into consideration the 

effect of pressure drop in the flow channels as well as variations in the cell temperature. The 

resultant polarisation curves from this study are shown to be dependent on the partial pressures 

of the reactant gases and the water content in the membrane. Transient fuel cell characteristics 

for proton exchange membrane fuel cells in terms of time dependent current density profile 

that responds to different cell potentials is of importance to the automotive industry. A step 

change in a cell potential can be applied to the cell terminals to simulate a sudden change in 

load demand due to an engine start up or very high acceleration. Using highly coupled, non 

linear transport phenomenon as well as the electrochemistry of fuel cell plays active role in the 

future commercialization of this novel technology.  

 

2. Experimental Setup 

An initial investigation was done on a 5-stack air breathing PEMFC with a serpentine flow 

channel for the anode regions and parallel flow channel on the cathode region. The fuel cell 

stack was operated using nearly pure hydrogen (99.999 vol%) and air as reactants. The 

hydrogen gas at the anode inlet was humidified to100% humidity. This was done by passing 

the hydrogen gas through water (dew point humidity) where the temperature of the water was 

maintained at 100oC. At the time of the experiment the humidity of the lab was 74% measured 

by the hygrometer, hence the humidity of the air flowing through the channel was assumed to 

be 74%. The temperature of the gases was at an ambient temperature of 25oC. A hydrogen 

generator was used to supply dry hydrogen gas which was programmed to supply pressure at 

2.5 bar. A potentiostat from Gamry Instrument was used to generate the polarisation curve. A 

thermocouple was used to measure the cell operating temperature at varying load. The 
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temperature of the fuel cell stack varied from ambient to a maximum of 60oC. This was 

measured by a K-type thermocouple and a handheld temperature monitoring device. 

 

3. PEMFC System model 

The system model in Fig. 2 is subdivided into 5 regions where each region dynamics are 

addressed separately. The amount of current generated by the fuel cell is used to estimate the 

required reactant gases flow in the anode and cathode channels. The system model takes into 

account the effect of mass transport of the gaseous species between the anode and the cathode. 

Related work has been reported in the literature where research into different modelling 

approaches have been studied [29 – 33]. In this work a similar approach is taken however an 

effective use of the pressure drop due to changes in the type of flow channel has been integrated 

in the model along with the consideration of the dynamical changes in the stack temperature 

due to variation in the load current. 

 

Fig 2: PEMFC Stack Model 

3.1. Cathode Flow Model 

The mass flow model at the cathode side is shown in Fig. 3. This represents the behaviour of 

the air flowing inside the cathode flow channel and its implications on the performance of the 

fuel cell. The model incorporates the principles of conservation of mass for the three species, 

namely, hydrogen, oxygen and water, as well as the psychometric and thermodynamic 

properties of air. It was also assumed that the ideal gas law applies to the flow of the gasses in 

the system. 
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Eqs. (1) – (3) describe the flow in the cathode channel:  

𝑑

𝑑𝑡
𝑚𝑂2 = 𝐹𝑂2

𝑖𝑛 − 𝐹𝑂2
𝑜𝑢𝑡 − 𝐹𝑂2

𝑟 
(1) 

 

𝑑

𝑑𝑡
𝑚𝑁2 = 𝐹𝑁2

𝑖𝑛 − 𝐹𝑁2
𝑜𝑢𝑡 

(2) 

 

𝑑

𝑑𝑡
𝑚𝐻2𝑂_𝑐𝑎 = 𝐹𝐻2𝑂_𝑐𝑎

𝑖𝑛 + 𝐹𝐻2𝑂_𝑔𝑒𝑛 − 𝐹𝐻2𝑂𝑐𝑎
𝑜𝑢𝑡 + 𝐹𝐻2𝑂_𝐸𝑂𝐷 − 𝐹𝐻2𝑂_𝐷𝐼𝐹𝐹 

(3) 

 

Fig 3: PEMFC cathode mass flow model. 

In Eq. (1) – (3), the mass flow rate of nitrogen, oxygen and vapour at the inlet (in) and outlet 

(out) are calculated using flow conditions using thermodynamic properties. The detailed 

calculations are given in Appendix A.  The exit flow rate from the cathode outlet is calculated 

using a linearised nozzle which is described by Eq. (A13) that is also shown in Appendix A. 

Due to the production of water from the reaction and humidity content in the inlet flows, the 

hydrated membrane experiences electro-osmotic drag, 𝐹𝐻2𝑂_𝐸𝑂𝐷, and back diffusion,  

𝐹𝐻2𝑂_𝐷𝐼𝐹𝐹, and these are shown in the membrane hydration model. 
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3.2. Anode Flow Model 

Similar to the cathode flow model, the respective mass flow rates in the anode channel are 

specified below.  

