HEAT TRANSFER
UNIT-I
Introduction
Heat is the form of energy that can be transferred from one system to another as a result of
temperature difference. A thermodynamic analysis is concerned with the amount of heat transfer as a
system undergoes a process from one equilibrium state to another. The science that deals with the
determination of the rates of such energy transfers is the heat transfer. The transfer of energy as heat is
always from the higher-temperature medium to the lower-temperature one, and heat transfer stops when
the two mediums reach the same temperature.
Heat can be transferred in three different modes: conduction, convection, and radiation. All modes
of heat transfer require the existence of a temperature difference and all modes are from the hightemperature medium to a lower-temperature one.

Three Modes of Heat Transfer
There are three modes of heat transfer: conduction, convection, and radiation. Any energy exchange
between bodies occurs through one of these modes or a combination of them. Conduction is the transfer
of heat through solids or stationery fluids. Convection uses the movement of fluids to transfer heat.
Radiation does not require a medium for transferring heat; this mode uses the electromagnetic radiation
emitted by an object for exchanging heat.

Conduction
Conduction is at transfer through solids or stationery fluids. When you touch a hot object, the heat you
feel is transferred through your skin by conduction. Two mechanisms explain how heat is transferred by
conduction: lattice vibration and particle collision. Conduction through solids occurs by a combination of
the two mechanisms; heat is conducted through stationery fluids primarily by molecular collisions.
In solids, atoms are bound to each other by a series of bonds, analogous to springs. When there is a
temperature difference in the solid, the hot side of the solid experiences more vigorous atomic
movements. The vibrations are transmitted through the springs to the cooler side of the solid. Eventually
they reach equilibrium, where all the atoms are vibrating with the same energy.

Figure 1.1 Conduction by lattice vibration
Solids, especially metals, have free electrons, which are not bound to any particular atom and can freely
move about the solid. The electrons in the hot side of the solid move faster than those on the cooler side.
This scenario is shown in Figure 1.2. As the electrons undergo a series of collisions, the faster electrons
give off some of their energy to the slower electrons. Eventually, through a series of random collisions,
equilibrium is reached, where the electrons are moving at the same average velocity. Conduction through
electron collision is more effective than through lattice vibration; this is why metals generally are better
heat conductors than ceramic materials, which do not have many free electrons.

In fluids, conduction occurs through collisions between freely moving molecules. The mechanism is
identical to the electron collisions in metals. The effectiveness by which heat is transferred through a
material is measured by the thermal conductivity, k. A good conductor, such as copper, has a high
conductivity; a poor conductor, or an insulator, has a low conductivity.

Figure 1.2 Conduction by particle collission
Thermal Conductivity is measured in watts per meter per Kelvin (W/mK). The rate of heat transfer by
conduction is given by:

Figure 1.3 Heat Transfer by Conduction
Where, A is the cross-sectional area, through which the heat is conducting, T is the temperature difference
between the two surfaces separated by a distance Δx (see Figure 1.3). In heat transfer, a positive q means
that heat is flowing into the body, and a negative q represents heat leaving the body. The negative sign in
Eqn. 1.1
Convection
Convection uses the motion of fluids to transfer heat. In a typical convective heat transfer, a hot surface
heats the surrounding fluid, which is then carried away by fluid movement such as wind. The warm fluid
is replaced by cooler fluid, which can draw more heat away from the surface. Since the heated fluid is
constantly replaced by cooler fluid, the rate of heat transfer is enhanced.
Natural convection (or free convection) refers to a case where the fluid movement is created by the warm
fluid itself. The density of fluid decrease as it is heated; thus, hot fluids are lighter than cool fluids. Warm
fluid surrounding a hot object rises, and is replaced by cooler fluid. The result is a circulation of air above
the warm surface, as shown in Figure 1.4.

