
 

BTME-602 HEAT TRANSFER 

Internal Marks: 40    External Marks: 60    Total Marks: 100 

1. Introduction:  

Concept of heat transfer, Difference between the subject of "Heat Transfer" and its parent subject 
"Thermodynamics". Different modes of heat transfer - conditions, convection, and radiation.  

2. Conduction:  

Fouier's law of heat conduction, coefficient of thermal conductivity, effect of temperature and 
pressure on thermal conductivity of solids, liquids and gases and its measurement. Three-
dimensional general conduction equation in rectangular, cylindrical and spherical coordinates 
involving internal heat generation and unsteady state conditions. Derivation of equations for 
simple one dimensional steady state heat conduction from three dimensional equations for heat 
conduction though walls, cylinders and spherical shells (simple and composite), electrical 
analogy of the heat transfer phenomenon in the cases discussed above. Influence of variable 
thermal conductivity on conduction through simple cases of walls / cylinders and spheres. 
Equivalent areas, shape factor, conduction through edges and corners of walls and critical 
thickness of insulation layers on electric wires and pipes carrying hot fluids. Internal generation 
cases along with some practical cases of heat conduction like heat transfer through piston crown, 
through under-ground electrical cables/Hot fluid pipes etc and case of nuclear fuel rod with and 
without cladding. Introduction to unsteady heat transfer, Newtonian heating and cooling of 
solids; definition and explanation of the term thermal diffusivity. Numerical. 

3. Theory of Fins:  

Concept of fin, classification of fins and their applications. Straight fins of uniform cross-section; 
e.g. of circular, rectangular or any other cross-section). Straight fins with varying cross-sectional 
area and having triangular or trapezoidal profile area. Circumferential fins of rectangular cross-
section provided on the circumference of a cylinder. Fin performance: fin effectiveness and fin 
efficiency, total fin effectiveness, total fin efficiency. Optimum design of straight fin of 
rectangular and triangular profile area. Application of fins in temperature measurement of flow 
through pipes and determination of error in its measurement. Numerical. 

4. Convection: 

Free and forced convection. Derivation of three-dimensional mass, momentum and energy 
conservation equations (with introduction to Tensor notations).  

Boundary layer formation, laminar and turbulent boundary layers (simple explanation only and 
no derivation). Theory of dimensional analysis and its application to free and forced convective 



heat transfer. Analytical formulae for heat transfer in laminar and turbulent flow over vertical 
and horizontal tubes and plates. Numerical. 

Newton's law of cooling. Overall coefficient of heat transfer. Different design criterion for heat 
exchangers. Log mean temperature difference for evaporator and condenser tubes, and parallel 
and counter flow heat exchangers, Calculation of number and length of tubes in a heat exchanger 
effectiveness and number of transfer units(NTU); Numerical. 

5. Convection with Phase Change (Boiling and Condensation):  

Pool boiling, forced convection boiling, heat transfer during pool boiling of a liquid. Nucleation 
and different theories of nucleation, different theories accounting for the increased values of 
h.t.c. during nucleate phase of boiling of liquids; different phases of flow boiling (theory only), 
Condensation, types of condensation, film wise condensation on a vertical and inclined surface, 
Numerical. 

6. Radiation:  

Process of heat flow due to radiation, definition of emissivity, absorptivity, reflectivity and 
transmissivity. Concept of black and grey bodies, Plank's law of nonchromatic radiation. 
Kirchoff's law and Stefan Boltzman's law. Interchange factor. Lambert's Cosine law and the 
geometric factor. Intensity of Radiation (Definition only), radiation density, irradiation, radiosity 
and radiation shields. Derivation formula for radiation exchange between two bodies using the 
definition of radiosity and irradiation and its application to cases of radiation exchange between 
three or four bodies (e.g. boiler or other furnaces), simplification of the formula for its 
application to simple bodies like two parallel surfaces, concentric cylinders and a body 
enveloped by another body etc. Error in Temperature measurement by a thermocouple probe due 
to radiation losses.  

Books: 

1. Frank P. Incropera and David P. De Witt, Fundamentals of Heat and Mass transfer, John 
Wiley 
2. P.S. Ghoshdastidar, Heat Transfer, Oxford Press  
3. D.S. Kumar, Fundamentals of Heat and Mass Transfer, SK Kataria & Sons (6th/7th Edition) 
4. A.J. Chapman, Heat Transfer, McGraw Hill Book Company, New York.  
5. J.P. Holman, Heat Transfer, Tata McGraw-Hill Publishing Company Ltd.(Special Indian  
 Edition). 
6. Yunus A.Cengel, Heat and Mass Transfer, Tata McGraw Hills Education Private Ltd (Special               
 Indian Edition). 
7. Eckert & Drake, Heat and Mass Transfer, McGraw Hill Book Company, New York. 
 

 



 
BTME 605 HEAT TRANSFER LAB. 

