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Syllabus- Heat Transfer

BEME504T: HEAT TRANSFER (Theory)

CREDITS: 04 

Teaching Scheme Examination Scheme 

Lectures: 3 Hours/Week Duration of Paper: 03 Hours 

Tutorial: 1 Hour/Week University Assessment: 80 Marks 

College Assessment: 20 Marks 

Course Objectives and Expected Outcomes: 

• This course is designed to learn the various modes of heat transfer and laws associated with it.

• During this course, students can distinguish between steady state and unsteady state heat transfer; will be

able to apply their knowledge of Dimensional Analysis to forced and free convection.

• Students will also be able to analyse radiation with and without radiation shield. Apart from this, students

will also be able to analyse & design heat exchangers.



Syllabus- Heat Transfer

UNIT – I [ 8 Hrs.]

Introduction to basic modes of heat transfer, conduction, convection & radiation. Laws of heat transfer &

conservation of energy requirement. General heat conduction equation in cartesian, cylindrical and spherical

coordinates. One dimensional steady state heat conduction equation for the plane wall, cylinder and sphere, overall

heat transfer coefficient. Thermal resistance of composite structure, contact resistance, variable thermal

conductivity, critical thickness of insulation.

UNIT – II [ 8 Hrs.]

Conduction with internal heat generation for plane wall, cylinder and sphere. Extended surface, types of fins. Fins

of uniform cross section area, temperature distribution and heat transfer rate, fin efficiency & effectiveness. Error

in temperature measurement. Unsteady state heat transfer, lumped heat capacity analysis, Heisler’s charts. Biot

Number, Fourier’s Number & its significance.

UNIT – III [ 8 Hrs.]

Forced convection, physical significance of non-dimensional parameter. Flow of high, moderate & low Prandtl

number, fluid flow over a flat plate. Concept of hydrodynamics & thermal boundary layer thickness, local and

average heat transfer coefficient. Empirical co-relations for external, internal flows, laminar & turbulent flow

through conduits. Dimensional analysis applied to forced convection.



Syllabus- Heat Transfer

UNIT – IV [ 8 Hrs.]

Free or natural convection. Grashoff’s number, Rayleigh number, flow over horizontal and vertical plate, Empirical

Co-relations for cylinders and spheres, heat transfer with phase change, pool boiling curve & regimes of pool boiling,

Film & Drop wise condensation, laminar film condensation on vertical surface, on horizontal tubes, effect of super

heated & non-condensable gases on condensation heat transfer, Dimensional analysis applied to free or Natural

convection.

UNIT – V [ 8 Hrs.]

Radiation, spectrum of radiation, black body radiation, radiation intensity, laws of radiation-Kirchoffs, Plancks, Weins

displacement law, Stefan Boltzmann & Lamberts Co-sine law. Emissivity, Absorbtivity, Transmissivity, Reflectivity,

Radiosity, Emissive power, Irradiation. Radiation network, radiation exchange between parallel plate cylinder &

sphere, shape factor & its laws, radiation between parallel plates, cylinder & spheres. Radiation shields.

UNIT – VI [ 8 Hrs.]

Heat exchanger : Classification, overall heat transfer coefficient, fouling factor, LMTD & effectiveness, NTU method

of heat exchanger analysis for parallel, counter flow & cross flow arrangement, design aspect of heat exchangers,

Introduction to compact heat exchanger, Heat Pipe, Introduction to mass transfer.



Syllabus- Heat Transfer 

TEXT BOOKS:

1. Heat Transfer, J.P. Holman, McGraw Hill Book Company, New York.

2. Fundamentals of Heat and Mass Transfer, K. N. Seetharam & T.R. Seetharam, Willey.

3. A Text Book of Heat Transfer, S.P. Sukhatme, University Press.

REFERENCE BOOKS:

1. Fundamentals of Heat and Mass Transfer, Venkanna B.K., PHI Publication.

2. Principles of Heat Transfer, Frank Kreith, Harper and Row Publishers, New York.

3. Heat Transfer - A Practical Approach, Yunus A. Cengel, Tata McGraw Hill Publishing Company Ltd., New

Delhi.

4. Heat & Mass Transfer, M.N. Ozisik, Tata McGraw Hill Publishing Company Ltd., New Delhi.

5. Heat & Mass Transfer, R.K. Rajput, Laxmi Publication.

DATA BOOK: 

1. Heat and Mass Transfer Data Book_6th edition_by C.P. Kothandaraman & S. Subramanyan.

2. Heat & Mass Transfer, Domkundwar, Dhanapat Rai & Sons Publication 



Course Outcomes [COs]- Heat Transfer

After the completion of course student will be able to

1. Understand and solve conduction, convection and radiation problems

2. Analyze steady state and unsteady state heat transfer and internal heat

generation

3. Apply their knowledge of Dimensional Analysis to forced convection

4. Apply their knowledge of Dimensional Analysis to free convection

5. Analyze radiation heat transfer for with & without radiation shield

6. Analyze, Solve & Design heat exchangers



Unit No.1

Introduction of 

Heat Transfer,  Conduction, 

Convection and  Radiation

Subject - Heat Transfer 

RAISONI GROUP OF INSTITUTIONS 7



What is Heat & Heat Transfer

• Heat always moves from a warmer

place to a cooler place.

• Hot objects in a cooler room will

cool to room temperature.

• Cold objects in a warmer room will

heat up to room temperature.

What is Temperature ? 

Temperature is a measure of

how hot or cold something is;

specifically, a measure of the

average kinetic energy of the

particles in an object, which is a

type of energy associated with

motion.
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Differentiate between Thermodynamics and Heat Transfer

 "Thermodynamics" deals with the amount of

energy in form of heat or work during a process

and only considers the end states in equilibrium.

 "Heat Transfer" deals with the rate of

energy transfer thus, it gives idea of how long

a heat transfer will occur? Heat transfer deals

with time and non equilibrium phenomena.
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Heat Transfer Methods

• Heat transfers in three ways:

– Conduction

– Convection

– Radiation
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Question

 The cup of coffee will cool until it reaches room

temperature.

• If a cup of coffee and a Ice Cube were left on the

table in this room what would happen to them?

Why?

 The Ice Cube will melt and then the liquid will

warm to room temperature.
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Conduction

Heat Transfer
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When you heat a metal strip at one end, the heat  travels to the other end.

As you heat the metal, the particles vibrate, these vibrations make the

adjacent particles vibrate, and so on and so on, the vibrations are passed

along the metal and

so is the heat. We call this? Conduction
RAISONI GROUP OF INSTITUTIONS 16



Metals are different

The outer electrons of metal atoms  drift, and are free to move.

When the metal is heated, this ‘sea of
electrons’ gain kinetic energy and transfer it throughout the metal.

Insulators, such as wood and plastic , do not  have this ‘sea of electrons’ 
which is why they  do not conduct heat as well as metals.
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Why does metal feel colder than wood, if they are both at the

same temperature?

Metal is a conductor, wood is an insulator. Metal conducts the heat away

from your hands. Wood does not conduct the heat away from your hands

as well as the metal, so the wood feels warmer than the metal.
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Convection
Understanding of Convection

Convection is heat transfer by mass motion of a fluid such as air

or water when the heated fluid is caused to move away from the

source of heat, carrying energy with it. Convection above a hot

surface occurs because hot air expands, becomes less dense,

and rises (As per Ideal Gas Law).

Type of Convection Heat Transfer

What is Convection Heat Transfer
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Convection

The particles spread out and become less dense.

What happens to the particles in a liquid or a gas

when you heat them?
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Water movement

Hot water  

rises
Cooler  

water sinks

Convection  

current

Cools at the  

surface

Why does hot air 

rise and cold air

sink?

Cool air is more

dense than warm

air, so the cool air

‘falls through’ the

warm air.

गर्म हवा की तुलना र्ें ठंडी हवा
अधिक घनी होती है, इसललए
ठंडी हवा air गर्म हवा ’से गुजरती
है।
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Examples Of Convection In Everyday Life

 Boiling Water. Convection comes into play while boiling water. ...

 Blood Circulation in Warm-Blooded Mammals. ...

 Air-Conditioner. ...

 Radiator. ...

 Refrigerator. ...

 Hot Air Popper. ...

 Hot Air Balloon. etc……………………..
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Newton's law of cooling states that the rate of heat loss of a body is directly

proportional to the difference in the temperatures between the body and its

surroundings.

RAISONI GROUP OF INSTITUTIONS 24

https://en.wikipedia.org/wiki/Heat
https://en.wikipedia.org/wiki/Temperature


What is Heat Transfer Coefficient ? 

The heat transfer coefficient is the heat transferred per unit area per kelvin. Thus area is

included in the equation as it represents the area over which the transfer of heat takes

place. The areas for each flow will be different as they represent the contact area for each

fluid side.
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RADIATION
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How does heat energy get  

from the Sun to the Earth?
There are no particles

between the Sun and the

Earth so it CANNOT

travel by conduction or

by convection.

?
RADIATION
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Example of Radiation Heat Transfer ……………….

 Cold Surface cause Excessive

heat loss from the body by

radiation and

 Thus discomfort on that side of

the body

30



Radiation

Radiation travels in straight lines  

True/False

Radiation can travel through a 

vacuum  True/False

Radiation requires particles to 
travel

True/False

Radiation travels at the speed of 
light

True/False
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Cont.………..
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Hear Transfer Dimensional Study

 1 - Dimensional

 2 - Dimensional

 3 - Dimensional
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1 - Dimensional Conduction Heat Transfer
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1 - Dimensional Conduction Heat Transfer
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2 - Dimensional Conduction Heat Transfer
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3 - Dimensional Conduction Heat Transfer
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General heat conduction equation in Cartesian Coordinates or Rectangular Block
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General heat conduction equation in Cartesian Coordinates or Rectangular Block
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General heat conduction equation in Cartesian Coordinates or Rectangular Block
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General heat conduction equation in Cartesian Coordinates or Rectangular Block
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General heat conduction equation in Cartesian Coordinates or Rectangular Block

Now Considering Face ABCD

Q = q= Heat in the Face (X direction)

Now Heat Out from the Face EFGH

Now Net Heat Accumulated in X direction
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Now Because of the Heat Accumulated and Heat Generation

Internal Energy Changes

i.e.

RAISONI GROUP OF INSTITUTIONS 52



RAISONI GROUP OF INSTITUTIONS 53



RAISONI GROUP OF INSTITUTIONS 54



RAISONI GROUP OF INSTITUTIONS 55



RAISONI GROUP OF INSTITUTIONS 56



RAISONI GROUP OF INSTITUTIONS 57



RAISONI GROUP OF INSTITUTIONS 58



Thermal Resistance 
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Heat Conduction Through Plane Walls
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Heat Conduction Through Plane Walls
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Numerical on 

Single Layer or Plane Wall
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2. Consider a 3-m-high, 5-m-wide, and 0.3-m-thick wall whose thermal conductivity is k 0.9 W/m ·°C (as

shown in Fig.). On a certain day, the temperatures of the inner and the outer surfaces of the wall are

measured to be 16°C and 2°C, respectively. Determine the rate of heat loss through the wall on that day.

Example No.1 

Solution. The two surfaces of a wall are maintained at specified

temperatures. The rate of heat loss through the wall is to be

determined.

