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Basic Concepts

1.1. Heat transfer — general aspects — Heat -
Importance of heat transfer — Difference
between thermodyvnamics and heat
transfer — Modes of heat transfer.

1.2. Heat transfer by conduction: Fourier’s law
of heat conduction = Thermal conductivity
of materials = Thermal resistance (Ry,).

1.3. Heat transfer by convection.

1.4, Heat transfer by radiation. Highlights -
Theoretical Questions Unsolved
Examples.

1.1. HEAT TRANSFER-GENERAL
ASPECTS

L1.1. HEAI

“The energy in transit is termed heat”

While Aristotle was of the opinion that fire was
one of the four primary elements, Plato thought that
the heat was sort of motion of particles; accordingly
there are two theories of heat. Any theory should be
able to explain the facts given below :

()  Whenever there is an exchange of heat, heat
is consumed (heat lost by the hot body is
always equal to heat gained by the cold
body).

(if) The heat flow takes place from higher to
lower lemperature.

(fii) The substances expand on heating.

(ivi  Inorder to change the state of a body from
solid to liquid or liguid to gas without rise
in temperature, certain amount of heat 1s
required.

(v} When a body 1s heated or cooled its weight
does not change.

According to the modern or dynamical theory
of heat: “Hear is a form of energy. The molecules
of a substance are in parallel motion. The mean
kinetic energy per molecule of the substance is
proportional to its absolute temperature”.

A molecule may consist of one or two or many
atoms depending upon the nature of the gas. The force
of attraction between the molecules of a perfect gas
is negligible. The atoms in a molecule vibrate with
respect to one another, consequently a molecule has
“vibrational energy’. The whole molecule may rotate
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about one or more axes, so it can have “rotational energy’. A molecule has “translational energy’ due
to its motion. Thus kinetic energy of a molecule is the sum of its translational, rotational and vibrational
energies. Summarily heat energy given fo a substance is used in increasing ity internal energy. Increase
in internal energy causes increase in kinetic energy or potential energy or increase in both the energies.
Due to increase in kinetic energy of a molecule, its translational, vibrational or rotational energy may
increase.

1.1.2. IMPORTANCE OF HEAT TRANSFER
Heat transfer may be defined as :
“The transmission of energy from one region to another as a result of temperature gradient”.

In heat transfer the driving potential 1s temperature difference whereas in mass transfer the
driving potential 15 concentration difference. In mass transfer we concentrate upon mass moefion
which result in changes in composition, and are caused by the variations in concentrations of the
various constituent species. This transfer, in literature, is also known as “diffusion™.

The study of heat transfer is carried out for the follows purposes

. To estimate the rate of flow of energy as heat through the boundary of a system under study
(both under steady and transient conditions).

2. To determine the temperature field under steady and transient conditions.

In almost every branch of engineering, heat transfer (and mass transfer) problems are encountered
which cannot be solved by thermodynamic reasoning alone but require an analysis based on heat
transfer principles. The areas covered under the discipline of heat transfer are :

® Design of thermal and nuclear power plants including heat engines, steam generators,
condensers and other heat exchange equipments, catalytic converters, heat shields for space
vehicles, furnaces, electronic equipments etc,

Internal combustion engines.
Refrigeration and air conditioning units.
Design of cooling systems for electric motors, generators and transformers.

Heating and cooling of fluids etc. in chemical operations.

Construction of dams and structures; minimisation of building-heat losses using improved
insulation techniques.

Thermal control of space vehicles.

Heat treatment of metals.

Dispersion of atmospheric pollutants.

1.1.3. THERMODYNAMICS
1.1.3.1. Definition

Thermodynamics may be defined as follows:

“Thermodvynamics is an axiomatic science which deals with the relations among heat, work and
properties of svstem which are in egquilibrium. It describes state and changes in state of physical
systems.”

Thermodynamic, basically entails four laws or axioms known as Zeroth, First, Second and Third
law of thermodynamics.

® First law throws light on concepr of internal energy.

® Zeroth law deals with thermal equilibrinm and establishes a concept of temperature.
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® Second law indicates the limit of converting heat into work and introduces the principle of
increase of enfropy.

® Third law defines absolute zero of entrapy.

These laws are based on experimental observations and have no mathematical proof. Like all
physical laws, these laws are based on logical reasoning.

1.1.3.2. Thermodynamic systems
System, boundary and surroundings :

System. A system is a finite quantity of matter or a preseribed region of space (Refer Fig. 1.1).

Convenient
Imaginary
boundary
Real
boundary
e )
o v
Cvlinder e - jrr=r -
_\ | I <+— System
I System | | e i i
AR Y Pt | | Piston
Piston
Fig. 1.1. The system. Fig. 1.2. The real and imaginary boundary.

Boundary. The actual or hypathetical envelop enclosing the system is the boundary of the
system. The boundary may be fixed or it may move, as and when a system containing a gas is
compressed or expanded. The boundary may be real or imaginary. It is not difficult to envtisage a
real boundary but an example of imaginary boundary would be one drawn around a system consisting
of a fresh mixture about to enter the cylinder of an L.C engine together with remanants of the last
cylinder charge after the exhaust process (Fig 1.2).

Refer to Fig. 1.3. If the boundary of the system is impervious to the flow of matter, it is called a
closed svstem. An example of this system is mass of gas or vapour contained in an engine cylinder,
the boundary of which is drawn by the cylinder walls, the cylinder head and piston crown. Here the
boundary is continuous and no matter may enfer or leave.

Mass remains constant

Ot
regardless variation of Mass not necessarily
K boundaries ‘ ‘ T constant

(ras Gas

3 -

S S —

Boundary

Boundary
A

I

I

|
il

I

I

I

—

Fig. 1.3. Closed system. Fig. 1.4. Open system.
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Open system :

Refer figure 1.4. An open system is one in which matter flows into or out of the system. Most of
the engineering systems are open.
Isolated system :

An isolated system is that system which exchanges neither energy nor matter with any other
svstem or with environment.

Adiabatic system :

An adiabatic system is one which is thermally insulated from its surroundings. It can, however,
exchange work with its surroundings. If it does not, it becomes an isolated system.

Phase :

A phase 15 a quantity of matter which is homogeneous throughout in chemical composition and
physical structure.

Homogeneous system :

A system which consists of a single phase 15 termed as homogeneous system. Examples : Mixture
of air and water vapour, water plus nitric acid and octane plus heptane.

Heterogeneous system :

A system which consists of two or more phases is called a heterogeneous system. Examples :
Wiater plus steam, ice plus water and water plus oil.

1.1.3.3. Macroscopic and microscopic points of view
Thermodynamic studies are undertaken by the following two different approaches :
1. Macroscopic approach—(Macro mean big or tolal)
2. Microscopic approach—{Micro means small)

Fusion
reaction

Helium nucleus
(two protons +
two neutrons)

Four hydrogen
nuclel {protans) Energy

Sun is the major source of energy for the earth.

These approaches are discussed (in a comparative way) below ;

Note. Although the macroscopic approach seems to be different from microscopic one, there exists relation
between them. Hence when both the methods are applied to a particular system, they give the same result.

1.1.3.4. Pure substance

A “pure substance” is one that has a homogeneous and invariable chemical composition even
though there is a change of phase. In other words, it is a system which is {(a) homogeneous in
composition, (&) homogeneous in chemical aggregation. Examples : Liquid, water, mixture of liguid
water and steam, mixture of ice and water. The mixture of liquid air and gaseous air is not a pure
substance.
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5.No.

Macroscopic approach

Microscopic approach

-

Ll

In this approach a certain guantity of matter
is considered without taking into account
the events occuring at molecular level. In
other words this approach to thermo-
dynamics is concerned with gross or overall
behaviour. This is known as “Classical
thermodynamics™.

The analysis of macroscopic system
requires simple mathematical formulae,

The values of the properties of the system
are their average values. For example,
consider a sample of a gas in a closed
container. The pressure of the gas is the
average value of the pressure exerted by
millions of individual molecules. Similarly
the temperature of this gas is the average
value of translational kinetic energies of
millions of individual molecules. These
properties like pressure and temperature can
be measured very easily. The changes in
properties can be felt by our senses.

In order to describe a system only a few
properties are needed,

The approach considers that the system
is matter of a very large number of
discrete particles known as molecules.
These molecule have different
velocities and energies. The values of
these energies are constantly changing
with time, This approach to
thermodynamics which is concerned
directly with the structure of the matter
is known as “Statistical thermo-
dynamics™.

The behaviour of the system is found
by using statistical methods as the
number of molecules is very large. So
advanced statistical and mathematical
methods are needed to explain the
change in the system.

The properties like velocity,
momentum, impulse kinetic energy,
force of impact etc. which describe
the molecule cannot be easily
measured by instriuments. Our senses
cannot feel them.

Large number of variables are needed
to describe a system. So the approach
is complicated,

1.1.3.5. Thermodynamic equilibrium

A system 15 in thermodynamic equilibrivm if the temperature and pressure at all points are same;
there should be no velocity gradient; the chemical equilibrium 15 also necessary. S}fH[{.'.mF-i under
temperature and pressure equilibrinm but not under chemical equilibrium are sometimes said to be
in metastable equilibrium conditions. It is only under thermodynamic equilibrium conditions that

the properties of a svstem can be fixed,

Thus for attaining a state of thermodynamic equilibrium the following three types of equilibrium

states must be achieved :

I. Thermal equilibrivm. The temperature of the system does not change with time and has

same value at all points of the system.

2. Mechanical equilibrium. There are no unbalanced forces within the system or between the
surroundings. The pressure in the system is same at all points and does not change with respect to time.
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3. Chemical equilibrimm. No chemical reaction takes place in the system and the chemical
composition which is same throughout the system does not vary with time.

1.1.3.6. Properties of systems

A “property of a system” is a characteristic of the system which depends upon ils state, but not
upon how the state s reached. There are two sorts of property :

I. Intensive properties. These properties do not depend on the mass of the system. Example
Temperature and pressure.

2. Extensive properties. These properties depend on the mass of the svstem. Example : Yolume,
Extensive properties are often divided by mass associated with them to obtain the intensive poroperties.

For example, if the volume of a system of mass m is V, then the specific volume of matter within the
Vv
system is o =V which is an intensive property.

1.1.3.7. State

“State™ is the condition of the system at an instant of time as described or measured by its
properties. Or each unigue condition of a system is called a “state™.

It follows from the definition of state that each property has a single value at each state. Stated
differently, all properties are state or point functions. Therefore, all properties are identical for
identical states.

On the basis of the above discussion, we can determine if a given variable is property or not by
applying the following tests :

® A variable is a property, if and only if, it has a single value ai each equilibrinm state.

® A variable is a property, if and only if, the change in its value between any two prescribed

equilibrium states is single-valued.

Therefore, any variable whose change is fixed by the end states is a “property”.

1.1.3.8. Process

A process occurs when the system undergoes a change in a state or an energy transfer at a steady
state. A process may be non-flow in which a fixed mass within the defined boundary is undergoing a
change of state. Example : A substance which is being heated in a closed cylinder undergoes a non-
flow process (Fig. 1.3.). Closed systems undergo non-flow processes. A process may be a flow process

Petroleum, Coal, etc. are energy sources which originally obtained the energy from the Sun.
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in which mass is entering and leaving through the boundary of an open system. In a steady flow
process (Fig. 1.4.) mass is crossing the boundary from surroundings at entry, and an equal mass is
crossing the boundary at the exit so that the total mass of the system remains constant. In an open
system it 15 necessary to take account of the work delivered from the surroundings to the system at
entry to cause the mass to enter, and also, of the work delivered from the system at surroundings to
cause the mass to leave, as well as any heat or work crossing the boundary of the system.

Quasi-static process. Quasi means ‘almost’. A quasi-static process is also called a reversible
process. This process is a succession of egquilibrium states and infinite slowness is ity characteristic
feature.

1.1.3.9. Cycle P, (Pressure)

Any process or series of processes whose
end states are identical is termed a eycle, The
processes through which the system has
passed can be shown on a state diagram, but
a complete section of the path requires in
addition a statement of the heat and work
crossing the boundary of the system. Ilig.1.5
shows such a cycle in which a system
commencing at condition ‘1’ changes in
pressure and volume through a path 1-2-3 and Fig. 1.5. Cycle of operations.
returns to its initial condition °1°,

1.1.3.10. Point function

When two properties locate a point on the graph (coordinate axes) then those properties are
called as point function.

» v (Volume)

Examples. Pressure, temperature, volume etc.

2
.[| dV =V, -V, (an exacrt differential)

1.1.3.11. Path function

There are certain quantities which cannot be located on a graph by a point but are given by the
area or so, on that graph. In that case, the area on the graph, pertaining to the particular process, is a
function of the path of the process. Such quantities are called path funcrions.

Examples : Heat, work etc.

Heat and work are rnexact differennials. Their change cannot be written as differences between
their end states.

Thus L_E-Q # ), — 0 and is shown as JQ2 ar Ql-z

Similarly jl'ﬁw # W, — W,, and is shownas W,or W, ,

Note. The operator § is used to denote inexact differentials and operator d is used to denote exact
differentials.

1.1.3.12. Temperature

The temperature is a thermal state of a body which distinguishes a hot body from a cold body.
The temperature of a body is proportional fo the stored molecular energy i.e., the average molecular
kinetic energy of the molecules in a system. (A particular molecule does not have a temperature, it
has energy; the gas as a system has temperature).



“ Heat and Mass Transfer

Instruments for measuring ordinary temperatures are known as thermometers and those for
measuring high temperatures are known as pyromelers.

It has been found that a gas will not occupy any volume at a certain temperature. This temperature
15 known as absolute zero temperature. The temperatures measured with absolute zero as basis are
called absolute remperatures. Absolute temperature is stated in degree centigrade. The point of absolute
temperature is found to occur at 273%C (app.) below the freezing point of water.

Then, Absolute temperature = Thermometer reading in °C + 273,
Absolute temperature in degree centigrade is known as degree kelvin, denoted by K (51 units).

1.1.3.13. Pressure

The pressure of a system is the force exerted by the system on unit area of boundaries.
Units of pressure are
SI Units. N/m* (sometimes called pascal, Pa) or bar
I bar = 10% N/m* = 10° Pa

Standard atmospheric pressure = 1.01325 bar = (.76 m Hg.
MKS System. kgflem?, mm of mercury, metre or mm of water column,

Standard atmospheric pressure = 1.033 kgflem® (= 760 mm of Hg)

Technical pressure = 1 keffem?,

The pressure gauges, vacuum gauges of manometers are used for measuring fluid pressure.
These devices indicate pressure relative to atmospheric pressure and this pressure is known as gauge
pressure. To get absolute pressure, atmospheric pressure is added to the gauge pressure. In other
words,

Absolute pressure = (Gauge pressure + atmospheric pressure.

Vaccum is defined as the absence of pressure. A perfect vacuum is obtained when absolute
pressure ts zero, at this instant molecular momentum is zero.

Energy, Work and Heat
1.1.3.14. Energy

“Energy” is a general term embracing energy in
transition and stored energy. The stored energy of a
substance may be in the forms of mechanical energy and
internal energy (other forms of stored energy may be
chemical energy and electrical energy). Part of the stored
energy may take the form of either potential energy (which
15 the gravitational energy due to height above a chosen
datum line) or kinetic energy due to velocity. The balance
part of the energy is known as infernal energy. In a non-
flow process usually there is no change of potential or kinetic energy and hence change of mechanical
energy will not enter the calculations. In a flow process, however, there may be changes in both
potential and kinetic energy and these must be taken into account while considering the changes of
stored energy. Heat and work are the forms of energy in transition. These are the only forms in which
energy can cross the boundaries of a system. Neither heat nor work can exist as stored energy.

1.1.3.15. Work

Work is said to be done when a force moves through a distance. If a part of the boundary of a
system undergoes a displacement under the action of a pressure, the work done W is the product of
the force (pressure x area), and the distance it moves in the direction of the force. Fig. 1.6 (a)

Piston and piston rod,
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illustrates this with the conventional piston and W (+)
cylinder arrangement, the heavy line defiming the
boundary of the system. Fig. 1.6 (&) illustrates
another way in which work might be applied to a

system. A force is exerted by the paddle as jt ~ Boundary RN

z ' X § L
changes the momentum of the fluid, and since this ﬁ*k‘":j & A e,
force moves during rotation of the paddle room -9}

work is done.

Work is a fransient guantity which only
appears at the boundary while a change of state
i5s taking pface within a system. Work is
“something” which appears at the boundary when
a svstem changes its state due to the movement of
a part of the boundary under the action of a force.

Boundary

sign convenlion :

® [f the work is done by the system on the
surroundings, ¢.g., when a fluid expands
pushing a piston outwards, the work is
said to be positive.

i.€., Work output of the svstem = + W

® |[f the work is done on the system by the surroundings, e.g., when a force is applied to a
rotating handle, or to a piston to compress a fluid, the work is said to be negative.

I.e., Work input to system = - W

1.1.3.16. Heat
Heat (denoted by the symbol (), may be, defined in an analogous way to work as follows :

“Heat is “something’ which appears at the boundary when a system changes its stale due 1o a
difference in temperature between the svstem and ity surroundings™.

Heat, like work, is a transient quantity which only appears at the boundary while a change is
taking place within the system.

It is apparent that neither &W or &0 are exact differentials and, therefore, any integration of
elemental quantities of work or heat which appear during a change from state | to state 2 must be
written as

L_EW = W,_; or \W, (or W), and

LIEQ = (4 1 or (@, (or Q)

Sign convention :
If the heat flows info a system from the surroundings, the quantity is said to be positive and
conversely, if heat flows from the system to the surroundings it is said to be negative.
In other words :
Heat received by the system = + (0
Hear rejected or given up by the svstem = — ().
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1.1.3.17. Comparison of work and heat
Similarities :
(i) Both are path functions and inexact differentials.
({#{) Both are boundary phenomenon i.e., both are recognized at the boundaries of the system
as they cross them.
(fii) Both are associated with a process, not a state. Unlike properties, work or heat has no
meaning at a state.
(iv) Systems possess energy, but not work or heat,
Dissimilarities :
(7} In heat transfer temperature difference is required.
(fi) In a stable system there cannot be work transfer, however, there is no restriction for the
transfer of heat.