 
Internal Marks: 30    External Marks: 20    Total Marks: 50 
 
A. Two to three students in a group are required to do one or two practicals in the form of 

Lab. Project in the topic/s related to the subject matter and in consultation with 
teacher. The complete theoretical and experimental analysis of the concerned topic is 
required to be performed (including design and fabrication of new experimental set up, 
if required, or modifications/retrofitting in the existing experimental set ups). The 
following topics can be taken as reference:- 

 
1. Determination of thermal conductivity of:  

- a solid insulating material by slab method  

- powder materials by concentric spheres method / or by some transient heat transfer 
technique  

- a metal by comparison with another metal by employing two bars when kept in series 
and / or in parallel under different boundary conditions  

- Liquids by employing thin layer  

2. Determination of coefficient of heat transfer for free/forced convection from the surface of 
a cylinder / plate when kept:  

a) along the direction of flow  

b) perpendicular to the direction of flow  

c) inclined at an angle to the direction of flow  

3. To plot the pool boiling curves for water and to determine its critical point  

4. Determination of heat transfer coefficient for  

i) film condensation                     ii) drop-wise condensation  

5. Determination heat transfer coefficient by radiation and hence find the Stefan Boltzman's 
constant using two plates/two cylinders of same size by making one of the plates/cylinders 
as a black body.  

6. Determination of shape factor of a complex body by an analog technique.  

7. To plot the temperature profile and to determine fin effectiveness and fin efficiency for  

i) A rod fin when its tip surface is superimposed by different boundary condition like.  



a) Insulated tip  

b) Cooled tip  

c) Temperature controlled tip  

ii) Straight triangular fins of various sizes and optimization of fin proportions  

iii) Circumferential fins of rectangular/triangular section 

B. Each student is required to use Finite Difference Method for analysis of steady state one 
dimensional and two dimensional conduction problems (Minimum two problems one 
may be from the Lab. Project) such as conduction through plane/cylindrical/spherical 
wall with or without internal heat generation, heat transfer through fins, bodies with 
irregular boundaries subjected to different boundary conditions. 

  

 

 

BTME 606 FLUID MACHINERY LAB 

Internal Marks: 30    External Marks: 20    Total Marks: 50 

 1. Determination of various efficiencies of Hydraulic Ram  

2. To draw characteristics of Francis turbine/Kaplan Turbine  

3. To study the constructional features of reciprocating pump and to perform test on it for determination 
of pump performance  

4. To draw the characteristics of Pelton Turbine  

5. To draw the various characteristics of Centrifugal pump  

6. Determine the effect of vane shape and vane angle on the performance of centrifugal fan/Blower 

7. A visit to any Hydroelectric Power Station  

 

 

 

 

 

 



Heat Transfer 

Heat transfer, also referred to simply as heat, is the movement of thermal energy from one thing 

to another thing of different temperature. 

Difference between Heat Transfer and Thermodynamics 

"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. 

Thermodynamics gives no indication about how long the process takes. Heat Transfer 

determines how fast heat can be transferred to or from a system and thus the times of cooling or 

heating. 



Heat Transfer:  Conduction, Convection, and Radiation 
 

Introduction 

 

We have learned that heat is the energy that makes molecules move. Molecules with more heat 

energy move faster, and molecules with less heat energy move slower. We also learned that as 

molecules heat up and move faster, they spread apart and objects expand (get bigger). This is called 

thermal expansion. 

 

 

 

 

 

 

 

 

Heat is always moving! If you have two objects or substances 

that are different temperatures, heat will always move OUT of 

the warmer object or substance, and INTO the cooler object or 

substance. This heat transfer will continue until the objects are 

the same temperature. 

 

 

 

So how, exactly, does heat move out of one thing and into another thing? This is called heat transfer. 

(Remember, we learned that energy transfer is when energy moves from one thing or place to 

another, but the energy type stays the same). Heat can transfer (or move) in 3 ways: conduction, 

convection, and radiation. As you read about the three types of heat transfer, pay attention to: 

 What the heat is moving through (solids, liquids and gases, or empty space) 

 How the heat is being transferred (touch, currents, or waves) 

 

 

Conduction 

 

Last weekend, I went to the beach. I was walking 

barefoot on the soft, cool grass. When I got to the sand, 

I noticed that my feet were burning! Ouch! This is an 

example of conduction. 



Conduction is how heat transfers through direct contact with objects 

that are touching. Any time that two objects or substances touch, the 

hotter object passes heat to the cooler object. (That hot sand passed 

the heat energy right into my poor feet!)  

 

 

Think of a row of dominoes that are all lined up. When you push the first domino, it bumps into the 

second one, which bumps into the third one…all the way down the line. Heat conduction is like the 

dominoes. Imagine that you place one end of a metal pole into a fire. The molecules on the fire end 

will get hot. Each hot molecule will pass the heat along to the molecule next to it, which will pass the 

heat along to the next molecule, and so on. Before you know it, the heat has traveled all the way 

along the metal pole until it reaches your hand. 

