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ABSTRACT 

 

Dynamic Subdivided Relative Humidity Model of a Polymer Electrolyte 

Membrane Fuel Cell 

 

Alexander John Headley, M.S.E. 

The University of Texas at Austin, 2013 

 

Supervisor:  Dongmei Chen 

 

 The development of a control-oriented dynamic relative humidity model for a 

polymer electrolyte membrane (PEM) fuel cell stack is presented. This model is 

integrated with a first law based thermal model, which tracks energy flow within four 

defined control volumes in the fuel cell; the cathode channel, anode channel, coolant 

channel, and fuel cell stack body.  Energy and mass conservation equations are developed 

for each control volume.   

 On top of mass conservation, electro-drag and osmosis models were also 

implemented within the model to account for the major modes of vapor transfer through 

the membrane between the anode and cathode.  Requisite alterations to the thermal model 

as well as mass flow rate calculations are also discussed.   

 Initially, the model utilized a single lumped control volume for the calculation of 

all values each channel (anode and cathode).  This lumped value method is 

computationally inexpensive, and makes the model optimal for control design.  However, 

investigation of the mass-based Biot number showed the need for greater granularity 

along the length of the channels to properly capture the relative humidity dynamics.  In 
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order to improve the resolution of the model, while still minimizing the computation 

expense, the model was subdivided into a series of lumped value models.  The cathode 

channel was the point of focus as it is the major concern from a controls perspective. This 

method captures the proper trends found in far more complex CFD models, while still 

maintaining a quick calculation time.  Different levels are subdivision (3 and 6 

submodels) are investigated, and the differences discussed.  Particularly, temperature 

range, relative humidity range, the effect on the modeled voltage, and calculation time are 

compared.    

 This control-oriented model is low order and based on lumped parameters, which 

makes the computational expense low.  Formulation of this model enables the 

development of control algorithms to achieve optimal thermal and water management.  
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INTRODUCTION 

Background 

 As reserves of fossil fuels continue to diminish, more and more researchers are 

working to develop alternative forms of energy generation.  Increased concern with 

regards to air quality, greenhouse gas emissions, and dependence on oil imports has led to 

a number of governmental mandates that has increased the attention on alternative fuels 

in recent years [1]. Legislation has led to accelerated development and deployment of 

amongst others, hybrid electric vehicles, alternative fuels such as biofuel and ethanol, and 

hydrogen fuel cells.   

 Of these technologies, fuel cells, particularly hydrogen fuel cells, are considered 

to be one of the more high risk technologies, but have great potential to be a good  

alternative technology for vehicle power and distributed power generation.   

PEM FUEL CELL OVERVIEW  

 Proton Exchange Membrane (PEM) fuel cell technology was first developed by 

GE in the 1960s by Leonard Niedrach and Thomas Grubb [2].  Since that time, PEM fuel 

cells have emerged as a technology of interest for use in automotive applications, due to 

their quick response to load demands, high energy density, fast startup times, and low 

operating temperatures [3]. This technology also works from a reverse electrolysis cycle, 

making the only direct emission pure water.  These positive aspects of the PEM fuel cell 

technology have led to extensive research in this area, with some large scale success. In 

2007, GM rolled out around 100 PEM fuel cell powered SUVs, the largest fuel cell 

demonstration fleet to date [4].  Each vehicle can travel approximately 200 miles, refill in 

5 minutes, and have logged in excess of 2.5 million miles.  

 In March of 2012, a hydrogen fuel cell powered bus began operation in Austin, 

TX as a part of The Hydrogen Hybrid Bus demonstration project overseen by the 

National Fuel Cell Bus Program [5].  The prototype bus, built by Proterra and operated 
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by Capital Metro, includes an all-electric drivetrain, and a lithium battery pack which is 

kept charged by two PEM fuel cells.  Proterra claims that the vehicle can be fully charged 

in a matter of minutes, and a single charge is sufficient for several hours of operation [6]. 

Public transit applications have arisen as one of the most appealing applications of fuel 

cell technology, and early data taken, being collected and analyzed by the University of 

Texas’ Center for Electromechanics will go a long way towards the advancement of this 

technology, should it prove to be positive [7]. 

MOTIVATION 

 While research and development of PEM fuel cells has come quite a long way, 

there are still technical hurdles that must be addressed before they can reach their full 

potential and market viability.  Paramount amongst these challenges is water 

management within the fuel cell.   Due to the amount of water generated during 

operation, PEM fuel cells can be prone to liquid water blockages of the gas diffusion 

layer at high humidity levels [8, 9, 10].  In low flow regimes of fuel cell operation, 

channel flooding can be severe, and cause a significant drop in voltage and efficiency 

[11].   Simultaneously, if humidity levels are too low, the ohmic losses within the 

membrane reach high levels; reducing efficiency and possibly causing damage to the 

membrane [12, 13].   

 Control of the humidity levels is complicated by the interconnection between 

temperature and relative humidity and the effect of many other variables.  Inlet gas 

conditions, cell temperature, cell current, the cooling system, etc. all have an effect on the 

humidity level within the fuel cell [12].  In order to properly control the balance of 

membrane hydration within the fuel cell, a comprehensive, control-oriented, dynamic 

fuel cell model is needed. 
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Literature Survey 

 In order to develop an all-inclusive fuel cell model, a good understanding of many 

aspects of the fuel cell reactions is necessary.  As such, an extensive review of existing 

models and research in the field was conducted.  A number of 1D, 2D and 3D models 

exist which model species concentrations, power density, liquid formation, etc. with good 

accuracy to experimental data [14, 15, 16, 17, 18].  Models in this form have been good 

for gaining understanding of small scale phenomenon in the gas diffusion layer in PEM 

fuel cells, as well as develop guidelines for fuel cell operation.   

 You et. al developed a two-dimensional, two-phase model to predict the flow and 

transport of water within a fuel cell [19].  This study included a good investigation of 

limiting current densities to avoid liquid formation in the cathode channel.  However, as 

is the case with this approach to fuel cell modeling, this model is too computationally 

expensive for control design given the two dimensional mesh they utilized. Though 

transient, multi-dimensional models do exist [20], typically 2D and 3D models limit 

themselves to steady state considerations, which is not sufficient for controls work.   

 Khemili et al. [21] made a one-dimensional model of the temperature variation 

across the fuel cell that compared simulation results to experimental data taken by 

Didierjean et al [22].  Their model predicted that the non-uniformity of the temperature 

distribution in the fuel cell decreases with time under a constant current demand.  

Temperature eventually comes to equilibrium, balancing the conductive and convective 

heat transfer, as well as the heat generation within the reaction area. Their model also 

emphasized the damping effect of liquid water saturation on the temperature distribution, 

which lowered and flattened the overall temperature profile.  The model showed that the 

peak temperature occurs in the membrane electrolyte assembly slightly towards the 

cathode side. Unfortunately, this model only considered constant current demand cases 

and used a finite element numerical method that is not conducive to developing control 

methods due to the high computational expense. 
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 Shimpalee et al. [23] developed a CFD model to describe the fuel cell transient 

response under variant current load profiles that considers the electrochemical process, as 

well as water transport.  Simulation results imply that the current overshoots due to the 

non-uniformity of reactants in response to the current demand change.  Unfortunately, 

this model does not focus on the thermal aspect of the dynamic response, and is not 

conducive to experimental validation. 

 Rao et. al developed a 2D model of a PEMFC which included consideration of the 

transport of liquid and vaporous water through the catalyst and gas diffusion layer [24].  

Their investigation concluded that transport through the porous region is largely 

governed by bulk diffusion.  They also found that the catalyst layer is best modeled as a 

spherical agglomerate. They obtained very good correlation to experimental data, and put 

forth a method by which to study the effect of various parameters using their model. This 

model is not ideal for control design however.  The fundamental set of equations used 

made the investigation far more conducive to treating voltage as the input to predict the 

current density, where the opposite may often be desired.  They also limited their 

investigation to steady state considerations, and would be computationally too expensive 

for controls work. 

 Di Penta et al. developed a thermodynamic and species conservation model for 

control design of fuel cell reformers [25].  Good correlation was obtained between 

experimental and simulated results. Their study incorporated species variations within the 

reformer and fuel cell stack to understand the effect of CO poisoning on stack efficiency.  

