UNIT-1: INTRODUCTION OF HEAT TRANSFER AND CONDUCTION HEAT TRANSFER (5ME4-02)

UNIT-1
CO1: To understand the basic concept of mode of heat transfer.

CO-3: To analyze the complex problems of heat transfer with proper boundary conditions.

SN CONTENTS HOURS
1 Introduction: Objective, Scope and outcome of the course 1
2 Heat transfer processes, conduction and radiation. Fourier’s law of heat conduction, 4

thermal conductivity, thermal conductivity of solids, liquids and gases, effect of
temperature on thermal conductivity. Newton’s law of cooling, definition of overall
heat transfer coefficient. General parameters influence the value of heat transfer
coefficient

Conduction: General 3-Dimensoinal conduction equation in Cartesian, cylindrical and | 3
spherical coordinates; different kinds of boundary conditions; nature of differential
equations; one dimensional

Heat conduction with and without heat generation; electrical analogy; heat conduction
through composite walls; critical thickness of insulation.

Heat transfer and Thermodynamics

Thermodynamics :
o Thermodynamics" deals with the amount of energy in form of heat or work during a process and
only considers the end states in equilibrium.
o How much heat is transferred (dQ)
o How much work is done (dW)
Heat transfer
o Heat Transfer" deals with the rate of heat transfer thus, Heat transfer deals with time and non
equilibrium phenomena. Heat can only transfer when there is a temperature gradient exists in a
body and which is indication of non equilibrium phenomena.
o How (with what modes) dQ is transferred
o At what rate dQ is transferred
o Temperature distribution inside the body

Modes of Heat transfer

Conduction :
o The process by which heat directly transmitted through the material of a substance when there
is a difference of temperature between adjoining regions, without movement of the material
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UNIT-1: INTRODUCTION OF HEAT TRANSFER AND CONDUCTION HEAT TRANSFER (5ME4-02)

Fourier's law of conduction: IT states that the heat transferred through conduction is proportional to

o Area of cross section perpendicular to the direction of heat flow. (A)
o Temperature difference between the points causing the heat flow. (dT/dx )
o Inversely proportional to the thickness of the material along which heat is flowing.(x)
qg=kAdT/dx
Where,
o ¢= heat transfer (W)
ok =Thermal conductivity ( W/mK)
o dT/dx = Temperature gradient (K)
Convection :
o An energy transfer across a system boundary due to a temperature difference by the combined

mechanisms of intermolecular interactions and bulk transport. Convection needs fluid matter.

Newton’s law of cooling:

O

Rate of convective heat transfer is directly proportional to heat transfer surface area, convective
heat transfer coefficient and temperature difference.
AlIR Warmer air
Q rising
e //)frj N & e
Forced Air
a) natural convection b) forced convection

Q=hAdT

Q = Convection heat transfer (W)

h = Heat transfer coefficient (W/m?2K)

dT = Temperature gradient (K)

Radiation :

O

Radiation is the emission or transmission of energy in the form of waves or particles
through space or through a material medium. This includes: electromagnetic radiation,
such as radio waves, microwaves, infrared, visible light, ultraviolet, x-rays, and
gamma radiation ()
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Stefan boltzmann law :

o It state that the total radiant heat power emitted from a surface is proportional to the
fourth power of its absolute temperature.

However, the rate of radiation heat exchange between a small surface and a large
surrounding is given by the following expression

- Tsur -
i q"rad. q“conv. ~
. L
T; AreazA
Radiation from sun Radiation heat transfer

Q= eo. A(T¢—Ti)
Q = Radiation heat transfer (W)
o = Boltzmann constant ( W/ m?K*)

€ = Emissivity

Thermal Conductivity

When a system gains heat, it stores some of its heat energy and transports the remaining heat
energy to some other system. The ability of a system to transport heat energy is referred to as
Thermal conductivity of the system. Basically, it is a Transport property of a system. Thermal
conductivity is represented by k. The unit of thermal conductivity as we have seen earlier is

W/ m*K.
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Thermal conductivity in solids, liquids and gases

What governs conduction in solids, liquids and gases?