 

 

 

 

 

 

Some materials are better conductors than others. That’s because some materials are able to pass 

(conduct) heat more easily. Metals are great conductors. That’s why metal objects get hot so easily. 

Plastic and wood are poor conductors. They will still get hot, but it takes a lot longer for them to pass 

the heat from molecule to molecule. 

 

Likewise, solids are better conductors than liquids or gases. That’s because solids have molecules that 

are very tightly packed together, so it’s much easier for the molecules to pass the heat along. The 

molecules in liquids and gases are spread further apart, so they aren’t touching as much. It takes 

longer for liquids and gases to conduct heat. 

 

There are many examples of heat conduction. Any time two object touch, heat conduction will 

happen. Touching a hot iron is an example of conduction – the heat passes out of the iron and into 

your hand. So is holding an ice cube – the heat is conducted out of your hand, and into the ice cube 

(that’s why your hand feels cold). Cooking food on the stove is an example of conduction happening 

twice – the heat from the burner passes into the metal pan, and then the heat from the metal pan 

passes into the food, heating it up. 

 

 

 

 

 



Convection 

 

Convection is how heat passes through fluids. A fluid is anything that has loosely moving molecules 

that can move easily from one place to another. Liquids and gases are fluids. 

 

One important property of fluids is that they rise when heated. That’s because the molecules spread 

out and move apart when they get hot. The hot fluid becomes less dense and rises up. Cooler fluid is 

less dense and so it sinks down. This up-and-down motion creates what are called convection 

currents. Convection currents are circular movements of heated fluids that help spread the heat. 

 

 

 

 

 

 

 

 

 

 

 

Here’s an example. Last night I heated up soup for dinner. Yum! At first, the soup was cold in the pan. 

The soup at the bottom of the pan was closest to the hot stove burner, right? So the soup at the 

bottom heated up first. As it heated, the molecules spread apart and became less dense. So the 

heated soup rose up to the top. 

 

As the hot soup rose up, the cooler soup at the top sank down to the 

bottom. When it was at the bottom, it was closest to the heat, so THAT 

soup got hot and rose up. As the soup continued heating, the hot soup 

rose and the cold soup sank. If you were to look closely, you would see the 

soup moving up and down in the pot. The up-and-down movement was a 

convection current. The convection current helped spread the heat around, 

until all of the soup was heated up.  

 

 

Convection currents explain why the air is hotter at the top of a room and cooler at the bottom. 

Convection currents also explain why water is warm at the top of the ocean, but gets colder as you 

swim deeper.  

 



One natural example of convection currents is wind. As the Sun shines down on an area of land, it 

heats the air above the ground. That warm air rises. As it rises, cooler air moves in to take the place at 

the bottom. This moving cooler air creates…wind! Wind happens all over Earth because Earth heats 

unevenly. There are always colder parts and warmer parts. The wind blows from the cooler parts of 

Earth to the warmer parts.  

 

 

 

Other examples of convection are: boiling a pot of water on the stove; using a hot radiator to warm 

the air in a room; and using heated air to make a hot-air balloon rise up into the sky. 

 

Radiation 

 

So we’ve learned that conduction moves heat easiest through solids, and convection moves heat 

through liquids and gases. So how does the heat from the Sun get to Earth? There are no molecules 

in space! And how do you feel the heat from a campfire, even if you’re sitting several feet away? 

 

The answer is radiation. Radiation is how heat moves through places where there are no molecules. 

Radiation is actually a form of electromagnetic energy. Remember we learned that electromagnetic 

energy moves in waves? Well, radiation is heat moving in waves. Radiation does NOT need molecules 

to pass the energy along.  

 

All objects radiate heat, but some radiate much more heat than others. The biggest source of 

radiation is the Sun – it sends a HUGE amount of heat to Earth through electromagnetic waves. (Last 

weekend, at the beach, I could definitely feel the wonderful heat radiation from the Sun. I guess that’s 

why I got a sunburn. Oops! A little too much radiation!) 

 

 

 

 

 



Light bulbs radiate heat. Try it! Hold your hand a few inches away from a light bulb. You can feel the 

heat, right? In fact, a good way to remember radiation is that it is how you can feel heat without 

touching it. Heat passes through the empty space until it reaches your hand. That’s radiation! A fire is 

another example of radiation. Even YOU are an example. Your body gives off heat! (That’s why a 

classroom gets warm when there are a lot of people sitting in it.) 

 

 

 

 

 

 

 

 

Review 

 

Remember – heat always passes from a warmer object to a cooler object until all objects are the same 

temperature. 

 

Conduction is how heat travels between objects that are touching. Conduction travels fastest through 

solids, but liquids and gases can also conduct heat. Some materials, like metal, can conduct heat very 

quickly, while other materials (like plastic or wood) conduct heat very slowly.  

 

Convection is how heat travels through fluids – liquids and gases. Hot fluids rise up, while cold fluids 

sink down. This up-and-down motion is called a convection current. Convection current spreads the 

heat in a circular, up-and-down pattern. 