Assumptions

1. Heat transfer through the wall is steady since the surface

temperatures remain constant at the specified values.

2. Heat transfer is one dimensional since any significant temperature

gradients will exist in the direction

3. from the indoors to the outdoors.

4. Thermal conductivity is constant.

Analysis Noting that the heat transfer through the wall is by conduction

and the area of the wall is A 3 m 5 m 15 m2, the steady rate of heat

transfer through the wall can be determined from Equation.

Properties The thermal conductivity is given to be k 0.9 W/m · °C.

Numerical on Single Layer or Plane Wall
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Example No.1 
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Example No.2 
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Example No.2 
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Example No.2 

RAISONI GROUP OF INSTITUTIONS 76



RAISONI GROUP OF INSTITUTIONS 77



Consider the transmission of heat transfer through a composite wall

consisting of a number of slabs.
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Cont……
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As per Fourier Law

Cont……
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Numerical on Thermal Resistance

Multi-layered Wall 

RAISONI GROUP OF INSTITUTIONS 82



1. Calculate the rate of heat loss through the vertical walls of a boiler furnace of size 4 m by 3 m by 3 m high. The

walls are constructed from an inner fire brick wall 25 cm thick of thermal conductivity 0.4 W/mK, a layer of ceramic

blanket insulation of thermal conductivity 0.2 W/mK and 8 cm thick, and a steel protective layer of thermal

conductivity 55 W/mK and 2 mm thick. The inside temperature of the fire brick layer was measured at 600° C and

the temperature of the outside of the insulation 60°C. Also find the interface temperature of layers.

Fig. a Fig. b

Example No.1

Solution.
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Example No.1
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Example No.2
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Example No.2
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Example No.2
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Solution.

Example No.3
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Complex Problems of Composite Walls
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Numerical On

Complex Problems of Composite Walls
(Parallel OR Series)
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OR
Temperature Drop
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Numerical on 

Thermal Contact Resistance or 
Temperature Drop
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Example No.1 
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Example No.1 
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Example No.2 
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Solution.

Example No.2 
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Solution.

Example No.2 
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Solution.

Example No.2 
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Solution.

Example No.2 
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Overall Heat Transfer Coefficient 
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Overall Heat Transfer Coefficient 

Let
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Overall Heat Transfer Coefficient 

where U is the overall heat

transfer coefficient.

It is sometimes convenient to express heat transfer

through a medium in an analogous manner to Newton’s
law of cooling as
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Numerical on 

Overall Heat Transfer Coefficient 
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As we Know

For T2
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For T3

For T4
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One dimensional steady state heat 
conduction equation for the 

Cylinder 
and 

Sphere
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For Single Layer Cylinder 

But,
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Single Spherical Layer
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Numerical on 

One dimensional steady state heat 
conduction equation for the 

Cylinder
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Example:

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

T͚2 ═ 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.

SOLUTION A steam pipe covered with glass wool insulation is subjected to convection on its

surfaces. The rate of heat transfer per unit length and the temperature drops across the pipe and the

insulation are to be determined.

Assumptions

1. Heat transfer is steady since there is no indication of any change with time.

2. Heat transfer is one-dimensional since there is thermal symmetry about the centreline and no

variation in the axial direction.

3. Thermal conductivities are constant.

4. The thermal contact resistance at the interface is negligible.
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SOLUTION

Properties The thermal conductivities are given to be k ═ 80 W/m · °C for cast iron and k ═ 0.05 W/m · °C for glass

wool insulation.

Analysis The thermal resistance network for this problem involves four resistances in series and is given in Fig.

.Taking L ═ 1 m, the areas of the surfaces exposed to convection are determined to be

Then the individual thermal resistances become
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SOLUTION

The heat loss for a given pipe length can be determined by

multiplying the above quantity by the pipe length L.The

temperature drops across the pipe and the insulation are

determined from Eq.

That is, the temperatures between the inner and the outer surfaces

of the pipe differ by 0.02°C, whereas the temperatures between the

inner and the outer surfaces of the insulation differ by 284°C.RAISONI GROUP OF INSTITUTIONS 131
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Numerical on 

Critical Radius of Insulation 
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Example 2
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Example 2
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Example 2
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Unit No.2

Heat Transfer in Extended surface, FINS

&

Conduction with internal heat generation

Subject - Heat Transfer 
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EXTENDED SURFACES / FINS

Convection: Heat transfer between a solid surface and a moving fluid

is governed by the Newton’s cooling law: q = hA(Ts-T). Therefore,

to increase the convective heat transfer, one can

 Increase the temperature difference (Ts-T) between the surface and

the fluid.

 Increase the convection coefficient h. This can be accomplished

by increasing the fluid flow over the surface since h is a function of

the flow velocity and the higher the velocity, the higher the h.

Example: a cooling fan.

 Increase the contact surface area A. Example: a heat sink with

fins. RAISONI GROUP OF INSTITUTIONS 148
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Extended Surface Analysis

x

Tb

q kA
dT
dxx C q q

dq
dx

dxx dx x
x

  

dq hdA T Tconv S  ( )( ), where dA is the surface area of the elementS

AC is the cross-sectional area

Energy Balance: 

 if k, A  are all constants.

x

C

q q dq q
dq
dx

dx hdA T T

kA
d T
dx

dx hPT T dx

x dx conv x
x

S

C

     

   

 



( )

( ) ,
2

2 0

P:    the fin perimeter

Ac:  the fin cross-sectional area
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Extended Surface Analysis (contd….)

d T
dx

hP
kA

T T

x T x T

d
dx

m
hP
kA

D m

x Ce Ce

C

C

mx mx

2

2

2

2
2 2 2

1 2

0

0 0

  



    

 







( ) ,

( ) ( ) ,

, , ( )

( )

,

 A second-order, ordinary differential equation

Define a new variable =  so that

 where m

Characteristics equation with two real roots: +m & -m
The general solution is of the form

To evaluate the two constants C  and C  we need to specify 

two boundary conditions: 
The first one is obvious: the base temperature is known as T(0)=T

The second condition will depend on the end condition of the tip

2

1 2

b


  


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Extended Surface Analysis (contd...)

For example: assume the tip is insulated and no heat transfer

d/dx(x=L)=0

The temperature distribution is given by

)cosh(
)(cosh)(

mL
xLm

TT
TxT

bb









The fin heat transfer rate is given by

mLMmLhPkAx
dx
dT

kAq CCf tantanh)0( 
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Temperature distribution for fins of 
different configurations

Case Tip Condition Temp. Distribution Fin heat transfer 

A Convection heat 

transfer: 

h(L)=-k(d/dx)x=L mLmk
hmL

xLmmk
hxLm

sinh)(cosh

)(sinh)()(cosh




 

M
mLmk

hmL

mLmk
hmL

o
sinh)(cosh

cosh)(sinh




  

B Adiabatic 

(d/dx)x=L=0 mL
xLm

cosh
)(cosh 

 
mLM tanh0  

C Given temperature: 

(L)=L 

mL

xLmxLm
b

L

sinh

)(sinh)(sinh)( 


 
mL

mL
M b

L

sinh

)(cosh
0







 

D Infinitely long fin 

(L)=0 

mxe  M 0  

 

bCbb

C

hPkAMTT

kA
hP

mTT













,)0(

, 2
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Fin Design

Total heat loss: qf=Mtanh(mL) for an 

adiabatic fin, or qf=Mtanh(mLC) if there is 

convective heat transfer at the tip

C C

C
,

,

hP
where = , and M= hPkA hPkA ( )

Use the thermal resistance concept:
( )

hPkA tanh( )( )

where  is the thermal resistance of the fin.

For a fin with an adiabatic tip, the fin 

b b
c

b
f b

t f

t f

m T T
kA

T T
q mL T T

R

R

 




 

  

,
C

resistance can be expressed as
( ) 1

hPkA [tanh( )]
b

t f
f

T T
R

q mL
 

Tb

T
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Fin Effectiveness

How effective a fin can enhance heat transfer is characterized by the

fin effectiveness f: Ratio of fin heat transfer and the heat transfer

without the fin. For an adiabatic fin:

ChPkA tanh( )
tanh( )

( )

If the fin is long enough, mL>2, tanh(mL) 1, 
it can be considered an infinite fin (case D of table3.4)

In order to enhance heat tra

f f
f

C b C C

f
C C

q q mL kP
mL

q hA T T hA hA

kP k P
hA h A






   



     
nsfer, 1.

However, 2 will be considered justifiable

If <1 then we have an insulator instead of a heat fin

f

f

f








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Fin Effectiveness

• To increase f, the fin’s material should have higher thermal conductivity,

k.

• It seems to be counterintuitive that the lower convection coefficient, h, the

higher f. But it is not because if h is very high, it is not necessary to

enhance heat transfer by adding heat fins. Therefore, heat fins are more

effective if h is low. Observation: If fins are to be used on surfaces

separating gas and liquid. Fins are usually placed on the gas side. (Why?)

f
C C

kP k P
hA h A

      

(contd...)
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• P/AC should be as high as possible. Use a square fin with a dimension of W by W

as an example: P=4W, AC=W2, P/AC=(4/W). The smaller W, the higher the P/AC,

and the higher f.

• Conclusion: It is preferred to use thin and closely spaced (to increase the total

number) fins.

Fin Effectiveness 

(contd...)
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Fin Effectiveness (contd...)

, ,

, ,

The effectiveness of a fin can also be characterized as
( )/

( ) ( )/

It is a ratio of the thermal resistance due to convection to 
the thermal resistance of a fin

f f b t f t h
f

C b b t h t f

q q T T R R
q hA T T T T R R

 

 

    

.  In order to enhance heat transfer,
the fin's resistance should be lower than that of the resistance
due only to convection.

RAISONI GROUP OF INSTITUTIONS 175



Fin Efficiency

Define Fin efficiency: 

where  represents an idealized situation such that the fin is made up

of material with infinite thermal conductivity.  Therefore, the fin should
be at the same temperature as the temperature of the base.

f 

  

q

q

q

q hA T T

f

f b

max

max

max ( )
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T(x)<Tb for heat transfer

to take place

Total fin heat transfer qf

Real situation Ideal situation

For infinite k

T(x)=Tb, the heat transfer

is maximum

Ideal heat transfer qmax

Tb x x

Fin Efficiency 
(contd…)
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Fin Efficiency (cont.)

Use an adiabatic rectangular fin as an example:

max

f

max

,
,

( )tanhtanh
( ) ( )

tanh tanh
 (see Table 3.5 for  of common fins)

The fin heat transfer: ( )

, where 
1/( )

f c b
f

f b b

c

f f f f b

b b
f t f

f f t f

q hPkA T T mLM mL
q hA T T hPLT T

mL mL
mLhP

L
kA

q q hA T T

T T T T
q R

hA R





 





 



 

   

 

  
  

,

, , b

1

Thermal resistance for a single fin.
1

As compared to convective heat transfer: 

In order to have a lower resistance as that is required to 
enhance heat transfer:  or A

f f

t b
b

t b t f f f

hA

R
hA

R R A









 
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Numerical on
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Estimation of Error in Temperature Measurement in a 

Thermometer Well
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Estimation of Error in Temperature Measurement in a 

Thermometer Well
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Estimation of Error in Temperature Measurement in a 

Thermometer Well
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 Unsteady state heat transfer,

 lumped heat capacity analysis,

 Heisler’s charts.