Before analyzing thermal conductivity for different phases, let us look at the phenomena which

govern heat conduction through solids, liquids, and gases.

In solids, heat can be conducted through two mechanisms. First is lattice vibrations and the second
is Flow of free electrons. Increased lattice vibrations facilitate the transport heat energy through
the medium. The flow of free electrons increases electrical conductivity. This also helps in the

process of diffusion of heat energy through the medium.

In liquids and gases, heat conduction occurs mainly through two mechanisms. First is the collision
between atoms, molecules or ions, and second is molecular diffusion. As the number of collisions
increases, the exchange of energy among molecules increases. This helps in the transport of heat
energy through the medium. Molecular diffusion is the random movement of molecules in a
medium. As the random movement of molecules increases, it obstructs the transport of heat energy

in a particular direction.

On what factors does the thermal conductivity depend for metals, non-metals and alloys?

As we have seen above, the conduction of heat through solids is dependent on two effects, namely
lattice vibrations and flow of free electrons. The thermal conductivity is obtained by adding lattice

and electronic components.

In Pure metals, the electronic effect plays a dominant role. Thus, they have relatively higher values

of thermal conductivity. For Pure metals, k ~ ke.
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In Non-metals, the lattice vibrations effect plays a dominant role. Non-metals generally have high

electric resistance, which obstructs the flow of electrons. Therefore, for non-metals k ~ kl.

The lattice component of thermal conductivity strongly depends on the way the molecules are
arranged. For example, wood, which is an amorphous solid (molecules are arranged in highly
disorderly manner), has relatively lower values of thermal conductivity and act as a thermal
insulator. Now consider diamond. It is a highly ordered crystalline solid. Thus it has the highest
thermal conductivity at room temperature. Beryllium Oxide (BeO), also a non-metal, has relatively
higher thermal conductivity due to its crystallinity.

Metals are good electrical and heat conductors because they have free electrons as well as lattice
vibrations. On the other hand, non-metals do not have free electrons, meaning they are electrically
non-conducting materials. And in general non-metals like wood are thermally non-conducting
materials. However, non-metals like diamond and Beryllium Oxide are good heat conductors. As
a result, such materials find widespread use in the electronics industry.

E.g. diamond heat sinks used for cooling electronic components.

Pure alloys have high thermal conductivity. One would expect an alloy made of two metals of
thermal conductivity ki and k> to have a conductivity k between k1 and k2. Surprisingly, this is
not the case. The thermal conductivity of an alloy of two metals is usually much lower than that.
For example, the thermal conductivities of Copper and Aluminum are 401 W/m°C and 237 W/m°C

respectively.
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Material Thermal Conductivity, W/m K
Copper 401
Silver 429
Gold 317
Aluminum 237
Steel 60.5
Limestone 2.15
Bakelite 1.4
Water 0.613
Air 0.0263

Let us try to gain an insight into the basic concept of thermal conductivity for various materials.
The fundamental concept comes from the molecular or atomic scale activities. Molecules/atoms
of various materials gain energy through different mechanisms. Gases, in which molecules are
free to move with a mean free path sufficiently large compared to their diameters, possess energy
in the form of kinetic energy of the molecules. Energy is gained or lost through

collisions/interactions of gas molecules.

. N
Lattice vibration may be transferred

Kinetic energy transfer between molecules as nuclei
benveen gas molecules. attract/repel each other.

Solids, on the other hand, have atoms/molecules which are more closely packed which cannot
move as freely as in gases. Hence, they cannot effectively transfer energy through these same
mechanisms. Instead, solids may exhibit energy through vibration or rotation of the nucleus. Hence
the energy transfer is typically through lattice vibrations.

Another important mechanism in which materials maintain energy is by shifting electrons into
higher orbital rings. In the case of electrical conductors the electrons are weakly bonded to the
molecule and can drift from one molecule to another, transporting their energy in the process.
Hence, flow of electrons, which is commonly observed in metals, is an effective transport
mechanism, resulting in a correlation that materials which are excellent electrical conductors are
usually excellent thermal conductors.
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