 

Radiation is how heat travels through empty space. Radiation does NOT require molecules to travel 

through. Any time you can feel heat without touching it, you are experiencing radiation. 
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Electrical Analogy of Heat Conduction 

Heat conduction in solids is similar to the conduction of electricity in electrical conductors in 

many aspects. In a conductor, the flow of electricity is driven by a potential difference and so is 

the flow of heat driven by a difference in temperature. In electric conduction, electric charge is 

transported from one point in a conductor to another by the motion of the electrons, in thermal 

conduction, heat is transported from one point of a solid to another by the vibration of the 

molecules of the solid due to their increased energy. 

Heat conduction is governed by Fourier's law which states that: the rate of heat transfer (Q) 

between two sufficiently close points in a medium is proportional to the temperature difference 

between the two points (T1-T2) divided by their separation (Δx) and the area normal to the 

direction of heat flow (A). The constant of proportionality is called the coefficient of thermal 

conductivity of the material (k). Mathematically, this statement can be written as: 

Q = k A ( T1 - T2 )/Δx 

where Q is the rate of heat transfer in Watts. 

Electric current flow is governed by Ohm's law, which states that the electric current (I) flowing 

between two points in a conductor equals the potential difference between the two points (V1-V2) 

divided by the electric resistance between them (R). Ohm's law can be written as: 

I = ( V1-V2 )/R 

The above equations suggest that the following analogy holds: 

Thermal Conduction Electric Conduction 

Heat flow rate: Q Electric current : I 

Temperature difference: ΔT = T1 - T2 Potential difference : ΔV = V1 - V2 

Thermal resistance: Rthermal = Δx/(kA) Electric resistance = R 
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POOL BOILING 

In pool boiling, vapor is generated at a superheated wall that is small compared to the 

dimensions of the pool of nominally stagnant liquid in which it is immersed. The motion of the 

liquid is induced by the boiling process itself (analogous to single-phase natural convection at a 

heated wall in an unbounded fluid) and the velocities are assumed to be low. These conditions 

are convenient for small-scale laboratory experiments and much of the understanding of boiling, 

such as the basic division into nucleate, transition and film boiling and studies of bubble 

nucleation and motion discussed in the article on Boiling, has been derived from pool boiling 

experiments. However, pool boiling is unusual in industrial equipment. Even if there is no forced 

flow of liquid past the heated wall, confinement of the liquid and close spacing of multiple 

heaters, as in kettle reboilers, means that conditions are closer to Forced Convective Boiling. The 

heat source is often a hot fluid separated from the boiling liquid by a thin metal wall, whereas 

electrical resistance heating is often used in pool boiling experiments. Consequently it is 

important to appreciate the special conditions of pool boiling experiments and to exercise caution 

in transferring the information they provide to large-scale industrial systems in which flow 

effects are generally significant. This article reviews the techniques that are used in pool boiling 

experiments. Pool boiling behavior is described in more detail in the articles 

on Boiling, Nucleate Boiling, and Burnout (Pool Boiling). 

 

Pool boiling can be classified according to conditions in the pool, the geometry of the heated 

wall and the method of heating. These conditions influence the methods used to measure the 

primary variables of wall superheat and heat flux that are conventionally used to present boiling 

heat transfer performance as a "boiling curve". 

 

In saturated pool boiling, or bulk boiling, the pool is maintained at or slightly above the 

saturation temperature by interaction with the vapor bubbles rising from the superheated boiling 

surface. (Subsidiary heaters may be used to compensate for heat lost from the walls of the 

containing vessel.) The pool has a free surface at which the bubbles burst; the vapor space is 

usually connected to a condenser that returns liquid to the pool. The system pressure is controlled 

by the cooling applied to the condenser. In subcooled boiling, the pool temperature distant from 

the boiling surface is below the saturation temperature. There can be no escape of vapor from a 

http://thermopedia.com/content/589/
http://thermopedia.com/content/1517/
http://thermopedia.com/content/589/
http://thermopedia.com/content/990/
http://thermopedia.com/content/606/


subcooled pool, unless it is very shallow, so a heat sink must be provided by cooling regions on 

the walls of the vessel. Alternatively, a subcooled experiment can be run for a short period 

without heat sink, relying on the thermal capacity of the cold pool. A subcooled pool cannot have 

a free surface in contact with its own pure vapor. Either the boiling vessel must be connected to a 

separate vessel in which the pressure is controlled, or there must be a gas space above the pool. 

Use of a cover gas leads to a concentration of dissolved gas which can influence boiling, 

particularly by improving the stability of nucleation sites and reducing the superheat required for 

their activation. Dissolved gas can be removed by a preliminary period of saturated boiling, 

either in the experimental vessel or in a separate vessel from which the experimental vessel is 

filled. The temperature-time-dissolved gas history can influence the subsequent boiling 

experiments, as described in the article on Nucleate Boiling, and may be different in industrial 

systems. 