 Biot Number, Fourier’s Number & its significance.
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Unsteady state heat transfer

What is Unsteady state heat transfer ?

Heat transfer is the transfer of thermal energy from a body, at a high temperature, to another at a

lower temperature. ... Conversely, under unsteady state conditions the temperature within the system

does vary with time. Unsteady state conditions are a precursor to steady state conditions.

Heat transfer is the transfer of thermal energy from a body, at a high temperature, to another at a

lower temperature. This transfer of thermal energy may occur under steady or unsteady state

conditions. Under Steady state conditions the temperature within the system does not change

with time. Conversely, under unsteady state conditions the temperature within the system does

vary with time.

Unsteady state conditions are a precursor to steady state conditions. No system exists initially under

steady state conditions. Some time must pass, after heat transfer is initiated, before the system reaches

steady state. During that period of transition the system is under unsteady state conditions.

Clearly, no system can remain under unsteady state conditions perpetually. The temperature of

the system will eventually reach the temperature of the heat source, and once this happens, the

system will be at steady state. Even if the amount of heat being transferred into the system is

increased, at some point the system reaches its critical temperature and the energy transferred

into it the starts causing phase changes within the system rather than temperatures increases.
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Transient Heat
Conduction (Lumped  
System Analysis)
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Lumped system approximation provides a great convenience in heat transfer analysis. ... Lumped 

system analysis assumes a uniform temperature distribution throughout the body, which implies that 

the conduction heat resistance is zero. Thus, the lumped system analysis is exact when Bi = 0.

What is lumped system?

A lumped-capacitance model, also called lumped system analysis, reduces a thermal system to a

number of discrete “lumps” and assumes that the temperature difference inside each lump is negligible.

This approximation is useful to simplify otherwise complex differential heat equations.

lumped system in heat transfer practical examples..

Temperature of such bodies can be taken to be a function of time only. Heat transfer analysis that utilizes

this idealization is known as LUMPED SYSTEM ANALYSIS. If a piece of meat when roasted you will see

that the outer parts of roast are well done while the centre part is barely warm.

OR

Lumped heat capacity analysis

इस तरह के ननकायों का तापर्ान केवल सर्य के कायम के ललए ललया जा सकता है। हीट ट्ांसफर ववश्लेषण जो इस
आदर्म का उपयोग करता है उसे LUMPED SYSTEM ANALYSIS के रूप र्ें जाना जाता है। यदद भुना हुआ र्ांस
का एक टुकडा है, तो आप देखेंगे कक भूनने के बाहरी दहस्सों को अच्छी तरह से ककया जाता है, जबकक कें द्र का
दहस्सा र्ुश्श्कल से गर्म होता है।
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What is lumped system analysis when is it applicable?

The temperature in this process is considered to be uniform at a given time. Such an analysis is

called Lumped parameter analysis because the whole solid, whose energy at any time is a function of its

temperature and total heat capacity is treated as one lump. We can apply

the lumped parameter analysis if βi<1.

Transient Heat Conduction

In general, temperature of a body varies with time

as well as position.
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Fourier Number indicates the degree of penetration of hotness or coldness into body. Biot Number is

a ratio of internal conduction resistance to external convective resistance. If biots number is small it

indicates that the whole body is at uniform temperature and lumped analysis can be applied.

What is Fourier number in heat transfer?

In physics and engineering, the Fourier number (Fo) or Fourier modulus,

named after Joseph Fourier, is a dimensionless number that characterizes

transient heat conduction.

Biot Number, Fourier’s Number & its significance

RAISONI GROUP OF INSTITUTIONS



Biot number
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Fourier number

• In physics and engineering, the Fourier number (Fo) or Fourier modulus, named after Joseph Fourier, is a dimensionless number
that characterizes heat conduction. Conceptually, it is the ratio of diffusive/conductive transport rate by the quantity storage rate 
and arises from non-dimensionalization of the heat equation. The general Fourier number is defined as:

Fo = Diffusive transport rate (a/L2)/storage rate (1/t) 

• The thermal Fourier number is defined by the conduction rate to the rate of thermal energy storage:

• Compare with non-dimensionless time parameter:

So Fo=t

To understand the physical significance of the Fourier number t, we may express it as 

Therefore, again the Fourier number is a measure of heat conducted through a body relative to heat stored. Thus, a large value of the Fourier 

number indicates faster propagation of heat through a body.
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Lumped System Analysis

 In heat transfer analysis, some bodies are observed to behave like a “lump” whose
interior temperature remains essentially uniform at all times during a heat transfer
process.

 The temperature of such bodies can be taken to be a function of time only, T(t).

 Heat transfer analysis that utilizes this idealization is known as lumped system

analysis,
 Consider a small hot copper ball coming out of an oven. Measurements indicate 

that the temperature of the copper ball changes with time, but it does not change 
much with position  at any given time.

 Now consider a large roast in an oven. You notice that the temperature distribution 
within the roast is not even close to being uniform. You will see that the outer parts 
of the roast are well done while the center part is barely warm. Thus, lumped 
system analysis is not applicable in this case.

Copper ball

Roast beef
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Lumped System Analysis

 Consider a body of arbitrary shape of mass m, volume V, surface
• area As, density , and specific heat Cp initially at a uniform  

temperature Ti at time t = 0.

 The body is placed into a medium at temperature T, and heat

• transfer takes place between the body and its environment, with a  
heat transfer coefficient h. Assume that T>Ti..

 We assume lumped system analysis to be applicable, so that the
• temperature remains uniform within the body and changes with time  

only, T = T(t).
 During a differential time interval dt, the temperature of the body  

rises by a differential amount dT.
 An energy balance of the solid body for the  time interval dt can be 

expressed as
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Integrating from t = 0, at which T = Ti, to  any time t, at which T = 

T(t), gives

Taking the exponential of both sides and rearranging, we obtain

Where

The reciprocal of b has time unit (usually s), and is called the time constant
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There are two observations:

1.Equation enables us to determine the temperature T(t)
of a body at time t, or alternatively, the time t required
for the temperature to reach a specified value T(t).
2.The temperature of a body approaches the ambient
temperature T exponentially. The temperature of the
body changes rapidly at the beginning, but rather slowly
later on.

The larger the value of the exponent b, the higher the
rate of decay in temperature.
A large value of b indicates that the body approaches
the
environment temperature in a short time.
Note that b is proportional to the surface area and heat
transfer coefficient, but inversely proportional to the
mass and the specific heat of the body.
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 Once the temperature T(t) at time t is available, the rate of  convection heat transfer 
between the body and its environment  at that time can be determined from Newton’s 
law of cooling as

Q° (t) = h As  [T(t) - T ] (W)
 The total amount of heat transfer between the body and the surrounding medium over

the time interval t = 0 to t is simply the change in the energy content of the body:
Q = m Cp [T(t) – Ti ] (kJ)
 The amount of heat transfer reaches its upper limit when the  body reaches the 

surrounding temperature T. Therefore, the  maximum heat transfer between the 
body and its surroundings  is:

Qmax  = m Cp (T -Ti ) (kJ)

We could also obtain this  equation by substituting the  T(t) relationinto the Q°(t)  
relation and integrating it  from t = 0 to t →  .
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Criteria for Lumped System Analysis

 The first step in establishing a  criterion for 
the applicability of  the lumped system analysis 
is to  define a characteristic length as:  Lc= 
V/As

 and a Biot number Bi as: Bi = hLc/k
 It can also be expressed as

A small Biot number represents small resistance to heat conduction, and thus small
temperature gradients within the body. Thus, lumped system analysis is exact when Bi = 0
and approximate when Bi > 0
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 It is generally accepted that  lumped system 
analysis is applicable  if Bi  0.1

 When this criterion is satisfied,  the temperatures 
within the body  relative to the surroundings (i.e., T

- T ) remain within 5% of each  other even for well-
rounded  geometries such as a spherical ball.

 Small bodies with high thermal  conductivities and 
low convection  coefficients are most likely to  
satisfy the criterion for lumped  system analysis.

The first step in the application of lumped system 
analysis is the  calculation of the Biot number, and 
the assessment of the  applicability of this 
approach.

One may still wish to use lumped system analysis even
when the criterion Bi  0.1 is not satisfied, if high
accuracy is not a major concern.
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Some Remarks on Heat Transfer in Lumped
Systems
Analogy between heat  transfer to a solid 
and  passenger traffic to an island.

When the convection  coefficient h is 
high and k is  low, large temperature  
differences occur between the  inner and 
outer regions of a  large solid.
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Graphical Solutions : Heisler Charts

The solutions obtained for 1D non homogeneous problems with Neumann boundary conditions in Cartesian coordinate
systems using the method of separation of variables have been collected and assembled in the form of transient
temperature nomographs by Heisler. The given charts are a very useful baseline against, which to validate one’s own
analytical or numerical computations.

• Indeed, the determination of the constants A1 and l1 usually requires interpolation. For those who prefer reading charts
to interpolating, these relations are plotted and the one-term approximation solutions are presented in graphical form,
known as the transient temperature charts.

• The transient temperature charts shown in next slides for a large plane wall, long cylinder, and sphere were presented by
M. P. Heisler in 1947 and are called Heisler charts.

• There are three charts associated with each geometry: the first chart is to determine the temperature T0 at the center of
the geometry at a given time t. The second chart is to determine the temperature at other locations at the same time in
terms of T0. The third chart is to determine

the total amount of heat transfer up to the time t. These plots are valid for t > 0.2.



Transient temperature and heat transfer charts for a plane wall of thickness 2L initially at a uniform 

temperature Ti subjected to convection from all sides to an environment at temperature T∞
with a convection coefficient of h.
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Transient temperature and heat transfer charts for a long cylinder of radius ro initially at a uniform 

temperature Ti subjected to convection from all sides to an environment at temperature T∞
with a convection coefficient of h.
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Transient temperature and heat transfer charts for a sphere of radius  ro initially at a uniform 

temperature Ti subjected to convection from all sides to an environment at temperature T∞
with a convection coefficient of h.
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Useful Relationship
• Again the temperature of the body changes from the initial temperature Ti to the temperature of the surroundings T∞ at the end of

the transient heat conduction process and the maximum amount of heat that a body can gain (or lose) is simply the change in the
energy content of the body:

• The amount of heat transfer Q at a finite time t is

• Assuming constant properties, the ratio of Q/Qmax becomes

• Using the appropriate non-dimensional temperature relations based on the one term

approximation for the plane wall, cylinder, and sphere, and performing the indicated integrations, we obtain the following relations for
the fraction of heat transfer in those geometries:

• These Q/Qmax ratio relations based on the one-term approximation are also plotted in Heisler charts, against the variables Bi and
h2at/k2 for the large plane wall, long cylinder, and sphere, respectively. Note that once the fraction of heat transfer Q/Qmax has been
determined from these charts or equations for the given t, the actual amount of heat transfer by that time can be evaluated by
multiplying this fraction by Qmax. RAISONI GROUP OF INSTITUTIONS 237
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Unit No.3

Forced Convection

Subject - Heat Transfer 

RAISONI GROUP OF INSTITUTIONS
239



Subject - Heat Transfer 
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CONDUCTION

Mechanism of heat transfer through a solid or fluid in the
absence any fluid motion.