𝑑

𝑑𝑡
𝑚𝐻2 = 𝐹𝐻2

𝑖𝑛 − 𝐹𝐻2
𝑜𝑢𝑡 − 𝐹𝐻2

𝑟 
(4) 

𝑑

𝑑𝑡
𝑚𝐻2𝑂_𝑎𝑛 = 𝐹𝐻2𝑂_𝑎𝑛

𝑖𝑛 − 𝐹𝐻2𝑂𝑎𝑛
𝑜𝑢𝑡 − 𝐹𝐻2𝑂_𝐸𝑂𝐷 + 𝐹𝐻2𝑂_𝐷𝐼𝐹𝐹 

(5) 

 

3.3. Membrane Model 

As the reactant gases combine to form water as the by-product of energy generation, the 

membrane tends to be hydrated.  

 

Fig. 4: Fuel cell membrane hydration model. 

Fig. 4 shows the membrane model which accounts for the effect of the amount of water in the 

membrane and the mass flow rate of water across the membrane. The model has been defined 

in such a way that the rate at which the reactants flow  through the membrane and the amount 

of water contained within the membrane are  dependent on the amount of relative humidity of 

the reactive gases inside the anode and cathode flow channels and the stack current. Water 

moves between the ionomer phase and the catalyst pores by sorption or desorption until 

equilibrium is reached [37 – 45]. The concentrations of water at the anode and cathode surfaces 

of the membrane 𝐶𝑎𝑛 and 𝐶𝑐𝑎 (mol m-3) respectively, are dependent on the water contents on 

the surfaces of the anode and the cathode as defined by Eq. (6): 

𝐶𝑖 = λ𝑖ρ𝑚𝑑𝑟𝑦
/𝑀𝑚_𝑑𝑟𝑦, 𝑖 = [𝑎𝑛, 𝑐𝑎] (6) 
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The water is transported across the membrane by electro-osmotic drag as discussed earlier and 

defined mathematically in Eq. (7). 

𝐹𝐻2𝑂_𝐸𝑂𝐷 =
𝑛𝑑𝐼𝑓𝑐
𝐹

𝑀𝐻2𝑂 
(7) 

The water concentration across the membrane due to the difference in the humidity of the 

reactant gases causes back-diffusion of water from the cathode to anode regions [46 – 47] and 

this is described by Eq. (8).  

 

𝐹𝐻2𝑂_𝐷𝐼𝐹𝐹 =
𝐷𝑤(𝐶𝑐𝑎 − 𝐶𝑎𝑛)𝐴𝑐𝑒𝑙𝑙

𝑡𝑚
𝑀𝐻2𝑂 

(8) 

The drag coefficient, 𝑛𝑑, and the diffusivity coefficients 𝐷𝑤 vary with the water content within 

the membrane which is calculated using water activity at the surfaces of the membrane as 

shown by Eq. (9). The water activity is a measure of the overall water activity of the reactive 

gases in the anode and cathode regions, 𝑎𝑖, 𝑖 = [an, ca]: 

𝜆𝑖 = {
0.043 + 17.81𝑎𝑖 − 39.85𝑎𝑖

2 + 36𝑎𝑖
3, 0 < 𝑎𝑖 ≤ 1

14 + 1.4(𝑎𝑖 − 1),                                       1 < 𝑎𝑖 ≤ 3
 

(9) 

 

The coefficients for electro-osmotic drag and back diffusion can be calculated using Eq. (10) 

and Eq. (11), respectively: 

 

𝑛𝑑 = 0.0029𝜆𝑚
2 + 0.05𝜆𝑚 − 3.4 × 10

−19   (10) 

 

where 𝜆𝑚 = (𝜆𝑎𝑛 + 𝜆𝑐𝑎) 2⁄  is the average water content in the membrane, which is based from 

the membrane humidity [6 – 7] and, 

𝐷𝑤 = 𝐷𝜆 exp(2416 (
1

303
−

1

𝑇𝑐𝑒𝑙𝑙
)) 

  (11) 

where 

𝐷𝜆 =

{
 
 

 
 10

−6,                                                        𝜆𝑚 < 2

10−6(1 + 2(𝜆𝑚 − 2)),               2 ≤  𝜆𝑚 ≤ 3

10−6(3 − 1.67(𝜆𝑚 − 3),         3 < 𝜆𝑚 < 4.5

1.25 × 10−6,                                       𝜆𝑚 ≥ 4.5

 

 

  (12) 
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3.4. PEMFC Stack Voltage Model  

A fuel cell is typically characterised by its polarisation curve that defines the relationship 

between the cell’s voltage and the overall current density. The output voltage from a single 

stack fuel cell is described by Spiegel [6] as shown in Eq. (13). 

 

𝑉𝑐𝑒𝑙𝑙 = 𝐸𝑁𝑒𝑟𝑛𝑠𝑡 − 𝑉𝑎𝑐𝑡 − 𝑉𝑜ℎ𝑚 − 𝑉𝑐𝑜𝑛𝑐   (13) 

 

In Eq. (13) the reversible voltage, 𝐸𝑁𝑒𝑟𝑛𝑠𝑡, the activation loss, 𝑉𝑎𝑐𝑡, the ohmic loss, 𝑉𝑜ℎ𝑚, and 

the concentration loss, 𝑉𝑐𝑜𝑛𝑐. The open circuit voltage (no load condition), also known as the 

reversible voltage, is calculated by Nernst potential equation [6] and its value depends on the 

operational temperature and pressure. For standard condition (𝑇𝑎𝑚𝑏 = 298.15 𝐾, 𝑃𝑜 =

1.01325 bar), the standard reversible voltage is 1.229 V. The Nernst potential equation can be 

re-written using Eq. (14): 

 

𝐸𝑁𝑒𝑟𝑛𝑠𝑡 = 1.229 − 0.85 × 10
−5(𝑇𝑐𝑒𝑙𝑙 − 𝑇𝑎𝑚𝑏)

+ 4.3085 × 10−5[log(𝑃𝐻2) + 0.5 log(𝑃𝑂2)]     

  (14) 

 

Based on the simplified Butler – Volmer equation, the activation loss is given by Spiegel [6] 

and it is described by Eq. (15).  