(iif) The sole effect external to the system could be reduced to rise of a weight but in the case of
a heat transfer other effects are also observed.

1.1.4. DIFFERENCES BETWEEN THERMODYNAMICS AND HEAT TRANSFER
The fundamental differences between thermodynamics and heat transfer are given below :

To understand the difference between thermodynamics and heat transfer, let us consider the
cooling of a hot steel bar which is placed in a water bath. Thermodynamics may be used to predict the
final equilibrium temperature of the steel bar-water combination: however, it will not help us to find
out how long it takes to reach this equilibrium condition or what the temperature of the bar will be
after a certain length of time before the equilibriuvm condition is attained, Hear rransfer on the other
hand, may be used to predict the temperatures of both the bar and the water as a function of time,

Heat transfer theory combines thermodyvnamics and rate equations together (1o quantify the rate
at which heat transfer occurs in terms of the degree of non-equilibrium}.

Thermodynamics

Heat transfer

It deals with the equilibrium states of
matter, and precludes the existence of a
temperature gradient.

When a system changes from one
equilibrium  state to another,
thermodynamics helps to determine the
quantity of work and heat interactions. It
describes how much heat is to be
exchanged during a process but does not
hint how the same could be achieved.

It is inherently a non-equlibrium process
(since a temperature gradient must exist for
exchange of heat to take place).

It helps to predict the distribution of
remperature and to determine the rate at
which energy is transferred across a surface
of interest due to temperature gradients at
the surface, and difference of
temperature between different surfaces.

1.1.5. BASIC LAWS GOVERNING HEAT TRANSFER

The following are the basic laws which govern heat transfer :

1. First law of thermodynamics :

In the early part of nineteenth century the scientists developed the concept of energy and
hypothesis that it can neither be created nor destroyed, this came to be known as the “law of the
conservation of energy’. The first law of thermodynamics is merely one statement of this general
law/principle with particular reference to heat energy and mechanical work i.e., work, and is stated
as follows :
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“When a syvstem undergoes a thermodynamic cycle then the net heat supplied to the system from
the surroundings is equal to the net work done by the system on ifs surroundings.

§ dQ) = # dw
where éjl represents the sum for the complete cycle™.
The first law of thermodynamics applies to reversible as well as irresversible transformations,
For non-cyclic process, a more general formulation of first law of thermodynamics is required. A new

concept which involves a term called internal energy fulfills this need. As per this law, the relationships
for closed and open systems are as follows

Closed system : The net flow of heat across the system boundary + heat generated inside the
system = change in the internal energy of system.

(pen system : The net energy transported through a control volume + energy generated within
the control volume = change in the internal energy in the control volume.

2, Second law of thermodynamics:

It states that “hear will flow nanerally
from one reservoir to another at a lower
temperature, but not in opposite direction
withou! assistance’.

This law establishes the direction of
energy transport as heat and postulates that
the flow of energy as heat through a system
boundary will always be in the direction
of lower temperature (or along negative
temperature gradient).

3. Law of conservation of mass. This
law is used to determine the parameters
of flow.

In a steam engine coal burns producing heat, heat gen-
erates steam which is finally converted into mechanical
energy. Steam engine is an external combustion engine.

4. Newton's laws of motion. These
laws are used to determine fluid flow
parameters.

3. The rate equations. These equations are made applicable depending upon the mode of heat
transfer being considered.

1.1.6. MODES OF HEAT TRANSFER

Heat transfer which is defined as the rransmission of energy from one region lo another as a
result of temperature gradient takes place by the following three modes :

(1) Conduction; (#) Convection; (#ff) Radiation,

Heat transmission, in majority of real situations, occurs as a result of combinations of these
modes of heat transfer. Example : The water in a boiler shell receives its heat from the fire-bed by
conducted, convected and radiated heat from the fire to the shell, conducted heat through the shell
and conducted and convected heat from the inner shell wall, to the water. Heat always flows in the
direction of lower temperature.

The above three modes are similar in that a temperature differential must exist and the heat
exchange is in the direction of decreasing temperature; each method, however, has different controlling
laws,

Conduction :
“Conduction” is the transfer of heat from one part of a substance to another part of the same



i3 Heat and Mass Transfer

substance, or from one substance to another in physical contact with it, withour appreciable
displacement of molecules forming the substance.
In solids, the heat is conducted by the following mwo mechanisms :
(i) By lattice vibration (the faster moving molecules or atoms in the hottest part of a body
transfer heat by impacts some of their energy to adjacent molecules).
{&t) By transport of free electrons (Free electrons provide an energy flux in the direction of
decreasing temperature — For metals, especially good electrical conductors, the electrtonic
mechanism is responsible for the major portion of the heat flux except at low temperature).

In case of gases, the mechanism of heat conduction is simple. The kinetic energy of a molecule
is a function of temperature. These molecules are in a continuous random motion exchanging energy
and momentum. When a molecule from the high temperature region collides with a molecule from
the low temperature region, it loses energy by collisions.

In liquids, the mechanism of heat is nearer to that of gases. However, the molecules are more
closely spaced and intermolecular forces come into play.

Convection :
“Convection” is the transfer of heat within a fluid by mixing of one portion of the fluid with
another.
® (Convection is possible only in a fluid medium and is directly linked with the transport of
medinum itself.
® Convection constitutes the macroform of the heat transfer since macroscopic particles of a
fluid moving in space cause the heat exchange.
® The effectiveness of heat transfer by convection depends largely upon the mixing motion of
the fluid.

This mode of heat transfer is met with in situations where energy is transferred as heat to a
flowing fluid at any surface over which flow occurs. This mode is basically conduction in a very thin
fluid laver at the surface and then mixing caused by the flow. The heat flow depends on the properties
of fluid and is independent of the properties of the material of the surface. However, the shape of the
surface will influence the flow and hence the heat transfer.

Free or natural convection. Free or natural convection occurs when the fluid circulates by virtue
of the natural differences in densities of hot and cold fluids; the denser portions of the fluid move
downward because of the greater force of gravity, as compared with the force on the less dense.

Forced convection. When the work is done to blow or pump the fluid, it is said to be forced
convechion.

Radiation :

“Radiarion™ is the transfer of heat through space or matter |":-|1:' means other than conduction or
] B S[2 :
convection.

Radiation heat is thought of as electromagnetic waves or guania (as convenient) an emanation
of the same nature as light and radio waves. All bodies radiate heat, so a transfer of heat by radiation
oceurs because hot body emits more heat than it receives and a cold body receives more heat than it
emifs. Radiant energy (being electromagnetic radiation) requires no medium for propagation and
will pass through vaccum.

Note: The rapidly oscillating molecules of the hot body produce electromagnetic waves in hypothetical
medium called erher. These waves are identical with light waves, radio waves and X-rays, differ from them
only in wavelength and travel with an approximate velocity of 3 % 10® m/s. These waves carry energy with
them and rransfer it to the relatively slow- moving molecules of the cold body on which they happen to fall.
The molecular energy of the later increases and results in a rise of its temperature. Heat travelling by
radiation 15 known as radiant heat.
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The properties of radiant heat in general, are similar to those of light. Some of the properties are :
(f) It does not require the presence of a material medium for its transmission.
(11} Radiant heat can be reflected from the surfaces and obeys the ordinary laws of reflection.
(#ii) It travels with velocity of light.
(iv) Like light, it shows intereference, diffraction and polarisation ete.
(v) It follows the law of inverse square.

The wavelength of heat radiations is longer than that of light waves, hence they are invisible to
the eve.

1.2. HEAT TRANSFER BY CONDUCTION
1.2.1. FOURIER'S LAWS OF HEAT CONDUCTION

Fourier’s law of heat conduction is an emperical law based on observation and states as follows :

“The rate of flow of heat through a simple homogeneous solid is directly proportional 1o the
area af the section at right angles to the direction of heat flow, and to change of temperature with
respect to the length of the path of the heat flow”,

Mathematically, it can be represented by the equation :

dt
e A, —
Q =
where, {J = Heat flow through a body per unit time (in watts), W,

A = Surface area of heat flow ( perpendicular to the direction of flow), m*,
dt = Temperature difference of the faces of block (homogeneous solid) of thick-
ness “dx’ through which heat flows, °C or K, and

dx = Thickness of body in the direction of flow, m.
Thus, Q:—k.AE N e
dx
where, k = Constant of proportionality and is known as thermal conductivity of the
body.
The —ve sign of & [eqn. (1.1)] is to take care of the decreasing temperature alongwith the direction
dl

of increasing thickness or the direction of heat flow. The temperature gradient Ir 15 always negative

along positive x direction and, therefore, the value as () becomes + ve.

Assumptions :

The following are the assumptions on which Fourier’s law is based :
Conduction of heat takes place under steady state conditions.
The heat flow is unidirectional.
The temperatures gradient is constant and the temperature profile is linear.
There is no internal heat generation.
The bounding surfaces are isothermal in character.

ol DR L o e

The material is homogeneous and isotropic (£.e., the value of thermal conductivity is constant
in all directions).
Some essential features of Fourier's law :

Following are some essential features of Fourier’s law

1. It is applicable to all matter (may be solid, liquid or gas).
2. It is based on experimental evidence and cannot be derived from first principle.
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3. It is a vector expression indicating that heat flow rate is in the direction of decreasing
temperature and i1s normal to an isotherm.

4. Ithelps to define thermal conductivity &k’ (transport property) of the medium through which
heat is conducted,

1.2.2, THERMAL CONDUCTIVITY OF MATERIALS

From egn. (1.1), we have

p=2 &
A dt
: di
The valueof k=1 whenQ=1,A=1land — =1
dx
Now k = 2 : ax (unitof k: W x I X = = W/mK. or W/m°C )
1 di m> Kior °C)

Thus, the thermal conductivity of a material is defined as follows |

“The amount of energy conducted through a body of unit area, and unit thickness in unit time
when the difference in temperature between the faces causing heat flow is unit temperature difference”.
It follows from egn. (1.1) that materials with high thermal conductivities are good conductors of
heat, whereas materials with low thermal conductivities are good thermal insulator. Conduction of
heat occurs most readily in pure metals, less so in alloys, and much less readily in non-metals. The
very low thermal conductivities of certain thermal insulators e.g., cork is due to their porosity, the air
trapped within the material acting as an insulator.
Thermal conductivity (a property of material) depends essentially upon the following factors :
(i) Material structure (if) Moisture content
(i1} Density of the material (fv) Pressure and temperature (operating conditions),
Thermal conductivities (average values at normal pressure and temperature) of some common
materials are as under :

Material Thermal conductivity (k) Material Thermal conductivity (k)
(W/mK) (W/mK)

1. Silver 410 8. Asbestos sheet 0.17

2. Copper 385 9. Ash 0.12

3. Aluminium 225 10. Cork, felt 0.05 - 0.10

4. Cast iron 55-65 11. Saw dust 0.07

5. Steel 20-45 12.  Glass wool 0.03

6. Concrete 1.20 13. Warer 0.55 -0.7

7. Glass (window) 0.75 14. Freon 0.0083

Following points regarding thermal conductivity — its variation for different materials and under
different conditions are worth noting :

. Thermal conductivity of a material is due to flow of free electrons (in case of metals) and
lattice vibrational waves (in case of fluids).

2. Thermal conductivity in case of pure metals is the highest (k = 10 to 400 W/m*C). It
decreases with increase in impurity.

The range of & for other materials is as follows :
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Alloys : k=121t0 120 W/m °C
Heat insulating and building materials : k=0.023t0 2.9 W/m°C
Liquids : k=0.2t0 0.5 W/m"C

Gases and vapours : A=0.006t0 0.05 W/m"C

Thermal conductivity of a metal varies considerably when it (metal) is heat treated or

mechanically processed / formed.

Thermal conductivity of most metals decreases with the increase in temperature (aluminium

and wranium being the exceptions).

—  In most of liguids the value of thermal conductivity tends to decrease with temperature
(water being an exception) due to decrease in density with increase in temperature.

— In case of gases the value of thermal conductivity increases with temperature.

Gases with higher molecular weights have smaller thermal conductivities than with lower
molecular weights. This is because the mean molecular path of gas molecules decreases
with increase in density and k is directly proportional to the mean free path of the molecule.

The dependence of thermal conductivity (&) on temperature, for most materials is almost
linear:

ko= Kk, (1+pn «(1.2)
Thermal conductivity at ()°C, and

where, Ky
B = Temperature coefficient of thermal conductivity, 1/°C (It is usually
posi- tive for non-metaly and insulating materiafly (magnesite bricks
being the exception) and negative for metallic conduciors (aluminium
and certain non-ferrous alloys are the exceptions).

In case of solids and liquids, thermal conductivity (k) is only very weakly dependent on

pressure; in case of gases the value of k is independent of pressure (near standard

atmospheric).

In case of non-metallic salids :

~  Thermal conductivity of porous materials depends upon the type of gas or liquid present
in the voids.

— Thermal conductivity
of a damp material is
considerably higher
than that of the dry
material and water
taken individually.

— Thermal conductivity
increases with in-
crease in density.

The Wiedemann and Franz
law (based on experiment
results), regarding thermal
and electrical conductivi-
ties of a material, states as
follows :

“The ratio of the thermal

: i Diesel engine is an Internal Combustion (IC) engine where
and electrical conductivi- fuel burns inside the cylinder.
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ties is the same for all metals at the same temperature; and that the ratio is directly
proportional to the absolute temperature of the metal.”

Mathematically, E =T
k
—_— ':"
or, pr +41.3)

where, k= Thermal conductivity of metal at temperature T(K),
g = Electrical conductivity of metal at temperature T (K), and
C = Constant {for all metals), referred to as Lorenz number
(= 2.45 » 10°* WL/K?; Q stands for ohms),
This law conveys that the materials which are good conductors of electrticity are also good
conductors of heat.

1.2.3. THERMAL RESITANCE (R;,)

When two physical systems are described by similar equations and have similar boundary
conditions, these are said to be analogous. The heat transfer processes may be compared by analogy
with the flow of electricity in an electrical resistance. As the flow of electric current in the electrical
resistance 1s directly proportional to potential difference (dV); similarly heat flow rate, {J, is directly
proportional to temperature difference (dr), the driving force for heat conduction through a medium.

As per Ohm's law (in elctric-circuit theory), we have

Potential ditfference (dV')

Current (/) =
Electrical resistance (R) A 1.4)

By analogy, the heat flow equation (Fourier’s equation) may be written as

Temperature difference (dr) (1.5)

£l

By comparing egns. (1.4) and (1.5), we find that / is analogous to, 2, 4V is analogous to df and

Heat flow rate (()) =

dx d
R is analogous to the quantity [E) . The quantity ET is called o L
thermal conduction resistance {thim 4 Ie., R"' ey "'{ix‘ ¥
ey TR
(R g Jooeis. = T H
th < cond. kA Fig. L7,

®  The reciprocal of the thermal resistance is called thermal
f‘:’H!E.I'!J'-I'.'I'EHEf.'{.‘.

® [t may be noted that rules for combining electrical resistances in series and parallel apply
equally well 1o thermal resistances.
The concept of thermal resistance is quite helpful while making calculations for flow of heat.
Example 1.1. Calculate the rate of heat transfer per unit area through a copper plate 45 mm

thick, whose one face is maintained at 350°C and the other face at 30°C. Take thermal conductivity
aof copper as 370 Wim°C.

Solution. Temperature difference, df (= L—1)= (50 — 350
Thickness of copper plate, L =45 mm = 0.045 m
Thermal conductivity of copper, k = 370 W/m"C
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Rate of heat-transfer per unit area, q :

ik Copper
From Fourier s law 1 k r4s plate
dlt (t; — 1) -
— 3 M _— M = = -1
o T I (=350 C})
0 r -(Egn. 1.1)

A il 1y (= 50°C
or, if A 7 2 ( )
=_mx:5n-35m i

(.045 *ﬁs —]"
= mim
i 2 i1 W P
466 x 10" Wim= or Fig, 1.8.

2.466 MW/m* (Ans.)
Example 1.2. A plane wall is 150 mm thick and its wall area is 4.5 m?%, If its conductivity is
9.35 Wim®C and surface temperatures are steady at 150°C and 43°C, determine :
(i) Heat flow across the plane wall;
(if) Temperature gradient in the flow direction.
Solution. Thickness of the plane wall,
L = 150 mm
=0.15m
Area of the wall, A = 4.5 m?
Temperature difference, dt =&, -, =45 - 150 = 105°C
Thermal conductivity of wall material,
k =935 Wim°C
(f) Heat flow across the plane wall, () :
As per Fourier’s law,

Q:—ME:—MHZ_M
elx L
= 935 x45x 9 _ s04525 W
-e g " dI
(ii) Temperature gradient, % 1

From Fourier’s law, we have
di @ 194515
dx kA 935x45
Example 1.3. The following data relate to an oven :
Thickness of side wall of the oven = 82.5 mm
Thermal conductivity of wall insulation = 0.044 Wim“C
Temperature on inside of the wall = 175°C

= =T700"C/m

Energy dissipated by the electrical coil
within the oven = 405 W
Determine the area of wall surface, perpendicular to heat flow, so that remperature on the
other side of the wall does not exceed 75°C.
Solution. Given : x=82.5mm = 0.0825 m: £=0.044 Wim"C; 1, = 175°C. 1, = 75°C; 0 = 40.5W
Area of the wall surface, A :
Assuming one-dimentional steady state heat conduction,
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Rate of electrical energy dissipation in the oven,

= Rate of heat transfer (conduction) across the wall

i.e. Q=_ﬂ£=_ﬂ{‘*1_ﬁ}=m“l—ﬁ}
dx X X

or, 40.5 = 0.044 A (175 - 75)
(L0825

& o 40.5 x 0.0825 — 0.759 m>

T 0.044 (175 = 75)
1.3. HEAT TRANSFER BY CONVECTION

The rate equation for the convective heat transfer (regardless of particular nature) between a
surface and an adjacent fluid is prescribed by Newron s faw of cooling (Refer Fig. 1.9)

Q =hAtlr —1) «(1.6)
where, () = Rate of conductive heat transfer,
A = Area exposed to heat transfer,
t_ = Surface temperature,
'*..f = Fluid temperature, and
h = Co-etficient of convective heat transfer.
The units of h are,
¢

W >
h= = — or Wim~"C
Alt, —t;) m°C

or, W/m’K

The coetficient of convective heat transfer “A" (also known as film heat transfer coefficient) may

be defined as “the amount of heat transmitied for a unit temperature difference between the fluid and
unit area of surface in unit time.”