 

In both saturated and subcooled pool boiling, the operation of the heat sink requires a 

recirculatory flow in the pool that may interact with the boiling process in ways that depend on 

the geometry of the pool and of the superheated boiling surface. The shape of the vessel may be 

constrained by the need to observe the boiling process. Early experiments on pool boiling used 

heating surfaces that were thin horizontal wires of materials such as platinum, heated by the 

passage of direct electrical current. The electrical resistance of the wire provided a measure of its 

temperature, averaged over its length. Such experiments are useful to demonstrate some of the 

basic characteristics of boiling but they suffer from the disadvantage that the length scale of the 

bubbles is similar to that of the heater so that their behavior is atypical of the extensive surfaces 

in industrial plant. Most experiments now use larger heaters in the form of horizontal cylinders 

with diameters in the range 10 to 20 mm, horizontal plates of circular or rectangular shape and 

vertical or sloping rectangular plates, with dimensions in the range 5 to 100 mm. Heaters much 

larger than this are rarely used because of the large power requirements resulting from the high 

heat fluxes in nucleate boiling. The small heaters interact with the recirculation of liquid in the 

pool through edge effects or because their dimensions are comparable with the critical 

wavelengths of interfacial instabilities in film boiling. The recirculatory flows that must return 

liquid right to the wall in nucleate boiling are rarely considered, except in the special case of 

vertical flow counter to the vapor flow. 

http://thermopedia.com/content/990/


Nucleation 

Nucleation is typically defined to be the process that determines how long an observer has to 

wait before the new phase or self-organized structure appears. For example, if a volume of water 

is cooled (at atmospheric pressure) below 0 °C, it will tend to freeze into ice, but volumes of 

water cooled only a few degrees below 0 °C often stay completely free of ice for long periods. At 

these conditions, nucleation of ice is either slow or does not occur at all. However, at lower 

temperatures ice crystals appear after little or no delay. At these conditions ice nucleation is 

fast. Nucleation is commonly how first-order phase transitions start, and then it is the start of the 

process of forming a new thermodynamic phase. In contrast, new phases at continuous phase 

transitions start to form immediately. 

Nucleation is often found to be very sensitive to impurities in the system. These impurities may 

be too small to be seen by the naked eye, but still can control the rate of nucleation. Because of 

this, it is often important to distinguish between heterogeneous nucleation and homogeneous 

nucleation. Heterogeneous nucleation occurs at nucleation sites on surfaces in the 

system. Homogeneous nucleation occurs away from a surface. 

The time until the appearance of the first crystal is also called primary nucleation time, to 

distinguish it from secondary nucleation times. Primary here refers to the first nucleus to form, 

while secondary nuclei are crystal nuclei produced from a preexisting crystal. Primary nucleation 

describes the transition to a new phase that does not rely on the new phase already being present, 

either because it is the very first nucleus of that phase to form, or because the nucleus forms far 

from any pre-existing piece of the new phase. Particularly in the study of crystallisation, 

https://en.wikipedia.org/wiki/Phase_transition
https://en.wikipedia.org/wiki/Phase_(matter)
https://en.wikipedia.org/wiki/Phase_transition
https://en.wikipedia.org/wiki/Phase_transition


secondary nucleation can be important. This is the formation of nuclei of a new crystal directly 

caused by pre-existing crystals. 

For example, if the crystals are in a solution and the system is subject to shearing forces, small 

crystal nuclei could be sheared off a growing crystal, thus increasing the number of crystals in 

the system. So both primary and secondary nucleation increase the number of crystals in the 

system but their mechanisms are very different, and secondary nucleation relies on crystals 

already being present. 

 



Laminar and Turbulent Boundary Layers 

A boundary layer may be laminar or turbulent. A laminar boundary layer is one where the flow 

takes place in layers, i.e., each layer slides past the adjacent layers. This is in contrast to 

Turbulent Boundary Layers shown in Fig. 1 where there is an intense agitation. 

In a laminar boundary layer any exchange of mass or momentum takes place only between 

adjacent layers on a microscopic scale which is not visible to the eye. Consequently molecular 

viscosity  is able predict the shear stress associated. Laminar boundary layers are found only 

when the Reynolds numbers are small. 

 

Figure 1: Typical velocity profiles for laminar and turbulent boundary layers 

A turbulent boundary layer on the other hand is marked by mixing across several layers of it. The 

mixing is now on a macroscopic scale. Packets of fluid may be seen moving across. Thus there is 

an exchange of mass, momentum and energy on a much bigger scale compared to a laminar 

boundary layer. A turbulent boundary layer forms only at larger Reynolds numbers. The scale of 



mixing cannot be handled by molecular viscosity alone. Those calculating turbulent flow rely on 

what is called Turbulence Viscosity or Eddy Viscosity, which has no exact expression. It has to 

be modelled. Several models have been developed for the purpose. 