All thermal aspects were lumped with a single temperature term, making the 

temperatures inside the anode, cathode and stack body indistinguishable. This renders the 

model unsuitable for anode or cathode specific control concerns, such as the flow rate 

and relative humidity, given the lack of knowledge regarding temperature inside each 

channel.  

 Martins et al. [26] used seven control volumes to describe the fuel cell stack in 

order get a spatial understanding of the system’s phenomena. Using infrared technology, 

they performed non-invasive temperature measurements that revealed heat concentration 
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at the membranes, thereby demonstrating the significant effect of the spatial temperature 

variation.  They also verified that the temperature distribution is non-uniform, even at 

low current demands, and developed a representative model for thermal distribution in 

the flow direction. Their study was geared towards design optimization and is not suitable 

for control design, again due to the high computation expense. 

 There are also a number of thermodynamic PEM fuel cell models [27, 25, 28].  

These models have the advantage of having much faster computation times, while good 

fidelity to experimental results can also be obtained, despite the loss of dimensional 

dependence.  Of these however, few are ideal for control design given steady state 

assumptions used in the model, and fewer still include dynamic thermal and relative 

humidity modeling.    

 Muller et. al. [29] developed a control-oriented model that showed a good 

correlation with the experimental validation.  Nonetheless, the fuel cell temperature was 

again lumped into a single value.  Even though this bulk fuel cell temperature did capture 

the trends for transient response, it is not sufficiently accurate for water management of 

the anode and cathode, where a single degree of temperature difference can vary the 

relative humidity by 8%.  

 Nguyen et. al created a steady state heat and mass transfer model of a PEM fuel 

cell for the purpose of investigating various humidification methods [27].  This model 

included consideration of vapor transport by electro-osmosis and diffusion, and found 

that at higher current densities, the electro-osmosis from the anode necessitated increased 

humidification of the anode channel in order to avoid membrane dehydration. However, 

with the steady state limitation, this model does not capture the dynamics necessary for 

the implementation of a controller on the system. 

 Del Real et. al developed a dynamic, control-oriented model which simulated 

voltage, relative humidity, and liquid water flooding effects for an air-cooled, Ballard 

PEM fuel cell [30].  This model was also shown to closely match experimental data.  

However, they also used a single representative temperature for the fuel cell, which is not 

ideal for relative humidity control.  Also, they utilized a single control volume for vapor 
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concentration calculations in the anode and cathode, which limits understanding of 

development of the humidity profile along the channel. 

 While these models all add considerably to the PEM fuel cell knowledge base, 

none of them combine all of the necessary variables for dynamic relative humidity 

control, while still remaining of a reasonably low order as is necessary for control work.  

This thesis discusses the modification and extension of the dynamic thermal model our 

group has developed to include dynamic relative humidity calculations.  This model is 

control-oriented, meaning it is low order and therefore has quick calculation times, while 

still capturing the trends in humidity dynamics found in more complex models.  With this 

model’s capabilities, a suitable PEM fuel cell controller can be developed to control fuel 

cell temperature and humidity to optimize performance and minimize membrane wear. 

NOMENCLATURE 

  channel area [  ] 

   cross sectional area [  ] 

   water activity (relative humidity) in the membrane [%RH] 

           ohmic loss coefficient 

          Biot Number 

           specific heat capacity [     ] 

  concentration 

      Outlet manifold flow coefficient 

   specific heat capacity at constant pressure [     ] 

    specific heat capacity at constant volume [     ] 

  diffusivity 

   hydraulic diameter [m] 

   diffusion coefficient 

  reversible open circuit voltage [V] 

  Faraday constant [                          ] 



 7 

  enthalpy flow rate [W] 

           convective heat transfer coefficient [W/m
2
K] 

  specific enthalpy [    ] 

   mass convection coefficient 

      stack electric current [ ] 

     current density [     ] 

           generic species 

  conductive heat transfer coefficient [     ] 

          characteristic length [m] 

     molar mass [      ] 

     mass [  ] 

   mass flow rate [    ] 

           molar flow rate[mol/s] 

         number of cells of the fuel cell stack 

          electro-osmotic drag coefficient 

    Nusselt number in internal flow 

  perimeter [ ] 

  pressure [Pa] 

  heat transfer rate [ ] 

  electrical resistance [   ] 

   universal gas constant [               ] 

   Reynolds number 

         Relative Humidity [%RH] 

  entropy [J/K] 

   Schmidt number 

   Sherwood number 

  temperature [ ] 

   membrane thickness [ ] 
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  time [ ] 

  velocity[m/s] 

  internal energy [ ] 

    voltage [V] 

          Volume [m
3
] 

            volumetric flow rate [nLpm] 

  work rate [ ] 

Greek symbols: 

   heat convection coefficient of fuel cell body to the ambient [      ] 

  emissivity  

    membrane water content  

   Stefan-Boltzmann constant [                  ] 

   membrane conductivity [     ] 

    change in Gibbs free energy [J/kg] 

   
  change in Gibbs free energy at standard pressure (1 Bar) [J/kg] 

     enthalpy of formation [J/kg] 

  density [kg/m
3
] 

  kinematic viscosity [m
2
/s] 

  dimensionless temperature 

Subscripts: 

    activation loss 

       membrane active area 

         air 

   anode 

    ambient 

    average 
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  critical 

   cathode 

cells     cells 

    coolant water 

   c concentration loss 

     convection 

  dimensionless 

        diffusion 

       electro-osmotic drag 

     electrical 

   fuel cell 

      generated (heat) 

   hydrogen gas 

        water 

        ideal 

    inlet 

    liquid water 

       maximum 

    membrane electrode assembly 

     membrane 

   oxygen gas 

    ohmic loss 

     outlet 

    radiation 

     reacted (chemical reaction) 

         saturated 

   stack 

          total 
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    water vapor 

  free stream 
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MODELING METHODOLOGY 

LAB PEM FUEL CELL SYSTEM TO BE MODELED 

It seems important to first define the precise system being modeled.  This model 

is based on a 1.5kW, 30-cell fuel cell stack.  The PEM fuel cell stack utilized consists of 

30 cells with five–layer membrane electrolyte assemblies (MEAs), each with a surface 

area of approximately 50 cm
-2

.  Nafion 212 with the thickness of 50 µm was used for the 

polymer membrane. Catalyst layers have 0.4 mg/cm
-2

 of platinum loadings supported in 

carbon black powder on both the anode and cathode. The gas diffusion layer (GDL), 

which is used to diffuse the gas reactants from the flow field to the catalyst layers, is 

hydrophobic Toray 160 carbon paper with a thickness of 190 µm. The flow fields are 

machined graphite plates having serpentine line flow patterns, with the anode and 

cathode flow field passages in a cross flow configuration.  Specific stack dimensions used 

in the model are shown in the following table: 

Table 1: Experimental Fuel Cell Stack Setup Dimensions 

Anode:  

Active area 5000 mm
2
 

Channel length 2400.3 mm 

Channel width 0.864 mm 

Channel depth 0.56 mm 

Total exposed area 2400.3 x 0.864 = 2133.87 mm
2
 

Exposed to active ratio 2133.87 / 5000 x 100% = 42.7% 

Total channel volume 2400.3 x 0.864 x 0.056 = 1161.36 mm
3
 

Cathode:  

Active area 70.75 x 70.75 = 5000 mm
2
 

Channel length 1768.8 mm 

Channel width 1.5748 mm 
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Channel depth 1.27 mm 

Total exposed area 1768.8 x 1.5748 = 2785.5 mm
2
 

Exposed to active ratio 2785.5 / 5000 x 100% = 55.7% 

Total channel volume 1768.8 x 1.5748 x 1.27 = 3537.59 mm
3
 

Fuel cell body (graphite):  

Area 127 x 127 = 16129 mm
2
 

Thickness 16.6125 mm 

Total surface area to ambient 127 x 16.6125 x 30 x 4 sides = 253174.5 mm
2
 = 0.253 m

2
 

Coolant:  

Channel length 381 mm 

Channel width 2.54 mm 

Channel depth 1.27 mm 

Total channel volume 381 x 2.54 x 1.27 = 1229 mm
3
 

Total exposed area 381 x 2.54 = 967.74 mm
2
 

 

Summary of Thermal Model 

As the dynamic thermal model is integral to the dynamic relative humidity model, 

it is necessary to provide a summary of this model here.  Also, some of the necessary 

corrections and adjustments to the model to improve accuracy for the relative humidity 

model will be discussed.   

