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Heat Transfer
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Heat transfer is a study of the exchange of thermal energy through a body or between 
bodies which occurs when there is a temperature difference. When two bodies are at 
different temperatures, thermal energy transfers from the one with higher temperature 
to the one with lower temperature.



Basic Modes of Heat Transfer

3

Three modes of heat transfer:  
a. Conduction 
b. convection, and  
c. radiation.  

Any energy exchange between bodies occurs through one of these modes or a combination of them.



Conduction Heat Transfer
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In Conduction, heat transfer takes place due to temperature difference in a body or between bodies in thermal 
contact, without mixing of mass. The rate of heat transfer through conduction is governed by the Fourier’s law of heat 
conduction such as: 
	 	 	 	 	 Q = -kA(dT/dx) 

Where, ‘Q’ is the heat flow rate by conduction, ‘k’ is the thermal conductivity of body material, ‘A’ is the cross-sectional 
area normal to direction of heat flow, and ‘dT/dx’ is the temperature gradient of the section.



Convection Heat Transfer

5

In convection, heat is transferred to a moving fluid at the surface over which it flows by combined molecular diffusion 
and bulk flow. Convection involves conduction and fluid flow. The rate of convective heat transfer is governed by 
the Newton’s law of cooling. 
	 	 	 	 	 Q = hA(Ts-T∞) 

Where ‘Ts‘ is the surface temperature’ ‘T∞‘ is the outside temperature ‘h’ is the coefficient of convection heat transfer.



Radiation Heat Transfer
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In radiation, heat is transferred in the form of radiant energy as electromagnetic wave from one body to another body. 
No medium for radiation to occur. The rate of heat radiation that can be emitted by a surface at a thermodynamic 
temperature is based on Stefan-Boltzmann law. 

 

Where 5.67 10 8W/m2·K is the Stefan–Boltzmann constant, “ε” is the surface emissivity, “Ts” is the absolute surface 
temperature, “As” is the surface area.

𝐐 = 𝝈𝜺𝑨𝒔𝑻 𝟒
𝒔

"𝜎" =  



Thermal Conductivity

7

Recall the Fourier’s law of heat conduction: Q = -kA(dT/dx) 
Where, ‘Q’ is the heat flow rate by conduction (W), ‘K’ is the thermal conductivity of body material (W/m.K), ‘A’ is the 
cross-sectional area normal to direction of heat flow (m2) and ‘dT/dx’ is the temperature gradient of the section (K/m).

k = -Q/A (dT/dx) 
dT = T2-T1 

dx = d 
dT/dx = (T2-T1)/d 

If A = 1 unit (m2) 
dT/dx = 1 unit (K/m), then  
k = Q 

Thermal conductivity of a material can be defined as the rate of heat transfer through a unit thickness of the 
material per unit area per unit temperature difference. A good thermal conductor has high thermal conductivity 
while material with low thermal conductivity is called insulator. Unit of thermal conductivity is W/m.K.



Thermal Conductivity of Various Materials
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Thermal Conductivity of Gases, Liquids, and Solids
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Thermal conductivity of gases is proportional to the square root of the 
absolute temperature T, and inversely proportional to the square root 
of the molar mass M.  

Like gases, the conductivity of liquids decreases with increasing molar 
mass. Liquid metals such as mercury and sodium have high thermal 
conductivities and are very suitable for use in applications where a high 
heat transfer rate to a liquid is desired, as in nuclear power plants. 

In solids, heat conduction is due to two effects: the lattice vibrational 
waves the  free  flow  of  electrons  in  the  solid. The relatively high 
thermal conductivities of pure metals are primarily due to the 
electronic component. The lattice component of thermal conductivity 
strongly depends on the way the molecules are arranged. For example, 
diamond, which is a highly ordered crystalline solid, has the highest 
known thermal conductivity at room temperature
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Thermal conductivity of gases gradually 
increases with temperature 

Unlike gases, the conductivity of liquids 
decreases with increasing temperature 
except water that firstly increases with 
temperature and then decreases.  

In solids, the conductivity of solids 
d e c r e a s e s w i t h i n c r e a s i n g 
temperature . Some solids show 
tremendous raise in conductivity at very 
low temperature, for example: Cu 

Thermal Conductivity of Various Materials



Thermal Diffusivity
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The product ρCp, (ρ  being density ( kg/m3) and Cp is the specific heat (J/kg. °C)) is called the heat capacity of a 
material in unit volume basis (J/m3.°C). Thermal diffusivity, which represents how fast heat diffuses through a 
material and is defined as:

Thermal conductivity “k” represents how well a material conducts heat, and the heat capacity, “ρCp” represents 
how much energy a material stores per unit volume. The thermal diffusivity of a material can be viewed as the 
ratio of the heat conducted through the material to the heat stored per unit volume. 

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



Thermal Diffusivity
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Let us consider sudden release of heat from a point source. 

