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• The transfer of energy as heat is always from the higher-temperature 
medium to the lower-temperature one, and heat transfer stops when 
the two mediums reach the same temperature.

• Heat can be transferred in three different modes:

1. conduction

2. convection

3. and radiation. 

• All modes of heat transfer require the existence of a temperature 
difference.
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2.1 Conduction Heat Transfer

• The transfer of energy from the more energetic particles of a 
substance to the adjacent less energetic ones as a result of 
interactions between the particles. 

• In gases and liquids: conduction is due to the collisions and diffusion 
of the molecules during their random motion. 

• In solids:  it is due to the combination of vibrations of the molecules 
in a lattice and the energy transport by free electrons.
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• The rate of heat conduction through a plane layer is proportional to the 
temperature difference across the layer and the heat transfer area, but 
is inversely proportional to the thickness of the layer.

Fourier’s law of heat conduction
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Fourier’s law of heat conduction
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• Heat transfer area

• In heat conduction analysis, A represents the area 
normal to the direction of heat transfer. 

• Note that the thickness of the wall has no effect on 
A
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• Thermal conductivity (K) : A measure of the ability of a 
material to conduct heat

• temperature gradient dT/dx:  The slope of the temperature 
curve on a T-x diagram.

• Heat is conducted in the direction of decreasing temperature, 

• the temperature gradient becomes negative when 
temperature decreases with increasing x. 

• The negative sign in Equation ensures that heat transfer in the 
positive x direction is a positive quantity.
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Example 1. The wall of a furnace is constructed from 15 cm thick fire brick having constant thermal 
conductivity of 1.6 W/m.K. The two sides of the wall are maintained at 1400 K and 1100 K, 
respectively. What is the rate of heat loss through the wall which is50 cm × 3 m on a side?

Solution

Given : A furnace wall with

T1 = 1400 K, T2 = 1100 K

A = 50 cm × 3 m = 0.5 × 3 = 1.5 m2

k = 1.6 W/m.K

L = 15 cm = 0.15 m.
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• H.W.1 One face of a copper plate 3 cm thick is maintained at 500◦C, 
and the other face is maintained at 200◦C. How much heat is 
transferred through the plate?

• H.W2:  a household oven is modeled to be a hollow rectangular box 
having inside dimensions of 46cm *64cm*76cm and outside 
dimensions of 51*66*81cm.  if the heat losses through the corners and 
edges one ignored,  the inside wall temperature is 204 C,  the outside 
wall temp.  is 38C and the wall material is asbestos estimate the power 
input in watts necessary to maintainvthis steady state condition. given 
k= 0. 1660w/ m. K.

13

M.Sc. Halah K. Mohsin



Thermal conductivity
✓A high value for thermal conductivity indicates that the material is a good heat 

conductor, and a low value indicates that the material is a poor heat conductor 
or insulator.

✓A simple experimental setup to determine the thermal conductivity of a material.
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The range of thermal conductivity of various materials at room temperature.
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The variation of the thermal conductivity of various solids, liquids, and gases with temperature
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Thermal Diffusivity

▪ Cp: specific heat, J/kg · °C: heat capacity per unit mass 

▪ ρCp: heat capacity, J/𝑚3 · °C, heat capacity per unit volume

▪ α : thermal diffusivity, 𝑚2/𝑠 : represents how fast heat diffuses through a 
material

▪ A material that has a high thermal conductivity or a low heat capacity will 
obviously have a large thermal diffusivity.

▪ The larger the thermal diffusivity, the faster the propagation of heat into the 
medium.

▪ A small value of thermal diffusivity means that heat is mostly absorbed by 
the material and a small amount of heat will be conducted further.
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2.2 Convection Heat Transfer

▪ Convection is the mode of energy transfer between 
a solid surface and the adjacent liquid or gas that is 
in motion, and it involves the combined effects of 
conduction and fluid motion.

▪ The faster the fluid motion, the greater the 
convection heat transfer.  

▪ In the absence of any bulk fluid motion, heat 
transfer between a solid surface and the adjacent 
fluid is by pure conduction.
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• Natural (or free) convection 

if the fluid motion is caused by buoyancy forces that are induced by 
density differences due to the variation of temperature in the fluid.

• Forced convection

if the fluid is forced to flow over the surface by external means such as a 
fan, pump, or the wind.

The cooling of a boiled egg by forced and natural convection.
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Newton’s law of cooling 

where h is the convection heat transfer coefficient in           

or Btu/h · ft^2 · °F,

As is the surface area through which convection heat 

transfer takes place,

Ts is the surface temperature, 

And T ͚ is the temperature of the fluid sufficiently far from 

the surface. 
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▪ The convection heat transfer coefficient h is 
not a property of the fluid.