 

𝑉𝑎𝑐𝑡 = −[𝜁1 + 𝜁2. 𝑇𝑐𝑒𝑙𝑙 + 𝜁3. 𝑇𝑐𝑒𝑙𝑙 log(𝐶𝑂2) + 𝜁4. 𝑇𝑐𝑒𝑙𝑙 log(𝐼𝑓𝑐)]   (15) 

 

where 𝜁1, 𝜁2, 𝜁3 and 𝜁4 are the cell parametric coefficients and the values of which are evaluated 

by experimental curve fitting. The activation voltage is dependent on the cell temperature, the 

current and the concentration of hydrogen and oxygen or adsorbed at the anode and cathode 

catalytic interfaces, respectively. Larminie and Dicks [49] define hydrogen concentration, 𝐶𝐻2, 

and oxygen concentration, 𝐶𝑂2, in the anode and the cathode regions by Eq. (16) and Eq. (17), 

respectively. 

𝐶𝐻2 =
𝑃𝐻2

1.09 × 106 exp (
77
𝑇𝑐𝑒𝑙𝑙

)
 

  (16) 
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𝐶𝑂2 =
𝑃𝑂2

5.08 × 106 exp (−
498
𝑇𝑐𝑒𝑙𝑙

)
 

  (17) 

 

The ohmic losses occur due to the resistance to the flow of electrons through the electrode and 

that of the protons entering through the membrane. Eq. (18) describes these losses as are given 

by Ramos-Alvarado et al. [50]: 

 

𝑉𝑜ℎ𝑚 = 𝐽(𝑅𝑀 + 𝑅𝐶)   (18) 

 

where the equivalent resistance of electron transfer, 𝑅𝐶, and 𝑅𝑀 represents the resistance of 

proton conduction which is given by as in Eq. (19): 

 

𝑅𝑀 =
𝜌𝑀𝑡𝑚𝑒𝑚
𝑇𝑐𝑒𝑙𝑙

 
  (19) 

where 𝜌𝑀 is the resistivity of hydrated protons and it is defined by Springer [46] as shown in 

Eq. (20): 

𝜌𝑚 =
181.6 [1 + 0.03𝐽 + 0.062 (

𝑇𝑐𝑒𝑙𝑙
303

)
2

𝐽2.5]

[𝜆𝑚 − 0.634 − 3𝐽] exp (4.18 (
𝑇𝑐𝑒𝑙𝑙 − 303

𝑇𝑐𝑒𝑙𝑙
)) 

 

  (20) 

 

The last term of Eq. (13) corresponds to the concentration loss, 𝑉𝑐𝑜𝑛𝑐, caused by the depletion 

of the reactants when the reaction takes place and the current is generated. This is given by 

Spiegel [6] as: 

 

𝑉𝑐𝑜𝑛𝑐 = −
𝑅𝑇𝑐𝑒𝑙𝑙
2𝐹

log (1 −
𝐽

𝐽𝑚𝑎𝑥
) 

  (21) 

 

where 𝐽𝑚𝑎𝑥 is the maximum current density.  The complete stack voltage model is shown in 

Fig. 5. 



12 | P a g e  
 

 

Fig. 5: PEMFC stack voltage model.  

3.5. PEMFC Temperature Dynamics 

Literature and experimental observation have shown that the temperature of the fuel cell 

increases with the amount of current being drawn from the fuel cell given that the reaction of 

hydrogen with oxygen to produce water is an exothermic reaction. 

The temperature variations in a fuel cell can therefore be modelled [51] using Eq. (22): 

𝑀.𝐶𝑠
𝑑𝑇𝑐𝑒𝑙𝑙
𝑑𝑡

= 𝑄𝑔𝑒𝑛 − 𝑄𝑟𝑒𝑚   ⇒    
𝑑𝑇𝑐𝑒𝑙𝑙
𝑑𝑡

=
𝑄𝑔𝑒𝑛 − 𝑄𝑟𝑒𝑚

𝑀. 𝐶𝑠
 

  (22) 

  

where M is the mass of the entire PEMFC stack, Cs is the average specific heat capacity of the 

stack, 𝑄𝑔𝑒𝑛 is the amount of heat generated by the cell operation and 𝑄𝑟𝑒𝑚 is the amount of 

heat removed by the flowing air and other heat losses. The amount of heat generated in a fuel 

cell is calculated [6] using Eq. (23): 