Heat will propagate in all directions from a point just after been released. It is similar to growing up 
of a sphere. With time heat will propagate forming an imaginary sphere getting bigger and bigger.  

The propagation rate is related to the rate of increase of the sphere surface area and hence any 
propagation parameter in 3D has the unit of m2/s.



Thermodynamics vs Heat Transfer
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Thermodynamics Heat Transfer
Concerned with the amount of heat transfer as a 
system undergoes a process from one equilibrium 
state to another.

Deals with the determination of the rates of such 
energy transfers is the heat transfer

Deals with the amount of energy in form of heat 
or work during a process and only considers the 
start and end states in equilibrium. No tension 
about time

Deals with the rate of energy transfer thus, it 
gives idea of how long a heat transfer will occur.

Deals with equilibrium phenomena Deals with time and non equilibrium phenomena. 
Heat can only transfer when there is a 
temperature gradient exists in a body and which 
is indication of non equilibrium phenomena

In short, Thermodynamics gives "Why"  a process will occur and Heat Transfer will tell, "How" a 
process will occur when there is a concern about transfer of heat.



Classical Heat Transfer and Continuum Hypothesis
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Application of classical heat transfer equation requires the adoption of continuum approach. That is the 
medium is assumed to be continuous and indefinitely divisible. To judge the continuity of medium one 
approach is to consider the Knudsen Number (Kn):  
Kn = Mean free path (λ)/Characteristic Length (Lc)

Mean Free Path (λ): Distance traveled by an 
atom between two successive collision 

Characteristic Length (Lc): System Size 
Parameter (Length/Width/Height which one is 
minimum) 

Kn << 0.1 for the application of Fourier’s Law.



Steady vs Transient Heat Transfer
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• Heat transfer problems are often classified as 
being steady (also called steady state) or 
transient (also called unsteady). 

• The term steady implies no change with time at 
any point within the medium, while transient 
implies variation with time or time dependence.



Multidimensional Heat Transfer
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• Heat transfer problems are also classified as being 
one-dimensional, two-dimensional, or three-
dimensional, depending on the relative magnitudes 
of heat transfer rates in different directions and the 
level of accuracy desired. 

• The temperature in a medium, in some cases, 
varies mainly in two primary directions, and the 
variation of temperature in the third direction (and 
thus heat transfer in that direction) is negligible. A 
heat transfer problem in that case is said to be two-
dimensional.
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• A heat transfer problem is said to be one-dimensional if the temperature in the 
medium varies in one direction only and thus heat is transferred in one direction, and 
the variation of temperature and thus heat transfer in other directions are negligible 
or zero.

Multidimensional Heat Transfer



Heat Generation
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• A medium through which heat is conducted may involve the conversion of electrical, 
nuclear, or chemical energy into heat (or thermal) energy. In heat conduction analysis, 
such conversion processes are characterized as heat generation.



Heat Conduction in a Long Cylinder 
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Consider a thin cylindrical shell element of 
thickness  Δr in a long cylinder, as shown 
in figure. Assume the density of the 
cylinder is ρ , the specific heat is C, and 
the length is L. The area of the cylinder 
normal to the direction of heat transfer at 
any location is A= 2πrL where r is the 
value of the radius at that location. Note 
that the heat transfer area A depends on r 
in this case, and thus it varies with 
location.



Heat Conduction in a Long Cylinder 
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An energy balance on this thin cylindrical 
shell element during a small time interval 
t can be expressed as:



Heat Conduction in a Long Cylinder 
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Substituting into energy balance equation, we get



Heat Conduction in a Long Cylinder 
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Heat Conduction in a Long Cylinder 
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Heat Conduction in a Long Cylinder 
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Thermal Boundary Conditions (BC’s)
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▪ Appropriate Boundary Condition and Initial Condition are Necessary for the 
solution of Heat Conduction equation. 

▪ Order of differentiation with respect to any dimension/direction is two while with 
respect to time it is one. So at least two Boundary Conditions are necessary for 
each space dimension/direction while only one condition with respect to any 
instant of time must be known. 

▪ Boundary Conditions (BC) are the mathematical expression of thermal condition at 
the boundary of the system. 

▪ Initial Condition (IC) is the mathematical expression of thermal condition of the 
system at the instant t = 0



Thermal Boundary Conditions (BC’s)
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1. Specified Temperature Boundary Condition 2. Specified Heat Flux Boundary Condition: Heat flux, 
q = Heat Transfer rate per unit area (W/m2)



Thermal Boundary Conditions (BC’s)
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2. A. Insulated  Boundary Condition: (Boundary Heat Flux, q = 0)

2.B. Symmetry  Boundary Condition:                   
(Any  Flux at the line of symmetry = 0)



Thermal Boundary Conditions (BC’s)
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3. Convective  Boundary Condition

4. Radiation  Boundary Condition



Thermal Boundary Conditions (BC’s)
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5. Interface  Boundary Condition

The boundary conditions at an interface are based on 
the requirements that: 

(1) two bodies in contact must have the same 
temperature at the area of contact and 

(2) an interface (which is a surface) cannot store any 
energy, and thus the heat flux on the two sides 
of an interface must be the same.