▪ It is an experimentally determined parameter 
whose value depends on all the variables 
influencing convection such as:

▪ the surface geometry .

▪ the nature of fluid motion.

▪ the properties of the fluid.

▪ and the bulk fluid velocity. 
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Example: Hot air at 150°C flows over a flat plate maintained at 50°C. The forced 
convection heat transfer coefficient is 75 W/m^2.K. Calculate the heat gain rate by 
the plate through an area of 2 m^2.
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• H.W. : Air at 22◦C blows over a hot plate 50 by 75 cm maintained at 
260◦C. The convection heat-transfer coefficient is 25 W/m2 · ◦C. 
Calculate the heat transfer.
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2.3 Radiation Heat Transfer

▪ The energy emitted by matter in the form of electromagnetic waves (or 
photons) as a result of the changes in the electronic configurations of the 
atoms or molecules. 

▪ Unlike conduction and convection, the transfer of energy by radiation does 
not require the presence of an intervening medium.

▪ Radiation is a volumetric phenomenon, and all solids, liquids, and gases
emit, absorb, or transmit radiation to varying degrees. However, radiation
isusually considered to be a surface phenomenon for solids that are opaque
to thermal radiation such as metals, wood, and rocks since the radiation
emitted by the interior regions of such material can never reach the surface,
and the radiation incident on such bodies is usually absorbed within a few
microns from the surface.
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• The maximum rate of radiation that can be emitted from a surface at 
an absolute temperature Ts (in K or R) is given by the Stefan–
Boltzmann law as

Blackbody : The idealized surface that emits radiation at this maximum rate.

Stefan–Boltzmann constant
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▪ The radiation emitted by all real surfaces is 
less than the radiation emitted by a 
blackbody at the same temperature, and is 
expressed as

▪ Emissivity ℇ: a measure of how closely a 
surface approximates a blackbody for which 
ℇ=1. 
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➢Absorptivity α:the fraction of the radiation energy incident on a surface that is 
absorbed by the surface. 

➢A blackbody absorbs the entire radiation incident on it. α=1

➢ Kirchhoff’s law of radiation states that the emissivity and the absorptivity of a

surface at a given temperature and wavelength are equal. In many practical

applications, the surface temperature and the temperature of the source of incident

radiation are of the same order of magnitude, and the average absorptivity of a

surface is taken to be equal to its average emissivity.
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▪ The rate at which a surface absorbs radiation is determined from 

▪Net radiation heat transfer: the difference between the rates of 
radiation emitted by the surface and the radiation absorbed.

▪Radiation is usually significant relative to conduction or natural 
convection, but negligible relative to forced convection.

For opaque (nontransparent) surfaces, the portion of incident 

radiation not absorbed by the surface is reflected back.
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• When a surface is completely enclosed by a much larger (or black) 
surface at absolute temperature Tsurr separated by a gas (such as air) 
that does not intervene with radiation, the net rate of radiation heat 
transfer between these two surfaces is given by
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• H.W.3 Two infinite black plates at 800◦C and 300◦C exchange heat by
radiation. Calculate the heat transfer per unit area
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Chapter3:

Heat Transfer in rectangular, cylinderical
and spherical walls
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3.1 Steady heat conduction in planes wall

• Heat flow through a wall is onedimensional when the 
temperature of the wall varies in one direction only

• The temperature of the wall in this case will depend 
on one direction only (say the x-direction) and can be 
expressed as T(x).
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• since there is no change in the temperature of the wall with time at any
point. Therefore, the rate of heat transfer into the wall must be equal to
the rate of heat transfer out of it. In other words, the rate of heat
transfer through the wall must be constant, Q· cond, wall constant.

• Consider a plane wall of thickness L and average thermal conductivity
k. The two surfaces of the wall are maintained at constant
temperatures of T1 and T2. For one-dimensional steady heat
conduction through the wall, we have T(x) Fourier’s law of heat
conduction for the wall can be expressed as
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➢Separating the variables in the above equation and integrating from x= 
0, where T(0)= T1, to x =L, where T(L) =T2, we get

➢ once the rate of heat conduction is available, the temperature 

T(x) at any location x can be determined by replacing T2 in 

above equation by T, and L by x

Under steady conditions, the temperature distribution in 
a plane wall is a straight line. 35
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Thermal Resistance Concept

heat conduction through a plane wall can be rearranged as

Conduction resistance of the wall: the thermal resistance of the wall 

against heat conduction.