Figure 1.4 Natural convection

Forced convection uses external means of producing fluid movement. Forced convection is what makes a
windy, winter day feel much colder than a calm day with same temperature. The heat loss from your body
is increased due to the constant replenishment of cold air by the wind. Natural wind and fans are the two
most common sources of forced convection.
Convection coefficient, h, is the measure of how effectively a fluid transfers heat by convection. It is
measured in W/m2K, and is determined by factors such as the fluid density, viscosity, and velocity. Wind
blowing at 5 mph has a lower h than wind at the same temperature blowing at 30 mph. The rate of heat
transfer from a surface by convection is given by:
(Eq. 1.2)
Where, A is the surface area of the object, Tsurface is the surface temperature, and T∞ is the ambient or
fluid temperature.
Radiation
Radiative heat transfer does not require a medium to pass through; thus, it is the only form of heat transfer
present in vacuum. It uses electromagnetic radiation (photons), which travels at the speed of light and is
emitted by any matter with temperature above 0 degrees Kelvin (-273 °C). Radiative heat transfer occurs
when the emitted radiation strikes another body and is absorbed. We all experience radiative heat transfer
everyday; solar radiation, absorbed by our skin, is why we feel warmer in the sun than in the shade.
The electromagnetic spectrum classifies radiation according to wavelengths of the radiation. Main types
of radiation are (from short to long wavelengths): gamma rays, x-rays, ultraviolet (UV), visible light,
infrared (IR), microwaves, and radio waves. Radiation with shorter wavelengths are more energetic and
contains more heat. X-rays, having wavelengths ~10-9 m, are very energetic and can be harmful to
humans, while visible light with wavelengths ~10-7 m contain less energy and therefore have little effect
on life. A second characteristic which will become important later is that radiation with longer
wavelengths generally can penetrate through thicker solids. Visible light, as we all know, is blocked by a
wall. However, radio waves, having wavelengths on the order of meters, can readily pass through
concrete walls.
Any body with temperature above 0 Kelvin emits radiation. The type of radiation emitted is determined
largely by the temperature of the body. Most "hot" objects, from a cooking standpoint, emit infrared
radiation. Hotter objects, such as the sun at ~5800 K, emits more energetic radiation including visible and
UV. The visible portion is evident from the bright glare of the sun; the UV radiation causes tans and
burns.
The amount of radiation emitted by an object is given by:
(Eq. 1.3)
Where, A is the surface area, T is the temperature of the body, σ is a constant called Stefan-Boltzmann
constant, equal to 5.67×10-8 W/m2K4, and ε is a material property called emissivity. The emissivity has a
value between zero and 1, and is a measure of how efficiently a surface emits radiation. It is the ratio of
the radiation emitted by a surface to the radiation emitted by a perfect emitter at the same temperature.
The emitted radiation strikes a second surface, where it is reflected, absorbed, or transmitted (Figure 1.5).
The portion that contributes to the heating of the surface is the absorbed radiation. The percentage of the
incident radiation that is absorbed is called the absorptivity, α.

The amount of heat absorbed by the surface is given by:

Figure 1.5 Interaction between a surface and incident radiation
Where, I is the incident radiation. The incident radiation is determined by the amount of radiation emitted
by the object and how much of the emitted radiation actually strikes the surface. The latter is given by the
shape factor, F, which is the percentage of the emitted radiation reaching the surface. The net amount of
radiation absorbed by the surface is:
(Eq. 1.5)
For an object in an enclosure, the radiative exchange between the object and the wall is greatly simplified:
(Eq. 1.6)
This simplification can be made because all of the radiation emitted by the object strikes the wall
(Fobject→wall= 1).
Heat conduction Equation

Heat Conduction through Composite Wall:

Critical Radius of Insulation

Variable Thermal Conductivity:

UNIT-II
Heat Transfer in Extended Surface (Fins)
Introduction
Convection: Heat transfer between a solid surface and a moving fluid is governed by the Newton’s
cooling law: q = hA(Ts-T) temperature. Therefore, to increase the convective heat transfer, one can





Increase the temperature difference (Ts- T).
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.