 The dynamic thermal model is first-law based and describes the transient response 

of the temperatures inside the anode, cathode, and coolant channels, as well as the fuel 

cell body.  Spatial temperature variations within a given channel are neglected to 

minimize the computational expense. Four control volumes (CVs) are defined (as shown 

in Fig. 1): the anode channel CV, the cathode channel CV, the fuel cell body CV, and the 

coolant channel CV.  Each CV temperature is calculated based on the conservation of 

energy and mass. 
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Figure 1: Fuel Cell Stack Representative Control Volumes 

 The known inputs to the fuel cell stack shown in Figure 1 are inlet flow rates, 

pressures and temperatures for each CV, and the current demand. Outputs of this system 

are the temperatures for each channel and fuel cell stack voltage. Gases are assumed to 

follow the ideal gas law. Energy conservation is applied to each CV, yielding equations of 

the following form: 

   

  
                                (1) 

 For each CV the time rate of change of internal energy is the sum of the net heat 

transfer, net work into the system, and the sum of the reaction enthalpies associated with 

the input and output mass flow rates. The first law representation for the fuel cell body 

and each of the channels is explained in the following subsections. 

FUEL CELL BODY CONTROL VOLUME 

The solid fuel cell body and MEA are combined into a single control volume of a 

uniform temperature.  This assumption has important implications for the relative 

humidity model, as will be shown in later sections. Using this lumped temperature model 

for the fuel cell body is justified by the calculation of the Biot number of the graphite 

body: 
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      (2) 

 Here, the convection coefficient utilized is the average of the inner and outer 

convection coefficients, and the characteristic length is the thickness of the plates.  

Calculation of these coefficients is shown later in the paper. 

 Only the fuel cell body’s graphite mass is considered in the calculation since the 

MEA mass is negligible. Any change in temperature of the fuel cell depends on (1) the 

heat produced from the chemical reaction, (2) the heat transferred by mass convection in 

the anode, cathode and coolant channel, and (3) the heat transferred from the body 

surface to the environment by convection and radiation. Applying Equation (1) to the fuel 

cell body CV, yields: 

 
      

    
  

                                                        (3) 

 Using Equation (3), the change in fuel cell body temperature can be predicted 

given the sum of the heat generation and transfer terms.  

 Heat lost to the surroundings by convection and radiation are: 

                   
                    (4) 

                          
      

   (5) 

 The fuel cell convection coefficient,         
, is based on the graphite material 

property, the air flow rate and the average of natural convection on vertical and horizontal 

surfaces of the fuel cell [31]. After tuning of the model, this value was set to 7 W/m
2
K. 

Emissivity   was estimated to be 0.9 [29].         is the fuel cell body surface area that 

is exposed to the surrounding air. 

 The heat generation term takes the following form: 

                (6) 
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 Where E is the ideal voltage as related to the heating value of the reactants and Vfc 

is the actual fuel cell voltage. Remaining energy terms in Equation (2) and the voltage 

model are presented in the following sub sections. 

ANODE CONTROL VOLUME 

 Energy flow in the anode control volume consists of the inlet and outlet flow 

enthalpies, along with the convection between the anode channel surface and flowing 

gases. Energy balance in the anode CV is: 

     
  

                            (7) 

 The left hand side of Eqn. (6) can be expanded as: 

     
  

   
    

  
                    

    
  

 

(8)              
                           

                                       
                    

    

  
    

 Equation (8) represents the internal energy change in the anode CV that depends 

on (1) the time rate of change of masses at constant temperature and (2) the time rate of 

change of temperature at constant mass.  Masses in the anode channel consist of 

hydrogen, water vapor, and potentially liquid water.  Specific heats of the gas species are 

assumed to be constant. 

 On the right hand side of Eqn. (7), the first term is the heat transferred by 

convection between gases in the anode channel and fuel cell body. The temperature is 

assumed to increase linearly from the anode inlet to the anode outlet, thus the anode 

temperature used for this calculation is the average of the inlet and the outlet 

temperatures. The heat transferred by convection is: 

                                 (9) 
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 The coefficient of convection for the flow in the anode is obtained from the 

Nusselt number. Given the dimensions of the flow channel (0.864   0.56 mm), and 

assuming fully developed  laminar flow with constant fuel cell body surface temperature, 

the Nusselt number is [32]: 

 
    

              
       

        (10) 

 Hydraulic diameter is given by: 

 
         

  
 

 (11) 

 Where    and   are the cross sectional area and perimeter of the anode channel 

respectively. The conduction coefficient, estimated from data in Table 2, is assumed to be 

constant during operation given the relatively small changes in pressure and temperature.  

In the anode CV, the coefficient for diatomic hydrogen is used as it is the main 

constituent in the anode gases, making the convection coefficient to be 924.6 W/m
2
K. 

Table 2: Conduction coefficients at 350k [32, 33] 

Species Conduction Coefficients (W/mK) 

H2O(g) 0.023 

N2 0.0293 

H2 0.204 

O2 0.0296 

 Inlet enthalpies entering the anode control volume consist of the hydrogen and 

vapor masses from the anode inlet, as well as the vapor and liquid masses that cross the 

membrane: 

                    
                      

 
(12) 
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 The enthalpy out of the system is of similar form to that of the inlet, but it 

includes the reacted hydrogen mass as well: 

                      
                        

 

(13) 
                 

                                           

 Hydrogen mass consumed in the reaction is calculated from the stack current as 

follows: 

 
                    

   
  

 (14) 

CATHODE CONTROL VOLUME 

 In the cathode control volume, consisting of air, water vapor, and potentially 

liquid water, the energy balance can be expressed as: 

     
  

                            (15) 

 The left hand side of Eqn. (15) is expanded as:  

     
  

   
    

  
                    

    
  

 
 

           
         

           
                   (16) 

 
                

        
          

            
    
  

  
 

 Cathode flow enthalpies are expressed by: 

                    
            

                        

(17) 
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(18) 
 .               

                          

 Oxygen mass consumed and water produced during the reaction are calculated 

from the stack current as well: 

 
                  

   
  

 (19) 

 
                   

   
  

    (20) 

 The heat transferred by convection between the fuel cell body and cathode gases 

is calculated similarly to the anode case:   

                              (21) 

 The convection coefficient in the cathode channel (1.5748   1.27 mm) is 

calculated in the same manner as the convection coefficient in the anode channel and 

found to be 64.2 W/m
2
K. While the gas is a mixture of many species, the conduction 

coefficient is taken to be that of diatomic nitrogen, given that it is the major constituent in 

the gas, and conduction coefficients for the other prevalent species are similar.  

COOLANT CONTROL VOLUME 

 Deionized liquid water is the coolant for this fuel cell system, the energy balance 

is: 

     
  

                            (22) 

 The first term on the left hand side of equation (21) is elaborated as: 

     
  

 
    

  
               

    
  

    (23) 
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 The coolant temperature in the fuel cell body is modeled as the average of the 

inlet and outlet coolant temperatures.  From Eqn. (21), the heat transferred by convection 

is: 

                            (24) 

 While the inlet and outlet flow enthalpies are: 

                       (25) 

                         (26) 

 An example output from the thermal model before modification is shown below.  

It is not expected that the relative humidity model will greatly affect thermal modeling, as 

water vapor, even in fully saturated cases, is not the major constituent in the cathode 

gases.  

 

Figure 2: Model and Experimental Temperature Comparison After Calibration (E=1.4V, 

Near HHV Assumption) [34]    
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Summary of Voltage Modeling 

The voltage model utilized in the original model is also extended for use with the 

RH modeling.  This is an important aspect from a controls standpoint, as electrical power 

is the main output from the system.  A summary of the equations used for the modeling 

of the voltage in the system is presented in this section.   

 Hypothetically, all of the energy released through the reaction,       is converted 

into electrical energy.  As two electrons move through the circuit for every hydrogen 

molecule, the work done to move these electrons is [35, 36, 37]: 

            (27) 

 Depending on whether the reaction proceeds to vapor or liquid water, either the 

lower heating value or the higher heating value is used respectively.   