 

Figure 2: Typical velocity profiles for laminar and turbulent boundary layers 

 



Dimensional Analysis for Free and Forced Convection:  

If number of variables influencing convective heat transfer coefficient are known, then the following two 

methods can be used to develop a mathematical expression relating the variables with the convective heat 

transfer coefficient.  

i)                    Rayleigh’s Method 

ii)                  Buckingham’s π-theorem 

However, in application of dimensional analysis for determining convective heat transfer coefficient for 

free and forced convection, Rayleigh’s method will not be used as it has certain limitations that can be 

overcome by using Buckingham’s π-theorem method. 

Buckingham’s π-Theorem Method 

In the Rayleigh’s method of dimensional analysis, solution becomes more and more cumbersome and 
laborious if number of influencing variables become more than the fundamental units (M, L, T and θ) 

involved in the physical phenomenon.. The use of Buckingham’s π-theorem method enables to overcome 

this limitation and states that if there are ‘n’ variables (independent and dependent) in a physical 

phenomenon and if these variables contain ‘m’ number of fundamental dimensions (M, L, T and θ), then 

the variables are arranged in to (n-m) dimensionless terms called π-terms. 

 Buckingham’s π-Theorem Method can be applied for forced and free convection processes to determine 

the heat transfer coefficient. 

Dimensional Analysis for Forced Convection 

On the basis of experience, it is concluded that forced convection heat transfer coefficient is a function of 

variables given below in Table -2 

S. No. Variable / Parameter Symbol Dimensions 

1 Fluid density ρ ML-3
 

2 Dynamic viscosity of fluid μ ML-1T-1
 

3 Fluid Velocity V LT-1
 

4 Thermal conductivity of fluid k MLT-3 θ-1
 

5 Specific heat of fluid Cp L2T-2 θ-1
 



6 Characteristic length of heat transfer area D L 

  

Therefore, convective heat transfer coefficient is expressed as 

h = f(ρ, μ, V, k, Cp, D)                                                                                      (1) 

f( h, ρ, μ, V, k, Cp, D) = 0                                                                                 (2) 

Convective heat transfer coefficient, h is dependent variable and remaining are independent variables.  

Total number of variables, n = 7 

Number of fundamental units, m = 4 

According to Buckingham’s π-theorem, number of π-terms is given by the difference of total number of 

variables and number of fundamental units. 

Number of π-terms = (n-m) = 7-4 = 3 

These non-dimensional π-terms control the forced convection phenomenon and are expressed as 

f(π1, π2, π3) = 0                                                                                          (3) 

Each π-term is written in terms of repeating variables and one other variable. In order to select repeating 

variables following method should be followed.  

 Number of repeating variables should be equal to number of fundamental units involved 

in the physical phenomenon.  

 Dependent variable should not be selected as repeating variable.  

 The repeating variables should be selected in such a way that one of the variables should 
contain a geometric property such as length, diameter or height. Other repeating 

variable should contain a flow property such as velocity or acceleration and the third 

one should contain a fluid property such as viscosity, density, specific heat or specific 

weight. 

 The selected repeating variables should not form a dimensionless group.  

 The selected repeating variables together must have same number of fundamental 

dimensions. 

 No two selected repeating variables should have same dimensions. 

The following repeating variables are selected 

i)                    Dynamic viscosity, μ having fundamental dimensions ML
-1

T
-1

 

ii)                  Thermal conductivity, k having fundamental dimensions MLT
-3

 θ
-1

 



iii)                Fluid velocity, V having fundamental dimensions LT
-1

 

iv)                Characteristic length, D having fundamental dimensions L  

Each π-term is expressed as: 

π1 = μa kb, Vc, Dd, h                                                                                           (4) 

Writing down each term in above equation in terms of fundamental dimensions  

M0L0T0 θ0
  = (ML-1T-1)a (MLT-3 θ-1)b (LT-1)c (L)d MT-3 θ-1

 

Comparing the powers of M, we get  

0 = a+b+1, a+b= -1                                                                                            

(5)                                                                               

Comparing powers of L, we get  

 0 = -a+b+c +d                                                                                                    (6) 

Comparing powers of T, we get  

  0 = -a- 3b-c -3                                                                                                  (7) 

Comparing powers of θ, we get  

0 = -b -1,                       

 b=-1                                                                                                                    (8) 

Substituting value of ‘b’ from equation (8) in equation (5), we get  

 a = 0                                                                                                                    (9) 

Substituting values of ‘a’ and ‘b’ in equation (7), we get 

c = 0                                                                                                                    (10) 

Substituting the values of ‘a’, ‘b’ and ‘c’ in equation (6), we get  

d = 1 

Substituting the values of ‘a’, ‘b’, ‘c’ and ‘d’ in equation (4), we get  

π1 = μ-0 k-1, V0, D1, h 

π1 = h D / k                                                                                                         (11) 

The second π –term is expressed as 

π2 = μa kb, Vc, Dd, ρ                                                                                           (12)    



M0L0T0 θ0
  = (ML-1T-1)a (MLT-3 θ-1)b (LT-1)c (L)d ML-3

 

Comparing the powers of M, we get  

0 = a+b+1, a+b=-1                                                                                             (13)      