Many times, when the first option is not in our control and the second option (i.e. increasing h) is already
stretched to its limit, we are left with the only alternative of increasing the effective surface area by using
fins or extended surfaces. Fins are protrusions from the base surface into the cooling fluid, so that the
extra surface of the protrusions is also in contact with the fluid. Most of you have encountered cooling
fins on air-cooled engines (motorcycles, portable generators, etc.), electronic equipment (CPUs),
automobile radiators, air conditioning equipment (condensers) and elsewhere.
Extended surface analysis

Unit-III
Heat transfer by convection
Forced convection:

UNIT-IV
Boiling and condensation

Boiling Regimes:

Boiling correlations:

Nucleate boiling:

Condensation:

Influence of Non condensable gases:

UNIT-V
Radiation Heat Transfer
Radiation, energy transfer across a system boundary due to a change of
Temperature, by the mechanism of photon emission or electromagnetic wave
emission.

Stefan Boltzmann’s Law:

View Factor:
Radiation heat transfer between surfaces depends on the orientation of the surfaces relative to
each other as well as their radiation properties and temperatures, as illustrated in Figure 12–1. For
example, a camper will make the most use of a campfire on a cold night by standing as close to
the fire as possible and by blocking as much of the radiation coming from the fire by turning her
front to the fire instead of her side. Likewise, a person will maximize the amount of solar
radiation incident on him and take a sunbath by lying down on his back instead of standing up on
his feet. To account for the effects of orientation on radiation heat transfer between two surfaces,
we define a new parameter called the view factor, which is a
purely geometric quantity and is independent of the surface properties and temperature. It is also
called the shape factor, configuration factor, and angle factor. The view factor based on the
assumption that the surfaces are diffuse emitters and diffuse reflectors is called the diffuse view
factor, and the view factor based on the assumption that the surfaces are diffuse emitters but
specular reflectors is called the specular view factor. In this book, we will consider radiation
exchange between diffuse surfaces only, and thus the term view factor will simply mean diffuse
view factor.
The view factor from a surface i to a surface j is denoted by Fi → j or just Fij, and is defined as
Fij _ the fraction of the radiation leaving surface i that strikes surface j directl.

THERMODYNAMICS
Vapor Power Cycle
The Carnot Vapour Cycle
The Carnot cycle is the most efficient cycle operating between two specified
temperature levels – it adopted as an ideal cycle.
Steam is the working fluid in the Carnot vapour cycle. Below we contemplate
why this cycle is not a suitable model for a power cycle.
Consider a steady-flow Carnot cycle executed within the saturation dome of a
pure substance show in Figure 10-1
Process 1 to 2:

the fluid is heated reversibly and isothermally in a
boiler.

Process 2 to 3:

expanded isentropically in a turbine.

Process 3 to 4:

condensed reversibly and isothermally in a condenser.

Process 4 to 1:

compressed isentropically by a compressor to the
initial state.
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Its impracticalities:
1) Isothermal heat transfer to or from a two phase system is not difficult to
achieve in practice since maintaining a constant pressure in the device will
automatically fix the temperature at saturation value (process 1 to 2 and
process 3 to 4). But limiting the heat transfer process to the two phase
system limits thermal efficiency to the cycle.
2) The isentropic expansion process (process 2 to 3) can be approximated
closely by a well designed turbine. However, the quality of the steam
decreases during this process, as shown on the T-s diagram (a). This is not
acceptable as turbines cannot handle steam quality less that 90 percent.
3) The isentropic compression process (process 4 to 1) involves the
compression of a liquid – vapour mixture to a saturated liquid. 1) It is not
easy to control the condensation process so precisely to achieve state 4. 2)
It is not practical to design a compressor that will handle two phases.
Rankine Cycle
The Ideal Cycle for Vapour Power Cycles
The Rankine cycle is the ideal cycle to represent the vapour power plants. It does
not involve and internal ireversibilites and consists of the following four
processes.
Process 1 to 2: isentropic compression in pump
Process 2 to 3: constant pressure heat addition in a boiler
Process 3 to 4: isentropic expansion in a turbine
Process 4 to 1: constant pressure heat rejection in a condenser
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Energy Analysis of the Ideal Rankine Cycle
The steady flow energy equation power unit mass of steam reduce to (ignoring
change in kinetic and potential energy)