          (28) 

            This makes E equal to 1.48V for a reaction ending in liquid water or 1.25V for a 

reaction ending in vapor.  From thermodynamics, however, the available energy for work 

is equal to the change in Gibbs free energy (  ) between the reactants and products:  

              (29) 

 If all of this chemical energy is converted to electrical work, this gives the 

maximum attainable voltage as: 

 
       

   

  
 (30) 

 For the chemical reaction within the fuel cell,    
 

 
      , the general form 

of    is: 
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  (31) 

 Where the Gibbs energy of formation varies from the standard state (25°C and 1 

atm) value,    
    with temperature and entropy changes, as well as the concentration 

differences between the reactants and products. Given that the expected temperature 

change is relatively small, the entropy change is taken to be a standard value,     [17].  

Using values of standard state entropy change, the ideal voltage is given by the following 

expression: 

                                      
(32) 

 .                          
 

 
         

 Where 1.229V is the reference potential equal to the standard state Gibbs 

formation energy for pure liquid water divided by twice the Faraday’s number.  In Eqn. 

(32), the pure liquid water assumption makes the partial pressure of the water equal to 1, 

dropping this term from the equation. This ideal voltage is unattainable due to losses 

inherent to the system, including activation losses, ohmic losses, and concentration 

losses.  Empirical quantifications of these losses are explained in [36, 35] and are 

summarized below.   

ACTIVATION LOSS 

 Activation losses arise due to the energy required to drive the chemical reactions 

at the anode and cathode.  A simple model used to describe the activation loss has the 

following form: 

                      (33) 

 Where   ,    and   depend on the oxygen partial pressure and temperature. These 

values are obtained from a nonlinear regression of experimental data.  
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OHMIC LOSS 

 Ohmic losses result from voltage drops due to the resistance of the (1) membrane 

to proton transfer and (2) of the electrode and collector plate to electron transfer. Ohmic 

losses can be expressed as: 

             (34) 

 Where     , the membrane’s internal electrical resistance, is the ratio of the 

membrane’s thickness to its electrical conductivity: 

 
     

  
  

 (35) 

 The membrane conductivity is a function of the membrane water content and is 

found using the following empirical relations: 

 
            

 

   
   

 

   
   (36) 

                (37) 

 Where   ,    , and     are empirically determined constants specific to the 

membrane being used. The membrane water content,   , is a function of the activity 

(a.k.a. relative humidity),   , in the membrane and is given by the following empirical 

equation: 

 
    

                     
         

           

                                                                  
  (38) 

 As the electrical conductivity is highly dependent on the humidity in the 

membrane, it is believed that the ohmic losses will be affected most by the introduction 

of a dynamic relative humidity model.  Before the implementation of the dynamic 

relative humidity modeling, the relative humidity in both the anode and cathode was set 

to a constant 80% for simulations.  While the accuracy of the voltage model was 
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reasonable under this assumption, startup effects seemed to be taking place, causing the 

modeled voltage to overshoot the experimental result early in the test cycle.   

CONCENTRATION LOSS 

 Concentration losses, due to changes in reactant concentrations as the reaction 

progresses, can be modeled as: 

 
          

 

    
 
  

 (39) 

 Where   ,   , and      are empirical regressions of experimental data that depend 

on temperature and partial pressures of the reactants.   

 As spatial temperature variations are neglected, each cell is assumed to have the 

same voltage, and the total stack voltage is found by simply multiplying the voltage for a 

single cell by the number of cells. Accounting for the voltage losses, the fuel cell voltage 

is modeled as: 

                                       (40) 

An example plot of the voltage modeling results before the implementation of the 

dynamic relative humidity model, and corresponding to the thermal modeling results 

shown in Figure 2, is shown below.   
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Figure 3: Voltage model results Calibration Test [34] 

The early discrepancy seen between the model and experimental results was 

believed to be a result of a startup condition that the model did not account for at the time 

[34].  One hypothesis was that early in the experiment, the cathode channel was under 

humidified, leading to excessive ohmic losses on the experimental setup.  As the model 

assumed 80% relative humidity at all times, humidification dynamics could have been 

taking place which the model did not capture at the time.  Modeling results with the 

current implementation of the dynamic relative humidity model will be shown later in the 

paper to test this assertion. 
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Relative Humidity Modeling 

 This section focuses on the requisite modifications to the thermal model in order 

to accommodate the transient relative humidity model.  The main points of differentiation 

that will be discussed are 1) consideration for the mass Biot number, 2) water transport 

by Electro-diffusion and 3) water transport due to osmosis.   

BASIC MODELING ALGORITHM 

Conservation of mass was applied each control volume in conjunction with 

conservation of energy as outlined in the thermal modeling summary.  The mass 

conservation equation has the following form for each species: 

    

  
                                    (41) 

 For each CV, the time rate of change of the mass of species i is the sum of the 

generation rate of the species, minus the rate of consumption of the species, and the sum 

of the input and output mass flow rates.  This calculation is performed for every species 

in the model; namely hydrogen and water vapor in the anode channel, and oxygen, 

nitrogen and water vapor in the cathode channel.  For the dynamic response of water 

vapor in the cathode channel, which is the main focus of this model, Equation 41 

becomes: 

          

  
                                                    (42) 

 Water generated in the reaction is calculated as shown in Eqn. (20). Mass flow 

rates of water at the inlet and outlet are calculated from the total flow rate at the given 

port and the humidity ratio.  For this model, the humidity ratio is calculated directly from 

the relative humidity of the flow, the molar masses of water and air, the saturation 

pressure, and the total pressure: 
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  (43) 

 Pin/out is the inlet pressure, or the pressure in the cathode depending on which flow 

rate is being considered.  At the inlet, the relative humidity, temperature, pressure, and 

total flow rate are all inputs to the model.  For the outlet, these values are all calculated 

within the model using either energy or mass conservation and in the case of pressure, the 

ideal gas law is utilized as well.  The method for the calculation of the total outlet flow 

rate, as well as the remaining two terms in the water mass conservation equation will be 

discussed later within this section.   

 Once the mass of water in the control volume is known, relative humidity 

calculations are performed based on the saturation limit at the current temperature 

dictated by the thermal model.  A fourth order empirical relation taken from the 

Pukrushpan model is utilized to calculate the saturation pressure [38].  From this, the 

ideal gas law is used to calculate the saturation mass.   

 
     

     

  
 (44) 

 This model operates under the assumption that if the mass of water in the channel 

is less than the saturation mass, it exists in the vapor phase.  Any water mass in excess of 

the saturation mass is considered to be liquid.  This approach was taken in order to 

minimize computation expense that would be incurred by implementing a true two-phase 

flow model.   

 Once the mass of water in the CV is known, the partial pressure of the vapor mass 

is calculated, and the relative humidity is taken to be the ratio of the partial pressure to 

the saturation pressure. 

 
   

    

    
 (45) 
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ELECTRO-OSMOTIC DRAG MODELING 

 

 Electro-osmotic drag occurs as a result of hydrogen protons dragging water 

molecules through the membrane as they pass to the cathode channel [35].  This process 

is modeled using the following equation: 

     
         

 

 
 (46) 

 Where nd is the electro-osmotic drag coefficient for the membrane.  The electro-

osmotic drag coefficient is calculated from the following empirical equation: 

            
                   (47) 

 Here, λm is the membrane water content, which is the ratio of water molecules to 

charge sites, and is calculated from the membrane relative humidity.  For this model, the 

membrane relative humidity is considered to be the average of the anode and cathode 

relative humidity.  The membrane water content is calculated using the following 

formula: 

                         
         

    (48) 

 Where the am is the water vapor activity, which for the cases explored for this 

paper is equivalent to the relative humidity.  For these simulations, the membrane relative 

humidity was assumed to be the average of the cathode and anode relative humidities.  

From this, the total flow rate of water from the electro osmotic drag effect is found as 

follows: 

   

 
             

 

 
                     (49) 

CATHODE-ANODE DIFFUSION MODELING 

 

 Flow due to the disparity in water concentration between the anode and cathode 

also occurs.  This process is governed by the following equation: 
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 (50) 

 Here, Dw is the vapor diffusion coefficient within the membrane, tm is the 

membrane thickness, and cv is the concentration of water in the channel.  Note that the 

cathode concentration is defined to be positive side of the difference here.  As such, for 

the calculation of mass flow rate from diffusion in the cathode, this term is negative, 

while it is positive for the anode calculation.  This ensures that in cases where the 

concentration of water vapor is higher in the cathode than the anode, the diffusion term 

forces water out of the cathode into the anode.  In cases where the anode concentration is 

higher than the cathode, the term becomes negative, and the flow direction reverses. 