CONVECTION

Mechanism of heat transfer through a fluid in the presence of
bulk fluid motion

•Natural (free) Convection

•Forced Convection

(depending on how the fluid motion is initiated)
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We mentioned earlier that there are three basic mechanisms of heat

transfer: conduction, convection, and radiation. Conduction and

convection are similar in that both mechanisms require the presence

of a material medium. But they are different in that convection requires

the presence of fluid motion. Heat transfer through a solid is always by

conduction, since the molecules of a solid remain at relatively fixed

positions. Heat transfer through a liquid or gas, however, can be by

conduction or convection, depending on the presence of any bulk fluid

motion. Heat transfer through a fluid is by convection in the presence

of bulk fluid motion and by conduction in the absence of it. Therefore,

conduction in a fluid can be viewed as the limiting case of convection,

corresponding to the case of quiescent fluid

Convection is the mechanism of heat transfer through a fluid in the

presence of bulk fluid motion. Convection is classified as natural (or

free) and forced convection depending on how the fluid motion is

initiated. In natural convection, any fluid motion is caused by natural

means such as the buoyancy effect, i.e. the rise of warmer fluid and

fall the cooler fluid. Whereas in forced convection, the fluid is forced to

flow over a surface or in a tube by external means such as a pump or

fan.

HEAT TRANSFER  BY CONVECTION
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• Viscous-inviscid
• Internal flow- External flow
• Open-closed channel
• Compressible-

Incompressible
• Laminar- Turbulent
• Natural- Forced
• Steady- Unsteady
• One-,two-,three-

dimensional

CLASSIFICATION OF FLUID FLOWS
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VISCOSITY
When two fluid layers move relative to each other, a friction force
develops between them and the slower layer tries to slow down the faster
layer.
internal resistance to flow
•cohesive forces between the molecules in liquid
•molecular collisions in gases.

Viscous flows: viscous effects are significant

Inviscid flow regions: viscous forces are negligibly small
compared to inertial or pressure forces.
measure of stickness or resistance to deformation

1. Kinematic viscosity
2. Dynamic viscosity
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VISCOSITY DEPENDS ON

• TEMPERATURE

• PRESSURE

For liquids dependence of  pressure is 
negligible

For gases kinematic viscosity  depends 
on pressure since
its relation to density

 Dynamic viscosity

(kg/m.s or poise)

 Kinematic viscosity,  m2/s 

or stroke
  
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Convection heat transfer

- Dynamic viscosity

- Thermal conductivity

- Density

- Specific heat

- Fluid velocity

- Geometry

- Roughness

- Type of fluid flow

RAISONI GROUP OF INSTITUTIONS 246



NEWTON’S LAW OF COOLING


Qconv  hAS (TS T )

h

(W)

Convection heat transfer coefficient (W/m2.0C)

The rate of heat transfer between a solid surface and a fluid  per unit surface 

area per unit temperature difference
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GENERAL THERMAL ANALYSIS



Qconv   hAS (TS T )

 

Q  m Cp (TeTi )
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•LAMINAR FLOW Smooth tramlines Highly-

ordered motion

(highly viscous fluids in small pipes)

•TURBULENT FLOW Velocity fluctuations Highly-

disordered motion

•TRANSITIONAL FLOW
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REYNOLDS NUMBER

Flow Regime:  Geometry

Surface roughness

Flow velocity

Surface temperature  type 

of fluid

Ratio of the inertial forces to  viscous 

forces in the fluid


Re  m D  m D

v

m

D

v   /

Mean flow velocity

Characteristic length of  the 

geometry

Kinematic viscosity
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• Critical Reynolds number (Recr)  for flow in 

a round pipe

Re < 2300  laminar

2300 ≤ Re ≤ 4000  transitional  Re > 4000  turbulent

• Note that these values are approximate.

• For a given application, Recr depends

upon

– Pipe roughness

– Vibrations

– Upstream fluctuations, disturbances  (valves, elbows, 

etc. that may disturb  the flow)

Definition of Reynolds number
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• For non-round pipes,

• the hydraulic diameter

Dh = 4Ac/P

Ac = cross-section area

P = wetted perimeter

HYDRAULIC DIAMETER
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Velocity

No-slip condition
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THERMAL BOUNDARY LAYER

Flow region over  the 
surface in  which the  
temperature  variation in 
the  direction normal to  
the surface

Velocity profile  
influences  temperature 
profile
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VELOCITY


(x, y, z) in rectangular 

(r,, z)

One  

dimensional  

flow in a  

circular pipe

A flow field is best characterized by the velocity
distribution, and velocity may vary in three dimension

in cylinderical coordinates

In which direction does the velocity change in  this figure???
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NUSSELT NUMBER

(Dimensionless number)

Nu  hLc

k

 k
L

T
qcond



 hL  Nu
kT / L k

qcond

qconv hT






qconv  hT


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PRANDTL NUMBER

• Boundary layer theory

k
Pr 

Cp

Pr<<1 heat diffuses very quickly in liquid metals, tbl thicker  Pr>>1 heat diffuses 

very slowly in oils relative to momentum, tbl

thinner than vbl

C
a k

molecular diffusivity of momentum

molecular diffusivity of heat

pPr 
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PARALLEL FLOW OVER FLAT  

PLATES

 5105Re 
 xcr

cr

Re  5105Re0.5 Pr1/ 3
Nu  hL  0.664

LL

5 105  Re 107

L

Re0.8 Pr1/ 3 0.6  Pr  60L
k

k

Nu  hL     0.037 

laminar

turbulent
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Non‐dimensional Groups

1. Nusselt number: non‐dimensional heat transfer coefficient

2. Reynolds number

where δ is the characteristic length, i.e. D for the tube and L for the flat

plate. Nusselt number represents the enhancement of heat transfer

through a fluid as a result of convection relative to conduction across the

same fluid layer.

List of Formulas used for Force Convection Heat Transfer

At large Re numbers, the inertia forces, which are proportional to

the density and the velocity of the fluid, are large relative to the

viscous forces; thus the viscous forces cannot prevent the random

and rapid fluctuations of the fluid (turbulent regime).

The Reynolds number at which the flow becomes turbulent is called

the critical Reynolds number. For flat plate the critical Re is

experimentally determined to be approximately Re critical = 5 x105.
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3. Prandtl number: is a measure of relative thickness of the velocity and thermal boundary layer

List of Formulas used for Force Convection Heat Transfer

4. Thermal Boundary Layer

Similar to velocity boundary layer, a thermal boundary layer develops when a fluid at specific temperature flows

over a surface which is at different temperature

The thickness of the thermal boundary layer δt is defined as the distance at which:
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 The relative thickness of the velocity and the thermal boundary layers is described by the Prandtl number.

 For low Prandtl number fluids, i.e. liquid metals, heat diffuses much faster than momentum flow

(remember Pr = ν/α<<1) and the velocity boundary layer is fully contained within the thermal boundary

layer. On the other hand, for high Prandtl number fluids, i.e. oils, heat diffuses much slower than the

momentum and the thermal boundary layer is contained within the velocity boundary layer.

List of Formulas used for Force Convection Heat Transfer

Flow Over Flat Plate

 The friction and heat transfer coefficient for a flat plate can be determined by solving the conservation of

mass, momentum, and energy equations (either approximately or numerically). They can also be

measured experimentally. It is found that the Nusselt number can be expressed as:

where C, m, and n are constants and L is the length of the flat plate. The properties of the fluid are usually

evaluated at the film temperature defined as:
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List of Formulas used for Force Convection Heat Transfer

The local friction coefficient and the Nusselt number at the location x for laminar flow over a flat

plate are

Laminar Flow

where x is the distant from the leading edge of the plate and Rex = ρV∞x / μ.

The averaged friction coefficient and the Nusselt number over the entire isothermal plate for

laminar regime are:

Taking the critical Reynolds number to be 5 x105, the length of the plate xcr over which the flow is

laminar can be determined from

Flow Over Flat Plate
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List of Formulas used for Force Convection Heat Transfer

Turbulent Flow

Flow Over Flat Plate

The local friction coefficient and the Nusselt number at location x for turbulent flow over a flat

isothermal plate are:

The averaged friction coefficient and Nusselt number over the isothermal plate in turbulent region

are:
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We assume the critical Reynolds

number is 5x105. The properties of

the oil at the film temperature are:

Solution:

The Re number for the plate is:
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which is less than the critical Re. Thus we have laminar flow. The friction coefficient and the drag force

can be found from:

The Nusselt number is determined from:
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Solution:
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• Explain boundary layer concept and define clearly hydrodynamic and thermal boundary layer thickness

when fluid is flowing over the plate.

• Write the significance of following numbers.

i) Reynold Number

ii) Prandtl Number

iii) Peclet Number.

• Air (Ta = 30ºC) flowing over the flat square plate 300mm x 300mm is size, at a velocity of 4m/s. The plate 

surface is maintained at a temperature of 56ºC.

Calculate :

i) Boundary layer thickness at 300mm from leading edge.

ii) Local and average heat transfer coefficient.

iii) Local and average coefficient of friction.

iv) Total heat transported from the plate.

v) Total drag force on the plate.

• Air at a pressure of 6 kN/m2 and a temperature of 300ºC flows with a velocity of 10m/s over a flat plate

0.6m long. Estimate the cooling rate per unit width of the plate needed to maintain it at a surface

temperature of 0ºC.

319



Unit No.4

Natural convection

Subject - Heat Transfer 

RAISONI GROUP OF INSTITUTIONS



Subject - Heat Transfer 

RAISONI GROUP OF INSTITUTIONS

HEAT TRANSFER  BY CONVECTION



CONDUCTION

Mechanism of heat transfer through a solid or fluid in the
absence any fluid motion.

CONVECTION

Mechanism of heat transfer through a fluid in the presence of
bulk fluid motion

•Natural (free) Convection

•Forced Convection

(depending on how the fluid motion is initiated)
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We mentioned earlier that there are three basic mechanisms of heat

transfer: conduction, convection, and radiation. Conduction and

convection are similar in that both mechanisms require the presence

of a material medium. But they are different in that convection requires

the presence of fluid motion. Heat transfer through a solid is always by

conduction, since the molecules of a solid remain at relatively fixed

positions. Heat transfer through a liquid or gas, however, can be by

conduction or convection, depending on the presence of any bulk fluid

motion. Heat transfer through a fluid is by convection in the presence

of bulk fluid motion and by conduction in the absence of it. Therefore,

conduction in a fluid can be viewed as the limiting case of convection,

corresponding to the case of quiescent fluid

Convection is the mechanism of heat transfer through a fluid in the

presence of bulk fluid motion. Convection is classified as natural (or

free) and forced convection depending on how the fluid motion is

initiated. In natural convection, any fluid motion is caused by natural

means such as the buoyancy effect, i.e. the rise of warmer fluid and

fall the cooler fluid. Whereas in forced convection, the fluid is forced to

flow over a surface or in a tube by external means such as a pump or

fan.