 

𝑄𝑔𝑒𝑛 = 𝑃𝑠𝑡𝑎𝑐𝑘 (
1.48

𝑉𝑓𝑐
− 1) 

  (23) 

The heat removed by the fan is calculated by Eq. (24): 

𝑄𝑟𝑒𝑚 = �̇�𝑎𝑖𝑟𝐶𝑝𝑎𝑖𝑟∆𝑇   (24) 
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where �̇�𝑎𝑖𝑟 = 3.57 × 10
−7𝑋𝑎𝑖𝑟

𝑃𝑠𝑡𝑎𝑐𝑘

𝑉𝑓𝑐
 is the mass of air used (kg s-1), 𝑋𝑎𝑖𝑟 is the air 

stoichiometry and is taken to be 2.5 [6]. 𝐶𝑝𝑎𝑖𝑟 = 1004 J kg-1 K-1is the heat capacity of air at 

constant pressure, ∆𝑇 is the difference between the temperature of the surrounding and that at 

which the fuel cell is operating.  

 

3.6. Pressure Drop and Output Flow 

Extensive research in the design and properties of metal foams has been undertaken where key 

characteristics that determine the performance of the foam have been characterised and studied 

both experimentally and theoretically [23 – 27, 52 – 54].  

 

Flow in a porous media can be described Darcy’s Law [58]: 

 

−
∆𝑃

𝐿
= (

µ

𝛾
)𝑉 

  (25) 

Since Darcy's law only applies for low Reynolds number (Re < 1.0) and to accommodate for 

operating flow velocities (>0.1 m s-1) where the drag coefficient becomes important, a modified 

form of the Darcy model, also known as the Hazen Dupuit-Darcy model, is used [55-57] as 

defined by Eq. (26):  

   

−
∆𝑃

𝐿
= (

µ

𝛾
)𝑉 + 𝜌𝐶𝑉2  

  (26) 

 

where  𝐶 = 𝑓/√𝛾 is the coefficient related to the structure of the porous material, with 𝑓 being 

the coefficient of inertia. The permeability γ (m2) of porous media is related to the porosity and 

pore diameter by [33]: 

𝛾 =
𝜀3

180(1 − 𝜀)2
𝑑𝑝

2  
  (27) 

For the traditional serpentine channels, since the flow is laminar for a functional PEMFC, it is 

possible to define the permeability, 𝛾, for the channel using the Hagen–Poiseuille equation 

[33]: 

𝛾 = 𝐻
𝑑ℎ

2

32
  

  (28) 
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The output flow characteristics are dependent on the pressure drop in the flow channels which 

is in turn depends on the input flow rate and the type of flow channel used. The calculations 

for output flow are detailed in Appendix A.  

 

3.7 Model Validation 

 

Polarisation curves are one of the key methods for testing fuel cell performance. They provide 

the key details such as the losses, i.e. the activation, as well as the ohmic and concentration 

losses in the fuel cell. The polarisation curve is used in this work to evaluate the parameters of 

the mathematical model of the system that is used later to analyse the dynamic performance of 

the fuel cell with serpentine and porous channel. The polarisation curve shown in Fig. 6 is 

based on the experiment carried out with starting temperature of 25oC up to the point where at 

60oC the potentiostat limited the amount of current to be drawn by the stack indicating a 

limiting current of approximately 5A. 

 

   

(a)                                                         (b) 

Fig. 6: (a) Polarisation curve for the fuel cell stack at hydrogen pressure of 2.5 bar with 

100% humidity (b) Contour plot of the water content for corresponding values of current 

and voltage, indicating a maximum operating condition of 2.5 A and 2 V, due to max ionic 

conductivity at 𝝀 = 𝟏𝟔 

Using the stack voltage model described in section 3.4, the corresponding values of 𝜁1, 𝜁2, 𝜁3 

and 𝜁4 were determined by experimental curve fitting. For the curve fitting the stack voltage 

model discussed in section 3.4 was used. Once the equations in section 3.4 were populated with 
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the known values, only the parametric coefficients linked to the activation loss model were left 

to be evaluated. A separate monte-carlo simulation model was therefore devised where using 

manual changes in the parametric coefficient values determined the right curve fit of the 

experimental results. These manual changes in the coefficient values provided a dynamic 

change in the graph which was overlapped on the graph plotted for the measured values. A 

tolerance of 1e-6 was set to identify the difference in the values of each measured point to that 

of the modelled point. Once the right tolerance was reached, the generated values for the 

coefficients were determined, which was then used as part of the dynamic study for use in both 

serpentine and OPCF flow channel. This was done to analyse the dynamic performance of the 

fuel cell stack under varying load. 

Since the model is dynamic and subject to the varying operational conditions, the membrane 

water content is bound to change. Fig. 6(b) shows the variation in the membrane water content 

based on the amount of current drawn by the fuel cell. Since air breathing effect has been 

considered as the inlet flow velocity at the cathode side of the fuel cell, the air entering the 

system not only works as a reactive gas but also as a coolant. This causes the fuel cell to cool 

down during the operation. This has been reflected in the temperature model defined in Eqs. 