The value of ‘A" depends on the following N Free stream
factors : Fluid ?
(/) Thermodynamic and transport flow PRl

properties (e.g. viscosity, density,

Surf;
specific heat etc.), —> ‘. e, urface
(#7) Nature of fluid flow.

(rii)  Geometry of the surface. {a) Physical configuration
{iv) Prevailing thermal conditions. L 0 fy
Since *h’ depends upon several factors, it LI5S
is difficult to frame a single equation to satisfy (ﬁ)

all the variations, however, by dimensional

i i (k) Equivalent circuit
analysis an equation for the purpose can be

oltaiticd. Fig. 1.9. Convective heat-transfer
The mechanisms of convection in which phase changes are involved lead to the important fields
af boiling and condensation. Refer Fig. 1.9 (b). The quantity E |:Q = [;H;A] ..Egqn ﬂ-ﬁ}] i5

called convection thermal resistance [(R )} .] 10 heat flow.

Example 1.4. A hot plate Im % 1.5 m is maintained at 300°C. Air at 20°C blows over the plate.
If the convective heat transfer coefficient is 20W/m*°C, calculate the rate of heat transfer.
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Solution. Area of the plate exposed to heat transfer, A= 1 x 1.5=1.5m?
Plate surface temperature, f, = 300°C
Temperature of air (fluid), , = 20°C
Connvective heat-transfer coefficient, i = 20 W/m*°C
Rate of heat transfer, () :
From Newton’s law of cooling,
Q =hA(r - 1)
= 2003 1.5(300-20)=8400 W or 8.4 kW
Example 1.5. A wire [.5 mm in diameter and 150 mm long 15 submerged in water at atmospheric
pressure. An electric current is passed through the wire and is increased until the water boils at
100°C. Under the condition if convective heat transfer coefficient is 4500 W/m*°C find how much
electric power must be supplied ro the wire fo maintain the wire surface at 120°C 7
Solution. Diameter of the wire, d = 1.5 mm = 0.0015 m
Length of the wire, L= 150 mm =0.15m
Surface area of the wire {exposed to heat transfer),
A=ndlL=mx0.0015x0.15=7.068 x 10 m*
Wire surface temperature, t = 120°C
Water temperature, b = 100°C
Convective heat transfer coefficient, i = 4500 W/m* °C
Electric power to be supplied :
Electric power which must be supplied = Total convection loss (QQ)
@ =hA (1, - IJ.J = 4500 x 7.068 x 104 (120 — 100) = 63.6 W

1.4. HEAT TRANFER BY RADIATION

Laws of Radiation :

1. Wien's law. It states that the wavelength l_ corresponding to the maximum energy is inversely
propartional to the absolute temperature T of the hot body.

|
ie. Ay, o< T or, A, T'= constant (LT)

2. Kirchhoff's law. It states that the
emissivity of the body at a particular
temperature is numerically equal to its
absorptivity for radiant energy from
body at the same temperature.

Body 2

L
b

The Stefan-Boltzmann law. The law
states that the emissive power of a black
body is directly proportional to fourth
power of ity absolute temperature.

fe., (QeT* el 1.8)
Refer Fig. 1.10 (a) W [FeA (T + T) (T, *+ T3%)]

g =FCA {T|4 -T.% wil 1.9 (b}
. Fig. 1.10. Heat transfer by radiation,

where, F = A factor depending on geom-
etry and surface properties,
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g = Stefan-Boltzmann constant
= 5.67 x 10*Wim?K?*,
A = Area, m?, and
T,, T, = Temperatures, degrees kelvin (K).
This equation can also be rewritten as .
nh-1

O FoAT + 1) GE + 101 A1)
where denomenator is radiation thermal resistance, (R, ). [Fig. 110 (5]
ie., (Ry)y = VIFGA(T, +T,) (T +T,7]
The values of F are available for simple configurations in the form of charts and tables.
F =1 ... for simple cases of black surface enclosed by other surface

F = emissivity () ... for non-black surface enclosed by other surface.
|Ermissivity (£) is defined as the ratio of heat radiated by a surface to that of an ideal surface. |
Example 1.6. A surface having an area of 1.5 m* and maintained at 300°C exchanges heat by
radiation with another surface at 40°C. The value of factor due to the geometric location and
emissivity is (.52, Delermine :
(i) Heat lost by radiation,
(if) The value of thermal resistance, and
(rii)  The value of equivalent convection coefficient.
Solution. Given : A = 1.5 m?% T =t +273=300+273=573K; T, =1, +273=40 + 273 =
313K; F =052

(i) Heat lost by radiation, () :

Q =FgA(T*-T.) ..[Egn. (1.9)]
(where ¢ = 5.67 x 10" W/m- K%
or, 0 =052 %567 x10%x 1.5 [(573)* - (313)%]

4 4
=052 %5687 % 1.5 [[H—EJ — [“—%] }
100 100

(Please note this step)

e

These appliances are used to radiate heat in the winter,
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(i) The value of thermal resistance, (Rth)jrad :

0o =T 5
We know that, (Rl ~|Egn.(1.10)]
T -7, 73 - 313
{Rm had = & 2) = e ) = 0.0598 "C/W
: Q 4343
(iii) The value of equivalent convection coefTicient, hr :
Q o h,r"."' U| e Ig.]
4343
ar, h, = 0 _ = 11.13 W/m* °C
Ay =t)  1L.5(300 - 40)
Alternatively, h=Fc(T +T,)(T*+T}) ..From egn. (1.10)
= (.52x5.67x 10 (5373 +313) (5737 +3137)
= 11.13 W/m? °C

Example 1.7. A carbon steel plate (thermal conductivity = 45 Wim™C) 600 mm x 900 mm
X 25 mm is maintained at 310°C. Air at 15°C blows over the hot plate. If convection heat transfer
coefficient is 22 Wim® °C and 250 W is lost from the plate surface by radiation, calculate the inside
plate temperature.

Solution.  Area of the plate exposed to heat transfer,
A =600 mm x900mm = 0.6 x0.9=0.54m?
Thickness of the plate, L =25mm=0.025m
Surface temperature of the plate,r. = 310°C
Temperature of air (fluid), I 13

Convective heat transfer coefficient,
h =22 Wim*°C
Heat lost from the plate surface by radiation,
Q. = 250W
Thermal conductivity, £k =45 W/m °C

Inside plate temperature, f,:

In this case the heat conducted through the plate is removed from the plate surface by a
combination of convection and radiation.

Heat conducted through the plate = Convection heat losses + radiation heat losses.
ﬁr" ﬂ('ﬂllﬂ. = QlT.IHI'. ¥ Qrﬂd’.
df 4 4
—ME=I:AHE —rf] + FoA(T,” - )
(f, = &) )
or, — 45 % (.54 % T = 22 % 0.54 (310 — 15) + 250 (given)
(310 — 1)
- 45 %054 x ——— =7 2 2
Or, 0.025 22 x 0.54 x 295 + 250
or, 972 (¢, - 310) = 3754.6
3754,
or = - 5¢ﬁ+3]ﬂ=313.3&°€

i r 972
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Qra-d.

¥
“L=25mm
?

Heat conducted
through wall

Fig. 1.11. Combination of conduction, convection and radiation heal transfer.

Example 1.8. A surface af 230°C exposed to the surroundings at 110°C convects and radiates
heat to the surroundings. The convection coefficient and radiation facior are 75Wim*°C and unity
respectively. If the heat is conducted to the surface through a solid of conducrivity 10W/m"C, whar
is the temperature gradient at the surface in the solid 7

Solution. Temperature of the surface, 1 = 250°C
Temperature of the surroundings, .. = 10°C
The convection co-efficient, h = 5SW/m™C
Radiation factor, F =1
Boltzmann constant, G = 5.67 x 10* Wim*K*
Conductivity of the solid, k= 10W/m°C
dt
Temperature gradient, 5

Heat conducted through the plate = Convection heat losses + radiation heat losses

[I'E" Qmjml. = Qa.'mn'. * de. - kA ﬂ = hA “_-.- - 'Fsur] + FgA {T; - Tmrd}
Substituting the values, we have e
dt
- 10 % ;'-; =75(250 - 110) + 1 x 5.67 x 107® [(250 + 273)* - (110 + 273)%]

4 4
0o ostn s (S - (22|
dx 100 100

= 10500 + 3022.1 = 13522.1

L = - @ ==1352.21 "C/m
dx 10

HIGHLIGHTS

1. The energy in transit is termed feat.

2. Heat transfer may be defined as “The transmission of energy from one region [o another as a result of
temperdature gradient.”

3. The study of heat transfer is carried out for the following purposes :

{i} To estimate the rate of flow of energy as heat through the boundary of a system under study (both
steady and transient conditions),

(i) To determine the temperature field under steady and transient conditions.



n
v

10.

Chapter : 1 : Basic Concepts  [JPX

Thermodynamics is an axiomatic science which deals with the relations among heat, work and properties
of system which are in eguilibrivm. It describes state and changes in state of physical systems. It
basically entails four laws or axioms known as Zeroth, First, Second and third law of thermodynamics.

Heat transfer theory combines thermodynamics and rate equations together (to quantify the rate at
which heat transfer occurs in terms of the degree of non-equilibrium).

Basic laws which govern the heat transfer are :
(f)  First laws of thermodynamics (i) Second law of thermodynamics

(i)  Law of conservation of mass (v} Newton's laws of motion

(v) The rate equations.

Heat transfer takes place by the following three modes :

(i) Conduction (if) Convection (fii) Radiation.
*Conduction’ is the transfer of heat from one part of a substance to another part of the same substance,
or from one substance to another in physical contact with it, without appreciable displacement of
molecules forming the substance.

*Convection” is the transfer of heat within a fluid by mixing of one portion of the fluid with another,
Convection is possible only in a fluid medium and is directly linked with the transport of medium
itself.

*Radiation’ 1s the transter of heat through space or matter by means other than conduction or convection.
Radiant energy (being electromagnetic radiation) requires no medium for propagation and wiall pass
through a vaccum.

Fourier's law of heat conduction states : “The rate of flow of heat through a single homogeneous

solid is directly proportional to the area of the section at right angles to the direction of heat flow, and
to change of temperature with respect to the length of path of the heat flow”.

dr
Mathematically, 0 =- kA —
dx
where, (2 = Heat flow through a body per unit time, W,

A = Surface area of heat flow (perpendicular to the direction of
flow), m?,

di = Temperature difference of the faces of the block,
dx = Thickness of the body, and
k = Thermal conductivity of the body.

The —ve sign of & is to take care of the decreasing temperature along with the direction of increasing
thickness or the direction of heat flow.

The thermal conductivity (k) of a material is defined as : “The amount of energy conducted through a
body of unit area, and unit thickness in unit time when the difference in temperature between the faces
causing heat flow is unit temperature difference.”

The rate equation for the convective heat transfer (regardless of particular nature) between
a surface and an adjacent fluid is prescribed Newton's law of cooling

Q =hA(t 1)
where, () = Rate of convective heat transfer,

A = Area exposed to heat transfer,

= Surface temperature,

r,r = Fluid temperature, and

h = Coefficient of convective heat transfer.
Units of i1 : W/m*°C or W/m?K

The Stefan-Boltzmann law states @ “The emissive power of a black body is directly
proportional to fourth power of its absolute temperature.”
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12. Thermal resistance (R,) :
dx
Conduction thermal resistance, {.ﬁ.'”,f]‘__m1 4= E
1
Convection thermal resistance, [RmJ - E
I
Radiation thermal resistance, (R,) . = UIFGA(T, +T,) [sz + TEIJ]
THEORETICAL QUESTIONS
1. Define the following terms :
(i) Heat (i) Heat transfer {iii}  Thermodynamics.
2. What is the difference between thermodynamics and heat transfer 7
3. Enumerate the basic laws which govern the heat transfer.
4. Name and explain briefly the various modes of heat transfer.
5. What is conduction heat transfer 7 How does it differ from convective heat transter ?
. What is the significance of heat transfer !
7.  Enumerate some important areas which are covered under the discipline of heat transfer.
8.  What is the difference between the “natural” and ‘forced’ convection
9. What is "Fourier’s law of conduction™ State also the assumptions on which this law is based.
10. State some essential features of Fourier's law.
11. How is thermal conductivity of a material defined 7 What are its units 7
12. What is thermal resistance ?
13. What is ‘Newton’s law of cooling
14. What is Stefan’s Boltzmann law 7
UNSOLVED EXAMPLES
1. The inner surface of a plane brick wall is at 40°C and the outer surface is at 20°C. Calculate the rate of
heat transfer per m® of surface area of the wall, which is 250 mm thick. The thermal conductivity of
the brick is 0.52 W/m"C, (Ans, 41.6 W/m-)
2. A plane wall (thermal conductivity = 10.2 W/m°C) of 100 mm thickness and arca 3m® has steady
surface temperature of 170°C and 100°C., Determine :
{f} The rate of heat flow across the plane wall:
(i) The temperature gradient in the flow direction, [Ans. (1) 21.42 kKW; (i) — 700°C/m)]
3. Determine the heat transfer by convection over a surface of 0.75 m? if the surface is at 200°C and the
fluid is at 80°C. The value of convective heat transfer is 25 W/m?® °C. [Ans. 2.25 KW
4. A surface of area 3m” and at 200°C exchanges heat with another surface at 30°C by radiation. If the
value of factor due to the geometric location and emissivity i1s 0.69, determine :
{(f) The rate of heat transfer,
{if} The value of thermal resistance. and
(iti} The equivalent convection coefficient. [Ans. (i) 4885.6W; (i) 0.0348 “C/W; (i) 9.58 Wim* “C]
5. Asurface at 200°C exposed to the surroundings at 60°C convects and radiates heat to the surroundings.

The convection coefficient and radiation factor are B0W/m* “C and unity respectively. If the heat is
conducied to the surface through a solid of conductivity 15W/m “C what is the temperature gradient
at the surface ? (Ans, — 8894 “Cfm)
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Intreduction.

General heat conduction equation in
cartesian coordinates.

General heat conduction equation in
cylindrical coordinates,

General heat conduction eguation in
spherical coordinates,

Conduction through plane and composite
walls.

Heat conduction through hollow and
composite cylinders — heat conduction
through a hollow cylinder — logarithmic
mean area for the hollow cylinder— heat
conduction in a composite cylinder.
Heat conduction through hollow and
composite spheres — heat conduction
through hollow sphere heat
conduction through a composite sphere.
Critical thickness of insulation,

Heat conduction with internal heat
generation - plane wall with uniform
heat generation - Dielectric heating -
cylinder with uniform heat generation -
heat transfer through the piston crown,

Heat transfer from extended surfaces
ifins).

2.1. INTRODUCTION

In this chapter an attempt will be made to derive
ceneral heat conduction equation and examine the
applications of Fourier's law of heat conduction to
the calculation of heat flow in some simple one-
dimensional systems. Under the category of
one-dimensional systems several different physical
shapes may fall;, when the temperature of the body
15 a funcfion only of radial distance and 15

independent of azimuth angle or axial distance
cvlindrical and spherical systems are treated as one-
dimensional. In case of problems of two-dimensional
nature the effect of a second-space coordinate may
be so small that 1t may be neglected and the heat-
flow problems of multi-dimensional type may be
approximated with a one-dimensional analysis; in
such cases the differential equations are simplhified
and as a consequence of this simplification much
easier solution in available.

2.2. GENERAL HEAT
CONDUCTION EQUATION IN
CARTESIAN COORDINATES

Consider an infinitesimal rectangular
parallelopiped {volume element) of sides dx, dv and
dz parallel, respectively, to the three axes (X, Y, £)
in a medium in which temperature is varying with
location and time as shown in Fig, 2.1.

Let, 1 = Temperature at the left face ABCD,
this temperature may be assumed
uniform over the entire surface,
since the area of this face can be
made arbitrarily small, and

dt

i Temperature changes and rate of
iy

change along X-direction.



m Heat and Mass Transfer

dr
Then, [Ej e

Change of temperature through distance dx, and

...,
&+
Y .
| &
o T
B
]

temperature on the right face EFGH (at a distance dx from the left face

ABCD).

Further, let, &,k ,k = Thermal conductivities (direction characteristics of the material) along
' X, Yand Z axes.

¥
A
Q{.- o i) Q;
.-;I (x, v,2) 5 T /
ol | S ¥ : | H
f""
P :
i o = G
C r 2
4 |
Elemental g, —» :_AII'_I, ¥, 2) —i?"’—?“ Qu + i)
volume - ' E
( rer:tangular—h'* / e
parallelopiped) o
r'd -
il
Q[‘- + H!E:l H

| -

Fig. 2.1. Elemental volume for three-dimensional heat conduction analysis - Cartesian coordinates.

If the directional characterisitics of a material are equal/same, it is called an “fsotropic |
material” and if unequal/different “Anisatropic material’.

==1 —
p—

g, = Heat generated per unit volume per unit time.

Inside the control volume there may be heat sources due to flow of electric current in electric
motors and generators, nuclear fission etc.

( Note : g, may be function of position or time, or both).
p = Mass density of material, and

¢ = Specific heat of the material.