HEAT TRANSFER  BY CONVECTION



NATURAL CONVECTION
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In natural convection, any fluid motion is caused

by natural means such as the buoyancy effect, i.e. the rise of

warmer fluid and fall the cooler fluid. Whereas in forced

convection, the fluid is forced to flow over a surface or in a

tube by external means such as a pump or fan.

What is natural and forced convection?



CONVECTIVE HEAT TRANSFER  COEFFICIENT

 2
L

g (T T )L3

Gr   C

RaL  GrL Pr

L
 CRan

k
Nu  hLC

Grashof number

Rayleigh number

Prandtl number

Nusselt number

Table 20-1

viscosity

Coefficient of volume expansion
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Objectives of Natural Convection Heat Transfer

• Understand the physical mechanism of natural convection

• Derive the governing equations of natural convection, and obtain the 

dimensionless Grashof number by nondimensionalizing them

• Evaluate the Nusselt number for natural convection associated with vertical, 

horizontal, and inclined plates as well as cylinders and spheres

• Analyze natural convection inside enclosures such as double-pane windows
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PHYSICAL MECHANISM OF NATURAL CONVECTION

Many familiar heat transfer applications involve natural convection as the primary mechanism of heat transfer. 

Examples?

Natural convection in gases is usually accompanied by radiation of comparable magnitude except for low-

emissivity surfaces.

The motion that results from the continual replacement of the heated air in the vicinity of the egg by the cooler 

air nearby is called a natural convection current, and the heat transfer that is enhanced as a result of this 

current is called natural convection heat transfer.

The cooling of a boiled egg in a cooler environment 

by natural convection.

The warming up of a 

cold drink in a warmer 

environment by natural 

convection.
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What is buoyancy force ?

The upward force exerted by a fluid 

on a body completely or partially 

immersed in it in a gravitational field. 

The magnitude of the buoyancy 

force is equal to the weight of the 

fluid displaced by the body.
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Buoyancy force: The upward force exerted by a fluid on a body completely or partially immersed in it in a 

gravitational field. The magnitude of the buoyancy force is equal to the weight of the fluid displaced by the 

body.

The net vertical force acting on a body

Archimedes’ principle: A body immersed in a 

fluid will experience a “weight loss” in an 
amount equal to the weight of the fluid it

displaces. 

The “chimney effect” that induces the upward 
flow of hot combustion gases through a 

chimney is due to the buoyancy effect.
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The coefficient of volume expansion is a 

measure of the change in volume of a substance 

with temperature at constant pressure.

Volume expansion coefficient: Variation of the density of a 

fluid with temperature at constant pressure.

ideal gas

The larger the temperature difference between the 

fluid adjacent to a hot (or cold) surface and the

fluid away from it, the larger the buoyancy force 

and the stronger the natural convection currents, 

and thus the higher the heat transfer rate.
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Isotherms in natural convection over a hot 

plate in air.

In natural convection, no blowers are used, and therefore the flow rate 

cannot be controlled externally. 

The flow rate in this case is established by the dynamic balance of 

buoyancy and friction.

An interferometer produces a map of 

interference fringes, which can be 

interpreted as lines of constant 

temperature.

The smooth and parallel lines in (a) 

indicate that the flow is laminar, whereas 

the eddies and irregularities in (b) indicate 

that the flow is turbulent. 

The lines are closest near the surface,

indicating a higher temperature gradient.
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EQUATION OF MOTION AND THE GRASHOF NUMBER

Typical velocity and temperature profiles for 

natural convection flow over a hot vertical 

plate at temperature Ts inserted in a fluid at 

temperature T.

The thickness of the boundary layer increases in the 

flow direction. 

Unlike forced convection, the fluid velocity is zero at 

the outer edge of the velocity boundary layer as well as 

at the surface of the plate.

At the surface, the fluid temperature is equal to the 

plate temperature, and gradually decreases to the 

temperature of the surrounding fluid at a distance 

sufficiently far from the surface.

In the case of cold surfaces, the shape of the velocity 

and temperature profiles remains the same but their 

direction is reversed.
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Forces acting on a differential volume

element in the natural convection

boundary layer over a vertical flat plate.

This is the equation that governs the fluid motion in the boundary 

layer due to the effect of buoyancy. The momentum equation 

involves the temperature, and thus the momentum and energy 

equations must be solved simultaneously.

Derivation of the equation of 

motion that governs the 

natural convection flow in 

laminar boundary layer
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The complete set of conservation equations, continuity (Eq. 6–39), momentum (Eq. 

9–13), and energy (Eq. 6–41) that govern natural convection flow over vertical 

isothermal plates are:

The above set of three partial differential equations can be reduced to a set of two ordinary 

nonlinear differential equations by the introduction of a similarity variable. But the resulting 

equations must still be solved along with their transformed boundary conditions numerically.
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The Grashof Number

The governing equations of natural convection and the boundary conditions

can be nondimensionalized by dividing all dependent and independent variables

by suitable constant quantities:

Substituting them into the momentum equation and simplifying give

Grashof number: Represents the natural 

convection effects in momentum equation
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The Grashof number Gr is a measure of the 

relative magnitudes of the buoyancy force 

and the opposing viscous force acting on 

the fluid.

• The Grashof number provides the main criterion in determining whether the fluid flow is laminar or 

turbulent in natural convection. 

• For vertical plates, the critical Grashof number is observed to be about 109.

When a surface is subjected to external flow, the 

problem involves both natural and forced convection. 

The relative importance of each mode of heat transfer is 

determined by the value of the coefficient Gr/Re2:

• Natural convection effects are negligible if Gr/Re2 <<

1.

• Free convection dominates and the forced convection 

effects are negligible if Gr/Re2 >> 1.

• Both effects are significant and must be considered if 

Gr/Re2  1 (mixed convection).
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- Ratio of buoyancy forces and thermal and momentum diffusivities.



Rayleigh Number, Ra=Gr.Pr
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• In fluid mechanics, the Rayleigh number for a fluid is a dimensionless

number associated with buoyancy driven flow (also known as free

convection or natural convection).

• When the Rayleigh number is below the critical value for that fluid, heat

transfer is primarily in the form of conduction; when it exceeds the critical

value, heat transfer is primarily in the form of convection.

• The Rayleigh number is defined as the product of the Grashof number, which

describes the relationship between buoyancy and viscosity within a fluid, and

the Prandtl number, which describes the relationship between momentum

diffusivity and thermal diffusivity.

• Hence the Rayleigh number itself may also be viewed as the ratio of buoyancy

and viscosity forces times the ratio of momentum and thermal diffusivities.

http://en.wikipedia.org/wiki/Fluid_mechanics
http://en.wikipedia.org/wiki/Dimensionless_number
http://en.wikipedia.org/wiki/Free_convection
http://en.wikipedia.org/wiki/Heat_conduction
http://en.wikipedia.org/wiki/Convection


Forced vs Natural Convection

• When analyzing potentially mixed convection, a parameter called
the Archimedes number(Ar) parametrizes the relative strength of free
and forced convection.

• The Archimedes number is the ratio of Grashof number and the square
of Reynolds number, which represents the ratio of buoyancy force and
inertia force, and which stands in for the contribution of natural
convection.

• When Ar >> 1, natural convection dominates and when Ar << 1, forced
convection dominates.

340

http://en.wikipedia.org/wiki/Archimedes_number
http://en.wikipedia.org/wiki/Grashof_number
http://en.wikipedia.org/wiki/Reynolds_number
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NATURAL CONVECTION OVER SURFACES
Natural convection heat transfer on a surface depends on the geometry of the surface as well as its 

orientation, the variation of temperature on the surface and the thermophysical properties of the fluid

involved.

With the exception of some simple cases, heat transfer relations in natural convection are based on 

experimental studies.

Natural convection heat transfer correlations 

are usually expressed in terms of the Rayleigh 

number raised to a constant n multiplied by 

another constant C, both of which are

determined experimentally.

Rayleigh 

number

The constants C and n depend on the geometry of 

the surface and the flow regime, which is 

characterized by the range of the Rayleigh number.

The value of n is usually 1/4 for laminar flow and 1/3 

for turbulent flow.

All fluid properties are to be evaluated at the film 

temperature Tf = (Ts + T)/2.
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• General correlations for vertical plate

where,
Laminar 104  RaL 109 C = 0.59 n = 1/4

Turbulent 109  RaL 1013 C = 0.10 n = 1/3 

• For wide range and more accurate solution, use correlation Churchill and Chu

 Eq. (9.24)

 Eq. (20.21)
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Natural convection over surfaces (Summary)

1)

2)

3)

*C & n is depend on the geometry of the surface and 

flow regime.

n=1/4  laminar flow

n-=1/3  turbulent flow

*All the properties are evaluated at the film temperature, Tf=(Ts+T)/2
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Vertical Plates (qs = constant)

The relations for isothermal plates in the table can also be used for plates subjected to uniform heat flux, 

provided that the plate midpoint temperature TL / 2 is used for Ts in the evaluation of the film temperature, 

Rayleigh number, and the Nusselt number.

Inclined Plates

Natural convection flows on the upper and 

lower surfaces of an inclined hot plate.

In a hot plate in a cooler environment for the lower 

surface of a hot plate, the convection currents are 

weaker, and the rate of heat transfer is lower relative to 

the vertical plate case.

On the upper surface of a hot plate, the thickness of the 

boundary layer and thus the resistance to heat transfer 

decreases, and the rate of heat transfer increases 

relative to the vertical orientation.

In the case of a cold plate in a warmer environment, the 

opposite occurs.
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Horizontal Plates

Natural convection flows on the upper 

and lower surfaces of a horizontal hot 

plate.

For a hot surface in a cooler environment, the net force 

acts upward, forcing the heated fluid to rise. 

If the hot surface is facing upward, the heated fluid rises 

freely, inducing strong natural convection currents and 

thus effective heat transfer.

But if the hot surface is facing downward, the plate blocks 

the heated fluid that tends to rise, impeding heat transfer. 

The opposite is true for a cold plate in a warmer 

environment since the net force (weight minus buoyancy 

force) in this case acts downward, and the cooled fluid 

near the plate tends to descend.

Characteristic length

Lc = a/4 for a horizontal square surface of length a

Lc = D/4 for a horizontal circular surface of diameter D
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Horizontal Cylinders and Spheres

Natural convection flow over a

horizontal hot cylinder.

The boundary layer over a hot horizontal cylinder starts to

develop at the bottom, increasing in thickness along the

circumference, and forming a rising plume at the top.

Therefore, the local Nusselt number is highest at the bottom,

and lowest at the top of the cylinder when the boundary layer

flow remains laminar.

The opposite is true in the case of a cold horizontal cylinder in

a warmer medium, and the boundary layer in this case starts

to develop at the top of the cylinder and ending with a

descending plume at the bottom.
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NATURAL CONVECTION INSIDE ENCLOSURES

Enclosures are frequently encountered in practice, and heat transfer through them is of practical interest. In a vertical 

enclosure, the fluid adjacent to the hotter surface rises and the fluid adjacent to the cooler one falls, setting off a 

rotationary motion within the enclosure that enhances heat transfer through the enclosure.

Convective currents in a vertical

rectangular enclosure.

Convective currents in a 

horizontal enclosure with (a) 

hot plate at the top and (b) 

hot plate at the bottom.