(21) – (23). This effect can also be observed in Fig. 6 (b). As more current is drawn, the amount 

of water in the membrane begins to reduce due to the increase in the temperature of the fuel 

cell and also its removal by the air blowing from the fan. 

3.8 Sensitivity Analysis 

To analyse the effect of an OPCF channel instead of the serpentine channel, some sensitivity 

analysis has been performed on the effect of varying pore diameter, porosity, and the flow 

velocity and pressure drop. The sensitivity analysis provided with the specific parameters to be 

used as part of the overall simulation when using the OPCF flow channel. Since most fuel cells 

operate with laminar flow within the channels, a study on the flow velocity, pore diameter and 

the porosity of the porous channel needs to be carried out. An investigation by Carton [26] 

found that simulation results on pressure drop were in agreement with the experimental results 

using the Hazen Dupuit-Darcy model described by Eq. (25). The Hazen Dupuit-Darcy model 

in Eq. (25) relates velocity to the pressure drop which is dependent on the permeability of the 

medium and the fluid velocity.  
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Fig. 7: Effect of increasing pore diameter on the permeability and the factor C. 

 

Fig. 7 shows the effect of increasing pore diameter for a constant porosity, 𝜀 = 0.93.  The 

figure shows that the pressure drop for a high pore diameter would have a linear response with 

increasing flow velocity. This can be observed in Fig. 8(a), where at a constant porosity           

𝜀 = 0.93 the effect of increasing pore diameter is shown as a function of velocity and the 

pressure drop. Further analysis of the effect of increasing medium porosity suggests that for 

higher porosity the pressure drop is lower. This effect is illustrated in Fig. 8 (b) for a pore 

diameter of 100µm. 

 

(a)                                                                           (b) 

Fig. 8: Effect of increasing velocity on pressure drop for (a) different pore diameter (b) 

different material porosity.  

 



17 | P a g e  
 

For a fully functional PEMFC, it has been established that the flow through the channel is 

laminar. The Reynolds Number (𝑅𝑒 =
𝜌√𝛾𝑉

𝜇
) is a good measure for determining the type of 

flow in a channel with values of Re <2300 indicating laminar flow [6]. The Reynolds number 

is function of the flow velocity and the permeability (pore diameter and porosity) of the channel 

for a fluid with constant viscosity and density. This key measure was analysed for varying 

porosities, pore diameters and flow velocities and the results are shown in Fig. 9 . It was 

observed that for a flow velocity above 6m/s and pore diameter greater than 2mm, the flow in 

the channel would be turbulent. A low-pressure drop for a porous channel can therefore be 

achieved with a higher pore diameter but the flow velocity should not exceed 6 m/s. Taking 

this into account, a porous media with a porosity of 0.93 and pore diameter of 100µm was used 

when simulating fuel cells using OPCF flow channel. 

 

(a)                                                                           (b) 

Fig. 9: Surface plot at varying pore diameter, porosity and flow velocity for (a) Pressure 

drop (b) Reynolds Number. 

 

4. Results and Discussions 

The model simulation is carried out using MATLAB/SIMULINK where the required flow rates 

are calculated by varying the amount of current being drawn from the fuel cell as discussed in 

Appendix A. Due to the complexity and stiffness of the mathematically model, ODE15s solver 

was used in MATLAB/Simulink. The simulation time was 10 secs due to the dynamic changes 

in temperature. 

The simulations were carried out using increasing current and the respective voltage drops in 

the fuel cells were observed. The influence of the characteristics of the type of flow channel 

determined the pressure drop and its effect on the performance of the fuel cells. In the analysis, 
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the humidity at the anode is taken to be 100% and at the cathode to be 74%. It is expected that 

due to different types of flow channels, the respective pressure drop and the membrane 

effective water content will change due to the variation of the overall membrane water activity 

between the anode and cathode. The variation in the pressure drop and therefore its water 

content at increasing current can be seen in the Fig.  10 for both the traditional serpentine flow 

channel and the porous material channel. It can be observed from Fig. 10 (a) that the porous 

channel provides a lower pressure drop when compared with the serpentine channel. It also 

provides a better membrane hydration as shown in Fig. 10 (b) thus providing better 

conductivity. 

  

 

 

 

 

 

 

 

 

Fig. 10: Effect of the porous channel over serpentine channel (a) variation in pressure 

drop (b) water content. 

The water activity inside the membrane takes into consideration the saturated vapour pressure. 

It is the ratio between the pressure at anode or cathode to the saturated vapour pressure (𝑎𝑖 =

𝑃𝑤/𝑃𝑠𝑎𝑡)  [6 - 7]. As long as the water activity is less than or equal to 1, the water inside the 

fuel cell exists in the vapour phase. The inset figure in Fig 10(b) shows the relationship between 

water activity and the water content.  Figure 10 (a) shows the overall pressure drops at different 

current values of the fuel cells. The amount of current drawn is directly proportional to the 

amount of water produced as shown in Eq. (A22) and the effect of produced water is therefore 

similar to that shown in Figure 10 (a). 
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The humidification of the reactant gases has a direct effect on the water management of a fuel 

cell and affects the overall performance of the fuel cell. A pragmatic mechanism of reducing 

flooding in the fuel cell is the application of thinner membranes. This is due to the short distance 

for back diffusion in thinner membranes. Also fuel cells made of thin membranes have 

exhibited lower ohmic losses when compared with those having thicker membranes [6]. 