Energy balance/equation for volume element

Net heat accumulated in the element due to conduction of heat from all the coordinate directions
considered (A) + heat generated within the element { B) = Energy stored in the element (C).  ...(1)

Let, () = Rate of heat flow in a direction, and
(' = (Q.dt) = Total heat flow (flux) in that direction (in time dt).
A. Net heat accumulated in the element due to conducition qﬂmm _,I"mm alf the directions considered:

Quantity of heat flowing into the element from the left face ABCD during the time interval dt in
X-direction is given by !
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J dt
Heat influx, g, = -k, (dydz) E T w1}

During the same time interval 4t the heat flowing out of the right face of control volume (EFGH)
will be :
i d ,
Heat efflux, Qs van =0, +&— (0, ) dx L)
r

Heat accumulation in the element due to heat flow in X-direction,

e # * a F
adl, =g, - |:Q_r 25 A (@) dx] [Subtracting () from (1]

"
= - — .
&t {ET} T

T i [_h (dy.dz) ﬂ : d’t} dx
dx | X
s |:.ﬁ: 5‘_:| dydy.dzdt a2 1)
Elr
Similarly the heat accumulated due to heat flow by conduction along ¥ and Z directions in time
dt will be :
;. i ot
dQ, = g [.ﬂc_\_ g} de.dydzdt (2.2}
.
dQ, = [k ag—] dx.dy.dz.dt PR )
b

Boilers in a plant. A good boiler should efficiently take the heat from the fuel and minimise loss
of heat from inside to outside.
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- Net hear accumplated in the element due to conduction of heat from all the coordinate directions
considered

d [k %} :.‘x:ﬁ.dzdr+{%[k %] .rfr:ﬁdzd*l:+i[i g_;:| de.dy.dzdt
d ( df] d i d [ H:J
Ky ky — k. — || dx.dy.dz.d
|:a.l a_x' au[ Eh.] dJz oz YL el 2.4)

B. Total hear generated within the element {Q# )
The total heat generated in the element is given by
Q,' = q,(dv.dy.dz) dt .{2.5)
C. Energy stored in the element :

The total heat accumulated in the element due to heat flow along coordinate axes (Eqn. 2.4) and
the heat generated within the element (Egn. 2.5) together serve to increase the thermal energy of the
element/lattice. This increase in thermal energy is given by

dt
[Jidr.d}r.dz}c.ﬁ; .dT ..(2.6)

[+*  Heat stored in the body = Mass of the body x specific heat of the body material x rise in
the temperature of body].
Now, substituting eqns. (2.4), (2.5), (2.6), in the egn. (1), we have
B[ E-“IJ d i El[ E.IIJ ot
k, — k,— [+—| k. — | | dx.dy.dz.dT + q, (dx.dy.dz.)dT = pldx.dydz) c.— . dT
[d:a.xd»ayaz*az ! i A ™
Dividing both sides by dr.dvdz.dt, we have

a(k ﬁ] Iy B a[k d_] S ,
arr v‘ ¥ a} az EIg P‘ .f-.'h: ...{._-..I"]
or, using the vector operator V, we get
ot
V.kVri+ q, = p.r,ﬁ 2.7 (a)]

This is known as the general heat conduction equation for *non-homogencous material’,
‘self heat generating” and *unsteady three-dimensional heat flow®. This equation establishes in
differential form the relationship between the time and space variation of temperature at any point of
solid through which heat flow by conduction takes place.

General heat conduction equation for constant thermal conductivity :

In case of homogeneous (in which properties e.g., specific heat, density, thermal conductivity
elc. are same everywhere in the material) and isotropic {in which properties are independent of surface
orientation) material, k= & = &_= k and diffusion equation Eqn. (2.7) becomes

@t &t Nt Gy _pec ot _ 1 o
g T e T (gl (2.8)

I » 9 k kK 9t o ot
_ k_ Thermal conductivity
whete, P Thermal capacity
The quantity, ot = — is known as thermal diffusivity.
p.c

— The larger the value of o, the faster will the heat diffuse through the material and its
temperature will change with time. This will result either due to a high value of thermal
conductivity k or a low value of heat capacity p.c. A low value of heat capacity means
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the less amount of heat entering the element, would be absorbed and used to raise its
temperature and more would be available for onward transmission. Metals and gases
have relatively high value of o and their response to temperature changes 1s quite rapd.
The non-metallic solids and liquids respond slowly to temperature changes because of
their relatively small value of thermal diffusivity.

— Thermal diffusivity is an important characteristic quantity for unsteady conduction

sifuations.
Eqn. (2.8) by using Laplacian VZ, may be written as ;
y, 4 | ot
Vis 2 =—,— 2
E o - [2.8 (a)]

Egn. (2.8), governs the temperature distribution under unsteady heat flow through a material
which is homogeneous and isotropic.

Other simplified forms of heat conduction equation in cartesian coordinates :
(1) For the case when no internal source of heat generation is present, Eqn. (2.8) reduces to

IR S A At
P L I ¥ 52 o ap [Unsteady state [.— #El] heat flow with no

ot
internal heat generation |

or, Vi = l i ﬂ (Fourier’s equation) el 2.9)
o
(i1} Under the situations when temperature does not depend on time, the conduction then takes
.ot
place in the steady state [u:., e = ﬂ] and the egn. (2.8) reduces to
R
——t—+ % _g
dx*  dy- dz” Kk
2, . Is
or, Vet + T =0 (Poisson’s equation L2010

In the absence of internal heat generation, Egn. (2.10) reduces to
9t &t 9%
+ + =

2 3 ¥
ox* oyt dz”
or, Vi=0 {Laplace equation | il 21l)
(fii) Steady state and one-dimensional heart transfer:
Ellr ds
. +—=ﬂ -llle].:]
dx” k
(iv) Steady state, one-dimensional, without internal heat generation
ot
_— «(2.13)
ax”
(v) Steady state, two dimensional, without internal heat generation
't 't
P +E_ﬂ (2.14)
Vi nsteady state, one dimensional, without internal heat generation
(vi) Unsteady stat ! I, withour internal heat g !

a°t

1 ot
a[: — E - E [215]
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2.3. GENERAL HEAT CONDUCTION EQUATION IN
CYLINDRICAL COORDINATES

While dealing with problems of conduction of heat through systems having cylindrical geometries
{e.g., rods and pipes) it is convenient to use cylindrical coordinates.

Consider an elemental volume having the coordinates (r, ¢, z), for three-dimensional heat
conduction analysis, as shown in Fig. 2.2.

4 LT Qo ap
A
A(r b, z)
Elemental
volume
e ¥
Ql:r + )
i
i
A X

Fig. 2.2. Elemental volume for three-dimensional heat conduction analysis - Cylindrical coordinates.
The volume of the element = rd@.dr.dz
Let, q,= Heat generation (uniform) per unit volume per unit time.

Further, let us assume that & (thermal conductivity), p (density), ¢ (specific heat) do not alter with
position.

AL Net heat accumulated in the element due to conduction of heat from all the coordinate directions
considered :
Heat flow in radial direction (x—b) plane :

- ot
Heat influx, @, ==k (rd(.dz) F dt )
’ » . 0
HEat E‘!:ﬂu.'-';-. Q-Ij" +elr | = Q.r + E l:.gr }dr ...[i.!:]
s Heat accumulation in the element due to heat flow in radial direction,
ag' =0 - Q' , 4 |subtracting (i) from (7)]
;R
= e dr
o (0}
d

i
= 5 [— k (rdd.dz) 5 : d‘t:|dr

d ot
=k (drddz) — | r-— | dT
b }El'r[ arj

=k (dr.dd.dz) [r E—:- + :?-J dt

dr r
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= k (dr.rd¢.dz) a—%-i-lﬂ dt 2.16
‘ Jr:  rdr o)
Heat flow in tangential direction (r—z) plane :
ot
Heat influx, &,== k (dr.dz) = dt i)
¢ S a ]
Heat efflux, Qiorasy = o + =YY () rdo Aiv)
Heat accumulated in the element due to heat flow in rangennial direction,
dﬂ’q_ = =0 a8 [subtracting (iv) from ()]
a 5
==——(Q) rd
r.od Qe ¢
il

ot
= — E [— k (dr.dz) E : dt:| r.do

= k (dr.dodz) i[l : i] dt

do '\ r oo
2
R AR e L
o2 2
Heat flow in axial direction (r-§ plane)
P dr
Heat influx, Q. =—k (rdddr) % dt (v)
¥ £ 'a ¥
Heat efflux, Q.14 =@, + = (@ )dz . (vi) .
Heat accumulated in the element due to heat flow in Pistan assembly. The fins around the
e cylinder are meant to spread the heat
axial direction, and speed-up cooling.
d@'. =Q'. -0, 4 [subtracting {vi) from (v}]
d [ ot }
== — |-k (rdbdr)—.dt|dz
dz ¢ dz
a°t
= k (dr.rdd.dz) ﬂ_: dT Sl 1R)
4
Net heat accumulated in the element
1 ar 1 @t B
= k.dr.rdd.dz ‘E-}-'-'z"'l'“'i‘l'-—-:r-i-i“-l'“*? dart (2.19)
ar=  r dr b oz g

B. Heat generated within the element (') :
The total heat generated within the element is given by
Q’R =g, (el rdd.dz).dt [ 2:200
C. Energy stored in the element
The increase in thermal energy in the element is equal o

= |:'.|{p:.l’r.n!'ntl:u.-:Iz_’1.z*.ﬂ .dT L2215
dT
Now, (A) + (B) = (C) ... Energy balance/equation
't 1 o 1 91 9%
s k.dr.rdﬁ-dz F g : + g +r—2 : E + aE—I:F dt+ ‘3"; {dfrdl#ldf,}dt

ot
= {dld1d ‘-I'_“rd.lt
pldrrdg zlrar
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eqn.

Dividing both sides by dr.rdd.dz.dt, we have

2t 1 & 1 9 9% ot
e g e | P e
or* r or r° o° oz° dT
ot 1 o _'_,":’_2.. Ft|, 9% _pc o _1 o
or o r or ¢ ot 3’ k k dt o ot (2.22)

Equation (2.22) is the gent.-ral heat conduction equation in cylindrical coordinates.

In case there are no heat sources present and the heat flow is steady and one-dimensional, then

(2.22) reduces to
ar 1 o
— 4 —e— =) ikl )
dr-  r dr
a1 dr
or, -+ — =1
ar= r d:
I | et
——r-— =0
" roodr [ dr]
l
Since . # (), therefore,
i[rﬂ] or r-ﬂ—cnnsmm 774
dr edr clr 2.24)

Equation (2.22) can also be derived by transformation of coordinates, as follows :
x=rcosQ,y=rsindpandz=7z

Now, by chain rule :

di _dr dx di dy o dr .
—— — = cos ¢ + sin ¢

ar ox or dy or Cax dy

or, cos @ g—: = cos* o - % + sin @ . cos § ﬂ_:? i)
(Multiplying both sides by cos §)

dr ot dxr  dt dv ot

Also, "a-l,;:ﬁ;-fiﬁ? a}'?ﬁ—g—rﬁln¢}+gfruﬁ¢}
sing ot ot ot

- - ¥ H = — sin°> i} g + sin ¢ . cos5 ¢ . E L)

o . sind
(Multiplying both sides by _r_J

From Eqgns. (1) and (if), we have

LR SRR O RN SN 1
= — SIN ¢-a + me.q}.ar Ccos” ¢ax

{ '
=— =—+CO5 § —

chy dr
ot dt sind o
=¢cosfh) — - —+ — i
dx dr r db

Differentiating both sides with respect to x, we have

i(ﬂ]:i[cggq}.ﬂ_m.ﬂ}
dy \dx/) ox
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a’t d [HI) sin ¢ o (ar]
or, ek Sl e Eatatd B
; dr* dr '\ dx r o ob \dx
3 ,
—CGE¢,$[EDS¢.$—T*E]— . E

[Substituting the value of oW from (#if)]

2 . i S e s
) ﬂf_cmmbmtphﬂ*hbm (]J_ﬂq_.&m ¢ a7 +5|n¢l,c,m-.¢l‘ﬂ

=|:GS'¢. 3 e . 3 2
dr- re Bq] r dr F- Ei‘ﬂ]' r- a‘¢|
)
't ., @t cosTd o cosd.sing o cos" ¢ @t cosd.sind Ot
Similarly, T3 =80 §.—+ IS YR U e 3 v
d oy roodr r do 0o r do

) )

By adding (#ii) and (iv), we get
dr At 9t 1 o 1 9%
—t—=——t——+ —
dx* v e r dr oo

Substituting it in egn (2.8), we get,

gt 1 & 1 | 49, 1 ot
e _.q_._.+_.Tq_'.._+m_ F o o b
oo 2 odd o] Kk a ot

which is the same as eqn. (2.22)
2.4. GENERAL HEAT CONDUCTION EQUATION IN SPHERICAL
COORDINATES

Consider an elemental volume having the coordinates (r, ¢, 8), for three dimensional heat
conduction analysis, as shown in Fig. 2.3.

E o + amy

-:rl (r. &, 0) IH'.

I

. 1' Qf-# + o)
-4, 6) :
g I > ¥ (5 ) ,Il Elemental
-~ | | volume
¢ /

Oy

Fig. 2.3. Elemental volume for three-dimensional heat conduction analysis - Spherical coordinates.

The volume of the element = dr.rdt.rsin 8 do
Let, g.= Heat generation (uniform) per unit volume per unit time.

Further let us assume that & {thermal conductivity), p (density), ¢ (specific heat) do not alter with

position.



m Heat and Mass Transfer
A. Nert hear accumulared in the element due to conduction of heat from all the coordinate direcrions

considered :
Heat flow through r—8 plane; ¢-direction :
' ot
PR = —kidrrdd) —— dt :
Heat influx, Qq r.sin 6,00 )
d : .
() rsinB.dg i)

QJ’ ) L Q.r + e ol
iR ank * * r.sin E.aq}

Heat efflux,
Heat accumulated in the element due to heat flow in the ¢-direction,
[subtracting (i) from (i}]

dgjﬂ: QJD_ QJm+d¢)
]. a .ﬂ -
- — Q) rsinB.do

"~ rsin® i)
=—#~i — k (dr.rdB) 1 -ﬂ.d‘r rsing.do
rsint o r sinB
I a°1
L BT ..(2.25)

=k (dr.rd0.r 5in0.d) —— -
* rosinT @ g

ol )

Heat flow in r—¢ plane, 8-direction :
. - dt
(g = - k (dr.rsin 0. d§) — - d1
rot
(W)

Heat influx,
# # a .
Do+ a0y = Uo + — () rd@
rafd

Heat efflux,
Heat accumulated in the element due to heat flow in the B-direction,
d0's= 05 = Q6. um [subtracting (iv) from (iii))

EQ[:} r.de

9
r.of
‘r._;:‘ﬂl'-g [— k (dr.r sin8.d¢) :&B—{a 4:1’1'] r.do

Spherical vessels.
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_k drrdé.rdd o [s.m &, ﬂ} P
r r o ot
: 1 d | ot
=k (dr.rd8.r sin B.dd) — — | sin B - — | dT (2.26)
r*sin@ df it s
Heat flow in 8- plane, r-direction :
- : ar .
Heat influx, (2, = = k (rd@.r sin 9.d4¢) FY dt (V)
) & # a k) :
Heat efflux, O yuy =0, + g Q) dr oA i)
Heat accumulation in the element due to heat flow in the r-direction,
Q' =Q' -0, , a0y [subtracting (vi) from (v)]
o
=—-— (0. dr
ar o
= - L [— k (rd8.r sin 8.d¢) =, df} dr
dr dr.
g d I: 7 ot
=k dB.sin 8.dbdr —|r° -— | d1
¢ dr dr _
| [ 3
=k (dr.rd8.rsin 9.d¢) — - i reo- i] dt (227
rodr|  dr

Net hear accumulated in the element

2
=k dr.rd®.r sin 8.d¢ | — : — d i + — l . i[sina,ﬂ].p.._l._.i[r: E] At
- sin 0 do- o osin @ df

B. Heat generated within the element (Q')) :
The total heat generated within the element is given by,
Q' = ¢, (dr.rdB.r sin 8.d9) dr il 2:29)
C. Energy stored in the element :
The increase in thermal energy in the element 15 equal to

{
pldr.rd® . r sin 0.d0) ¢, g_t . dT 2,300
Now, (A) + (B) = (C) ...Energy balance/equation
W | ] -i[sin E.EJ+%-i(r2 .a—’J dt
r*sin® @ 26°  r°sin @ 06 db.) p= dr dr

+ gy (dr.rdr sin8.d¢) dt = p(dr.rd@.r sin 0.49) f‘-%-dr

Dividing both sides by k.(dr.rdB. r sin B.4d)dT. we get

1 ot | a[. ar] | a[g Eu] q,
. i — | BN, — | F | ¥ | + =
r* sin” @ dg” rt sin g of db ro o dr dr k

pe ot 1t
R (2.31)

Equation {2.31) is the general heat conduction equation in spherical coordinates.

In case there are not heat sources present and the heat flow is sready and one-dimensional, then

eqn. (2.31) reduces to
L.i{rl.ﬂl—ﬂ %37
r] dr i W A V.
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Equation {2.31) can also be derived by transformation of coordinates as follows :

x=rsinBsind;v=rsinBcosp,z=rcos0

2.5. HEAT CONDUCTION THROUGH PLANE AND COMPOSITE
WALLS

2.5.1. HEAT CONDUCTION THROUGH A PLANE WALL

Case I : Uniform thermal conductivity i

Refer to Fig. 2.4 (a) Consider a plane wall of
homogeneous material through which heat is flowing

only in x-direction. i i, |
Let, L = Thickness of the plane wall, ‘ : : 4&— Plane wall
A = Cross-sectional area of the H‘\\ | | k
wall, _t:} |
k = Thermal conductivity of the L, dt - _-: o
wall material, and g o e ]
f,. t, = Temperatures maintained at e N
the two faces 1 and 2 of the L
wall, respectively. 1 7
The general heat conduction equation in cartesian le— L =
coordinates is given by (a)
't o't 9 4, 1 ar Q@ o @
R MM ——
de®  dyt dzt koot o
..[Eqn. 2.8] Ribdeand. = g
If the heat conduction takes place under the (b)
i Fig. 2.4. Heat conduction through a
conditions, steady state [E = ﬂ] , one-dimensional plane wall.