 

  The vapor diffusion coefficient is also a function of the membrane activity, and is 

calculated using the following correlation [39]: 

 
              

 

   
 

 

     
   (51) 

        

Where Dλ is: 

 

   

 
 
 

 
                     

                        

                           

                         

  (52) 

 From these equations, the total flow rate of water from the diffusion effect is 

found as follows: 

   

              

           
  

                     (53) 
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MASS BASED BIOT NUMBER CONSIDERATIONS 

 

 In order to justify the use of a lumped value for the vapor content in the cathode 

channel, the mass Biot number was evaluated.  Flow is considered to be turbulent, given 

the Reynolds number of the internal flow as calculated below. The cathode channel we 

are attempting to model has dimensions of 1.5748   1.27 mm.  Matching previous 

experiments, the typical cathode flow rate in question is 15nLpm (0.00025 m
3
/s) and is 

the flow rate used for the calculations.  This flow rate was selected for previous 

validation experiments in an attempt to minimize liquid formation in the cathode.  

Kinematic viscosity of air is 2.04e-5 m
2
/s [40]. Diffusivity of water vapor in air is taken 

to be 0.282 cm
2
/s [41]. 

 
         

  
 

          

(54) 

    
        

 

 

      
    

 

 
 (55) 

    
    
 

      (56) 

 Given the Schmidt number and Reynolds number (as calculated above) for the 

flow, the Sherwood number can be obtained.   

 
   

 

 
 
          

          

       

(57) 

 
                  

    
(58) 

    
    

  
           (59) 
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 For the fuel cell being modeled, the length of the serpentine channel in a single 

cell is 1768.8mm, making the mass base Biot number quite large. 

    
    

    
 

         (60) 

 Given this extremely large Biot number for a single cell, a lumped value approach 

is obviously not the best method for modeling of the water distribution in the full 30 cell 

stack at the prescribed flow rate.  As the fuel cell is very sensitive to local humidity 

levels, a better understanding of the relative humidity distribution along the channels is 

necessary.  However, expanding the model to incorporate a full one dimensional 

representation of the vapor mass through the channels would be computationally 

expensive, and thereby impractical for controller development. 

 In order to incorporate the inherent dimensionality that will occur, while still 

limiting the computational complexity, the cathode channel control volume was 

subdivided into smaller submodels, as highlighted in Figure 4.   

 

Figure 4: Split cathode Fuel Cell Stack Representative Control Volumes 
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 This method adds significantly to the number of states calculated by the model, as 

the thermal model, voltage model, mass balance models, etc. are all incorporated into 

each submodel, with inlet conditions to each submodel being the outlet conditions of the 

one previous.  Initially, this concept was attempted by dividing the 30 cell stack into 3 

submodels, then 6 submodels. This technique provides some insight to the distribution 

along the channel, without greatly increasing the modeling time.  Comparison of the 

simulation results with a single lumped control volume will be presented. 

CATHODE FLOW RATE EXPERIMENTS AND OUTLET MANIFOLD MODELING 

 

 In order to calculate the proper exit mass flow rate for the cathode, a quick 

experiment was run in correlate the mass flow rate to the pressure drop across the cathode 

channel in the stack.  This was done by altering the flow rate through the Hyware II 

software, and observing the pressure drop across the entire channel.  The software 

specifies flow rates in normal liters per minute (nLpm).  This was converted to mass flow 

rate in kg/s using the density of the main constituent (air for the cathode, hydrogen for the 

anode) at STP.    To ensure good correlation to the conditions typically tested, the fuel 

cell was first heated up to typical operating temperatures before the experiment was run.   

 At each set point, the pressure readings were allowed to reach steady state before 

recording values. This test was first run with the fuel cell stack, all the requisite 

connections and sensing equipment in place.  Results of this experiment are shown 

below:  

 

Flow Rate (nLpm) 1 2 4 5 6 8 10 12 14 15 16 18 20 

Inlet P (kPag) 0.1 1.1 2.8 3.9 5.2 7.6 10.2 12.9 16 17.3 18.8 21.7 25.1 

Outlet P (kPag) -0.2 0 0.3 0.4 0.7 1 1.4 1.5 1.6 1.9 1.6 2.1 2.3 

P Drop (kPa) 0.3 1.1 2.5 3.5 4.5 6.6 8.8 11.4 14.4 15.4 17.2 19.6 22.8 

Table 3: Cathode and Connections Flow Rate vs. Pressure Drop Experimental Results 
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 For many of the common flow rates used for experiments, the flow is turbulent.  

As such, a quadratic curve fit was chosen to model the flow.   

 

Figure 5: Flow Rate vs. Pressure Drop for Full Fuel Cell Stack Setup 

In order to isolate the resistance due to the fuel cell stack from the tubing and 

connections, a second test was run with the stack removed from the system.  For future 

modeling of the system including the sample cell for the relative humidity sensor, the 

results from this experiment will be used to model the flow rate out of the sample cell.    

 
Flow Rate (nLpm) 1 2 4 5 6 8 10 12 14 15 16 18 20 

Inlet P (kPag) -0.1 -0.1 0 0.1 0.4 0.7 1.2 1.6 2.3 2.4 3 3.5 4.2 

Outlet P (kPag) -0.2 -0.2 -0.2 -0.2 -0.1 -0.1 0 0.2 0.3 0.3 0.4 0.4 0.6 

P Drop (kPa) 0.1 0.1 0.2 0.3 0.5 0.8 1.2 1.4 2 2.1 2.6 3.1 3.6 

Table 4: Sample Cells and Connections Only Flow Rate vs. Pressure Drop Experimental 

Results 
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Again, a quadratic curve fit was put to this data: 

 

 

Figure 6: Flow Rate vs. Pressure Drop for Sample Cell and Connections Only 

Calculations and the curve fit for the isolated fuel cell case are shown below: 
Flow Rate (nLpm) 1 2 4 5 6 8 10 12 14 15 16 18 20 

P Drop (kPa) 0.2 1 2.3 3.2 4 5.8 7.6 10 12.4 13.3 14.6 16.5 19.2 

Table 5: Cathode Channel Only Calculated Flow Rate vs. Pressure Drop 

y = -2E-11x2 + 2E-07x + 4E-05 
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Figure 7: Flow Rate vs. Pressure Drop for Fuel Cell Stack Only 

The quadratic curve fit equation was used in the model to calculate the outlet flow 

rate for the cathode based on the pressure in the cathode control volume and the 

downstream pressure.  In the case of the subdivided cathode model, it was assumed that 

each submodel provided the same resistance to the flow.  Using the I=V/R analogy for 

flow, and taking the resistances to be in series, the pressure to flow correlation was 

multiplied by the number of subdivisions: 

       
  

    
 

  

    
          (61) 

                     
    

    
 (62) 

             
  

    
 (63) 

For the last submodel in the cathode, the downstream pressure was taken from a 

model of the outlet manifold for the system.  The outlet manifold was modeled as a 1m 

long tube of ¼” diameter, as is the case with the actual experimental setup.  Flow through 
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this section of tubing is controlled by choked/unchoked flow correlations.  Experiments 

run in the lab typically follow the unchoked flow case, however, a switch was built into 

the model based on the choked vs. unchoked flow limit (Pout/Pin < 0.5283), to allow 

simulation of higher flow cases.  The equation for mass flow rate in unchoked nozzle 

flow is [42]: 

 
               

    
   

 
   

 
 

  
 

 

   
    

    
   

 
       

 (64) 

 Where Cd,om is the flow coefficient for the outlet manifold, and Aom is the cross 

sectional area of the outlet. 