Thermal resistance of a medium depends on the geometry and the 

thermal properties of the medium.
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The rate of heat transfer through a layer corresponds to the electric current, the

thermal resistance corresponds to electrical resistance, and the temperature

difference corresponds to voltage difference across the layer
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• convection resistance of the surface

➢ Convection resistance of the surface: the thermal resistance of 
the surface against heat convection

➢ Note that when the convection heat transfer coefficient is very large                 

the convection resistance becomes zero and                  That is, the 

surface offers no resistance to convection, and thus it does not slow 

down the heat transfer process.   
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• radiation resistances at a surface

radiation resistance : thermal resistance of a surface 
against radiation

hrad. The definition of the radiation heat transfer coefficient 
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Thermal Resistance Network
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▪ The temperature drop across a layer is 
proportional to its thermal resistance.

▪ It is sometimes convenient to express heat 
transfer through a medium in an analogous 
manner to Newton’s law of cooling as

U is the overall heat transfer coefficient. 
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Multilayer Plane Walls
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• Once Q is known, an unknown surface temperature Tj at any surface 
or interface j can be determined from
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Thermal resistance network for two parallel layers:

Noting that the total heat transfer is the sum of the 

heat transfers through each layer

since the resistances are in parallel. 
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Now consider the combined series-parallel arrangement shown in Fig.
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Example: 
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Example:The composite wall of an oven consists of three materials, two of them are of known thermal
conductivity, kA = 20 W/m.K and kC = 50 W/m.K and known thickness LA = 0.3 m and LC = 0.15 m. The third
material B, which is sandwiched between material A and C is of known thickness, LB = 0.15 m, but of unknown
thermal conductivity kB. Under steady state operating conditions, the measurement reveals an outer surface
temperature of material C is 20°C and inner surface of A is 600°C and oven air temperature is 800°C. The inside
convection coefficient is 25 W/m2.K. What is the value of kB ?
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H.W: Find the heat transfer per unit area through the composite wall in
Figure . Assume one-dimensional heat flow.
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3.2 Heat conduction in cylinders and spheres

50

M.Sc. Halah K. Mohsin



51

M.Sc. Halah K. Mohsin



52

M.Sc. Halah K. Mohsin



53

M.Sc. Halah K. Mohsin



54

M.Sc. Halah K. Mohsin



55

M.Sc. Halah K. Mohsin



56

M.Sc. Halah K. Mohsin



• Now consider steady one-dimensional heat flow through a cylindrical or spherical layer that is exposed to
convection on both sides to fluids at temperatures T1 and T2 with heat transfer coefficients h1 and h2,
respectively, as shown in Fig.The thermal resistance network in this case consists of one conduction and two
convection resistances in series, just like the one for the plane wall, and the rate of heat transfer under steady
conditions can be expressed as
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Multilayered Cylinders and Spheres
• Steady heat transfer through multilayered cylindrical or spherical shells can be handled just like multilayered 

plane walls discussed earlier by simply adding an additional resistance in series for each additional layer. For 
example, the steady heat transfer rate through the three-layered composite cylinder of length L shown in Fig. 
with convection on both sides can be expressed as
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Examples
1. The walls of a house, 4 m high, 5 m wide and 0.3 m thick are made from brick with thermal conductivity of 0.9
W/m.K. The temperature of air inside the house is 20°C and outside air is at –10°C. There is a heat transfer coefficient
of 10 W/m2.K on the inside wall and 30 W/m2.K on the outside wall. Calculate the inside and outside wall
temperatures, heat flux and total heat transfer rate through the wall.

2. A thermopane window consists of two 5 mm thick glass (k = 0.78 W/m.K) sheets separated by
10 mm stagnant air gap (k = 0.025 W/m.K). The convection heat transfer coefficient for inner and outside air are 10
W/m2.K and 50 W/m2.K, respectively. (a) Determine the rate of heat loss per m2 of the glass surface for a temperature
difference of 60°C between the inside and outside air.
(b) Compare the result with the heat loss, if the window had only a single sheet of glass of thickness
5 mm instead of thermopane. (c) Compare the result with the heat flow, if
window has no stagnant air (i.e., a sheet of glass, 10 mm thick).
3. A wall is constructed of several layers. The first layer consists of brick (k = 0.66 W/m.K), 25 cm thick, the second
layer 2.5 cm thick mortar (k = 0.7 W/m.K), the third layer 10 cm thick limestone (k = 0.66 W/m.K) and outer layer of
1.25 cm thick plaster (k = 0.7 W/m.K). The heat transfer coefficients
on interior and exterior of the wall fluid layers are 5.8 W/m2.K and 11.6 W/m2.K, respectively. Find :
(i) Overall heat transfer coefficient,
(ii) Overall thermal resistance per m2,
(iii) Rate of heat transfer per m2, if the interior of
the room is at 26°C while outer air is at – 7°C,
(iv) Temperature at the junction between mortar
and limestone.
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4. The composite wall of an oven consists of three materials, two of them are of known thermal conductivity, kA