                                                                          

Comparing powers of L, we get 

 0 = -a+ b+ c +d -3                                                                                              (14) 

Comparing powers of T, we get  

  0 = -a- 3b-c                                                                                                       (15) 

Comparing powers of θ, we get  

0 = -b ,                       

 b=0                                                                                                                    (16) 

Substituting value of ‘b’ from equation (16) in equation (13), we get 

 a = -1                                                                                                                  (17) 

Substituting values of ‘a’ and ‘b’ in equation (15), we get  

c = 1                                                                                                                    (18) 

Substituting the values of ‘a’, ‘b’ and ‘c’ in equation (14), we get  

d = 1 

Substituting the values of ‘a’, ‘b’, ‘c’ and ‘d’ in equation (12), we get  

π2 = μ-1 k0, V1, D1, ρ 

π2 = ρ VD / μ                                                                                                       (19) 

The third π –term is expressed as 

π3 = μa kb, Vc, Dd, Cp                                                                                         (20)   

M0L0T0 θ0
  = (ML-1T-1)a (MLT-3 θ-1)b (LT-1)c (L)d L2T-2 θ-1

 

Comparing the powers of M, we get  

0=a+b, a+b=0                                                                           (21) 

Comparing powers of L, we get  

 0 = -a+ b+ c +d +2                                                                                            (22) 



Comparing powers of T, we get  

  0 = -a- 3b-c-2                                                                                                   (23) 

Comparing powers of θ, we get  

0 = -b -1,                       

 b=-1                                                                                                                  (24) 

Substituting value of ‘b’ from equation (24) in equation (21), we get  

 a = 1                                                                                                                 (25) 

Substituting values of ‘a’ and ‘b’ in equation (23), we get  

c = 0                                                                                                                  (26) 

Substituting the values of ‘a’, ‘b’ and ‘c’ in equation (22), we get  

d = 0 

Substituting the values of ‘a’, ‘b’, ‘c’ and ‘d’ in equation (12), we get  

π3 = μ1 k-1, V0, D0, Cp 

π3 = μ Cp/k                                                                                                       (27) 

Substituting the values of  π1, π2, π3 in equation (3), we get 

f(h D / k, ρ VD / μ, μ Cp/k ) =0    

h D / k = φ(ρ VD / μ, μ Cp/k )  

Nu  =   φ(Re, Pr)    

The above correlation is generally expressed as 

Nu   =   C (Re)a (Pr)b   

The constant C and exponents ‘a’ and ‘b’ are determined through experiments.  

Dimensional Analysis for Free Convection: 

In free convection heat transfer process, convective heat transfer coefficient depends upon the same 

parameters/variable as in case of forced convection except velocity of fluid. It is on account of the fact 

that in free convection motion of fluid occurs due to difference in density of various layers of fluid caused 
by temperature difference whereas in case of forced convection motion of fluid is caused by an external 

source. The fluid velocity in case of free convection depends upon the following parameters;  

i)        Temperature difference between solid surface and bulk fluid, ΔT 



ii)      Acceleration due to gravity, g 

iii)    Coefficient of volumetric expansion of fluid, β 

The change in the volume when temperature changes can be expressed as 

dV = V1 β (T2 – T1)          

where 

dV - change in volume (m3) 

     = V2 – V1  

 β = Coefficient of volumetric expansion of fluid,(m3/m3 oC) 

T2 - Final temperature (oC) 

T1 - Initial temperature (oC) 

Therefore, free convection heat transfer coefficient is a function of variables given in Table 3  

Table 3 

S. No. Variable Symbol Dimensions 

1 Fluid density ρ ML-3
 

2 Dynamic viscosity of fluid μ ML-1T-1
 

3 Thermal conductivity of fluid k MLT-3 θ-1
 

4 Specific heat of fluid Cp L2T-2 θ-1
 

5 Characteristic length of heat transfer area D L 

6 Temperature difference between surface and bulk fluid ΔT θ 

7 Coefficient of volumetric expansion β θ-1
 

8 Acceleration due to gravity g LT-2
 

  



Therefore, convective heat transfer coefficient is expressed as 

h = f(ρ, μ, k, Cp, D, ΔT, β, g)                                                                                      (28) 

However, in free convection, (ΔT β g) will be treated as single parameter as the velocity of fluid particles 

is a function of these parameters. Therefore, equation (28) can be expressed as  

f(h, ρ, μ, k, Cp, D, (ΔT β g))= 0                                                                                (29) 

Convective heat transfer coefficient, h is dependent variable and remaining are independent variables.  

Total number of variables, n = 7 

Number of fundamental units, m = 4 

According to Buckingham’s π-theorem, number of π-terms is given by the difference of total number of 

variables and number of fundamental units. 

