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Concepts Illustrated:
Conduction, convection, and radiation.
Problem Motivation: Fuel cells are a promising alternative energy conversion technology. There are numerous types of fuel cells, as described in Module 0, which are typically distinguished (and named) by either 1) the ion conducted across the electrolyte or 2) the electrolyte material. 

A general schematic of a Solid Oxide Fuel Cell (SOFC) operating on H2 fuel is shown in Figure 1. Oxygen from air supplied to the cathode is reduced to O2- at the cathode, transported across the electrolyte, and reacted with H2 fuel at the anode releasing electrons. The electrons released at the anode are transported through an external circuit where electrical power can be drawn. 
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SOFC reactions:

Anode:
H2     +  O-2
(
H2O + 2 e-
Cathode:
½ O2 +  2 e- 
(
O-2

__________________________________________________
Overall:
H2      + ½ O2   ( 
H2O

Figure 1. General schematic of SOFC.

SOFCs typically operate in the temperature range of 700-1000°C. Heat transfer with a SOFC system will be explored in this module, which is particularly important due to the high operating temperature.

Heat can be transferred by materials in three ways: 1) conduction, 2) convection, and 3) radiation. Conduction is heat transfer that occurs by atomic motion due to a temperature gradient. Convection is heat transfer that occurs between a surface and a liquid or gas that can flow freely due to a temperature gradient. Radiation is heat transfer that occurs through radiative heat waves and applies to any type of phase. In calculating the radiation leaving a material only the material itself is important, not the surrounding components.
Conduction
The rate of heat transfer due to conduction is governed by Fourier’s Law, as shown in Eqn. 1.
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Eqn. 1
The terms in Eqn. 1 are:


q – rate of heat transfer (W)


k – thermal conductivity (W/m∙K)

A – surface area across which heat is transferred (m2)


ΔT – difference in temperature over which heat is transferred (K)


Δx – distance over which heat is transferred (m)

Thermal conductivity indicates the ease of heat transfer through a material and is a material dependent property. The ΔT term is the driving force for heat transfer.
Convection

The rate of heat transfer due to convection is described by Eqn. 2.
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Eqn. 2
In Eqn. 2 the new term is:


h –heat transfer coefficient (W/m2∙K)

In Eqn. 2, the heat transfer coefficient replaces the k/Δx term in Eqn. 1. The reason this happens is because convection has a mobile phase, and thickness is no longer an effective way of describing how the heat is transferred. The heat transfer coefficient can be thought of as the inverse of the resistance to heat transfer. Also, because temperature is a function of distance from a surface, the ΔT term is calculated between the surface and the bulk temperature of the mobile phase. 

Radiation
The concept for radiation is that all materials are constantly emitting infrared radiation that is absorbed by other materials. For this module, we will assume that radiation is emitted directly outward from the surface of objects. While conduction and convection are driven by a temperature gradient, radiation is only based on the temperature of the object emitting radiation.

The rate of heat transfer due to radiation can be described by Eqns. 3 and 4.
Radiation Emitted:        [image: image6.png]Gous = €A0(T,")




Eqn. 3
Radiation Absorbed:      [image: image8.png]Qin = aAo(T,")



 
Eqn. 4
In Eqns. 3 and 4, the new terms are:


ε – Emissivity, the ease with which a material emits radiation. Emissivity is a dimensionless 
quantity between 0 and 1.
σ – Stefan-Boltzmann constant (5.670 x 10-8 W/m2∙K4). This constant is used to describe the maximum amount of energy radiated per surface area. 


Ts – The surface temperature of the material (K)


α – Absorptivity, the ease with which a material absorbs radiation. Absorptivity is a 
dimensionless quantity between 0 and 1.


To – The temperature of objects surrounding the material (K)

Another term commonly found in radiation equations is view factor. This term describes the degree of exposure of a surface to other objects. For example, if I am trying to find the temperature of a roof on a sunny day, then I want to know how much sunshine is hitting the roof. When the sun is at different positions in the sky, the view factor is different. For this module, we will assume the view factor is 1, which means that an object has a full view.