Ra > 1708, natural convection 

currents

Ra > 3105, turbulent fluid 

motion

Nu = 1

Fluid properties at

Lc charecteristic length: the distance between the hot and cold surfaces 

T1 and T2: the temperatures of the hot and cold surfaces
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Effective Thermal Conductivity

A Nusselt number of 3 for an enclosure indicates that 

heat transfer through the enclosure by natural

convection is three times that by pure conduction.

effective thermal

conductivity

The fluid in an enclosure behaves like a fluid whose

thermal conductivity is

kNu as a result of convection currents.

Nu = 1, the effective thermal conductivity of the 

enclosure is equal to the conductivity of the fluid. 

This case corresponds to pure conduction.

Numerous correlations for the Nusselt number exist. 

Simple power-law type relations in the form of Nu =

CRan, where C and n are constants, are sufficiently 

accurate, but they are usually applicable to a narrow 

range of Prandtl and Rayleigh numbers and aspect 

ratios.
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Horizontal Rectangular Enclosures

A horizontal rectangular 

enclosure with isothermal 

surfaces.

When the hotter plate is at 

the top, Nu = 1.

For horizontal enclosures that contain air,

These relations can also be used for other 

gases with 0.5 < Pr < 2.

For water, silicone oil, and 

mercury

Based on experiments with air. It may be used for liquids with moderate Prandtl 

numbers for RaL < 105.

[ ]+ only positive values 

to be used
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Inclined Rectangular Enclosures

An inclined rectangular enclosure with 

isothermal surfaces.
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Vertical 

Rectangular 

Enclosures

A vertical rectangular enclosure 

with isothermal surfaces.

Again, all fluid properties are to be 

evaluated at the average temperature

(T1+T2)/2.
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Concentric Cylinders

The rate of heat transfer through the annular space 

between the cylinders by natural convection per 

unit length

Characteristic length

Two concentric horizontal isothermal cylinders.

For FcylRaL < 100, natural convection currents are 

negligible and thus keff = k. 

Note that keff cannot be less than k, and thus we 

should set keff = k if keff/k < 1. 

The fluid properties are evaluated at the average 

temperature of (Ti + To)/2.

the geometric factor for concentric 

cylinders
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Concentric Spheres

Characteristic length

Two concentric isothermal 

spheres.

If keff /k < 1, we should set keff = k.
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Condensation
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What is Condensation?

Condensation is the process where water vapor becomes liquid. It is

the reverse of evaporation, where liquid water becomes a

vapor. Condensation happens one of two ways: Either the air is cooled

to its dew point or it becomes so saturated with water vapor that it

cannot hold any more water.

Condensation
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Film wise and Drop wise condensation

Condensation occurs when the temperature of a

vapor is reduced below its saturation temperature

corresponding to the vapor pressure.”

• This is usually done by bringing the vapor into contact with

a solid surface whose temperature, Ts is below the

saturation temperature Tsat of the vapor.

• The latent energy of the vapor is released, heat is

transferred to the surface, and the condensate is formed.

• The condensation can also occur on the free surface of a

liquid or even in a gas when the temperature of the liquid or

the gas to which the vapor is exposed is below Tsat.

• In this study we will consider surface condensation only.

• Depending upon the behavior of condensate upon the

cooled surface, the condensation process has been

categorized into two distinct modes: (A) Film wise

condensation and (B) Drop wise condensation.
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Film wise condensation

• The liquid condensate wets the solid surface, spread

out and forms a continuous film over the entire

surface.

• The liquid flows down the cooling surface under the

action of gravity and the layer continuously grows in

thickness because of newly condensing vapors.

• The continuous film offers resistance and restricts

further transfer of heat between the vapor and the

surface.

• Film condensation only occurs when a vapor relatively

free from impurities, is allowed to condense on a clean

surface.

• Film condensation is generally a characteristic of

clean, uncontaminated surfaces

In film wise condensation, the surface over which

the steam condenses is wet-able and hence, as the

steam condenses, a film of condensate is formed.

Generally, film wise condensation results in low heat

transfer rates as the film of condensate impedes the

heat transfer.
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Drop wise condensation

• The condensed vapor forms droplet on the surface instead of

continuous film. ... FILMWISE CONDENSATION

• The condensate tends to wet the surface and thereby forms a liquid film.

• The liquid flows down the cooling surface under the action of gravity.
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1. Dropwise condensation occurs when a vapor condenses on a surface not wetted by the condensate. For

nonmetal vapors, drop wise The liquid condensate collects in droplets and does not wet the solid cooling

surface.

2. The droplets develop in cracks, pits and cavities on the surface, grow in size, break away from the surface,

knock-off other droplets and eventually run-off the surface without forming a film.

3. A part of the condensation surface is directly exposed to the vapor without an insulating film of condensate liquid.

4. Evidently there is no film barrier to heat flow and higher heat transfer rates are experienced.

5. Drop wise condensation has been observed to occur either on highly polished surfaces, or on surfaces

contaminated with impurities like fatty acids and organic compounds.

6. Drop wise condensation gives co-efficient of heat transfer generally 5 to 10 times larger than with film

condensation.

7. It is therefore common practice to use surface coatings that inhibit wetting, and hence simulate drop wise

condensation.

8. Silicon, Teflon and an assortment of waxes and fatty acids are often used for this purpose.

9. However such coatings gradually lose their effectiveness due to oxidation, fouling or outright removal and film

condensation eventually occurs.

10.Although it is desirable to achieve drop wise condensation in industrial applications, it is often difficult to maintain

this condition.

11.Condenser design calculations are often based on the assumption of film condensation.

12. Drop wise condensation gives much higher heat transfer coefficients than those found with

film condensation.

Drop wise condensation
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Subject - Heat Transfer 

RAISONI GROUP OF INSTITUTIONS

Heat transfer by thermal radiation is transfer of heat by

electromagnetic waves. It is different from conduction and

convection as it requires no matter or medium to be present. The

radiative energy will pass perfectly through vacuum as well as clear

air.

What is HEAT TRANSFER  BY RADIATION

 Heat transfer by radiation occurs when microwaves,

infrared radiation, visible light, or another form of

electromagnetic radiation is emitted or absorbed. An

obvious example is the warming of the Earth by the Sun. A less

obvious example is thermal radiation from the human body.
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RADIATIVE HEAT TRANSFER

Thermal radiation is the electromagnetic radiation emitted by a

body as a result of its temperature.

There are many types of electromagnetic radiation; thermal is only

one of them.

It propagated at the speed of light, 3×108 m/s.

The wavelength of thermal radiation lies in the range from 0.1 to

100 µm,

Visible light has wavelength from 0.4 to 0.7 µm.



RADIATIVE HEAT TRANSFER (2)

The sun with an effective surface temperature of 5760 K

emits most of its at the extreme lower end of the spectrum 0.1 to 4

µm (µm = 10-6 m).

The radiations from a lamp filament are in the range of 1 to 10 µm.

Most solids and liquids have a continuous spectrum; they emit

radiations pf all wavelengths.



Spectrum of Electromagnetic Wave



RADIATIVE HEAT TRANSFER (3)

Gases and vapours radiate energy only at certain bands of

wavelength and hence are called selective emitters.

The emission of thermal radiation depends upon the nature,

temperature and state of the emitting surface.

However with gases the dependence is also upon the thickness of

the emitting layer and the gas pressure.



Absorptivity, Reflectivity and Transmissivity

The total radiant energy (Q0) impinging upon a body be

(1) partially or totally absorbed by it (Qa),

(2) reflected from its surface (Qr) or

(3) transmitted through it (Qt)

in accordance with the characteristics of the body.
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Absorptivity, Reflectivity and Transmissivity (contd.)
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α absorptivity

ρ reflectivity

τ transmissivity

The values of these quantities depend upon the nature of the surface of the bodies, its

temperature and wavelength of incident rays.



BLACK BODY

For black body,

α = 1, ρ = 0, τ = 0
Snow is nearly black to thermal radiations. α = 0.985

The absorptivity of surfaces can be increased to 90-95% by coating their surfaces with lamp

black or dark range paint.

In actual practice, there does not exist a perfectly black body that will absorb all the incident

radiations.



GRAY BODY

A gray body has the absorptivity less than unity,

Absorptivity remains constant over the range of temperature and

wavelength of incident radiation.

For a real body, it does not satisfy the condition of constant.

So Gray body is a concept only.



Specular body and absolutely white body

A body that reflects all the incident thermal radiations is called a specular body (if

reflection is regular)

or an absolutely white body (if the reflection is diffused).

For such bodies,

ρ = 1, α = 0, τ = 0



Reflections

θ θ θ

Diffuse ReflectionSpecular  Reflection



Transparent or Diathermaneous.

A body that allows all the incident radiations to pass through it is called transparent or

diathermaneous.

For such bodies, ρ = 0, α = 0, τ = 1

Transmissivity varies with wavelength of incident radiation.

A material may be transparent for certain wavelengths and non-transparent for other wavelengths.

A thin glass plate transmits most of the thermal radiations from sun, but absorbs in equally great measure

the thermal radiations emitted from the low temperature interior of a building.
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BLACK BODY RADIATION

The energy emitted by a black surface varies with

(i) wavelength, 

(ii) temperature and 

(iii) surface characteristics of a body. 

For a given wavelength, the body radiates more energy at elevated temperatures. 

Based on experimental evidence, Planck suggested the following law for the spectral 

distribution of emissive power for a fixed temperature.

• Blackbody – a perfect emitter & absorber of radiation

• Emits radiation uniformly in all directions – no directional distribution – it’s diffuse

• Joseph Stefan (1879)– total radiation emission per unit time & area over all 
wavelengths and in all directions:

• s=Stefan-Boltzmann constant =5.67 x10-8 W/m2K4

 24 mW  TEb s



Stefan- Boltzman Law

The total emissive power E of a surface is defined as the total radiant energy

emitted by the surface in all directions over the entire wavelength range per unit

surface area per unit time.

The amount of radiant energy emitted per unit time from unit area of black

surface is proportional to the fourth power of its absolute temperature.

4TE bb s



Planck ‘s Law
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where

h = Planck’s constant, 6.625610-34 J-s

C = Velocity of light in vacuum, 2.998108 m/s

K = Boltzman constant, 1.380510-23 J/K

 = wavelength of radiation waves, m

T = absolute temperature of black body, K



Simplification

Equation (1) may be written as
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SPECTRAL ENERGY DISTRIBUTION

(E)b denotes monochromatic (single wavelength) emissive

power and is defined as the energy emitted by the black surface

(in all directions) at a given wavelength per unit wavelength

interval around .

The rate of energy emission in the interval

The variation of distribution of monochromatic emission power with

wavelength is called the spectral energy distribution.



SPECTRAL ENERGY DISTRIBUTION
Graph



Features of Spectral Energy Distribution

The monochromatic emissive power varies across the wavelength spectrum, the distribution is

continuous, but non-uniform.

The emitted radiation is practically zero at zero wavelength. With increase in wavelength, the

monochromatic emissive power increases and attains a certain maximum value.

With further increase in wavelength, the emissive power drops again to almost zero value at

infinite wavelength.