Thinner membranes are also less susceptible to changes in temperature and current density.  

In spite of all these positive characteristics of the application of thinner membranes in fuel 

cells, they still have some negative characteristics as well. In terms of durability and gas cross 

overs, thicker membranes are considered the better suitable option for PEM fuel cells when 

compared to their thinner counterparts. It can therefore be concluded that membranes thinner 

than 127µm will perform better for both types of channels but due to durability and gas cross 

over issues, the membrane thickness is normally limited to the range of 25 to 40 μm for 

practical fuel cell applications [6].  

Despite the fact that the electrolyte is not electrically conductive and is typically impermeable 

to gases, some hydrogen and electrons diffuse through the electrolyte. Each hydrogen molecule 

that diffuses through the electrolyte leads to fewer electrons that travel through the external 

circuit. These losses are negligible during fuel cell operation but can be significant at extremely 

low current densities [6]. Fuel cell mode of operation is in the ohmic region which is the higher 

bound of the current densities used in fuel cells applications and the effect of hydrogen and 

oxygen crossover within this cell operating range is negligible [7].   

The polarisation curves plots in Fig. 11 show the effect of varying current for the porous and 

serpentine channels. It is observed that the overall performance of the porous channel when 

compared with the serpentine channel is higher due to low pressure drop in the porous channel 

for the same inlet flow rates. The uniform flow of reactant gases in the channel also contributes 

to the fuel cell improved efficiency with the open circuit voltage being recorded at 0.9 V for 

the porous channel and 0.8 V for the traditional serpentine channel. 

Since a porous channel provides a uniform distribution of reactants, it is preferable to use higher 

porosity to achieve the optimum higher performance from the cell. This is actually constrained 

as a trade-off exists between porosity, pore diameter and flow velocity of a porous channel that 

limits the performance of the fuel cell [23, 24]. As the fuel cell operates in the laminar flow 

regime, higher porosity and pore diameter will lead to decrease in the performance of the fuel 

cell at higher flow velocities as the reactants residence time will be reduced and the cell will 
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not be operating at its optimum level. As long as the combined effect of the pore diameter, 

porosity and flow velocity results in the fuel cell operating in the laminar region, it will operate 

at high performance levels. 

It must be stressed that due to the factors associated with the catalyst characteristics and the 

reaction rates and gas cross over losses, not all of the gases flowing within the channel will 

react instantaneously at it is more effective to operate within the laminar region for flow 

velocities to achieve the optimum residence time for the reactants in the cell to obtain the 

optimum reactants conversions that leads to improved cell performance [6, 7]. 

The simulated results show that using an OPCF flow plate outperformed the conventional 

serpentine flow plate recording 0.4 V at 1.8 A. An improvement of approximately 55% is 

therefore observed in the current density for OPCF channel when compared with that of the 

serpentine channel under the same operating conditions at a voltage of 0.4 V. Moreover, and 

due to better membrane hydration characteristics, the conductivity of the membrane is higher 

in a fuel cell with a porous channel when compared with a serpentine channel.  

 

Fig. 11: Polarisation curves for a serpentine flow channel and a porous OPCF channel.  

Recent investigation in the use of OPCF material as a flow channel has shown to increase the 

performance of the fuel cell. An experimental study on the performance of fuel cell using OPCF 

material as flow channel has shown an increase in the limiting current density when compared 

to the traditional serpentine flow channel [37].  

In order to analyse the dynamics of the PEM fuel cell system, the fuel cell model is tested with 

step changes in the load as shown in Fig. 12 (a). The changes in the pressure drop, water content 

and cell voltage are shown in Fig. 12(b) – (d), respectively, for both channels. The time interval 
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0 to 100 s is not shown in the plots as it represents the inactive state of the PEMFC. It is 

mentioned earlier that the input flow rates are determined by the amount of current being drawn 

by the fuel cell as detailed in Appendix A. At low currents, the flow rates will be lower than 

for higher currents and therefore will have a negligible effect on the pressure drop in either of 

the channels. This can be seen in Fig. 12(b) that for small current, the pressure drop for both 

the serpentine and porous channel is approximately the same.  

 

Fig. 12: Dynamical analysis of a PEM fuel cell with a porous and serpentine flow channel. 

However, for higher current values above 3A the difference is evident and the pressure drop is 

higher for the serpentine channel than the porous channel as can be seen in Fig. 10 (a). This is 

due to the lower permeability of the serpentine channel and therefore poor uniformity of 

reactants distribution on the catalyst layer of the fuel cell. Due to a lower pressure drop and 

uniformity of the reactants coverage, the membrane is also better hydrated at lower current 

levels when using the porous channel when compared with the serpentine channel and this can 

be observed in Fig. 12(c) with the peaks observed in the figure being due to the variation in the 
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stack temperature when the current being drawn by the fuel cell is changed abruptly. Fig. 12(d) 

shows that the dynamic performance of a PEM fuel cell with OPCF porous channel is better 

than that of the conventional serpentine channel. 