q  w  h
Process 1 to 2 ( q  0 ):

win  h2  h1
Or

win  vP2  P1 
Process 2 to 3 ( w  0 ):

qin  h3  h2
Process 3 to 4 ( q  0 ):

wout  h3  h4
Process 4 to 1 ( w  0 ):

qout  h4  h1
The thermal efficiency of the Rankine cycle is determined from

 th 

wnet
q in

 th  1 

q out
q in

Questions
1) Consider a steam power plant operating on the simple ideal Rankine cycle.
The steam enters the turbine at 3 MPa and 350°C and is condensed in the
condenser at a pressure of 75 kPa. Determine the thermal efficiency of
this cycle.
2) A steam power plant uses 3.045 tonne of coal per hour. The steam is fed
to a turbine the out of which is 4.1 MA. The calorific value of the coal is
28 MJ/kg. Determine the thermal efficiency of the plant.
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3) A steam power plant operates on the Rankine cycle. Steam is delivered
from the boiler to the turbine at a pressure of 3.5 MPa and with a
temperature of 350 °C. Steam from the turbine exhaust into a condenser
at a pressure of 10 kPa. Condensate from the condenser is returned to the
boiler by means of a feed-pump. Neglecting losses, Determine:
(a) Energy supplied in the boiler per kg of steam generated.
(b) Dryness fraction of the steam entering the condenser
(c) Rankine efficiency
4) A steam power plant operates between boiler and condenser pressure of 70
bar and 0.5 bar. The temperature of the steam leaving the boiler is 600 °C.
(a) Sketch the layout of the equipment
(b) Name the theoretical cycle commonly used to model steam power
plants
(c) Sketch the theoretical cycle on a T-s diagram
(d) Determine the specific entropy at the beginning and end of the
turbine process
(e) Determine the heat supplied in the boiler
(f) Determine the work done by the feed pump
(g) Determine the cycle thermal efficiency
5) In a steam power plant steam leaves the boiler at a pressure of 40 bar and a
temperature of 500 °C. An isentropic expansion in the turbine takes the
pressure down to 0.05 bar. The steam then enters the condenser and is
recirculated in the normal way.
(a) Sketch the physical layout of the plant using a simple block
diagram and name all the major components
(b) Name the theoretical cycle used to model steam power plant and
sketch the cycle on a T-s diagram
(c) Explain what is meant by isentropic process
(d) Calculate the specific enthalpy change across each major
component
(e) Calculate the cycle thermal efficiency
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Deviation of actual vapour cycle from idealized ones
The actual vapour power cycles differ from the ideal Rankine cycle as shown
below, as a result of irreversibilities in various components.
Fluid friction and undesired heat loss to the surroundings are two common
sources of irreversibilities.

•

Particular importance are given to the irreversibilities occurring within the
pump and turbine. A pump requires greater input and a turbine produces a
smaller work output as a result of irreversibilities.

•

The deviation of actual pumps and turbines from the isentropic ones can
be accounted for by utilising isentropic efficiencies defined as:

Isentropic efficiency for a pump:

P 

h2 s  h1
h2 a  h1

T 

h3  h4 a
h3  h4 s

Isentropic efficiency for a turbine:
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Question
A steam power plant operates on the cycle shown in Fig 10.5. If the adiabatic efficiency
of the turbine is 87 percent and the adiabatic efficiency of the pump is 85 percent,
determine (a) the thermal efficiency of the cycle and (b) the net power output of the plant
for a mass flow rate of 15 kg/s.
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