Thermal Boundary Conditions (BC’s)
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6. Generalized  Boundary Condition

▪ So far single mode heat transfer, such as the 
specified heat flux, convection, or radiation have 
been considered for simplicity. 

▪ However, a surface may involve multimodal heat 
transfer such as convection, radiation, and specified 
heat flux simultaneously. 

▪ The boundary condition in such cases is again 
obtained from a surface energy balance, expressed 
as:



EXAMPLE 2–15

Consider a steam pipe of length L = 20 m, inner radius r1 = 6 cm, outer radius r2 = 8 cm, and thermal conductivity 
k = 20 W/m · °C, as shown in Figure 2–50. The inner and outer surfaces of the pipe are maintained at average 
temperatures of T1 = 150°C and T2 = 60°C, respectively. Obtain a general relation for the temperature distribution 
inside the pipe under steady conditions, and determine the rate of heat loss from the steam through the pipe.



EXAMPLE 2–15



EXAMPLE 2–15



EXAMPLE 2–19



EXAMPLE 2–19



In the present analysis following assumption are to be made 

➢1-D, Steady Heat Conduction 
➢No Heat Generation 
➢Constant Property

❖ Rate of heat transfer through a layer corresponds 
to the electric current.  

❖ Temperature difference corresponds to voltage 
difference across the layer.  

❖ Thermal resistance corresponds to electrical 
resistance.

Thermal Resistance Concept



Thermal Resistance Concept

Rcond is the thermal resistance of the wall against heat conduction or simply the conduction resistance 
of the wall. Note that the thermal resistance of a medium depends on the geometry and the thermal 
properties of the medium.



where,

Thermal Resistance Concept

Rconv is the thermal resistance of the surface against heat convection, or 
simply the convection resistance of the surface.

Consider convection heat transfer from a solid surface of area As and temperature Ts to a fluid whose 
temperature sufficiently far from the surface is T , with a convection heat transfer coefficient h. 
Newton’s law of cooling for convection heat transfer rate can be rearranged as:

∞



Thermal Resistance Concept

Rrad is the thermal resistance of a surface against radiation, or the radiation resistance and 
hrad is the radiation heat transfer coefficient. 

When the wall is surrounded by a gas, the radiation effects, which we have ignored so far, can be significant 
and may need to be considered. The rate of radiation heat transfer between a surface of emissivity and area 
As at temperature Ts and the surrounding surfaces at some average temperature Tsurr can be expressed as

Where,



Thermal Resistance Concept



Consider a 0.8-m-high and 1.5-m-wide glass window with a thickness of 8 mm and a thermal conductivity of 
k = 0.78 W/m · °C. Determine the steady rate of heat transfer through this glass window and the 
temperature of its inner surface for a day during which the room is maintained at 20°C while the 
temperature of the outdoors is -10°C. Take the heat transfer coefficients on the inner and outer surfaces of 
the window to be h1 = 10 W/m2· °C and h2 = 40 W/m2· °C, which includes the effects of radiation.

EXAMPLE 3–2



EXAMPLE 3–2



HEAT CONDUCTION IN CYLINDERS 

Fourier’s law of heat conduction for heat transfer through the cylindrical 
layer can be expressed as



HEAT CONDUCTION IN CYLINDERS 



HEAT CONDUCTION IN CYLINDERS 



Steam at T 1 = 320°C flows in a cast iron pipe (k = 80 W/m·°C) whose inner and outer diameters are D1 = 5 cm 
and D2 = 5.5 cm, respectively. The pipe is covered with 3-cm-thick glass wool insulation with k = 0.05 W/m·°C. 
Heat is lost to the surroundings at T 2 = 5°C by natural convection and radiation, with a combined heat 
transfer coefficient of h2 18 W/m2·°C. Taking the heat transfer coefficient inside the pipe to be h1 = 60 W/m2·°C, 
determine the rate of heat loss from the steam per unit length of the pipe. Also determine the temperature 
drops across the pipe shell and the insulation.

∞

∞

EXAMPLE 3–8





CRITICAL RADIUS OF INSULATION



CRITICAL RADIUS OF INSULATION



A 3-mm-diameter and 5-m-long electric wire is tightly wrapped with a 2-mm thick plastic cover whose thermal 
conductivity is k = 0.15 W/m·°C. Electrical measurements indicate that a current of 10 A passes through the wire and 
there is a voltage drop of 8 V along the wire. If the insulated wire is exposed to a medium at T = 30°C with a heat 
transfer coefficient of h = 12 W/m2·°C, determine the temperature at the interface of the wire and the plastic cover in 
steady operation. Also determine whether doubling the thickness of the plastic cover will increase or decrease this 
interface temperature.

EXAMPLE 3–9
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