At any wavelength the magnitude of the emitted radiation increases with increasing

temperature

The wavelength at which the monochromatic emissive power is maximum shifts in the

direction of shorter wavelengths as the temperature increases.



TOTAL EMISSIVE POWER

At any temperature, the rate of total radiant energy emitted by a black body

is given by

 dEE bb 



0

)(

The above integral measures the total area under the monochromatic emissive power versus

wavelength curve for the black body, and it represents the total emissive power per unit area

(radiant energy flux density) radiated from a black body.



Wien’s Displacement Law.

For shorter wavelength,
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For Maximum Emission
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max denotes the wavelength at which emissive power is maximum

Statement of Wein’s Displacement law

The product of the absolute temperature and the wavelength, at which the emissive power is

maximum, is constant.

Wein’s displacement law finds application in the prediction of a very high 

temperature through measurement of wavelength.



Rayleigh-Jean’s Law

For longer wavelengths
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So, Planck’s distribution law becomes
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This identity is called Rayleigh-Jean’s Law.



SOME DERIVATION
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SOME DERIVATION, contd.
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SOME DERIVATION, contd. 2
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where 81067.5 bs W/m2K2, Stefan-Boltzman constant

If there are two bodies, the net radiant heat flux

is given by
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Maximum Monochromatic Emissive Power for 
a Black Body 
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Combining Planck’s law and Wien’s displacement law



Kirchoff’s Law Fig

Radiant Heat exchange between black and non- black surfaces



Kirchoff’s Law
The surfaces are arranged parallel and so close to each other so that the radiations from one 

fall totally on the other. 

Let E be the radiant emitted by non-black surface and gets fully absorbed. 

Eb is emitted by the black surface and strikes non-black surface.

If the non-black surface has absorptivity a, it will absorb aEb

and the remainder (1-a)Eb will be reflected back for full absorption at the black surface. 

Radiant interchange for the non-black surface equals (E - aEb).

If both the surfaces are at the same temperature, T = Tb, then the resultant interchange of heat

is zero.



Kirchoff’s Law contd.

Then,  E - aEb =0 or, bE
Ea

The relationship can be extended by considering different surfaces in turn as
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ab (absorptivity for black surface is unity.



Emissivity

The ratio of the emissive power E to absorptivity a is same for all bodies and is equal to the

emissive power of a black body at the same temperature.

The ratio of the emissive power of a certain non-black body E to the emissive power black body Eb, both

being at the same temperature, is called the emissivity of the body.

Emissivity of a body is a function of its physical and chemical properties and the state of its surface, rough or

smooth.
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E
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Statement of Kirchoff’s Law

Also, we have,

The emissivity and absorptivity of a real surface are equal for radiation with identical temperatures

and wavelengths.



Numerical on Various Laws of Radiation
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Radiation Shields

One way of reducing radiant heat transfer between two particular surfaces is

to use materials which are highly reflective.

An alternative method is to use radiation shields between the hear exchange

surfaces.

The shields do not deliver or remove any heat from the overall system.

They only place another resistance in the heat flow path, so that the

overall heat transfer is retarded.



Single Radiation Shield

Consider two parallel infinite planes with and without shield.

Since the shield does not deliver or remove heat from the system, the heat transfer between plate 1 and

the shield must be precisely the same, as that between the shield and plate 2, and this is the overall heat

transfer.

Without Shield With Shield



Single Radiation Shield
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Heat Transfer with shield
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The only unknown in equation (9) is the temperature of the shield T3.

If the emissivity of all three surfaces are same, i.e., 1 = 2 = 3, then



Heat Transfer with shield -2
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As 3 = 2 , the heat flow is just one-half of that which would be experienced if there is no shield present.



Multi Radiation shield

Consider n number of shields

Assume the emissivity of all the surfaces are same.

All the surface resistances will be same as the emissivity are same.

There will be two of these resistances for each shield and one for each heat transfer surface.

There will be (n+1) space resistances and these would all be unity since the radiation shape

factors are unity for infinite parallel planes.



Multi Radiation Shield

Therefore, the total resistance in the network is 
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For More Question on 
Radiation Shield 

Kindly Refer, Heat Transfer 
Book by Rajput and Mahesh 

Rathod 
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Equivalent circuit

When the emissivity of all surfaces are different, the overall heat transfer may be calculated most easily by

using a series radiation network with appropriate number of elements as shown in the figure.



RADIATION AMONG SURFACES IN A NON-
PARTICIPATING MEDIUM

For any two given surfaces, the orientation between them affects the fraction of

radiation energy leaving one surface and that strikes the other.

To take into account this, the concept of view factor/ shape factor/ configuration

factor is introduced.

The physical significance of the view factor between two surfaces is that it

represents the fraction of the radiative energy leaving one surface that strikes

the other surface directly.



Plane Angle and Solid Angle

The plane angle (a) is defined by a region by the rays of a circle. The solid angle () is defined by a region by 

the rays of a sphere.

Plane Angle
Solid Angle



Plane Angle and Solid Angle

22

cos
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A
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An: projection of the incident surface normal to the line of projection

: angle between the normal to the incident surface and the line of propagation.

r: length of the line of propagation between the radiating and the incident surfaces



View factor between two elemental surfaces

Consider two elemental areas dA1 and dA2 on body 1 and 2 respectively.

Let d12 be the solid angle under which an observer at dA1 sees the surface element dA2 and

I1 be the intensity of radiation leaving the surface element diffusely in all directions in

hemispherical space.



View Factor Figure



View factor
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where solid angle d12 is given by

Therefore, the rate of radiative energy dQ1 leaving dA1 and strikes dA2 is

------ (4)
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View factor

Combining (3) and (4), we get
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Shape Factor
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Shape factor
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Radiant Heat Transfer Between Two Bodies

The amount of radiant energy leaving A1 and striking A2 may be written as

4
1212 11 TbFAQ s

Similarly, the energy leaving A2 and arriving A1 is

4
221221 TbFAQ s



Radiant Heat Transfer Between Two Bodies (2)

So, net energy exchange from A1 to A2 is

  4
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4
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When the surfaces are maintained at the same temperatures, T1 = T2, there cannot be any heat exchange

between them.
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Reciprocity theorem

--- (7)



Net Heat transfer
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The evaluation of the integral of equation (6) for the determination of shape factor for complex geometries

is rather complex and cumbersome.

Results have been obtained and presented in graphical form for the geometries normally encountered in

engineering practice.



SHAPE FACTOR FOR ALLIGNED PARALLEL 
PLATES



SHAPE FACTOR FOR PERPENDICULAR RECTANGLES 
WITH COMMON BASE



SHAPE FACTOR FOR COAXIAL PARALLEL 
PLATES



SHAPE FACTOR ALGEBRA

The shape factors for complex geometries can be derived in terms of known

shape factors for other geometries.

For that the complex shape is divided into sections for which the shape factor is

either known or can be readily evaluated.

The unknown configuration factor is worked out by adding and subtracting

known factors of related geometries.

The method is based on the definition of shape factor, the reciprocity principle

and the energy conservation law.



Some Features of Shape Factor

The value of the shape factor depends only on the geometry and

orientation of surfaces with respect to each other. Once the shape factor

between two surfaces is known, it can be used for the calculating heat

exchange between two surfaces at any temperature.

All the radiation coming out from a convex surface 1 is intercepted by

the enclosing surface 2. The shape factor of convex surface with respect to

the enclosure (F12) is unity.

The radiant energy emitted by a concave surface is intercepted by

another part of the same surface. A concave surface has a shape factor with

respect to itself and it is denoted by F11. For a convex and flat surface , F11 =

0.



Features of Shape Factor

If one of the two surfaces (say Ai) is divided into sub-areas Ai1, Ai2, …., Ain, then

 injiniji FAFA



Features of Shape Factor

In Fig.1, 424323121 FAFAFA 

Fig.1

431 AAA 

423212 FFF 

Here,

Hence



Features of Shape Factor

For Fig. 2, 

141131121 FAFAFA 

432 AAA 
141312 FFF 

Here



Shape Factor Algebra

Any radiating surface will have finite area and therefore will be enclosed by many surfaces.

The total radiation being emitted by the radiating surface will be received and absorbed by each of

the confining surfaces.

Since shape factor is the fraction of total radiation leaving the radiating surface and falling upon a

particular receiving surface
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1 , i = 1,2, ……, n
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Shape Factor Algebra

If the interior surface of a complete enclosed space has been subdivided in n parts having finite

area A1, A2, …. An, then

1........................................... 1131211  nFFFF

1........................................... 2232221  nFFFF

1........................................... 3333231  nFFFF

1...........................................321  nnnnn FFFF

------------------------------------------------------------



HEAT EXCHANGE BETWEEN NON-BLACK 
BODIES

The black bodies absorb the entire incident radiation and this aspect makes the calculation procedure of

heat exchange between black bodies rather simple.

One has to only determine the shape factor.

However, the real surfaces do not absorb the whole of the incident radiation: a part is reflected back to the

radiating surface.

Also the absorptivity and emissivity are not uniform in all directions and for all wavelengths.



Infinite parallel planes

Assumptions

(i) Surfaces are arranged at small distance from each other and are of equal areas so that

practically all radiation emitted by one surface falls on the other. The shape factor of either

surface is therefore unity.

(ii) Surfaces are diffuse and uniform in temperature, and that the reflected and emissive

properties are constant over all the surface.

(iii) The surfaces are separated by a non-absorbing medium as air.



Infinite parallel planes



Heat Transfer between Infinite 
parallel planes

The amount of radiant energy which left surface 1 per unit time is
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Calculations
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Surface 2

Similarly, the amount of heat which leaves surface 2
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Therefore, the net heat flow from surface 1 to surface 2 per unit time is given by
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Black Surface

Now, for the black surfaces,
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where f12 is called the interchange

factor for the radiation from surface

1 to surface 2 and is given by.
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Small Gray Bodies

Small bodies signify that their sizes are very small compared to the distance between them.

The radiant energy emitted by surface 1 would be partly absorbed by surface 2 and the unabsorbed

reflected portion will be lost in space.

It will not be reflected back to surface 1 because of its small size and large distance between the two

surfaces.



Calculations for Small Gray Bodies

Energy emitted by body 1 =

Energy incident on by body 2 =

Energy absorbed by surface 2 =

4
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4
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4
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4
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Calculations for Small Gray Bodies (2)

Similarly, energy transfer from surface 2 to 1 is
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Net energy exchange 
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Small Body in large Enclosure

The large gray enclosure acts like a black body. 

It absorbs practically all radiation incident upon it and reflects negligibly small energy back to the 

small gray body.

The entire radiation emitted by the small body would be intercepted by the outer large enclosure.

112F



Radiation calculations

Energy emitted by small body 1 and absorbed by large 

enclosure 2= 

Energy emitted by enclosure =

Energy incident upon small body = 

Energy absorbed 

by small body = 

Net exchange of energy = 

4
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4
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4
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Interchange Factor

If T1 = T2, Q12 = 0 and we get
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ELECTRICAL NETWORK ANALOGY

Radiosity (J) indicates the total radiant energy leaving a surface per unit time per unit surface

area. It comprises the original emittance from the surface plus the reflected portion of any

radiation incident upon it.

Irradiation (G) denotes the total radiant energy incident upon a surface per unit time per unit

area; some of it may be reflected to become a part of the radiosity of the surface.