 

EFFECT OF THE NUMBER OF CATHODE SUBMODELS 

 

 Three different models with one, three, and six cathode submodels were 

developed and compared.  A baseline case of typical input parameters was run using the 

three different models.  The anode and cathode inlets were set to 75°C and 60% RH, and 

the coolant inlet temperature to 70°C.  For this simulation, the base case of 15nLpm was 

tested.  Simulation results show that increasing the number of submodels in the cathode 

affords much more visibility into the relative humidity distribution, as can be seen in 

Figure 8.  For this and all figures following, the submodel numbering begins at the inlet, 

and counts up to the outlet.   
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Figure 8: 1, 3, and 6 Ca Submodel RH Modeling Results Comparison, 60% Inlet RH, 

75°C Ca/An Inlet Temp, 70°C Coolant Temp, 15nLpm Ca Flow 

 As shown in Figure 8, by segmenting the cathode channel into 6 sections, an 

appreciable disparity between the submodels can be seen.  This shows the relatively low 

humidity at the inlet to the cathode that is known to be an area of concern for optimal 

performance of the early cells.  With increasing load, the difference between the early 

cells and the rest of the channel increases as well.  Since more water is being generated 

along the channel, the humidity at the outlet is far greater than at the inlet, amounting to a 

difference of approximately 10% RH from the inlet to the outlet with the 6-submodel 

approach. This information is completely lost with the single lumped model, and only 
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minimally captured with the 3 submodel approach; highlighting the utility of employing 

the segmented submodel approach. 

 Slightly more information can also be captured with regards to the temperature 

response of the system as well. 

 

Figure 9: 1, 3, and 6 CA Submodel Temperature Modeling Results Comparison, 60% 

Inlet RH, 3nLpm CA flow 

 

The results of the temperature modeling show a slightly higher temperature in the 

early cells for low loads.  This effect arises due to convection from the cathode to the fuel 

cell body as it proceeds along the fuel cell.  As the load increases, and more heat is 

generated from the reaction, this effect is overcome.  In this modeling situation, the 

disparity in temperature is not as extreme as the difference in relative humidity.  As the 
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inlet condition is near to the coolant temperature for this simulation, the temperature 

along the channel looks fairly uniform.   

Given the high convection coefficient between the fuel cell body and cathode 

gases, given the turbulent flow, this term in the channel’s thermal model is a major 

contributor.  As the fuel cell body has a much larger heat capacity than the gases in the 

cathode channel, the gas temperature is strongly controlled by the body temperature, 

which is in turn dictated mainly by the coolant temperature.  The lumped value treatment 

of the fuel cell body, as reinforced by Equation (9), also makes this term nearly identical 

for all 6 submodels.  As a result, the temperature disparity along the channels is limited, 

particularly after the first submodel.   

Scaling analysis of the fundamental differential equation controlling the energy 

transport in the cathode gases also helps to reinforce this and other trends seen in the 

temperature response of the cathode.  Flow of energy in the cathode takes place due to 

advection from the inlet and outlet gases, convection between the cathode and fuel cell 

body, and conduction of heat through the gases themselves.  The general 1D equation for 

this takes the following form: 
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            (66) 

To non-dimensionalize this equation, dimensionless parameters were defined as 

follows.   

  
       

          
 
       

  
    

 

  
    

 

  
 (67) 

Substitution of these dimensionless parameters into the PDE yields: 
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As a the advective term is expected to be a major contributor, the characteristic 

time scale was chosen to cancel the units in front of this term: 
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    (71) 

 

This scaling analysis affords some insight into what should be expected from the 

model.  As we increase the inlet flow rate (u), the conductive and convective portions 

become less significant, though as h also increases with u the conductive portion does not 

scale down as rapidly.  Simulation results with increasing inlet flow rates should 

therefore come close to the inlet condition.   

Expectations for the temperature profile along the channel can be obtained by a 

scaling of the boundary conditions that exist for the system.  At the inlet, the temperature 

is of course fixed to the inlet gas temperature (Tin).  In the case where the length of the 

channel is significantly long, as the fuel cell body is the temperature source for the 

cathode gases, the outlet temperature should reach the body temperature (Tfc(t)).  Using 

this idea, this gives us the general temperature bounds for the system, and leads to a 

scaling of the temperature distribution in x: 

   

  
 
          

  
 (72) 

 This result has significant implications for the development of a controller for this 

system.  In cases with small differences between the inlet and fuel cell body 

temperatures, the temperature in the cathode gases will not depend significantly on the x 

location.  In the model, it is feasible then that a single lumped temperature value for the 

channel gases could still be used.  This method would limit the number of states, and 

therefore greatly reduce the controller’s complexity. 
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Comparison of CPU Time with Varying Number of Submodels 

 

 Of principle concern with the increased number of submodels was the increase in 

computational expense.  Computation times for the test conditions used for Figure 8 and 

Figure 9 are shown in Table 6: Modeling Time with Varying Number of Submodels.  

Solutions are calculated through the Matlab/Simulink environment, using the ode23s 

variable time step solver.  Obviously, variables such as the solver, PC processing power, 

etc. can all affect the computation time of the simulations.  The values shown should be 

taken as a statement on the relative ability of the different modeling methods.  

Table 6: Modeling Time with Varying Number of Submodels 

# Submodels CPU Time (s) 

1 2.1216 

3 2.7768 

6 5.6784 

 The modeling time does of course increase with the number of submodels; 

however, given the nature of the underlying modeling approach, this time is still not 

exorbitant with 6 cathode submodels.  Increasing further from here however may cause 

an excessive jump computation time, judging from the disparity in time between 3 and 6 

submodels versus 1 and 3 submodels. 

 Having shown the utility of the segmented cathode channel approach, the 

following sections will focus on results using the 6 submodel approach, and discuss the 

impact of various inputs on this model. 
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SIMULATION RESULTS AND DISCUSSION 

Effect of Various Inputs on Simulation Results 

EFFECT OF VARYING FLOW RATES AND SIMULATED CRITICAL CURRENT DENSITY 

 

 For this comparison, the same load profile was utilized, the inlet RH was set to 

60% for both the anode and cathode, and the cathode and coolant temperatures was set to 

75°C and 70°C respectively.  Flow rates of 5, 10, 15, and 20 nLpm were investigated, as 

these are typical flow rates used for the fuel cell stack we are attempting to model.  

Results of this investigation are shown in Figure 10.  As the flow rate increases, the 

relative humidity along the length of the channel is increasingly dominated by the inlet 

condition.  In the cases shown above, the inlet RH is set to 60%, causing the RH level 

along the length of the channel to be suppressed.  It can also be seen that with increasing 

load, the disparity in humidity along the channel increases.  As more water is generated 

in each cell, the inlet humidity level for each successive submodel is higher, leading to 

the increase in humidity along the cell.   
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Figure 10: Relative Humidity Response with Varying Cathode Inlet Flow Rates 

 

 It is also worth noting the observed critical current density, or the current density 

over which liquid formation begins.  Looking at the 10nLpm case in Figure 10 for 

instance, at the final current load of 8A, the first two submodels are below the saturation 

limit, and all following are fully saturated.  This implies that the current load is very near 

the critical current density for this system.  The Handbook of Fuel cells offers an equation 

for the calculation of the critical current density based on the characteristics of the flow 

[43].   
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To obtain the critical current density for each submodel, the channel length must be 

manipulated.  Each submodel consists of 5 cells, each with a channel length of 1768mm.  

For the first submodel, this makes L in Eqn. (73) 8840mm.  A table of L and the 

calculated critical current for each submodel is shown below: 

 

Table 7: Critical Current Densities for each Submodel; 10nLpm, 8A Load 

Submodel # L (mm) Icr (A/cm
2
) 

1 8840 0.89 

2 17680 0.47 

3 26520 0.31 

4 35360 0.24 

5 44200 0.19 

6 53040 0.16 

 

 From Table 7, it can be seen that from the third submodel on, the critical current 

is at or below the applied load, which is line with results from the model.   

 For the case tested here, the thermal modeling shows an increased disparity in the 

temperatures along the channel with increasing flow rates. The larger temperature 

disparity with increasing flow rate results from decreased residence time for heat transfer 

in the early cells.  In this case, as the cathode inlet temperature is slightly higher than the 

body temperature, the temperature in the first cell is slightly higher than the rest over 

most of the simulation. 
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Figure 11: Temperature Response with Varying Cathode Inlet Flow Rates 

EFFECT OF VARYING INLET RH 

 

 For these simulations, the cathode inlet flow rate was set to the base case of 

15nLpm, anode and cathode inlets were set to 75°C, the coolant inlet temperature to 
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Figure 12: Relative Humidity Response with Varying Inlet RH 

 The increase in inlet RH causes an upward shift in the relative humidity profile 

along the channel.  One oddity seen here is the reaction of the model when returning from 

a fully humidified state.  As the reaction continues to generate heat, eventually the 

temperature reaches a point where the water mass in the cathode drops back below the 

saturation point.  This model assumes that any water mass in the channel in excess of the 

saturation limit accumulates is liquid, leading to the slight jump in RH as the liquid mass 

disappears and simultaneously temperature increases sufficiently to get back below the 

saturation limit.   

