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Problem Motivation:

Fuel cells are a promising alternative energy technology. One common type, called a proton exchange membrane (PEM) fuel cell, uses a catalyzed reaction of hydrogen and oxygen to produce electricity and heat. Fundamental to the design of fuel cells is their heat transfer characteristics. Specifically, heat removal is critical to their scale-up for large power applications.
Consider the schematic of a compressed hydrogen tank feeding a PEM fuel cell, as seen in Figure 1. The electricity generated by the fuel cell is used to power a laptop computer. We are interested in analyzing heat transfer within the fuel cell, which involves heat transfer coefficients, thermal conductivities, and temperatures at certain locations within the fuel cell. 

Figure 1:  Schematic of Fuel Cell Operation

Example Problem Statement:

The humidity of the air in a Proton Exchange Membrane Fuel Cell (PEMFC) must be low enough to evaporate the water product, but not too low that it dries out the electrolyte membrane and hinders the proton exchange process.  The humidity should be above 80% to prevent drying but below 100% to prevent liquid water from collecting in the electrodes [1].  It can be shown that the water vapor pressure of the outgoing air is given by Equation 1 below.
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Where 
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Here Pin is the total inlet pressure, PWin is the water vapor pressure of the incoming air, Pexit is the total outlet pressure, and λ is the air stoichiometry.
Linearize Equation 1 about the nominal value 
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[1]      Larminie, J, & Dicks, A. (2003). Fuel cell systems explained. West Sussex, England: Wiley.

Example Problem Solution:
Subbing nominal values into Equation 1:
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At nominal conditions, 
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Equation 3 will be used later to cancel out the base state.

Linearizing 
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 from (2) using a binomial expansion:
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Sub (4) into (2):
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Expanding and considering that 
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Sub (3) into (5):
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This equation is linear with respect to 
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 and can be used to analyze the effect of changing the 
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 coefficient on the outlet water vapor pressure.
Homework Problem Background:

The temperature of a single fuel cell is regulated by convective heat transfer to air that enters at the ambient temperature of Tin and exits at temperature Tout.  The fuel cell control volume for this analysis consists of a Membrane Electrode Assembly (MEA) and two gas distribution plates as shown in Figure 2.    
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Figure 2:  Membrane Electrode Assembly (MEA) and Distribution Plates of Hydrogen Fuel Cell

Each square, graphite plate is 2 cm thick, has an active area of 50 cm2, and an average thermal conductivity k = 5.7 W/m-K in the direction normal to the surface.  The average heat transfer coefficient remains low enough so that the Biot number 
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 < 0.1 and thus a lumped capacitance model is valid for transient conduction.  The plates are assumed to be isothermal, so their surface temperature can be taken as the average local surface temperature and the entire system is assumed to be at this temperature; that is,  Ts = Ts,avg = Tsys.  An energy balance on the fuel cell using the control volume illustrated in Figure 2 results in:
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where 
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 is the rate of energy transfer to the system, 
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 is the rate of energy transfer from the system, and 
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 is the time rate of change of energy within the system.  The total rate of energy transferred to the system is equal to the heat that is generated by the reaction at the proton exchange membrane, 
[image: image25.wmf]gen

q

.  The rate of energy transferred from the system is equal to the heat energy that is removed by convection heat transfer, 
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.  Substituting these quantities into the energy balance yields

[image: image27.wmf]sys

conv

gen

E

q

q

&

=

-


The convective heat transfer can be related to the temperature difference between the surface of the distribution plates and the mean air temperature using Newton's Law of Cooling, 
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.  Assuming the system is at a uniform temperature, the internal energy of the system can be represented as 
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.  Assuming that the system mass and specific heat are both constant, 
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.  The energy balance then becomes 
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Rearranging,
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T∞ is the average of the inlet and outlet temperatures:
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Considering a system analysis of just the cooling air:
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Substituting Eq. 2 into Eq. 3 and rearranging terms gives the T∞ expression of Eq. 4.

[image: image36.wmf]s

air

p

in

air

p

air

p

T

A

h

c

m

A

h

T

A

h

c

m

c

m

T

×

÷

÷

ø

ö

ç

ç

è

æ

×

-

×

×

×

-

×

÷

÷

ø

ö

ç

ç

è

æ

×

-

×

×

×

×

=

¥

,

,

,

2

2

2

&

&

&

                           (4)
Substituting Eq. 4 into Eq. 1, we arrive at the governing heat transfer equation in terms of average surface temperature Ts, inlet temperature Tin, rate of heat production qgen, and air mass flow rate 
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Equation (5)
Homework Problem Statement:

Starting with the following equation, linearize this ordinary differential equation about nominal values for average surface temperature Ts, inlet temperature Tin, rate of heat production qgen, and air mass flow rate 
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Let 
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Linearize equation about nominal values:
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Appendix A:  Full Derivation of Governing Equation for Homework Problem:

Energy balance on fuel cell:


[image: image48.wmf]sys

out

in

E

E

E

&

&

&

=

-



[image: image49.wmf]sys

conv

gen

E

q

q

&

=

-



[image: image50.wmf](

)

dt

dT

Vc

T

T

A

h

q

sys

sys

p

s

gen

,

r

=

-

-

¥


Assuming lump capacitance model and isothermal distribution plates, Ts = Ts,avg = Tsys
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T∞ is the average of the inlet and outlet temperatures:
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Energy balance on cooling air:
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Sub (A.2) into (A.3):
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Sub (A.4) into (A.1):

[image: image60.wmf]ú

ú

û

ù

ê

ê

ë

é

×

÷

÷

ø

ö

ç

ç

è

æ

×

-

×

×

×

-

×

÷

÷

ø

ö

ç

ç

è

æ

×

-

×

×

×

×

-

-

+

=

s

air

p

in

air

p

air

p

sys

p

gen

sys

p

s

sys

p

s

T

A

h

c

m

A

h

T

A

h

c

m

c

m

Vc

A

h

q

Vc

T

Vc

A

h

dt

dT

,

,

,

,

,

,

2

2

2

1

0

&

&

&

r

r

r


This is the equation in the problem statement on page 6.
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