Number of π-terms = (n-m) = 7-4 = 3 

These non-dimensional π-terms control the forced convection phenomenon and are expressed as 

f(π1, π2, π3) = 0                                                                                                       (30) 

Each π-term is written in terms of repeating variables and one other variable and the following repeating 

variables are selected 

i)            Dynamic viscosity, μ having fundamental dimensions ML
-1

T
-1

 

ii)          Thermal conductivity, k having fundamental dimensions MLT
-3

 θ
-1

 

iii)        Fluid density, ρ having fundamental dimensions ML
-3

 

iv)        Characteristic length, D having fundamental dimensions L  

Each π-term is expressed as: 

π1 = μa kb, ρc, Dd, h                                                                                   (31) 

Writing down each term in above equation in terms of fundamental dimensions 

M0L0T0 θ0
  = (ML-1T-1)a (MLT-3 θ-1)b (ML-3)c (L)d MT-3 θ-1

 

Comparing the powers of M, we get  

0 = a+b+c+1, a+b+c= -1                                                    

                                             (32)                                                                                

Comparing powers of L, we get  

0 = -a+b+c +d                                                                                                                (33) 



Comparing powers of T, we get  

0 = -a- 3b-c -3                                                                                                               (34) 

Comparing powers of θ, we get  

0 = -b -1,                       

b=-1                                                                                                                               (35) 

Substituting value of ‘b’ from equation (35) in equation (32), we get  

a = 0                                                                                                                              (36) 

Substituting values of ‘a’ and ‘b’ in equation (34), we get  

c = 0                                                                                                                               (37) 

Substituting the values of ‘a’, ‘b’ and ‘c’ in equation (33), we get  

d = 1 

Substituting the values of ‘a’, ‘b’, ‘c’ and ‘d’ in equation (31), we get 

π1 = μa kb, ρc, Dd, ρ 

π1 = h D / k                                                                                                                (38) 

The second π –term is expressed as 

π2 = μa kb, ρc, Dd, Cp                                                                                                 (39)   

M0L0T0 θ0
  = (ML-1T-1)a (MLT-3 θ-1)b (ML-3)c (L)d L2T-2 θ-1

 

Comparing the powers of M, we get  

0 = a+b+c    

                                                                                                              (40)                                                     

                          

Comparing powers of L, we get  

0 = -a+ b-3c +d +2                                                                                                   (41) 

Comparing powers of T, we get  

0 = -a- 3b-2                                                                                                             (42) 

Comparing powers of θ, we get 

0 = -b-1,   b=-1                                                                      

                                    (43)                                                                                                       



Substituting value of ‘b’ from equation (43) in equation (40), we get  

 a = 1                                                                                                                         (44) 

Substituting values of ‘a’ and ‘b’ in equation (42), we get  

c = 0                                                                                                                          (45) 

Substituting the values of ‘a’, ‘b’ and ‘c’ in equation (41), we get  

d = 0 

Substituting the values of ‘a’, ‘b’, ‘c’ and ‘d’ in equation (39), we get 

π2 = μ1 k-1, ρ0 , D0, Cp 

π2 = μ Cp / k  = Prandtl Number = Pr                                                                     (46) 

                                                                                                  

The third π –term is expressed as 

π3 = μa kb, ρc, Dd, ((ΔT β g)                                                                                    (47)   

M0L0T0 θ0
  = (ML-1T-1)a (MLT-3 θ-1)b (ML-3)c (L)d (θ-1LT-2 θ1) 

M0L0T0 θ0
  = (ML-1T-1)a (MLT-3 θ-1)b (ML-3)c (L)d (LT-2) 

Comparing the powers of M, we get  

0 = a+b+c, a+b+c= 0                                                                                             

 (48)                                                                               

Comparing powers of L, we get  

0 = -a+b-3c +d +1                                                                                                 (49) 

Comparing powers of T, we get  

0 = -a- 3b-2                                                                                                          (50) 

Comparing powers of θ, we get  

0 = -b, b=0                                                                                                             (51)               

Substituting value of ‘b’ from equation (51) in equation (48), we get 

 a = -2                                                                                                                    (52) 

Substituting values of ‘a’ and ‘b’ in equation (50), we get  

c = 2                                                                                                                      (53) 



Substituting the values of ‘a’, ‘b’ and ‘c’ in equation (49), we get  

d = 3 

Substituting the values of ‘a’, ‘b’, ‘c’ and ‘d’ in equation (47), we get  

π3 = μ-2 k0, ρ2, D3, (ΔT β g) 

π3 = ρ2 D3 (ΔT β g) / μ2
 

= D3 (ΔT β g) / 

υ2                                                                                              (54)                                                                      

                               

Substituting the values of  π1, π2, π3 in equation (30), we get 

f(h D / k, μ Cp/k, D3 (ΔT β g) / υ2 ) =0    

h D / k = φ(μ Cp/k, D3 (ΔT β g) / υ2 )  

Nu  =   φ(Pr, Gr)    as Gr = D3 (ΔT β g) / υ2                                                           (55) 

The above correlation is generally expressed as 

Nu   =   C (Pr)a (Gr)b                                                                                          (56) 

The constant C and exponents a  and b are determined through experiments.  
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