't ar q,
2 - E =01and with no internal heat generation g =0 | then the above equation is
reduced to

ot d*1
=1, or = 1) el 23 3)
v’ dx®
By integrating the above differential twice, we have
dt -
— e '-':'I. and = C.I.-l' 4 C'I ...f.1.34]
dx .

where €, and C, are the arbitrary constants. The values of these constants may be calculated
from the known boundary conditions as follows

At x=10 t=t
At x=L =1,
Substituting the values in the eqn. (2.34), we get _
t,=0+C, and t,=CL+C,
1

After simplification, we have, C,=1 and | = —=—

Thus, the egn. (2.34) reduces 1o :
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The egn. (2.35) indicates that temperature distribution across a wall is linear and is independent
of thermal conductivity. Now heat through the plane wall can be found by using Fourier’s equation as
follows :

dt et
=— kA — — = i
o T (where, A Temperature gradient)
[Eqn.i1.1)]
ﬂ_i[[’i ‘EI] H_,}_"z - |
L ax ax|\ L )7 L
(b5 =) KA =15)
=y == - . 1.3
¢ : T (2.36)
Eqn (2.36) can be written as :
(ty =) (4 —15)
Q:I‘_z_z_t_‘ ...tl.l?]
where, (R, }...q = Thermal resistance to heat conduction. Fig. 2.4 () shows the eguiva-

lent thermal circuif for heat flow through the plane wall.

Let us now find out the condition when instead of space, weight is the main criterion for selection
of the insulation of a plane wall,

Thermal resistance (conduction) of the wall, fﬁ‘mjw 4= .i:ﬂ. )
Weightof the walL W = pAL (i)
Eliminating L from ({) and (i), we get

W= P A 'I‘Rr.frjq.'nnd. kA = {P'k}AE'LRthcund. [E%E]

The egn., (2.38) stipulates the condition that, for a specified thermal resistance, the fighrest
insulation will be one which has the smallest product of densiry (p) and thermal conductivity (k).

Case II. Variable thermal conductivity
A. Temperature variation in terms of surface temperatures (1, 1,) !

A diesel engine is more efficient due to internal combustion and better heat.
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Let the thermal conductivity vary with temperature according to the relation

k=4, (1+Bn) -(2.39)
[In most of the cases, the thermal conductivity is found to vary linearly with temperature]
where, k, = Thermal conductivity at zero temperature.

When the effect of temperature on thermal conductivity is considered, the Fourier’s equation,

dt
) =—kA — 5 written as ;
dx
df
Q=_k|| {]+flf}"_."’| [14”]
dx
or, %rﬁ!’x=-—ku (14 Br) dt
Q L fy
or, = ar=-k L (1+ Br) dr
0.1 [ B 1:|’=
==k |t + =1
or, A 0 ] 2 {
L i
i %:4:“_ h{:: - :lH%{::l - rf}} w(2.41)
=k, | (t, =t }+E“ - ) (f +J']Ii|
= Ka | LR 2 5 2l \h =
=k 1+E{I+I}i|“—-l'jl
= K 5 Vi 2 I 2
f + I
=k 1+ P, 10 —1) where f, = 5 =
Q =k {]+ﬂ;ﬂljlw
From egn. (2.39) t is replaced by ks then
k, =k, (1 +[3.'m} L(2.42)
.

where k_ is known as mean thermal conductivity of the wall material.

Further, if t is the temperature of the surface at a distance x from the left surface (Fig. 2.5), then
eqn. (2.41) becomes

%:_kﬂ |:[:—r]j+%[r: —vrf]] ol 2.44)

Form eqns. (2.41) and (2.44), we have
B 2 P } x [ B 7 a }
(B =)+ =t =t ) | —= | =)+ = (" -8
[ =0 i Tl i |

2

[Equating the values of ( and rearranging ]

Solving the above equation for ¢, we get
142
| |: a 1 a. X 1
r=—10+pn)y —{a+py) - (1+pn)} —} -= ..(245)
B L B

B. Temperature variation in terms of heat flux (Q) :
Fourier's equation for heat conduction is given by



variation of temperature is small, the average value of &
for the given temperature range is commonly used as
given in eqn. (2.42).

then
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df df
=—-kA.—=-k; (1 4+ 1) A—
Q =k pnA—
or, Qude = -k, (1 + ) A.dt
Integrating both sides, we get
Ox == kA [r + %F]+ C i)

(where, = Constant of integration)
To evaluate C, applying the condition : Atx=10, 7= 1, we get

C=kA [11 - %rﬁ]
Substituting the values of the constant Cin (i), we get
Qx = —kyA [f + %fl] + kyA [ﬁ ¥ "Ej fﬁ]

Dividing both sides by kA and rearranging, we obtain,
By Eﬁ_[q+ﬁf]=ﬂ
2 kA 2

By solving the above guadratic equation, we have

it R O]

=
=0
_ 1.1 _z2(ex_, _BA]"
e " |3'+_|:ﬂs1 ﬁ[knf"l g Er‘ﬂ
i . 20x]1"
=——t | ===+t -
= B Bmm]
- 12
l 20.x
= —+|]|t Sl
[' ﬂJ ma]
Hence,
| 12 20 B gl
t=—=+||Hh+=]| ——
B H' B] W}

.l 2.46)

In most of the practical applications where the

If the variation of k& with temperature is nor linear,

: k=ko (1 + B
j: = kl.:'f {-F}.' ill'ld- . e SRl
0 s "k f (1) d >
S = [roa ezl
Fig. 2.5.

A i ;
o, Q=2 ['swa] 4
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hh — 1t
But, Q:km"q[le]

Equating these egns. (2.47) and (2.43), we have

g e [’E[Ar {nm}
m_“J_:E} L ﬂf

= f'{k“f[:} dt]

{.I’l —1,) *h
The effect of + B and — P on temperature is depicted in Fig. 2.5,

2.5.2, HEAT CONDUCTION THROUGH A COMPOSITE WALL

Refer to Fig. 2.6 (a). Consider the transmission of heat through a composite wall consisting of a
number of slabs,

Let

2

..[Egn. (2.43)]

.1 2.48)

L, Ly L. = Thicknesses of slabs A, B and C respectively (also called path lengths),
k,» kg, k. = Thermal conductivities of the slabs A, B, and C respectively,
9 {rl > f,) = Temperatures at the wall surfaces | and 4 respectively, and
t,, t; = Temperatures at the interfaces 2 and 3 respectively.
Since the quantity of heat transmitted per unit time through each slab/layer is same, we have,
0= kot —ty) _ kg Al —85) _ ke Al - 1)
Ly Ly L

(Assuming that there is a perfect contact between the layers and no temperature drop occurs
across the interface between the materials).

5 — Interfaces
| ¢
\

Temperature
\\K’"ﬂr profile
@ © "

k, ky ke

| 2 3 4

e L, L o L. ]

(e}
0 f £ { iy 0
o AN —o— AV —o—AMMAo—>=
Ropa Ripp R
L Ly I
Rya= - Ryn = + Rye™
k.. A ky. A k.. A
()

Fig, 2.6. Steady state conduction through a composite wall.
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Rearranging the above expression, we get

Q.L
s ¢ wili)
ky . A
.Ly
R Y i)
0.L
I — L= ke . A o 1)
Adding (1), (i) and (iff), we have
(1 ‘*'4}:(3[ Ly + Ly + Le ]
ky oA kg . A ko, A
s tay Lo (2.49)
ky ky ke
o, Q= (G —4) o (f — 1) (249 (a)]
Ly L L [Run + Ry + Ry ]
ky A k. A ko . A
If the composite wall consists of n slabs/layers, then
_ [rt = rm+|;|]
3. (2.50)
T kA

In order to solve more complex problems involving both series and parallel thermal resistances,
the electrical analogy may be used. A typical problem and its analogous electric circuit are shown in
Fig. 2.7.

Q===
Z R, .(2.51)
@ Composite
A& yall
iz
o k o
— @D — ® @& —
el* I
k k,: ke
Rivs Ry
_ | TP \
Rt L—apann—
Rinc Ro-g

Fig. 1.7, Series and parallel one-dimensional heat transfer through a composite wall and electrical analog.
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Thermal contact resistance. In a composite (multi-layer) wall, the calculations of heat flow are
made on the assumptions : () The contact between the adjacent layers 1s perfect, (ii) At the interface
there is no fall of temperature, and (fif) At the interface the temperature is continuous, although there
is discontinuity in temperature gradient. In real systems, however, due to surface roughness and void
spaces (usually filled with air) the contact surfaces touch only at discrete locations. Thus there is not
a single plane of contact, which means that the area available for the flow of heat at the interface will
be small compared to geometric face area. Due to this reduced area and presence of air voids, a large
resistance to heat flow at the interface occwrs. This resistance is known as thermal contact resistance
and it causes temperature drop between two materials at the interface as shown in Fig. 2.8,

— s .._\_\___,.,—\_\__,_.'-'—_‘—\—\_
Composite
® | ® | © | wa
e,
TR i e Y S " Temperature drop
e Ty at the interface (4-F)
¢ A 0 A
e e e _+
H'\. : e £ e e n g 2
’ Temperature
L L, f - drop at the interface (8-C)
5
."'\._.H.-
5 "

Fig. 2.8. Temperature drops at the interfaces.
Refer to Fig. 2.8. The contact resistances are given by
(1 — 1)
W and

(fy —15)

er}: A }qnn[ H _QT;:_

{Rr h - AR -]l:p::-nl' =

Boiler 18 being transported.
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2.5.3. THE OVERALL HEAT-TRANSFER COEFFICIENT

While dealing with the problems of fluid to fluid heat transfer across a metal boundary, it is usual
to adopt an overall heat transfer coefficient U/ which gives the heat transmitted per unit area per unit
time per degree temperature difference between the bulk fluids on each side of the metal.

Refer to Fig. 2.9

Let, I. = Thickness of the metal wall,

k = Thermal conductivity of the wall material,
t, = Temperature of the surface-1,
t, = Temperature of the surface-2,

hy = Temperature of the hot fluid,

£ = Temperature of the cold fluid,

fim, = Heat transfer coefficient from hot fluid to metal surface, and
.‘rq|r = Heat transfer coefficient from metal surface to cold fluid.

(The suffices fiif and ¢f stand for hot fluid and cold fluid respectively.)

Ty Metal!
' | Al :
| |
| |
| £ |
0 | |
—:—1- by :
= |
Hot | N iy | Cold
fluid L~ fluid film
film |
| |
| "4.'_)'
| : 5 |
le— >
AN
f-ﬂ
k.A

Py 8 B A

o
& Py

Fig. 2.9. The overall heat transfer through a plane wall.
The equations of heat flow through the fluid and the metal surface are given by

Q =h||jlr""..[r|l{r —.F]_' ..-[.l:]
k.:‘i : = :-.!
2= {.:'_. 2) L)
@=h, Aln-1) L)
By rearranging (i), (#1) and (iir), we get
o
e — B = =
h 1 'ﬁfr_l" A w1V
L
F| o I:l_ = Q_

Eoa vl )
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oy
by A= kA i)
Adding (iv), (v) and (vi) we get
1 L 1
'r.fr.l' e f:;r = Q

+ +
by A k.A kg A

= )
or, Q ] 7 1 W 4o 10
+—=+
hlrf k hqr
If IV is the overall coefficient of heat transfer, then
Aty —1p)
O=0.A “.TJJI’ - f:-,r}= N :
| L |
e _|_ = + o
| e Kk Ay
0or, i =
l I,. -I .....[2-5‘3]
—
by ko hy

It may be noticed from the above equation that if the individual coefficients differ greatly in
magnitude only a change in the leasr will have any significant effect on the rate of heat transfer.
Example 2.1. Discuss the effects of various parameters on the thermal conductiviry of solids.
(AMIE Summer, 2001)

Solution. The following are the effects of various parameters on the thermal conductivity of
solids.

1. Chemical composition. Pure metals have very high thermal conductivity. Impurities or
alloving elements reduce the thermal conductivity considerably. [ Thermal conductivity of pure copper
is 385 W/m*® C, and that for pure nickel is 93 W/m® C. But monel metal (an alloy of 30% Ni and
T0% Cu) has k of 24 W/m" C. Again for copper containing traces of Arsenic the value of k is
reduced to 142 Wim" C.]

2. Mechanical forming. Forging, drawing and bending or fiear rreatment of metals cause
considerable variation in thermal conductivity. For example, the thermal conductivity of hardened
steel is lower than that of annealed state.

3. Temperature rise. The value of &k for most metals
decreases with temperature rise since at elevated
temperatures the thermal vibrations of the lattice become
higher that retard the motion of free electrons.

4. Non-metallic solids. Non-metallic solids have &
much lower than that for metals. For many of the building
materials {concrete, stone, brick, glass wool, cork etc.) the
thermal conductivity may vary from sample to sample due
to variations in structure, composition, density and porosity.

Fire brick

5. Presence of air. The thermal conductivity is reduced
due to the presence of air filled pores or cavities.

6. Dampness. Thermal conductivity of a damp material is considerably higher than that of dry
material.

7. Density. Thermal conductivity of insulating powder, asbestos etc. increases with density
growth. Thermal conductivity of snow is also proportional to its density.
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Example 2.2, The inner surface of a plane brick 7 3 Brick wall
w_aH is at 60°C ﬂFId'f. the outer ;mfnce ;s at 35°C. r s (k=051 Wm"C)
Calculate the rate of heat transfer per m* of surface -y
area of the wall, which is 220 mm thick. The thermal =90k

conductiviry of the brick is .51 W/im®°C.
(AMIE Winter, 2000)

Solution. Temperature of the inner surface of ¢ ¢
the wall, t, = 60°C '

Temperature of the outer surface of the wall,
t,=35°C t, =35C
The thickness of the wall, L=220mm =0.22m
Thermal conductivity of the brick, A ,
I E;
-

k=051 Wim"C
Rate of heat transfer per m?, g : L =220 mm

Rate of heat transfer per unit area, Fig. 2.10.
QO kiy-n)

74 L o @

or

_ 0.51% (60 - 35) _ 2 |
- 5 =57.95 Win® (Ams.) | oo

Example 2.3, Congider a slab of thickness
L = 0.25 m. One surface is kepr at 100°C and the
other surface at 0°C. Determine the net flux across

the slab if the slab is made from pure copper. Thermal _'ri,{ =0
conductivity of copper may be taken as 387.6 Wim K.
(AMIE Winter, 1998)
Solution. Given : L = 0.25 m; t, = 100°C; e f — )
=0"C: EF=387T6W .

f, 0°C: k=387T.6 W/im K Fig. 2.11.

From Fourier’s law,

dr Fire brick
¢=-k E - [Eqn. (1.17] — Insulation

- 1)

¢
Net fl ===—k
et flux, q A L 7 .-"'r
=—~33?-ﬁx—-—-m_mm
A

NN
0.25 /\\
\\\-l-- 1,=25°C

= 1.55 x 10° W/m?® (Ans.) . /
1=1325C
w

Example 2.4. A reactor s wall, 320 mm thick,
15 made up of an inner laver of fire brick (k = 0.84 \
Wim®C) covered with a laver of insulation (k = 0.16
Wim=C). The reactor operates at a temperature of
1325°C and the ambient temperature is 25°C.

(i) Determine the thickness of fire brick and /&
insulation which gives minimum heat loss; | > 3
(ii) Calculate the heat loss presuming that the
>l —»
insufating material has a maximum temperature <L, Ly |
af 1200°C. |&— L =320 mm —»|

Fig. 2.12.
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If the calculated heat loss is not acceptable, then state whether addition of another laver of
insulation would provide a satisfactory solution.

Solution.  Refer to Fig, 2.12.
Given : t, = 1325°C; 1, = 1200°C, 1, = 25°C
L,+L,=L=320mmor0.32m
L, =(0.32-L,) l7)
k, =0.84 Wim"C;
k, =0.16 Wim°C.

i) L,1Lgs

The heat flux, under steady state conditions, is constant throughout the wall and is same for each
layer. Then for unit area of wall,
= t, — 1 Lt _ h-1
Lt v Ltks Lotk Lilk,
Considering first two quantities, we have

(1325 - 15) _ (1325 - 1200)
L, /084 +L,/0.16  L,/0.84

q

1300 105
OF 1190L, +625(0.32-L,) L,
1300 105
o 1.190L, +2-625L, L,
1300 105
o 2-506L, L,
or, 1300 L, =105(2-5.06L,)
or, 1300 L, =210-5313 L,
or 4= 218 = 0.1146 m or 114.6 mm
' (1300 + 531.3)

». Thickness of insulation L, =320~ 114.6 = 205.4 mm (Ans.)
(éii) Heat loss per unit area, g :
1 _h =t 1325 -1200
Heat loss per unit area, iq= LIk, = 0.1146/0.84
If another layer of insulating material is added, the heat loss from the wall will reduce; consequently
the temperature drop across the fire brick lining will drop and the interface temperature ¢, will rise. As
the interface temperature is afready fixed, therefore, a satisfactory solution will not be avatlable by
adding another layer of insulation.

= 916.23 W/m?® (Ans.)

Example 2.5. A wall of a furnace is made up of inside laver of silica brick 120 mm thick covered
with a layer of magnesite brick 240 mm thick. The temperatures ar the inside surface of silica brick
wall and outside surface of magnesite brick wall are 725°C and 110°C respectively. The contact
thermal resistance between the two walls at the interface is 0.0035°C/W per unit wall area. If thermal
conductivities of silica and magnesite bricks are 1.7 Wim°C and 5.8 Wim°C, calculate.

() The rate of heat loss per unit area of walls, and

(i) The temperature drop at the interface.

Solution. Refer Fig. 2.13.