As an example, let’s consider heat transfer for a fuel cell encased with an insulating box. For this case, the modes of heat transfer are depicted in Figure 2. The mode of heat transfer through the walls of the box is conduction.  At the outer surface of the box, heat is transferred to the air surrounding the box by convection and emitted radiation. At the same time, heat is being transferred from the surroundings to the box by absorbed radiation.  
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Conduction Convection Radiation

k (W/m·K)
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h
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A 0.08 0.05 25 0.8 0.9
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[image: image32.emf]T (°C) T (K) q

rxn

(J/s) q

cond

(J/s) q

net

(J/s)

700 973 1611 1320 291.11

750 1023 1611 1430 181.11

800 1073 1611 1540 71.11

832.323 1105.323 1611 1611 0.00

850 1123 1611 1650 -38.89

900 1173 1611 1760 -148.89

[image: image33.emf]-200

0

200

400

600

800

1000

1200

1400

1600

1800

650 700 750 800 850 900 950

q (J/s)

Temperature (ΣC)

q rxn

q cond

q net

[image: image34.emf]Conduction Radiation

k (W/m·K)

box wall 

thickness (m)

ε α

0.11 0.05 0.9 0.85








Figure 2. Depiction of the different modes of heat transfer for a fuel cell with insulating box.
Problem Information

Example Problem Statement:

You are operating a solid oxide fuel cell system with hydrogen fuel and oxygen. The fuel cell is encased with an insulating box. The outside surface temperature of the box is 100°C.
a) For a fuel cell temperature of 700°C, calculate the net rate of heat transfer at the inside surface of the box. Will the fuel cell temperature increase or decrease over time?

b) For a fuel cell temperature of 700°C, calculate the net rate of heat transfer at the outside surface of the box. Will the fuel cell temperature increase or decrease over time?

c) At what temperature will the fuel cell operate isothermally (i.e. what is the steady state temperature of the fuel cell)?

Necessary Information:
Insulating box geometry: cube with a surface area of 1 m2
Reaction rate = 20 mol H2/h 

(Hrxn = 290 kJ/mol of H2 reacted

The air surrounding the box has a bulk temperature of 25°C and a heat transfer coefficient of 25 W/m2∙K

Assumptions:

View factor is 1

(Hrxn has a negligible dependence on temperature

Heat transfer is only directly outward through the walls
Insulating Box Information:


Example Problem Solution:

Part a)  
At the inner surface of the insulating box, heat generated by the fuel cell reaction is added to the system and heat is lost by conduction through the walls of the box. 








Step 1. 

The net heat transfer is calculated with a heat balance.
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Step 2.
The net rate of heat transfer is positive, which means heat is accumulating in the fuel cell. Therefore, the temperature of the fuel cell will increase over time.

Part b)

At the outer surface of the insulating box, heat is being added due to conduction through the walls of the box and radiation from the surroundings. Heat is being removed by convection to the surroundings and radiation by the box.







Step 1. 

The net rate of heat transfer is calculated with a heat balance.
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Step 2.

The net rate of heat transfer is negative, which means heat is being lost. Therefore, the outer surface temperature of the box will decrease over time.

Part c)
The fuel cell can be operated isothermally when the net rate of heat transfer at the inside surface of the box is zero.
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To more effectively visualize the effect of temperature, results for qrxn, qcond, and qnet are plotted from 700°C to 900°C.


Home Problem Statement:
The steady state operating temperature of a solid oxide fuel cell is 800°C. For safety purposes, the fuel cell is to be encased with an insulating box and the outer surface of that box must be maintained at a steady state temperature of ≤ 50°C. Two insulating boxes are available and you have been asked to evaluate 
a) whether or not each box meets the safety requirements 
b) which material is more effective
Necessary Information:

Insulating box geometry: cube with a surface area of 0.8 m2
The air surrounding the box has a bulk temperature of 20°C
Box Information:


Assumptions:

View factor is 1

Heat transfer is only directly outward through the walls
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