 Implementing a two-phase flow model would most likely correct this issue as gas 

and liquid masses would be able to vary independently.  However, this would increase 

the model complexity and, therefore, the computation expense.  Wang et. al showed the 
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phase flow regimes [44].  Future model validation experiments will determine the need 

for such a change to the model.   

 The thermal response in response to variation in the inlet relative humidity is 

shown in Figure 13. Simulation results show that the relative humidity does not greatly 

affect the temperature response.  As nitrogen and oxygen are the major species in the 

cathode gases, this is to be expected. 

 

 

Figure 13: Temperature Response with Varying Inlet RH 
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inlet temperature is set to match the cathode.  The inlet RH is set to 60% for both 

channels, with the cathode flow rate at 15nLpm.  Below is the relative humidity response 

of the cathode with varying inlet temperatures.   

 

 

Figure 14: RH Profiles for Varying Inlet Temperatures; Coolant temp 75°C 
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Figure 15: Temperature Profiles for Varying Inlet Temperatures; Coolant temp 75°C 
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Judging from the results of the simulation, it may also be possible to limit the number of 

submodels by having a small submodel for the inlet cells, and lumping the remainder.   

 

Voltage Modeling Results with Dynamic Relative Humidity  

Besides gaining a means by which to generate control algorithms for liquid water 

formation, it was also anticipated that the dynamic relative humidity control would 

improve the accuracy of the voltage model as well.  Looking back at Figure 3: Voltage 

model results Calibration Test [34], experimental validation of the previous model 

showed an initial over-prediction of simulation results by approximately 2V with 3A 

applied load, and 1V with 5A applied load.  After running higher currents through the 

fuel cell, this effect tapered off, and was not seen again when returning to the same load 

as shown previously.  It was hypothesized that this was due to the fuel cell being under-

humidified initially, and was corrected by the water generation during high load section 

of the test.   

To test this hypothesis, a similar load profile to that used for the experimental 

validation test was run in the model, with varying inlet relative humidity conditions.  The 

mass of water in the cathode channel was set to the equivalent of 60% RH for all 

simulations.  Voltage simulation results with the different inlet humidities are plotted 

against each other in Figure 16.   The flow rates, inlet temperatures, etc. used in the 

experiment and previous modeling attempts were matched for these simulations.   
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Figure 16: Voltage Modeling Results Dynamic RH Model 
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Figure 17: Voltage Simulation Results; Zoom on 8A Load 
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seen in Figure 3 is not something that the current model properly captures, and alternative 

hypothesis need to be formed and tested. 
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CONCLUSIONS 

Summary of the Thesis 

 In this paper, the development and utility of a split-cathode, physics-based, 

control-oriented fuel cell model was presented.  This model is a first law, lumped, 

dynamic model that tracks temperature, pressure, relative humidity, and voltage output 

from known inputs to the system.  A summary of the thermal model which was used as 

the basis for the current model was offered.  Following this, the associated voltage model 

was shown, and the expected impact of the relative humidity model on said model 

discussed.  Lastly, the requisite adjustments to the model to accommodate the relative 

humidity tracking and results of this model were shown and discussed.   

 The major contribution of this thesis is twofold.  First, the implementation of the 

semi-discretized cathode model provides an improved control-oriented modeling 

technique.  To gain a better understanding of the development of the cathode state along 

the channel, without implementing a full 1D model which would be computationally 

expensive, the cathode channels was sub-divided into six sub-modes.  Utilizing the 

subdivided cathode approach gives further insight into the state of the cathode, without a 

significant increase in computation time.  Modeling results using this method are also in 

agreement with PEM fuel cell performance metrics from literature.     

 Secondly, the integration of the relative humidity model with the thermal model 

extends the capabilities of the previously created model.  Formulation of this modeling 

framework makes possible a comprehensive thermal and relative humidity controller 

design for PEM fuel cells.  This is of paramount importance as the control of liquid water 

formation during fuel cell operation remains a significant challenge and hurdle to wide 

spread adaptation of PEM fuel cell technology. 

 Simulation results from this model also have significant implications for various 

applications.  Given the pre-compression of the inlet gases in an automotive scenario, 

results show that if the compressed temperature is near the coolant temperature, the need 
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for a subdivided temperature model is minimal. This could greatly simplify controller 

design by limiting model subdivision to the vapor flow model.  Even in cases, such as 

distributed power generation, where the inlet gas temperature is most likely much less 

than the operating point, a two submodel approach could be used to better model the 

temperature in the early cells. 

 

Future Work 

 More work will be conducted to extend and validate the modeling approach 

presented here.  Firstly, updates to the thermal modeling will be considered.  Particularly, 

the convection coefficient used in the experimentally verified model was based on 

laminar flow, where Reynolds number calculations show the need for a transitional 

model for this.  This could cause errors in the model, particularly with the subdivided 

approach as temperature in the early cells particularly will depend highly on the rate of 

heat convection into the gases.  The effect of a non-representative convection coefficient 

could possibly be masked by the use of a lumped approach. 

 Secondly, experimental validation of the relative humidity model will be 

performed.  This will require the formulation of another control volume in the model, to 

mimic the sample cell used for the relative humidity sensor on the fuel cell test station. 

As cells can be added and removed as needed from the test station, the intermediate states 

could be tested more directly by changing the inlet to the sample cell in the model to the 

outlet of the different subdivisions, and testing the corresponding number of cells.  With 

proper tuning of the sample cell model to experimental data, this should give a good 

understanding of the accuracy of the various submodel outlet conditions to experimental 

results. 

 Depending on the results from these experiments, and their agreement with the 

current model, implementation of a two-phase water model will be explored.  This may 

be necessary to properly handle cases where liquid water formation is likely.  Also, a 
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model mimicking liquid water blockages of the gas diffusion layer in the fuel cell will 

also be implemented. Application of this to the relative humidity and voltage model may 

help correct the discrepancy found in previous tests.  Lastly, the anode model could also 

be subdivided to give more insight into the anode states as well.  This would improve 

control and avoidance of anode dehumidification issues that can occur in high load cases.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 56 

REFERENCES 

 

[1]  B. D. Yacobucci, "Alternative Fuels and Advanced Technology Vehicles: Issues in 

Congres," Congressional Research Service, 2012. 

[2]  Smithsonian Institution, "PEM Fuel Cells," Smithsonian Institution, 2004. 

[3]  V. Mehta and J. S. Cooper, "Review and analysis of PEM fuel cell design and 

manufacturing," Journal of Power Sources, vol. 114, no. 1, pp. 32-53, 2003.  

[4]  J. Cobb, "GM hydrogen fuel cell vehicle update," GM-Volt, 22 August 2012. 

[Online]. Available: http://gm-volt.com/2012/08/22/gm-hydrogen-fuel-cell-vehicle-

update/. [Accessed 9 April 2013]. 

[5]  The Hydrogen Hybrid Bus: Part of the National Fuel Cell Bus Program (NFCBP), 

March 2012. [Online]. Available: http://www.hydrogenhybridbus.com/. [Accessed 

April 2013]. 

[6]  M. Whithed, "The Hydrogen Hybrid Bus is Here," Capital Metro, 5 June 2012. 

[Online]. Available: http://capmetroblog.com/2012/06/05/the-hydrogen-hybrid-bus-

is-here/. [Accessed April 2013]. 

[7]  B. Williams, "Austin, Texas, becomes home for new hydrogen-powered bus," 

Hydrogen Fuel News, 3 May 2013. [Online]. Available: 

http://www.hydrogenfuelnews.com/austin-texas-becomes-home-for-new-hydrogen-

powered-bus/853439/. [Accessed April 2013]. 

[8]  X. Yang, F. Zhang, A. Lubawy and C. Wang, "Visualization of liquid water 

transport in a PEFC," Electrochemical and Solid-State Letters, vol. 7, no. 11, pp. 