Given : L,=120mm=10.12 m;
L, =240 mm = (.24 m;



Chapter : 2 : Conduction-Steady-State One Dimension

k,=LTWm"C, k=58 W/m°C

The contact thermal resistance ( Rm,'l

=0.0035°C/W

The temperature at the inside surface of
silica brick wall, t, = 725°C

The temperature at the outside surface of
the magnesite brick wall, ¢, = 110°C

ek,

L=725C

() The rate of heat loss per unit area
of wall, g :

q= At _ Al
E' Rl.fl RH.I-.-‘I. + {Rm }c'rm.'. T RHJ-E
4 =)

Ly Tk, +0.0035 + Ly [ kg

_ (725 - 110}
0.12/1.7 + 0.0035 + 0.24/5.8
615

~ 0.0706 + 0.0035 + 0.0414

= 5324.67 W/m"

Silica bricks

v

e

t=110°C

[ L

—l— L, ]
=120mm =240 mm
Fig, 2.13.

The rate of heat loss per unit area of wall, g = 5324.67 W/m?

(if) The temperature drop at the interface, (1,-1,)

As the same heat flows through each layer of composite wall, therefore,

-1, -1

Y=L 0k, 1,1k,
5l
5t 532467 =2 1)
‘ 0.12/1.7
or. 1, =725 - 5324.67 x Eli;. = 349.14°C
(ry = 110)
— 5324.67 =~
wimllarly, 0.24/5.8
0.24

or, H =110+ 3532467 ﬁ = 330.33°C

Hence, the temperature drop at the interface =1, — 1,

= 349,14 - 330.33 = 18.81°C (Ams.)

Example 2.6. An exterior wall of a house may be

approximated by a 0.1 m layer of common brick (k = (0.7

Wim°C) followed by a 0.04m laver of gypsum plaster

(k = 0.48 W/m*=C). What thickness of loosely packed

rock wool insulation (k = 0.063 Wim™C) should be added

to reduce the heat loss or {gain) through the wall by 80
per cent 7 (AMIE Summer, 1999)

Solution. Refer to Fig. 2.14.

Thickness of common brick, L, =0.1m

— Magnesite bricks

| _— Interface

Temperature drop
at the interface

(Ans.)

Common brick

Giypsum plaster

Rock wool

IR
S
S
%/
% |
N

L, —H{L—HT[

g =ﬂ,l’fﬂlm ='|.:I
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Thickness of gypsum plaster, L
Thickness of rock wool, f P

0.04m

x{inm)=7?

Thermal conductivities .

Common brick, k, =0.7Wm"C,
Gypsum plaster, ke =048 Wim"C;
Rock wool, k. =0.065W/mC,
Case 1. Rock wool insulation not used :
;= AlAr) _ Al(AL)

iy % La (.1 % (.04

k4 kg 0.7 (.48
Case 1. Rock wool insulation used :

AlCAT) AlAL)
{ij = = -

Ly " Ly " .I’.,:- 0.1 = _[".'.[1-11- i

k., kg K 0.7  0.48
But, g,=(1-08)¢ =020,

A(AH — 0.7 % __.’1(."11.}_
0.1 I 0.04 I X 0.1 | 0.04
0.7 048 0.065 0.7 (.48
0.1 004 [u-l 0.04 1
OF. — + —— =[).2 + +
0.7 0.48 0.7 048 0.065

or, U 1428 +0.0833 = 02[0.1428 +0.0833 + 15.385x]
o, 02261 = 0.2{0.226]1 +15.385x)
Or, y = 0.0538m or 58.8 mm
Thus, the thickness of rock wool insulation should be 58.8 mm

el 1)
X s
ol i)

(.065
Lgiven)

{Ans.)

Induction furnace.
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Example 2.7. A furnace wall consists
of 200 mm laver of refractory bricks,
6 mm laver of steel plate and a 100 mm
layer of insulation bricks. The maximum
temperature of the wall is 1150°C on the
fumace side and the minimum temperature
15 40°C on the outermost side of the wall.
An accurate energy balance over the
Sfurnace shows that the heat loss from the
wall is 400 W/m?, It is known that there is a
thin layer of air between the lavers of
refractory bricks and steel plate. Thermal
conductivities for the three lavers are 1.52,
45 and 0.138 W/m°C respectively. Find :

(i) To how many millimerers of
insulation brick is the air laver
equivalent?

(#) What is the temperature of the
outer surface of the steel plate?
(AMIE Winter, 1996)
Solution. Refer Fig. 2.15.
Thickness of refractory bricks,
L =200mm=02m
Thickness of steel plate,
L.=6mm=0.006m

Thickness of insulation bricks, Ln

1150°C

Furnace

— Refractory bricks

__ Air gap equivalent to x mm of

insulation bricks

Steel plate

®

3

r Insulation bricks
*

=200mm L& =6mm “o
= ¥ mm = 100 mm
Fig. 2.15.

= 00D mm=0.1 m

Difference of temperature beetween the innermost and outermost sides of the wall,
Af=1150-40=1110"C

Thermal conductivities :

k,=1.52Wm°C; k= k,=0.138 W/im°C; k=45 Wim“C
Heat loss from the wall, g = 400 W/m?
(i) The valueofx (=L,):
A - Ar
We know, (= or Q =g =
Yo A g
k
1110
or, 400 =
Li s e bbb
ke kg ko kp
11160
or, 400 =
0.2 (x/1000)  0.006 0.1
+ $ o
1.52 0.138 45 (0.138
1110

1110

T 0.1316 + 0.0072x + 0.00013 + 0.7246 _ 0.8563 + 0.0072x

ofr, 08563 + 0.0072 x =

110

2.775
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2.775 - 0.8563

Fire brick (A)
Common brick (B)

Magnesia (C)
— Steel plate (D)
5

= = 266.5 mm
e 0.0072 (i)
(1) Temperature of the outer surface of the steel plate £
i = 40
q. i 4ﬂn e f ETa} }
Ly /&y
. —4
or, 400 = Lty — 20) =1.38 (1, —40)
(0. 1/0L138)
or, = ﬂ + 40 = 329.8°C (Ans.)
' 1.38 1
Example 2.8. A furnace wall is

composed of 220 mm of fire brick, 150
mm of commaon brick, 30 mm of 83%
magnesia and 3 mm of steel plate on
the outside. If the inside surface
remperature is 1500°C and outside
surface temperature is W°C, estimaite
the temperatures between layers and
calculate the heat loss in kJ/h- m®,
Assume, k (for fire brick) = 4kJ/m-
h-2C, kifor common brick) = 2.8 kl/m-
h-2C, k (for 83% magnesia) = 0.24 &I/

1500°C

) N\

90°C
(£5)

m-h-"C, and k (steel) = 240 kfim-h-"C.,
(AMIE, Winter, 1997)

Solution. Given : L, = 220 mm =
0.22m; L= 150 mm=0.15m; L=
S50 mm = 0.05m: LD =3imm=0.003m

1, = 1500°C, 1, = 90°C;

k, =4 kl/mh°C; &, = 2.8 k}/mh"C

ke =0.24 kl/mh®C; &, = 240 kJ/mh*C.
Heat loss in kJ/hm? :

The equivalent thermal resistances of various layers are :

i

|— 220 —»| €150 —>l4—»| |[€ 3mm

50
mm

i

Fig. 2.16.

Ry j= i—"‘ =222 _ 055 m*heCid

A

Ly {515 ;
R, » =-%="""=0,035357 m*h°C/kJ

k28

i Le _ 005 _ 42083 m2hecik

k- 0.24
Ry p =2 20903 4255107 m2heCk)

p 240

Total thermal resistance,

(R = 0055 + 0.05357 + 0.2083 + 1.25
(h — &) (1500 —90)
© 03169

totol

Heat loss, i =
{-th }I-:,:-Iul

= 4449.35 kJ/hm*

% 107% =0.3169 m*h°C/k]

({Ans.)
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Temperatures between layers :
_f-t
Also, Ry o
or t, = to+q Ry, ,=90+4449.35 % 1.25 x 10 ° = 90.056°C (Ams.)
Stmilarly, b, =t +gR, =90.056+444.35x0.2083 = 1016.86"C
and t, = L+gR, ,=1016.80+4449.35 x0.05357 = 1255.2°C
[Check t, = t+q R, ,=1255.2+4449 35 x (.55 ~ 1500°C]

Example 2.9, A metal piece of
length | has a cross-section of a
sector of a circle of radius r and F
included angle of 8. Its two ends are
maintained at temperatures 1, and
I, (t, = 1,). Find the expression for
hear flow through the metal piece,
assuming that the conductivity of Y.
metal varies with temperature
according to relation,

k =k, (1 - Br) Fig. 2.17.
Also assume that % =0 and ﬂ = 0 and outer surfaces of the slab except the end surfaces are
r

completely insulated.

What will be the rate of heat transfer if | = 600 mm, r = 1200mm, 8 = 60°, 1, = 125°C, t, =
25°C and k, = 115 W/m°C and B = 10 ?

Solution. As per given conditions,

0 = KA(L — 1)
!

The area through which heat is flowing is

given by,

2
2n 2
where 0 1s in radians.
h+t
k. =k, (1 -fr ) where #,= ! > z
as its variation is linear.
k. [r-8
ﬂ ETm[ 5 ]':11 = fz} el )

Rate of heat transfer, {0 :
Given: [=600 mm=0.6 m, r= 120 mm

L9
s U2 my Bom GO gReCos oy 123904y

25°C, k, = 115 W/m°C and B = 104, Insulating fire bricks.
. Ky =ko (1 = Pr,) = 115{1 - 10 ‘*{@H =114.14 W/m°C

Subsituting the proper values in the expression (i), we have



m Heat and Mass Transfer

2 T
Hgpa| B2,
(= o i (125 — 25) = 143.43 W (Ans,)

Example 2.10. (i) Derive an expression for the heat loss per m* of the surface area for a furnace
wall (Fig. 2.18), when the thermal conductivity varies with temperature according to the relation :

k= (a + b®) Wim°C, where tis in °C
(ii) Find the rate of heat transfer through the wall, f L= 0.2 m, 1, = 300°C, t, = 30°C and a =
0.3and b =5 % 10, {(Maharashtra University)
Solution. (/) The rate of heat transfer through the wall per m? is given by
= Ky U8y = 15)
{ L | .
=1 i _ I~um?1r:q_-__
where k,, = [ k.dr, where k=f(1) ..[Egn.(247)]  Wa
“] nr f:} r|
:L r!{ﬂ+bf2:|dr
(f=1)
3 37" t
= ...—l af + bLi| l ;E
{FI — Il'] - rl FLII‘HEEI:

-1 b
= a[n—rll+—[rf—r,3}]
n-niL - 3 -

(= 1)

Ib T 2
(f, — 1) {u + EEI:F + 41+ .r,'}]

=u+%[tll+r,:g+rf:|

L. 2y || -t
g=|a+ 3 "+ 4t +1,7) 3 ...Required expression. (Ans.)

(7} Rate of heat transfer per m?, g :
Thickness of wall, L=0.2m; t, = 300°C; 1, = 30°C;a=03and =5 x 10 o3

substituting these values in the said equation, we have

5x10°®
q=|iﬂ3+

(300 — 3ﬂ}i|

(300% + 300 x 30 + :m’-’:} [
0.2

-6
= [{1.3 * % X 99%0} % 1350 = 629.77 W/m"-

Hence, rate of heat transfer per m? through the wall = 629.77 W/m? (Ans.)

Example 2.11. The surfaces of a plane wall of thickness L are maintained at temperatures 1, and
t,. The thermal conductivity of wall material varies according to the relation: k = k t*.

(i) Derive an expression to find the steady state conduction through the wall.

(i) Find the temperature at which mean thermal conductivity be evaluated in order to get the
same heat flow by its substitution in the simplified Fourier's egquation.

Solution. Thickness of wall = L

Temperatures of surfaces =1, 1,

Relation of variation of thermal conductivity k = J:”F
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(1) Expression for heat conduction through wall :
Heat conduction through a plane wall is given by (Fourier's law)

dt
Q=-k AE Plane wall
1 di
:—kuf 'AE !.I ;

By rearranging and integrating, we get

[[Qdr=—kyA [*¢ar

A
] -
Q |-1-|[] = — kl;] Jq. [?}

f

koA :
gL = ;l {f;— ’|1}
k., A
or, Q= ‘%E‘{ﬁj = 3‘2] } wlequired expression.

(ii) Temperature,f_:
If the above heat flow is to be obtained by substituting mean value of thermal conductivity in the
simplified Fourier's equation, we have
ki s sy ko Alti—1t)
: {f|_f1']: Bt

3L L
kot Al — 1)
Il'
4 ki, A
or by = [n_ (' - 53]} X =
: 3L ky Al — 1;)
i S R [ o N
3 — 1) Jin—1) 3
R
ko= J [ “1 L2 ...Reguired temperature. (Ans.)

Example 2.12. The variation of thermal conductivity
of a wall material is given by

k=k, (1 +at+fr) / Plane wall
If the thickness of the wall is L and its two surfaces ¥

are maintained at temperatures t, and t,, find an expression

for the steady state one-dimensional heat flow through fi / ‘.
the wall. i )
Solution. The rate of heat transfer through a wall per
unit area is given by k=k, (1 +or+ ﬁ.'z]n
_ k -ﬂ r R | .
i 5 Sourier s equation - /
I 2
=—k,]{l+m+ﬂrl}-£ e— L —»!

or, g de=—k, (1 + ouf + ﬂ_;i}, .t Fig. 2.20.
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Integrating both sides we get

L , i
q | dv=-k, E'[l + o+ Be)

E : a4
gxL=-k, (: + {1% + ﬂ.f—ﬂ

3]

K, | )
q = —II[{IJ ~ &) F %“:— W) + 1)+ %“1‘ n+ '*JE"' h ;3}]

ky (= 1) o R .
e I Y E”] t Iy + L 1) | ..Required expression.

e 3 2

{Ans.)

Example 2.13. It is proposed to carry pressurized i wall
waler through a pipe imbeded in a 1.2 m thick wall ty=200C a
whose surfaces are held at constant temperatures of
200°C and 60°C respectively. It is desired to locate the
pipe in wall where the temperature is 120°C, find how
far from the hot surface should the pipe be imbedded ? 5
The thermal conductivity of the wall material varies =120 C = 0816 m—m|
with the temperature according to the relation, t,=60C
k=028 (1 + (0.0361) where t i5 in degree celsius and k
is in W/m*C. —

Solution. Thickness of wall, '

1.2 m le— L =1.2m—
Temperatures of wall surfaces 1, = 200°C;

1, = 60°C Fig. 2.21.
Temperature, f=120°C

Relation for conductivity k =028 (1 + 0.0361)

Pipewark inside a factory.
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The rate of heat transfer through a plane wall of variable thermal conductivity is given by

@ =k,

_{f| — .E-'In }

o A
=k, |1+ =(t, + 1) | =(t,— 1,
][ 7 ‘}}Lr" 2)

Now, when t, = 6l C, L=1.2m
and, when » = 120°C, L= x (unknown)
Suh!-;tituting the values and equating the two expressions, we have
0.0 0.0 A
U.ES|:| + J30 ] —E{EUU 60) = [},ZE[I + D%{IUU + IIU]] — (200 — 120)
X
185.54 = Lotz or M_{]Elﬁ 1m
X 185.54

Hence the pipe should be imbedded 0.816 m from the hot wall surface. (Ans.)

Example 2.14. Find the steady state heat flux through the composite slab as shown in the Fig.
2.22 and the interface temperature. The thermal conductivities of the two materials vary with
lemperature as given below :

Kk, =005 (1 +0.00651) Wim*C; ky = 0.04 (1 + 0.0076t )] Wim®C, where temperatures are in °C. [M.U.]

t, = 600"C; ¢ = 300°C
L, =350mm =0.05m
= 100 mm = 0.1m

Ly
kma = Ko [1 t '1,1[

= 0. U5|:1 +- 1, D[J'Iﬁﬁ[

Solution. lntcrfar:-::

7 *“\\\

—}

6+ 1,

)

)
et (22
o som{125]]

600 C

s

L+ 1y

|"'—L —"'I"' Ly

Interface temperature, f, : =50mm = 100 mm

Rate of heat transfer per m?, Fig. 2.22.

ngz (4 — ta) = (s = ty)
A (L, 0k, (Lglk,g) A1)
Now substituting the values of & and k_, in eqn (1), we get
(600 - t,) B {15 = 300)
0.05 - 0.1

600 + 1, 1, + 300

. ]:| E]-ﬂd[l + {II.L'IDTﬁ[—*

or. (600 =1, J|:l + D.ﬂDﬁﬁ(%]

l].ll}ﬁ[l + ﬂ-ﬁﬂﬁﬁ(

)

t,+ 300

=

= 0.4(r, - EUU]|:I + EI',D[!I’."ﬁ[

)

5.9 + 0.00651, |

— 300
2

= 0.4

= ffz

0r,

po— IEJ[ [4-25 + ﬂ-ﬂm:nz]
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or, (600 —1)(5.9+0.00651,) = (1,—300) (1.7 +0.003 1)

or, 3540 +3.91,—5.9¢, - 0.0065¢,7 = 1.7 ¢, +0.003 t; —510-09 f
or, 0.0095¢; +2.81,-4050 = 0

or, 12 +294.71,-426315 = 0

~204.7 £/294.77 + 4 x 426316

0T, ; r—

2

-294.7 £1338.7

= 522°C

—

72

e

iy = [}.{}ﬁ[l + ﬂ.u:::c-.ﬁ[

Rate of heat transfer per m?, g :
The steady state heat flow through the composite slab,
(fh— 1)

(600 - 522)

M” = 0.2323 W /m°C

= 362.39 W/m?> (Ans.)

iq

Example 2.15. The compasite wall of
a furnace is made up with 120 mm of fire
clay [k =0.25 {1 + 0.0009 t) W/m"C] and
G600 mm of red brick (k = 0.8 Wim®C). The
inside surface temperature 1s 1250°C and

the outside air temperature is 40°C., ¢ 7

Determine : ) \\

(i) The temperature at the laver
inferface, and

(if) The heat loss for Im?® of furnace  1250°C

wall.
Solution. Refer Fig. 2.23.