 

5. Conclusion 

A unique mathematical model is developed to investigate the performance of a fuel cell based 

on a porous metal foam flow channel using OPCF material. The results are compared with 

those for a conventional serpentine flow channel using the same membrane electrode assembly 

and operating parameters. The mathematical model of the proposed fuel cell system which is 

based on mass transport equations is solved using the MATLAB® and Simulink® environment 

and the simulation results are presented in the paper. The effects of varying pore diameter, 

porosity, and the flow velocity on pressure drop were investigated using sensitivity analysis.  

The results for the water activity and IV-curves were examined along with the dynamic 

performance of the PEM fuel cell using both types of flow channels. The results indicated that 

the temperature and water management in the PEMFC porous channel was better than in the 

serpentine channel due to the higher permeability of the OPCF channel. Also the mass transport 

limitations were reduced when using the OPCF porous channel compared to those experienced 

when using the serpentine channel. It was observed that the fuel cell with the porous channel 

outperformed the one with the serpentine flow channel and recoded a 55% increase in the 

current density under the same operating conditions at a voltage level of 0.4 V The OPCF 

porous channel flow characteristics have important implications for reducing flooding and 

mass transport losses in fuel cells, as well as improving the PEM fuel cell overall performance. 

A simple replacement of serpentine channel with an OPCF material is not possible without 

further adjusting the geometry of the flow plate in a fuel cell. Design specification and CFD 

simulation needs to be carried out for experimental validation in future. 
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APPENDIX A: Mass Flow Calculations 

To properly determine the fuel cell mass flow rates, the mass that flows into and out of each 

process unit in the fuel cell needs to be taken into account. All of the flows are proportional to 

the power output and inversely proportional to the cell voltage.  

 

A. 1. Input Flow Rate 

The hydrogen mass flow rate is: 

𝐹𝐻2
𝑖𝑛 = 𝑆𝐻2

𝑀𝐻2

2𝐹
𝐼𝑓𝑐𝑁𝑠𝑡𝑎𝑐𝑘 

 (𝐴1) 

The oxygen mass flow rate is: 

𝐹𝑂2
𝑖𝑛 = 𝑆𝑂2

𝑀𝑂2

4𝐹
𝐼𝑓𝑐𝑁𝑠𝑡𝑎𝑐𝑘 

 (𝐴2) 

The nitrogen mass flow rate is: 

𝐹𝑁2
𝑖𝑛 = 𝑆𝑂2

𝑀𝑁2

4𝐹
(
1 − 𝑋𝑂2
𝑋𝑂2

) 𝐼𝑓𝑐𝑁𝑠𝑡𝑎𝑐𝑘 
 (𝐴3) 

The water vapour in (in or at) the anode (hydrogen) inlet is: 

𝐹𝐻2𝑂_𝑎𝑛
𝑖𝑛 = 𝑆𝐻2

𝑀𝐻2𝑂

2𝐹
(

∅𝑎𝑛𝑃𝑠𝑎𝑡
𝑃𝑎𝑛 − ∅𝑎𝑛𝑃𝑠𝑎𝑡

) 𝐼𝑓𝑐𝑁𝑠𝑡𝑎𝑐𝑘 
 (𝐴4) 

The total pressure in anode is the sum of the partial pressure of hydrogen 𝑃𝐻2  and the water 

𝑃𝐻2𝑂_𝑎𝑛 in the anode channel:  
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𝑃𝑎𝑛 = 𝑃𝐻2 + 𝑃𝐻2𝑂_𝑎𝑛  (𝐴5) 

The water vapour in cathode (oxygen) inlet is: 

𝐹𝐻2𝑂_𝑐𝑎
𝑖𝑛 = 𝑆𝐻2

𝑀𝐻2𝑂

4𝐹
(

∅𝑐𝑎𝑃𝑠𝑎𝑡
𝑃𝑐𝑎 − ∅𝑐𝑎𝑃𝑠𝑎𝑡

) 𝐼𝑓𝑐𝑁𝑠𝑡𝑎𝑐𝑘 
 (𝐴6) 

The total pressure in cathode is the sum of the partial pressure of hydrogen 𝑃𝑂2  and the water 

𝑃𝐻2𝑂_𝑐𝑎 in the cathode channel: 

𝑃𝑐𝑎 = 𝑃𝑂2 + 𝑃𝐻2𝑂_𝑐𝑎  (𝐴7) 

The partial pressures of hydrogen, oxygen and water vapour in anode and cathode can be 

evaluated using the ideal gas equation: 

𝑃𝐻2 =
𝑅𝑇𝑐𝑒𝑙𝑙
𝑉𝑎𝑛

𝑚𝐻2 
 (𝐴8) 

𝑃𝑂2 =
𝑅𝑇𝑐𝑒𝑙𝑙
𝑉𝑐𝑎

𝑚𝑂2 
 (𝐴9) 