Radiosity and Irradiation Concept



Radiosity and Irradiation Relation

The total radiant energy (J) leaving the surface is the sum of its original emittance (E) and the

energy reflected (G) by it out of the irradiation (G) impinging on it.

Hence J = E + G

= Eb + G (1)

Eb is the emissive power of black body at the same temperature

a +  =1 (opaque body)

 =1- a



Radiosity and Irradiation Relation

From equ.(1) we get,

J = Eb + (1- a) G
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Electrical Network Analogy

 



A
1

The above equation (3) can be represented as electrical network as shown below

is called surface resistance to radiation heat transfer.



Heat Transfer Between Non-Black Bodies

Heat transfer between two non-black surfaces is given by

(Q1-2)net = J1A1F12 – J2A2F21

J1 and J2 are the radiosities of surfaces 1 and 2.

Also, A1F12 = A2F21
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is called space resistance.



Electrical Analogy Circuit

The final electrical analogy circuit for heat transfer between two non-black surfaces is drawn considering both

surface resistance and space resistance as



Net Heat Transfer
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Gray body factor
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For radiant heat exchange between two black surfaces, the surface resistance becomes zero as
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Special Cases
Two Infinite Parallel Planes:

Here, F12 = F21=1 and also A1 = A2
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Two Concentric Cylinders or Spheres

If the inner surface is surface 1, then F12 = 1
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Now, for concentric cylinders of equal length,

For concentric spheres,



A small body in a large enclosure:

F12 = 1 A1<< A2 so A1/A2 0
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Practical example of this kind:

A pipe carrying steam in a large room
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Heat Exchanger

• Heat exchangers can be described as:

• It include all devices that are designed for exchanging heat.

• Only heat exchangers that are meant to exchange heat between two fluids
are taken into account.

• These fluids can be gasses as well as liquids. It is still difficult to have an
overview, and a classification needs to be made. It is possible to classify heat
exchangers in a number of ways.



What are heat exchangers for?

• Heat exchangers are practical devices used to transfer energy from one fluid to 

another

• To get fluid streams to the right temperature for the next process reactions often 

require feeds at high temp. 

• To condense vapours

• To evaporate liquids

• To recover heat to use elsewhere

• To reject low-grade heat

• To drive a power cycle



Classification Heat Exchangers

Classification of heat exchangers depending on the basic of the fluid
paths through the heat exchanger.

Difference is made between :

• Parallel  flow, 

• Counter  flow 

• Cross  flow.



Classification

cross flow air to liquid heat exchanger

This is a heat exchangers that is 

found on the top buildings

and is for instance needed for 

air conditioning inside. Here a 

fluid is leaded between the 

plates

at the top of the heat exchanger 

and flows horizontally. Air is 

blown vertically against the

plates to cool the fluid inside.



Classification



Classification



Classification



Classification

The second classification made, is depending on the state of the media in the heat exchanger.

Liquid-to-liquid exchangers are those in which two liquids interact. Also gas-to-gas heat exchangers like air
preheaters in steam plants and helium-cooled reactor gas turbine plants have to be mentioned. These
devices operate with heat transfer coefficients that are between ten and one hundred times lower than the
coefficients of liquid-to-liquid exchangers. Gas to gas exchangers are general much larger and heavier if a
same amount of transferred heat is demanded.

The third type is the liquid-to-gas heat exchanger (or vice versa), usually water and air are used, for
instance in automotive radiators. Because of the lower heat transfer coefficients on the gas-side there are
usually fines placed on the exchanging surfaces.



Classification

The third classification method is based the purpose of heat
exchanger.

The last classification is actually the most important choice of the 
designer of a heat exchanging system. This is the choice what kind of 
construction he is going to use.



Classification



Regenerative Heat Exchangers

• The regenerator represents class of heat exchangers in
which heat is alternately stored and removed from a
surface

• This heat transfer surface is usually referred to as the
matrix of the regenerator.

• For continuous operation, the matrix must be moved into
and out of the fixed hot and cold fluid streams. In this case,
the regenerator is called a rotary regenerator.

• If, on the other hand, the hot and cold fluid streams are
switched into and out of the matrix, the the regenerator is
referred to as a fixed matrix regenerator.





Application: Power cycle

Steam Turbine

Boiler Condenser
Feed water

Heater



Main Categories Of Exchanger

Most heat exchangers have two streams, hot and cold, but
some have more than two

Heat exchangers

Recuperators Regenerators

Wall separating streams Direct contact



Recuperators/Regenerators

Recuperative:

Has separate flow paths for each fluid

which flow simultaneously through the

exchanger transferring heat between

the streams

Regenerative

Has a single flow path which the hot

and cold fluids alternately pass through.



Compactness

Can be measured by the heat-transfer area per unit 

volume or by channel size

Conventional exchangers (shell and tube) have channel size 

of 10 to 30 mm giving about 100m2/m3

Plate-type exchangers have typically 5mm channel size 

with more than 200m2/m3

More compact types available



Double Pipe

Simplest type has one tube inside another - inner tube may
have longitudinal fins on the outside

 However, most have a number of tubes

in the outer tube - can have very many

tubes thus becoming a shell-and-tube



Shell and Tube

 Typical shell and tube exchanger as used in the process 
industry



Shell-Side Flow



Plate-Fin Exchanger

Made up of flat plates (parting sheets) and corrugated sheets 
which form fins

Brazed by heating in vacuum furnace



Heat Transfer of Heat Exchanger

• How is the heat transfer? 

• Mechanism of Convection

• Applications . 

• Mean fluid Velocity and Boundary and their effect on the rate of heat transfer.

• Fundamental equation of heat transfer

• Logarithmic-mean temperature difference.

• Heat transfer Coefficients.

• Heat flux and Nusselt correlation 

• Simulation program for Heat Exchanger 



How is the heat transfer?

• Heat can transfer between the surface of a solid conductor and the 
surrounding medium  whenever temperature gradient exists.

Conduction

Convection

Natural convection 

Forced Convection



Natural and forced Convection

Natural convection occurs whenever heat flows between a solid and fluid, or 
between fluid layers.  

As a result of heat exchange

Change in density of effective fluid layers taken place, which causes upward flow of 
heated fluid.

If this motion is associated with heat transfer mechanism only, then it is called Natural 
Convection

Forced Convection

If this motion is associated  by mechanical means such as pumps, gravity or fans, the 
movement of the fluid is enforced.

And in this case, we then speak of Forced convection.



Heat Exchangers
• A device whose primary purpose is the transfer of 

energy between two fluids is named a Heat Exchanger.



Applications of Heat Exchangers

Heat Exchangers 

prevent  car engine 

overheating and 

increase efficiency

Heat exchangers are 

used in Industry for 

heat transfer

Heat 

exchangers are 

used in AC and 

furnaces



• The closed-type exchanger is the most popular one.

• One example of this type is the Double pipe exchanger.

• In this type, the hot and cold fluid streams do not come into direct 
contact with each other.  They are separated by a tube wall or flat 
plate.



Heat Transfer Considerations:

Overall heat transfer coefficient

 Internal and external thermal resistances  in 

series
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 A is wall total surface area on hot or cold 

side

 R”f is fouling factor (m2K/W)

 o is overall surface efficiency (if finned)
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Fouling factor

Material deposits on the surfaces of the heat exchanger

tube may add further resistance to heat transfer in addition

to those listed above. Such deposits are termed fouling

and may significantly affect heat exchanger performance.

 Scaling is the most common form of fouling and is

associated with inverse solubility salts. Examples of such

salts are CaCO3, CaSO4, Ca3(PO4)2, CaSiO3, Ca(OH)2,

Mg(OH)2, MgSiO3, Na2SO4, LiSO4, and Li2CO3.

 Corrosion fouling is classified as a chemical reaction

which involves the heat exchanger tubes. Many metals,

copper and aluminum being specific examples, form

adherent oxide coatings which serve to passivity the surface

and prevent further corrosion.

Heat Transfer Considerations 

(contd…):



 Chemical reaction fouling involves chemical reactions in

the process stream which results in deposition of material on

the heat exchanger tubes. When food products are involved

this may be termed scorching but a wide range of organic

materials are subject to similar problems.

 Freezing fouling is said to occur when a portion of the hot

stream is cooled to near the freezing point for one of its

components. This is most notable in refineries where

paraffin frequently solidifies from petroleum products at

various stages in the refining process, obstructing both flow

and heat transfer.

 Biological fouling is common where untreated water is

used as a coolant stream. Problems range from algae or other

microbes to barnacles.

Heat Transfer Considerations 

(contd…):
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Heat Exchanger Analysis



Heat Exchanger Analysis



Log mean temperature 

difference (LMTD) 

method



outcouth TT ,, be can  Note
wCounterflo

  crosscannot  ' 
flow Parallel

'sT

Log mean temperature 

difference (LMTD) 

method



 

  



 










hhcc
ch

cc
c

hh
h

ch

ccchhh

cmcm
QdTTd

cm
Qd

dT
cm
Qd

dT

TTUdAQd

c

m

dTcmdTcmQd















11

      (1) fromNow 

)2(

 EquationRate
heat specific

fluid of rateflow   mass

)1(

Energy balance (counter flow) on element 

shown

Log mean temperature difference 

(LMTD) method



 

   2121

11

22

  and   

ratefer heat trans Total

11
ln

21 Integrate

11

(2), from Subtract 

cccchhhh

hhccch

ch

hhccch

ch

TTcmQTTcmQ

cmcm
UA

TT
TT

dA
cmcm

U
TT
TTd

Qd







 














 











Log mean temperature difference 

(LMTD) method



• Remember – 1 and 2 are ends, not fluids

• Same formula for parallel flow (but T’s are different)

•Counterflow has highest LMTD, for given T’s therefore smallest area for Q.
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Condenser Evaporator









   

  havecan  ratecapacity heat 

 C ,C oflesser  with fluid only thethen 

 since and

  fluid One

H.Ex. long infinitelyan for  is where

   :esseffectiven Define

? conditionsinlet  
givenfor    perform  Ex. H.  existing    willHow

max

BA

A

,,max

max

max

T

TCTC

TcmTcmQ

TTTT

Q

Q
Q

BBA

BBAA

incinh

actual


















Effectiveness-NTU Method



 
 













 













 









max

min

minmax

min

max

min

min

in.cin.hmin

in.cin.hmin
maxminmax

C
C

1
C
UA-

exp
C
C

1

C
C

1
C
UA-

exp-1

                                    

.........  )LMTD(UAQ  intoback  Substitute

sT'outlet contain not  does which for  expressionWant 

TTCQ    or,                             

TTC
Q

  and  TCQ  i.e.







min

max

min

     HEx.) of (size units transfer of No. and

,

C
UA

NTU

C
C

NTU







 

Effectiveness-NTU 

Method(contd…)



Charts for each 

Configuration

Procedure:

Determine Cmax, Cmin/Cmax

Get UA/Cmin,   from 

chart

 incinh TTCQ ..min 



Effectiveness-NTU Method(contd…)

U
CNTU

A
C
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NTU minmax

min
max 

• NTUmax can be obtained from figures in textbooks/handbooks

First, however, we must determine which fluid has Cmin
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