L,=120mm=0.12 m; L, = 600 mm
= 0.6 m; &, = 0.25 [1 + 0.0009 ¢];, k, =
0.8 Wim°C; At= (1, — 1) = 1250 - 40
= 2.

(L lk,,)  (0.05/0.2323)

Fire clay
(k =0.25 (1+0.0009t)]

Red brick
[ k=08 Wm*C)

\

A B t,.=40°C

wir

(i) The temperature at layer

1
interface, t, le—1

Average/mean thermal conductivity of

fire clay,
(k,), = ﬂ.zf{I + ﬂ.ﬂﬂﬂ@[lzjﬂ%ﬂ

= 0.25 [1 + 0.00045 (1250 + 1,)]
Thermal resistance of fire clay,
Ly 0.12

7

3
e Ly

Fig. 2.23.

Em - A

Similarly, thermal resistance of red brick,

Ly 00 . 0.75

==

Ry =

T k), A 0.25[1+0.00045(1250 + 1,)] x 1 2.083 + 0.000937(1250 + 1,)
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Heat loss for 1m? of furnace wall,

o= _

Ar

ERHI H“I', .'1 + Rllh B

1210

1

_|_
2.083 + 0.000937(1250 + 1,)

0.75 ()

Under steady state conditions the same amount of heat flows through each layer. Then considering

heat flow through the red brick, we have
(t, — 40) U A1)

&= X

From expression (i) and (i), we obtain

1210

0.8

ol 1E)

L — 40)

2.083 + 0.000937 (1250 + ¢,)

121072.083 + 0.000937 (1250 + #5)]

+ (.75

_ 4k

0.8

— 40

s 1+ 0.75[2.083 + 0.000937(1250 + 1,)] 0.8

1210[3.254 + 0.0009376,] (1, - 40)
ot 1 + 1.562 + 0.878 + 0.0007031, 0.8
3937.34 + 11341, (1, — 40)
“ 3.44 + 0.000703t, (.8
or, 0.8 (3937.34 + 1.134 1,) = (1, — 40) (3.44 + 0.000703 1,)
or, 3149.87 + 0.907 1, = 3.44 1, + 0,000703 13 — 137.6 — 0.0281 1,
or, 0.000703 ¢ + 2.505 1, - 328747 =0
~2.505 + J{E.Sﬂﬁf + 4% 0.000703 x 3287.47
t, = = 1020.24°C :
o ? 2 % 0.000703 L)

(i) Heat loss, () :

Heat loss for 1 m* of the furnace wall,

(r, —40)  (1020.24 — 44)

Q:

E.'h i}

Example 2.16. Find the heat flow
rate through the composite wall as
shown in Fig. 2.24 Assume one
dimensional flow.

k, =150 Wim°C,
ky =30 Wim°C,
ko =63 W/im°C, and
k, =350 Wim°C
(M.U. Winter, 2000)

Solution. The thermal circuit for
heat flow in the given composite system
(shown in Fig. 2.24) has been illustrated
in Fig. 2.25.

2]

(.75

= 1306.98W (Ans.)

60°C

jecm

7 em
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Furnance view from top.

Thickness :
L=3em=003m Ly=L . =8cm=008m; L,=5em=0.05m
Areas :
A, =01x0.1 =(0.01m?; Ag = 0.1 x0.03 = 0.003m?
A. =101 % 0.07 = 0.007m*; Ap =0.1x0.1 = 0.01m?
Heat flow rate, Q :
The thermal resistances are given by,
Ly o BHF
k,Ay 150x0.01
Ly (.08
Ry _n= - =
kg Ag 30 x0.003

Q—r-® @ibﬂ

0.02

Ry o=

RH.-C

Fig. 2.25. Thermal circuit.
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Ry = e = i =10.176
ke Ap 65 x 0.007
L 0.05
Ry b = =01

T kpA, S0x0.01

The equivalent thermal resistance for the parallel thermal resistance R, ,and R . is given by

i
b o F o A e b g b s
{Erh:}wq Rﬂr it Erjr C 0.89 0.176
1
(R,). =——=10.147
#)es. = 5803
Now, the total thermal resistance is given by
"erl.l}lﬂl'_ﬂ: I .J|+{HHJ':IL-|:|.+RHJ I}=UGE+UI4T+UI =0.267
At 400 -
g = Lo _ 00 - 60) _ 1373.4W (Ans)

{ Hrh }.r.--:m' {}2&?

Example 2.17. The insulation boards for air-conditioning purposes are made of three lavers,

middle being of packed grass 10 cm thick (k = 0.02 Wim®C) and the sides are made of plywood each
af 2 cm thickness (k = 0.12 W/m®C). Thev are glued with each other.

(i) Determine the heat flow per m*® area if one surface is at 35°C and other surface is at 20°C.

Neglect the resisiance of glue.

(#i) Instead of glue, if these three pieces are bolted by four steel bolts of 1 cm diameter ar the

corner (k = 40 W/im°C) per m* area of the board then find the heat flow per m* area of the combined
board. (M.U., 2001)

Refer Fig. 2.26.

[

Plywood
Cirass

Solution. (i) When the layers are glued :

Thickness of each of the plywood layer, L, =

=2 cm=0.02 ? 7
L-=2em=00Im - ® ﬁ
Thickness of grass layer, 1 ﬁ £ =20°C
L, =10em=0.1m _ -
=
Thermal conducthivities : "{":"-'
.ii:l_1 =.fir= 0.12 Wim“C: ?g""ﬁ"
k, =0.02 W/m°C; _ ﬁ
Temperatures : t, = 35°C; 1, = 20°C f ﬁ
' e e 2 o
Heat flow per m ..:;Ed..:fj. T 3 4
q= — —» |je—1 2
Ry at Ry g+ Ry L, = lgcm Le
= “I =i 1'4} = 2em {.ﬁ.l] = Jem
Ly | Ly | Lo ' : : L
koA kyrA o ke A S AAAAN—E—ANAA—S—AAANN —*
B {35 0 EU':I RH'I-A lﬁ"l.'h-l:l 'FEI:'I'|-If_'l
=002 F 0.1 % 0.02 (£)
012x1 0.02x1 0.12x1 Fig. 2.26,

15

= =281 Wim® (A
0.167 + 5.0 + 0.167 (ans.)
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(#i) When the layers are joined by steel bolts : Refer to Fig. 2.27.
Number of steel bolts used = 4

Diameter of each bolt, d, = lem =(L.0O1l m
« Area of each bolt, A, = }:x: 0.01° = 7.854 x 107° m?

Thermal conductivity of bolt material, k;, = 40 W/m®C
The equivalent thermal resistance (R,,) . of the thermal circuit for the system is given by
I 1 4
= 5 o
(Rpdey (Bt Ru_s+Ry_c) Ry_p
Ly + Lg+ Loy 002+ 0.1+ 002

0y R, p= =
e i kp, - Ay 40 x 7.854 x 107°

I | 4
= + = (L187 + 0.089 =0.276

I o
0r, {.R,hl: },p-q- or I::-'!i-.r.n'll:lrrnm' . m = 3.623°C/W

= 44.56°C/W

Rll'h.-'f er'l-.!]‘ Rm,['

Wiy

Rr.h-.".r

WWhy

Rrﬁ-ﬂ

“WWWA
L

WWy

R‘m_n

(&) Thermal circuit for the system.

Flgl 3.2?‘
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Heat flow per m* area, g :
(,—1ty) _ (35— 20)
[R.hfr ]'mrm' 3.623

Example 2.18. Two slabs, each 120 mm thick, have thermal conductivities of 14.5 W/m"C and
210 Wim"C. These are placed in contact, but due to roughness, only 30 percent of area is in contact
and the gap in the remaining area is 0,025 mm thick and is filled with air. If the temperature of the
face of the hot surface is at 220°C and the outside side surface of other slab is at 30°C, determine :

(1) Heat flow through the composite system.

= 4.14 W/m? (Ans.)

(i) The contact resistance and femperature drop in confact,

Assume that the conductivity of air is 0.032 Wem"C and that half of the contact {of the contact
area) 1s due to etther metal.

Solution. L, = 120 mm = 0.12 m; L, = 0.025mm=0.000025 m
Ly =120 mm = 0.12 m; Ly = 0.025 mm = 0.000025 m
Slab A Slab B

f,=220"C \ t,=30°C
DN\

0

ﬁk

L «— Lp—p
= 120 mm =120 mm

Ly =1y =L =0.025 mm
(a) Composite system

Rf.'ll."l]
— W]
!’l =22[}u': Rm_r_‘ .f1=3 U'ﬂl:
MW T AW TS WA
R.!I'I’ A H.'I'rhﬂ| Rm.n
— WWW—
1,=220°C 1,=30°C
o~ AMM—o—AMM,—0—AMA,—o
Rr.l':-.-i {HI‘-'J]-“-’&'- Rr.&-.fr

Fig. 2.28.
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L

thickness 12 mm contains water at 95°C. The rm.=95“l[_‘
thermal conductivity of mild steel is 50 W/m®°C,

and the hear rransfer coefficients for the inside and

outside the tank are 2850 and 10 Wim*°C,
respectively. If the armospheric temperature is

153°C, caleulate :

surface ared.

the tank, L= 2 mm

=

= (0.025 mm = 0.000025 m;
k,= kg =145 Wm°C;

kg = kg =210 Wim°C,;
k- = 0.032 Wim*C, r, = 220°C; 1, = 30°C
(7) Heat flow through the system, ( :
Q:12
R =
gl TS
(.000025 0.000025
R T e B g S s
14.5 x 0.15 (0.032 x 0.7
P _ 0.000025 R _ 0412
"R 210005 " 210 %1

1 1 1 1

+ +

(Rpdey Ry a By ¢ By g
1 _14,5Hﬂ.lﬁ+l}.032xﬂ.?+ 210 x 0.15
(R, Yoy 0.000025 (0.000025 (000025

Rammed induction furnace.

or, Ry =7419% 107
er, [Rnfr}.'rl.'m' =Ru‘z - A ok {Rm}t‘q‘ * R"“ &
g . - | -
= L2 saiexinT +—2l L gsavie?
14.5 x | 210 x1
(Al _ (220 — 30)

Hence, @ g 3™ = g o107 =21493 W or 21493 kW (Ans)
(if) The contact resistance and temperature drop in contact :
The contact resistance = 7.419 x 1077 °C/W  (Ans.)
The temperature drop in contact = {} x contact resistance
= 21493 x 7419 x 107 = 0.0159°C (Ans.)

Example 2.19. A mild steel tank of wall
Tank wall

(i) The rate of heat loss per m® of the tank Water

t,=15°C

.

(i) The temperature of the outside surface of

s 4

Solution. Refer to Fig, 2.29,

Thickness of mild steel tank wall Fig. 2.29.

L=12mm=0.012m

Temperature of water, fy = 95°C
Temperature of air, te=15°C
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Thermal conductivity of mild steel,

£ = 50W/m°C

Heat transfer coefficients :
Hot fluid (water),  h,, = 2850 W/m*C

Cold fluid (air), .y =10 Wim>"C.

(i) Rate of heat loss per m* of the tank surface area, q:

Rate of heat loss per m” of tank surface,

The overall heat transfer coefficient, LV is found from the
relation,

Lo d oo | S
[ e aam, — = + + ——
v hy Kk hy 2850 50 10
=0.0003508 + 0.00024 + 0.1 =0. 1006
|
T 01006
g =994 x | x (95 - 15) = 795.2 W/m? (Ans.)

(if) Temperature of the outside surface of the tank, ¢,:

=094 Wim*oC

Bricked induction fumace.

We know that, g=h x1x(t, -1,
or, 795.2 =10 (; - 13)
-? +
or, fy= % + 15 = 94.52°C (Ans.)

Example 2.20. An electric hot plate is maintained at a temperature of 330°C, and is used to
keep a solution boiling at 95°C. The solution iy contained in a cast-iron vessel of wall thickness 25
mm, which is enamelled inyide to a thickness of 0.8 mm. The heat transfer coefficient for the boiling
solution is 5.5 kW/m*K, and the thermal conductivities of the cast iron and enamel are 50 and 1.05
WimK, respecrively. Calculate !

(i} The overall heat transfer coefficient.

(i) The rate of heat transfer per unit area. (GATE, 1993)

Solution. Given : t___ =350°C; ¢, . =95"C, (Ax),., = 25 mm = 0.025 m;
Ay =08mm=08x10"m;h_ . =55kWmK; k., =50 WmK,
k= 105 W/mK.
Refer Fig. 2.30.
Solution

=\ __ Enamel

( 350°C

Heater

b e

Fig. 2.30,
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(i} The overall heat transfer coefficient, U :

l — {ﬂ"ﬂf..f. + {M-Jtl'l.-ﬂmd b 1
U 'E"E'.J'. kn:rm.mr:l 1 JpT:t-r-!lutlun
_ U.ﬂ15+D,H:u:]U H | 4445 10 W
50 1.05 5.5 %107

U= 6925 Wm’K

(ii) The rate of heat transfer per unit area, () :

0 =UA (g,

—f
heater =olulion

=692.5 x 1 x (350 = 9.5) = 176587.5 W/m?® = 176.6 kW/m?

Example 2.21. The maximum operating
temperature of a kitchen oven is set at 310°C.
Due to seasonal variarions, the kitchen
temperature may vary from 12°C 1o 32°C. If the
average heat transfer coefficient between the
outside oven surface and kitchen air is 12 W/
m*°C, determine the necessary thickness of fibre
glass (k = 0.036 Wim°C) insulation io ensure
that the outside surface temperature of oven does
not exceed 45°C. Assume that the steady state
conditions prevail and the thermal resistance of
metal wall is negligible.

Solution. Refer Fig. 2.31.
Maximum temperature of kitchen oven,
t.= 310°C
Outside surface temperature of oven,
I, = 43°C
Kitchen air temperature,
t, = 12°C 1w 32°C
Thermal conductivity of insulating material
(fibre glass)

k = 0.036W/m°C
Heat transter coefficient,
h = 12Wim*°C.

Thickness of insulation (fibre glass), I :

— —
atet tetets
g e
stetel talede?
o¥ete ettty
.‘.""‘*""‘!’*’i
B

o

Kitchen
oven

t=310°C

PO HIN
B
BRI
R
slaieieles

o
BTN,
L
ST

R
g o B ML
Eo R
I*i‘““'*#"l'{
i

The rate of heat transfer per unit area of the wall is given as

=g=
A Llk+1/h

L = Lair

iq

{Ans.)

{Ans.)

Insulation

{fibre glass)

1, =45'C

|
,_1|___hu =12 Wim* °C

. =12C1032°C

Kitchen air

Further, as the steady state conditions prevail, heat flow through each section is same.

o — i'r.lr'r

Lik+1/k,  1/h
1

I — 'rf.u}r

or,
]

h:_“e — e ) = (g =Ly ) [L1k + ”h":']

L |
E”ﬂ = g ) F E“ﬂ = Lair )
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| L
or _I.“I re 11"z.u'r:I =N {'rl} = Toir ” = I{L'FI]- = 'F:m':II
|

|
or EUI =g )= E“ﬂ - 'rm'.r}

K|l L=1
or L=—{#—L]
hﬂ' 'rIII - ilrJr'.l'

The thickness of insulation (fibre glass) will be large for ¢ . = 32°C.

_0.036 | 310 - 45
T2 [ 45 - 32

Example 2.22. Hof gases at 1020°C flow past the upper surface of a gas turbine blade (the blade
to be considered as a flat plate 1.2 mm thick) and the lower surface is cooled by air bled off the
compressor. The thermal conductivity of blade material is 12 W/m®C and the heat transfer coeffi-
cients (convective) at the upper and lower surfaces are 2750 W/m*°C and 1400 W/m?°C respec-
tively. Assuming steady state conditions have reached and the metallurgical considerations limit the
blade temperature to 900°C, estimate the temperature of coolant-air.

:| =(L.06115mor61.15 mm (Ans.)

Solution. Temperature of hot gases (fluid) Ilr.f = 1020°C
Thickness of blade, L. = 1.2 mm =0.0012 m
12 Wim*C

Thermal conductivity of blade material, &

Convective heat transfer coefficients :
2750 Wim"C
1400 W/m*C

Upper surface, h;,

Lower surface, hr',l'

Temperature at the upper surface of the blade,

1, = 900°C.
L&)
o Hot gases (1,,= 1020 C)
RS By = 2250 Wim? C 2
Upper surface
B W T S M
GEE 1 A T
turbine i L=12mm
blade ¥
F SR ____T___ e ey i
- Lower surface
27 hy=1400 Wim® C Coolant-an
{tr=T)
Fig. 2.32.
Temperature of the coolant air, ¢
The rate of heat transfer per unit area,
¢ = hh_l,.' A W= 1))

= 2750 = 1 (1020 — 900) = 330000 W/m*
Since the heat transfer takes place under steady state conditions, therefore, this heat would be
conducted across the gas turbine blade. Using Fourier's law of heat conduction, we have
L
where, 1, = Temperature of the lower surface.
12 x 1% (900 - 1,)

330000 =
e 0.0012
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330000 x 0.0012
- I‘; = §67°C

As the heat conducted across the blade would
be transferred to the coolant-air, therefore,

thu.-ﬁ (2, = ﬂ-f‘

330000 = 1400 x 1 (867 - 1,,)

330000 _ ot o

(Ans.)

f =867 -

Example 2.23. A metal plate of 4mm thick-
ness (k = 93.5 Wim°C) is exposed to vapour af
100°C on one side and cooling water at 25°C on
the opposite side. The heat rransfer coefficients
on vapour side and water side are 14500 W/m*°C
and 2250 Wim?°C respectively. Determine :

(i) The rate of heat transfer,

(ii) The overall heat transfer coefficient, and

(tii) Temperature drop at each side of heai Gas turbine blades.
rransfer.