A408--A411, 2004.  

[9]  F. Zhang, X. Yang and C. Wang, "Liquid Water Removal from a Polymer 

Electrolyte Fuel Cell," Journal of The Electrochemical Society, vol. 153, p. A225, 

2006.  

[10]  U. Pasaogullari and C. Wang, "Liquid water transport in gas diffusion layer of 

polymer electrolyte fuel cells," Journal of The Electrochemical Society, vol. 151, no. 

3, pp. A399--A406, 2004.  

[11]  Y. Wang, S. Basu and C.-Y. Wang, "Modeling two-phase flow in PEM fuel cell 

channels," Journal of Power Sources, vol. 179, no. 2, pp. 603-617, 2008.  

[12]  D. Chen and H. Peng, "A thermodynamic model of membrane humidifiers for PEM 

fuel cell humidification control".  

[13]  D. Chen and H. Peng, "Modeling and simulation of a PEM fuel cell humidification 

system," in American Control Conference, 2004. Proceedings of the 2004, 2004.  

[14]  G. Lin and T. Van Nguyen, "A two-dimensional two-phase model of a PEM fuel 

cell," Journal of The Electrochemical Society, vol. 153, no. 2, pp. A372--A382, 

2006.  



 57 

[15]  V. Gurau, H. Liu and S. KakaÃ§, "Two-dimensional model for proton exchange 

membrane fuel cells," AIChE Journal, vol. 44, no. 11, pp. 2410-2422, 1998.  

[16]  S. Um, C.-Y. Wang and K. Chen, "Computational fluid dynamics modeling of 

proton exchange membrane fuel cells," Journal of the Electrochemical society, vol. 

147, no. 12, pp. 4485-4493, 2000.  

[17]  R. M. Rao, D. Bhattacharyya, R. Rengaswamy and S. Choudhury, "A two-

dimensional steady state model including the effect of liquid water for a PEM fuel 

cell cathode," Journal of Power Sources, vol. 173, no. 1, pp. 375-393, 2007.  

[18]  Y. Shan and S.-Y. Choe, "A high dynamic \{PEM\} fuel cell model with 

temperature effects," Journal of Power Sources , vol. 145, no. 1, pp. 30-39, 2005.  

[19]  L. You and H. Liu, "A two-phase flow and transport model for the cathode of PEM 

fuel cells," International Journal of Heat and Mass Transfer, vol. 45, no. 11, pp. 

2277-2287, 2002.  

[20]  H. Ju, H. Meng and C.-Y. Wang, "A single-phase, non-isothermal model for 

\{PEM\} fuel cells," International Journal of Heat and Mass Transfer , vol. 48, no. 

7, pp. 1303-1315, 2005.  

[21]  F. N. M. a. N. S. B. Khemili, "Transient Thermal Model for Proton Exchange 

Membrane Fuel Cells," Journal of Fuel Cell Science and Technology, vol. 2, 2012.  

[22]  S. L. O. M. G. Didierjean and T. Geneston, "PEM Fuel Cell Voltage Transient 

Response to a Thermal Perturbation," Electrochim. Acta, vol. 53, p. 7313–7320, 

2008.  

[23]  S. S. D. Shimpalee and V. Z. J.W., "Prediction of Transient Response for a 25-cm2 

PEM Fuel Cell," Journal of Power Sources, vol. 167, pp. 130-138, 2007.  

[24]  R. Madhusudana Rao, B. D., R. Rengaswamy and S. Choudhury, "A two-

dimensional steady state model including the effect of liquid water for a PEM fuel 

cell cathode," Journal of Power Sources, pp. 375-393, 2007.  

[25]  D. Di Penta, K. Bencherif, M. Sorine and Q. Zhang, "A reduced fuel cell stack 

model for control and fault diagnosis," Journal of fuel cell science and technology, 

vol. 3, no. 4, pp. 384-388, 2006.  

[26]  L. G. J. V. J. O. J. A. S. Martins and M. Forte, "The Experimental Validation of a 

Simplified PEMFC Simulation Model for Design and Optimization Purposes," 

Applied Thermal Engineering, vol. 29, pp. 3036-3048, 2009.  

[27]  T. Nguyen and R. White, "A water and heat management model for Proton-

Exchange-Membrane fuel cells," Journal of the Electrochemical Society, vol. 140, 

no. 8, pp. 2178-2186, 1993.  

[28]  C. Wang, M. Nehrir and S. Shaw, "Dynamic models and model validation for PEM 

fuel cells using electrical circuits," Energy Conversion, IEEE Transactions on, vol. 

20, no. 2, pp. 442-451, 2005.  

[29]  E. A. Muller and A. G. Stefanopoulou, "Analysis, Modeling, and Validation for the 



 58 

Thermal Dynamics of a Polymer Electrolyte Membrane Fuel Cell System," Journal 

of Fuel Cell Science and Technology, vol. 3, pp. 99-110, 2006.  

[30]  A. J. del Real, A. Arce and C. Bordons, "Development and experimental validation 

of a \{PEM\} fuel cell dynamic model," Journal of Power Sources , vol. 173, no. 1, 

pp. 310-324, 2007.  

[32]  F. P. Incropera, Introduction to Heat Transfer / Frank P. Incropera ... [et Al.], 

Hoboken, NJ: John Wiley & Sons, 2007.  

[33]  A. F. Mills, Heat Transfer, Upper Saddle River, NJ: Prentice Hall, 1999.  

[34]  A. Headley, B. Hadisujoto, D. Chen and T. Moon, "Lumped Dynamic Thermal 

Model Development for a Polymer Electrolyte Membrane Fuel Cell Stack". 

[35]  J. Pukrushpan, Modeling and control of fuel cell systems and fuel processors, 

University of Michigan., 2003.  

[36]  J. Pukrushpan, A. Stefanopoulou and H. Peng, "Control of Fuel Cell Power 

Systems," Springer-Verlag, Telos, 2004.  

[37]  R. T. Meyer and B. Yao, "Modeling and simulation of a modern PEM fuel cell 

system," Proceedings of Fuel Cell, pp. 19-21, 2006.  

[38]  A. G. S. H. P. Jay T. Pukrushpan, Control of Fuel Cell Power Systems: Principles, 

Modeling, Analysis and Feedback Design, Springer, 2004.  

[39]  S. Dutta, S. Shimpalee and J. Van Zee, "Numerical prediction of mass-exchange 

between cathode and anode channels in a PEM fuel cell," International Journal of 

Heat and Mass Transfer, vol. 44, no. 11, pp. 2029-2042, 2001.  

[40]  R. W. Fox, A. T. McDonald and P. J. Pritchard, Introduction to Fluid Mechanics, 6 

ed., Wiley, 2003.  

[41]  E. L. Cussler, Diffusion: Mass Transfer in Fluid Systems (Cambridge Series in 

Chemical Engineering), 2 ed., Cambridge University Press, 1997.  

[43]  W. Vielstich, A. Lamm and H. A. Gasteiger, Eds., Handbook of Fuel Cells: 

Fundamentals, Technology, Applications, 1 ed., vol. 3, Wiley, 2003, pp. 337-347. 

[44]  Z. Wang, C. Wang and K. Chen, "Two-phase flow and transport in the air cathode of 

proton exchange membrane fuel cells," Journal of Power Sources, vol. 94, no. 1, pp. 

40-50, 2001.  

 

 



 59 

VITA 

 

Alexander John Headley was born in 1986 in the beautiful state of Kentucky.  He 

developed an interest in science and inventing at a young age while making toys and 

designs with his older brothers.  He graduated as the salutatorian from West Jessamine 

High School and was a National Achievement Award finalist in 2004.  He received a 

presidential scholarship to the University of Kentucky, graduating with a B.S. in 

Mechanical Engineering in 2008.  Upon graduation, Alex worked in the Advanced 

Technology Division at Lexmark International Inc., gaining valuable experience in 

research and design of consumer products from concept to final manufacture.  He went 

on to attend The University of Texas at Austin in January 2011 to pursue his MS and 

PhD in Mechanical Engineering.   At UT-Austin, he did his research on PEM fuel cell 

technology, and became a trainee in the IGERT program in 2012. 

 

 

Permanent email: ajhead2@gmail.com 

This thesis was typed by Alexander John Headley 

 

 