𝑃𝐻2𝑂_𝑎𝑛 =
𝑅𝑇𝑐𝑒𝑙𝑙
𝑉𝑎𝑛

𝑚𝐻2𝑂_𝑎𝑛 
(𝐴10) 

𝑃𝐻2𝑂_𝑐𝑎 =
𝑅𝑇𝑐𝑒𝑙𝑙
𝑉𝑐𝑎

𝑚𝐻2𝑂_𝑐𝑎 
(𝐴11) 

The values of 𝑚𝐻2, 𝑚𝑂2, 𝑚𝐻2𝑂_𝑎𝑛 and 𝑚𝐻2𝑂_𝑐𝑎 are the accumulated masses of hydrogen, 

oxygen and water, respectively, using the equations described in PEMFC system model. Water 

saturation pressure, 𝑃𝑠𝑎𝑡, depends on the temperature and it could obtained from 

thermodynamic tables (e.g. steam tables) or using an appropriate equation of state. In the 

model, the saturation pressure is calculated from an equation of the form given by Spiegel [6]. 

The saturation pressure data in is used to obtain the coefficients in the equation,  

𝑃𝑠𝑎𝑡 = (10
(−2.1794+0.02953𝑇𝑐𝑒𝑙𝑙−9.1837×10

−5𝑇𝑐𝑒𝑙𝑙
2
+1.4454×10−7𝑇𝑐𝑒𝑙𝑙

3
)) 

(𝐴12) 

where water saturation pressure, 𝑃𝑠𝑎𝑡, is in bar and the temperature, 𝑇𝑐𝑒𝑙𝑙, is in oC. 

A.2. Output Flow Rate 

The nozzle flow equation as defined by Eq. (A13) is used to calculate the flow between two 

volumes [6, 7]. The rate of flow pass through a nozzle is a function of upstream pressure, 𝑝𝑢, 

and downstream pressure, 𝑝𝑑, of the nozzle. The flow rate can be calculated by the linearised 

form of the subcritical nozzle flow equation: 
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𝐹 = 𝑘(𝑝𝑢 − 𝑝𝑑) = 𝑘∆𝑃 (𝐴13) 

 

For the anode side: 

𝑘𝑎𝑛 = 𝐹𝑎𝑛/∆𝑃𝑎𝑛 (𝐴14) 

For the cathode side: 

𝑘𝑐𝑎 = 𝐹𝑐𝑎/∆𝑃𝑐𝑎 (𝐴15) 

  

The constants 𝑘𝑎𝑛 and 𝑘𝑐𝑎 (g bar-1 s-1) can be determined by the total input flow rates 𝐹𝑎𝑛 and 

𝐹𝑐𝑎 (g s-1) in the anode inlet and cathode inlet, respectively. The pressure drop in the anode and 

cathode channels are determined by the pressure drop equation discussed earlier. The output 

flow rate for each species in the fuel cell can then be evaluated: 

𝐹𝐻2
𝑜𝑢𝑡 = 𝑘𝐻2𝑃𝐻2 (𝐴16) 

𝐹𝑂2
𝑜𝑢𝑡 = 𝑘𝑂2𝑃𝑂2   (𝐴17) 

𝐹𝐻2𝑂_𝑎𝑛
𝑜𝑢𝑡 = 𝑘𝐻2𝑂_𝑎𝑛𝑃𝐻2𝑂_𝑎𝑛  (𝐴18) 

𝐹𝐻2𝑂_𝑐𝑎
𝑜𝑢𝑡 = 𝑘𝐻2𝑂_𝑐𝑎𝑃𝐻2𝑂_𝑐𝑎  (𝐴19) 

  

A.3 Rate of Species Consumption  

𝐹𝐻2
𝑟 =

𝑀𝐻2

2𝐹
𝐼𝑓𝑐𝑁𝑠𝑡𝑎𝑐𝑘  

(𝐴20) 

𝐹𝑂2
𝑟 =

𝑀𝑂2

4𝐹
𝐼𝑓𝑐𝑁𝑠𝑡𝑎𝑐𝑘  

(𝐴21) 

𝐹𝐻2𝑂
𝑟 =

𝑀𝐻2𝑂

2𝐹
𝐼𝑓𝑐𝑁𝑠𝑡𝑎𝑐𝑘  

(𝐴22) 

Table A.1 Parameter List 

SYMBOL Meaning Value 

𝑨𝒄𝒆𝒍𝒍 Active area of cell 11.4 cm2 

𝒕𝒎 Membrane thickness 127 µm 

𝑵𝒔𝒕𝒂𝒄𝒌 Number of cells in stack 5 

𝜺 Porosity of metal foam 0.936 

𝒅𝒑 Pore diameter 100 µm 

𝒅𝒉 hydraulic diameter 500 µm 

𝑴𝑯𝟐 Mass of hydrogen gas 2 (g mol-1) 

𝑴𝑶𝟐 Mass of Oxygen gas  32(g mol-1) 

𝑴𝑯𝟐𝑶 Mass of water  18(g mol-1) 

𝑭 Faraday constant  96485 (A.s mol-1) 
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𝑹 Gas constant 8.3142 (J g-1 K-1) 

 