= 20 W/m.K and kC = 50 W/m.K and known thickness LA = 0.3 m and LC = 0.15 m. The third material B, which

is sandwiched between material A and C is of known thickness, LB = 0.15 m, but of unknown thermal

conductivity kB. Under steady state operating conditions, the measurement reveals an outer surface temperature

of material C is 20°C and inner surface of A is 600°C and oven air temperature is 800°C. The inside convection

coefficient is 25 W/m2.K. What is the value of kB ?

. The wall of a cold storage consists of three layers: an outer layer of ordinary bricks, 25 cm thick, a middle

layer of cork, 10 cm thick and an inner layer of cement, 6 cm thick. The thermal conductivities of the materials

are 0.7, 0.043 and 0.72 W/m.K, respectively. The temperature of the outer surface of the wall is 30°C and that of

inner is – 15°C. Calculate :

(a) Steady state rate of heat gain per unit area, (b) Temperature at the interfaces of composite

wall,

(c) The percentage of total heat resistance offered

by individual layers, and

(d) What additional thickness of cork should be

provided to reduce the heat gain 30% less than the

present value ?
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6. Consider a 5 m high and 8 m long and 0.22 m thick wall whose representation is shown in Figure. The thermal

conductivity of various materials used are kA = kF = 2, kB = 8, kC = 20, kD = 15, and kE = 35 W/m.K. The left

surface of the wall is maintained at uniform temperatures of 300°C. The right surface is exposed to convection

environment at 50°C with h = 20 W/m2.K. Determine (a) one dimensional heat transfer rate through the wall, (b)

temperature at the point where section B, D and E meet, and (c) temperature

drop across the section F.
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7. A long hollow cylinder (k = 50 W/m.K) has an inner radius of 

10 cm, and outer radius of 20 cm. The inner surface is heated 

uniformly at constant rate of 1.16 × 105 W/m2 and outer surface 

is maintained at 30°C. Calculate the temperature of inner 

surface.
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8. A hollow cylinder with inner radius 30 mm and outer radius 50 mm is heated at the inner surface at a rate of

105 W/m2 and dissipated heat by convection from outer surface into a fluid at 80°C with heat transfer

coefficient of 400 W/m2.K. There is no energy generation and thermal conductivity of the material is constant at

15 W/m.K. Calculate the temperatures of inside and outside surfaces of the cylinder

9. A steam pipe, 10 cm in outer diameter is covered with two layers of insulation material each 2.5 cm thick, one

having thermal conductivity thrice the other. Show that the effective thermal conductivity of two layers is

approximately 15% less when better insulation material is placed as inside layer, than when it is on the outside.

10. Air at 90°C flows in a copper tube (k = 384 W/m.K) of 4 cm inner diameter and with

0.6 cm thick walls which are heated from the outside by water at 125°C. A scale of 0.3 cm thick is deposited on

outer surface of the tube whose thermal conductivity is 1.75 W/m.K. The air and water side heat transfer

coefficients are 221 and 3605 W/m2.K, respectively. Find (a) overall heat transfer coefficient on the outside

area basis (b) water to air heat transfer (c) temperature drop across the scale deposit.
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11. A spherical thin walled metallic container is used to store liquid nitrogen at 77 K. The

container has a diameter of 0.5 m and is covered with an evacuated reflective insulation system composed of

silica powder (k = 0.0017 W/m.K). The insulation is 25 mm thick and its outer surface is exposed to ambient

air at 300 K. The convective coefficient is known to be 20 W/m2.K. The latent heat of vaporization and density

of liquid nitrogen are 2 × 105 J/kg and 804 kg/m3, respectively. What is the rate of heat transfer to the liquid nitrogen ?

12. A hollow spherical form is used to determine thermal conductivity of an insulating material. The inner diameter is 50 mm

and outer diameter is 100 mm. A 40 W heater is placed inside and

under steady state conditions, the temperature at 32 and 40 mm radii were found to be 100°C and 70°C,

respectively. Determine the thermal conductivity of the material. Also calculate the outside temperature of sphere. If

surrounding air is at 30°C, calculate convection heat transfer coefficient over the surface.
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