—— Metal plate

Water
Vapour b= 2250 W/m*°C
e = 14500 Wim*C I s
tye=100°C ’
fys ke
— WWW—— W ANWN——
100 C (R1h}|.'m1-r--'q.l' {H'lll}l-ﬁ [:Rm:]l.'unt'--:'.f 25 C

Fig. 2.33.
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Solution. Thickness of metal plate, L =4mm=0.004m
Thermal conductivity of plate material, k =955W/m°C
Temperature of vapour (hot fluid), h, Ve 1O0*C
Temperature of water (cold fluid), t, =25°C
Heat transfer coefficients :
Vapour side, hy,, = 14500 Wim>"C
Water side, h,, = 2250 Wim**C
(i) The rate of heat transfer per m%, g
q= {ﬂ'rlqlﬂ'ﬂﬂ'f = {'r'llf B I‘:r}
II*‘I:Elrl‘r }rnrm' ‘ th }-lrr:-:rl'
_ Uy = 1gr)
I:'Et"a.!.fr }{H-nr.-.frf F {Rr!:' }1 -2 " [Rm ]-:'mn'.-r_f
(100 - 25)
= 4. i, 1
N T TR
B 75
= i 0.004
+ +
14500 955

 6.896x 10 0+ 4.188 x 10 ° + 44.444 % 10°°

=1.35 x 10° W/m?
Hence, rate of heat transfer, g = 1.35 x 10° W/m? (Ans.)
(ii} The overall heat transfer coefficient, L:

The rate of heat transfer through a composite system is given by

) = U.A. (A1)

v rail

0r, [ = Q = q = 1.35 % ”JE
AAn  Ar (100 - 25)
(7if) Temperature drop at each side of heat transfer :

We know that g=q,,=¢, ,=g,=1.35x 10" W/m’
(A1),

H L II".i'.l'r .
o ! {Rm -}r'mn'. —ef
]

(A, =1.35 x10° % =9.31°C
i f 14500
i.e.. Temperature drop in vapour film =9.31°C  (Ans.)

(A} 0.004

g Gio2=——— ar (A1), -=135x10°x =

i.e., Temperature drop in the metal = 5.65°C (Ans.)
(A1)
{Rl.fr Jl'r-'r.lrl-' -&f

and, o =

|
or, (A, =133 x% 10° x 550 = 60°C

i.€., Temperature drop in the water film = 60°C (Ans.)

= 1800 W/im**C (Ans.)

=5.65°C
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Example 2.24. The interior of a refrigerator having inside dimensions of 0.5 m x 0.5 m base area
and Im height, is to be maintained ar 6°C. The walls of the refrigerator are constructed of two mild
steel sheets Imm thick (k = 46.5 W/m°C) with 50 mm of glass wool insulation (k = 0.046 W/m"C)
between them. If the average heat transfer coefficients at the outer and inner surfaces are 11.6
W/m?°C and 14.5 Wim*°C respectively, calculate :
(i) The rate at which heat must be removed from the interior to maintain the specified tempera-
fure in the kitchen at 25°C, and

(it) The temperature on the outer surface of the metal sheet.
Solution. Refer to Fig. 2.34,

L, = L.=3mm=0.003m

Ly = S0mm=0.05m

k, =k =465 W/m°C;

k, = 0.046 Wim® C

h, = 1.6 Wim?°C; h, = 14.5 W/m>°C

0
1, = 25°C;1.=6"C.

]
The total area through which heat is coming into the refrigerator,

A=05%x05%2+05x1x4=25m’

Mild steel Mild steel
sheet sheet

\_r Glass wool

AR
W

Outside
surface of
refrigerator

A\

|
|
|
|
I

e

%
_
:,-';’/ ',’-,?”: Inside
byl g ;’g ol
ID:ESDC g % "_1:“#__!'1e
Z |
sl [ _ :
! ﬁ ﬁ | 1 =6'C
% B
.
3 s ), B
=3 mm =R pam = 3 mm
Fig. 2.34,
(i) The rate of removal of heat, ( :
¢= ; Ljf: TL(- |
W ks ks ke B
- LJrg.ﬂmM[tfgs_ mﬂ.{}03+ ot ey

+ +
1.6 465 0046 465 145
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(1) The temperature at the outer surface of the metal sheet, 1 :

Q = hA(25-1)
o, 82 = 11.6%2.5(25-1,)
38.2
h=25 « ————
OF, ' 11.6%2.5

= 23.68"C (Amns.)

Example 2.25. Calculate the rate of heat flow per m* through a furnace wall consisting of 200
mm thick inner laver of chrome brick, a centre laver of kaolin brick 100 mm thick and an outer laver
af masonry brick 100 nun thick. The unit surface conductance af the inner surface is 74 Wi °C and
the outer surface temperaiure is 70°C. The temperaiure of the gases inside the furnace is 1670°C,
What temperatures prevail at the inner and outer surfaces of the centre laver ?

Take : k 0 oriy = 1.253 Wim°C; &

Assume steady heat flow.

koot Briek = (.074 Wfﬂiﬂ{_’; k

wasonry bk — .355 Wim°C
(MLLUL)

Solution. Thickness of chrome bricks, L, = 200 mm =0.2 m
Thickness of kaolin bricks, Ly = 100 mm = 0.1 m
Thickness of masonry bricks, L. = 100 mm = 0.Im
Thermal conductivities : &, = 1.25 Wim“C;
g = 0.074 Wim°C; k.= 0.555 Wm°C;
The unit surface conductance, h:;-j = 74 W/m*°C
Temperature of hot fluid, L = 1670°C
Temperature of the outer surface, = T0°C

|
Furnance ' /

=14 Wim'°C

F s

F
=200 mm
(f} Rate ol heat flow per mz1 q:
e T T B
SN W . R Wanr

Chrome bricks

Whr=tg) : /

Kaolin bricks
Masonry bricks



Heat and Mass Transfer

(1670 — 70)
1,02 01 0l

74 1.25 0.074  (0.555

- 1600
0.0135 + 0.16 + 1.351 + 0.1802

= 938.58 W/m’ (Ans.)

(#i) Temperatures; i/, :

The heat flow is given by
Uy =) -t (t-1)
T Mk BTy (k)

EEr lﬁ_l'r[] - I'E L
938.58 = 1/ 74 Close-up view of turbine blades.
or = 1670 — 938.58 x % =1657.3°C
(1657.3 —14) 0.2
4 1. 933153 — - — _ ; = o g
Similarly, 037135 or f,=1657.3 - 938.58 x T 1507.1°C  (Ans)
(1507.1 - I5) 0.1
038.58 = — _ = o
H}-I ﬂrﬂ.ﬂ?‘i] or irJ_ 1507.1 O38.58 = [J 074 238.7°C {A“ﬁ-r}

Example 2.26. A cold storage room has walls made of 2200 mm of brick on the outside, 90 mm
of plastic foam, and finally 16 mm of wood on the inside. The outside and inside air temperatures are
23°C and -3°C respectively. If the inside and outside heat transfer coefficients are respectively 30
and 11 Wim*°C, and the thermal conductivities of brick, foam and wood are 0.99, 0.022 and 0.17 W/m°C
respectively, determine :

(i) The rate of heat removal by refrigeration if the total wall area is 85 m?;

(i)  The temperature of the inside surface of the brick.

Solution. Refer Fig. 2.36.

\

D
_

s
W
e

/f

N\

i
%
£

wh

Fig. 2.36.

Thickness of brick wall, L,=220mm=022m
Thickness of plastic foam, Ly =90 mm=0.09m
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Thickness of wood,
Temperature of hot fluid (air), by = 25°C

t, =-—3°C

Temperature cold fluid (air), o

Heat transfer coefficients :
Hot fluid (air), ,, = 11 W/m*C
Cold fluid (air), h , = 30 Wim*C
Thermal conductivifies

Lr =16 mm=0.016m

Brick, k, =099 Wim"C
Foam, ky = 0.022 Wim®°C
Wood, k- =0.17 Wim"C
Total wall area, A = 85 m?
(f} Rate of heat transfer, () :
0 =UA (f— 1)
The overall heat transfer co-efficient (U) may be found from the following relation :
l: 1 +LA+LB+!_1—+ 1
U hy kg kg ke hy
L+ 0.22 i 0.09 g 0.06 i L
0,99 0.022 0.17 30

—

11
(

1091 + 0.222 + 4,091 + 0.094 + (0.033 =4.531

=(.2207 Wim~C

4.531
0 =0.2207 = 85 [25 - (-3)] = 525.26 W (Ans.)
(11) Temperature of inside surface of the brick, ty:
@ =UA({,-1)
0or, 525.26 = ] s'll[fhl,- —I4)
L-ﬁ ) E
e + hath v
frhf ky !
| L
=| ———— X8B3 (25 - 1,) =271 45(25 -t
l 033 ( 5 ) ( 5)
11 0.99
525.2
t,=25 - 220 _ 2306°C (Ans.)
: 271.45

Example 2.27. A furnace wall is made of composite wall of total thickness 350 mm. The inside
laver is made of refractory material (K = 2.3 W/mK) and outside laver ts made of an insulating
material (K = 0.2 W/mK). The mean temperature of the glass inside the furnace is 900°C and inter-
face temperature is 320°C. The hear rransfer coefficient between the gases and inner surface can be
taken as 230 Wim? °C and between the outside surface and atmosphere as 46 W/m*=C, Taking air

temperature = 30°C, calculate ;
(7) Required thickness of each laver,
(i) The rate of heat loss per m* area, and

(tii) The temperatures of surface exposed to gases and of surface exposed to atmosphere.

(B.U., Dec., 2002)
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Solution. Given : Total thickness of wall, LA + Lﬂ =550 mm =0.55 m; .i:ﬂ =23 W/mK; kﬂ
=0.2 WimK; b= Qi0=C; t = 520°C: hbf= 230 Wim°C: hl_f: 46 Wim*°C: rr_fz 30°C.

Refractory material
(k;=2.3 W/mK)

Insulation
(k=02 W/mK)

aaaaaaaaa

111111111

Thickness of each layer, .L_*, I.B :

The heat flow rate,

Equating (i) and (if) we get,
| +LA []I.55—L_,,+ |
e Ky kg My
900 =520, . 520 - 30
1 ki T BSs-k )

i +
230 2.3 0.22 46

mlM . L} _ 499[L . 54_}
0.2 46 230 2.3

1045 - 1900 L, +8.26 = 213+ 213 L,
2113 L, = 1051.13

or, L, = 0497 m or 497 mm {Ans.)

and L, =550-49Tm=53mm (Ans.)
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(i} The rate of heat loss per m* area, ¢ :
hy — 1 900 - 520
L, 1 . 0497

L P | ST Ve
By kg 230 23
s 380 — 1724.5 W/m? {Ans)
0.004348 + (1.216

Example 2.28. The inside temperature of furnace wall, 2000 mm thick,

is 1350°C. The mean

thermal conductivity of wall material is 1.35 Wim®C. The heat mransfer coefficient of the outside

surface 15 a function of temperature difference and is given by
h=7.85+ 008 A

where At is the temperature difference between outside wall surface and surroundings. Determine
the rate of heat transfer per unit area if the surrounding temperature is 40°C,

Solution. Thickness of wall,

L=200mm=0.2m

\

|
4—— Furnace wall

I
Temperature of inner surface of wall, b :
.I'] —; 14[“-}{?[: h | Air
I
Temperature of air (cold fluid), Gases |
— A0° Lo
= A°C \ |
Mean thermal conductivity of wall material, I
k = 1.35 Wim°C : ”
ty=40C
Rate of heat transfer per unit area, g : ﬁ .
[— L —— |

(=1 p=ig)
LIk 1/ f

350 =+
A30-5) _ b, - 40)
0.2/1.35 :

Furnace walls and electric wils.
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or, 6.75(1350—1,) = [7.85+0.08 (1,—40)] (2, —40)

I

or, 9112.5-6.75¢

0,

7.85 (1,—40) + 0.08 (1,—40)°
, 9112.5-6.751, = 7.85¢,- 314+ 0.08 (1, - 801, + 1600)

g 9112.5 — 6.751, — 7.851, + 314
or, " — 80t + 1600 = e 2
0.08
= 117831 - 18251,
or, 12+ 1025, - 116231 =0
o e UEE: J(102.5)* + 4 x 116231
) 1.... 2.
- -mz-sﬁrﬁag-ﬁ E—
1350 — 293,
q= LEr ) _ 2131.37 Wim? (Ans.)

Exampel 2.29, The furnace wall consisis of
120 mm wide refractory brick and 120 mm wide
insulating fire brick separated by an air gap.
The outside wall is covered with a 12 mm thick-
ness of plaster. The inner surface of the wall is at
1090°C and the room temperature is 20°C. The
heat transfer coefficient from the outside wall
surface to the air in the room is 18 Wim*°C, and
the resistance to heat flow of the air gap is 0.16
KW IS the thermal conductivities of the refrac-
tory brick, insularing fire brick, and plaster
are 1.6, 0.3 and O0.14 W/mK, respectively cal-
culate :

(i) Rate at which heat is lost per m” of the

wall surface;

(ii) Each interface femperature; and

(1ii) Temperature of the oulside surface of
the wall.

Solution. Refer Fig. 2.39,

0.2/1.35

1=
= 1090°C

f Adr gap

B.efractory bricks

Insulating fire bricks

El".laﬁt:r

]
|
| | T

|r'; :

et by

it =2PC
L] 'L.-1 > Lﬁe '[’f t
= 120 mm =120 mm = 12 mm
Fig. 2.39.

Thickness of refractory brick, L, =120mm={.12m

Thickness of insulating fire brick, L, =120mm=0.12m

Thickness of plaster, L. = 12mm=0012m

Heat transfer coefficient from the outside wall surface to the air in the room,
=18 W/m*°C
Resistance of air gap to heat flow = 0.16 K/'W

Thermal conductivities

Refractory brick, k, = 1.6 W/m°C

Insulating fire brick, &, = 0.3W/m°C
Plaster, k. = 0.14 W/m"C.
Temperatures : tye = 1090°C; 1= 20°C

Consider 1m~ of surface area.
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(i) Rate of heat loss per m* of surface area, g :

b — b )
- Uy — 1y
L, L Le 1
—+E.L1'g’l|:”‘ﬂ‘?]5[ﬂ.t1ﬂﬂ+—+—+—
B (1090 - 20)
012 12 012 |
: +ﬂ.|ﬁ:+ﬂ +Dﬂ o
1.6 03  0.14 18
1070

= 13785 W or 1.3785 kW

©0.075 + 0.16 + 0.4 + 0.0857 + 0.0555
i.e., Rate of heat loss per m? of surface area = L3785 kW  (Ans.)
(if) Temperatures at interfaces, Ll b
0= 13785 = 1090 -1, 1090 -1, 1090 - 1,
L,fk, 0.12/1.6 0.075
= 090 - 13785 x0.075=986.6"C  (Ans.)
Iy — 1y _986.6 - 14
air gap resistance C 016
1,=986.6 - 1378.5 x0.16 =766.04°C (Ans.)
L=ty TE604 -1, T66.04 -
Again, = A, o3 o4
r,=766.04-1378.5x04=214.64"C (Ans.)
(i1i) Temperature of the outside surface of the wall, It
I,—1s 21464 —t;  2114.64 — 14
Lolke  0012/0.14  0.0857
t.=214.64-1378.5x0.0857 =96.5"C (Ans.)
Exampk- 2.30. A furnace wall is made up of three layers of thicknesses 250 mm, 100 mm and 150
mm with thermal conductiviries of 1.63, k and 9.2 W/m~C respectively. The inside is exposed 1o gases
at 1250°C with a convection coefficient of 25 Wim>°C and the inside surface is at 1100°C, the
outside surface is exposed to air at 25°C with convection coefficient of 12 Wim?°C. Determine :

Also, () =13785=

0 =1378.5 =

(i) The unknown thermal conductivity 'k’;
(i) The overall heat transfer coefficient;

(iir) All surface temperatures.

Solution. L, = 250 mm = 0.25 m;
Ly = 100 mm=0.1 m,
L. = 150 mm=0.15 m;
k, = L6SW/m C,
k. = 9.2 Wim°C;

by = 1250°C, r, = 1100°C;
h,ﬁ, = 25 Wim*°C; h,= 12 Wim*°C
(i) Thermal conductivity, k (= k) :
The rate of heat transfer per unit area of the furnace wall,
q = hy(t,—1)
= 25(1250 — 1100) = 3750 W/m?
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Al g = Bl ovenn
e {RHJ }H:II:J!

Uy = L)

or i

L
8= 1250°C

N\

Gases

fiyr =25 Wim' °C

[Rr.l‘r }mm' - RI.fr - A + Rrﬁ- I +* Rrh =" * I;‘i:Elr.l‘r }n:'rrr —f

I
: t,=25C
I > : ;
| ! 2 3 4 h,=12Wm C
t-— S —-|<Tﬁ+— 7
= 250 mm A 150 mm
(@) Composite system
lrll.:'Ir. f] -!: -r_:, '!-1 lr'.-ll
" -AA~ =W — AW ———AMA, Esﬂf
1250°C {ijmimn C Ry, Ra.s Ry.c (R
(£) Thermal circunt
Fig. 2.40,
n )
3750 = (1230:— 23)
(T, ]_ 3 L_-"' + ﬁ + i_f + L
h-’rf Ky JI:E k- .‘at.f
1225
3750 =
i | .25 0.1 0.15 1
. — + + + —
25 165 kg 9.2 12
- 1225 -~ 1225
0.1 a 0.1
0.04 + 0.1515 + — + 0.0163 + 0.0833  (0.2911 + —
kg kg
(0.1
or, 37500 0.289 + — | = 1225
Ky
: 225
or, E]—]- = : —0.2911 = 0.0355
kg 3750
ky=k = vt
(.0355
= 2817 Wm"C {Ans.)

(fi} The overall heat transfer coefficient, L' :

|
{-R.'h ::Il|,1l_:|.|

The overall heat transfer coefTicient, [J =
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1

Effects of heat on turbine blades is an important consideration while designing.

1 025 (1 0.15 1
+ + + +

! {R :Illil. — e 19
Now, W as 165 OEIT 92 12
=0.04+0.1515+0.0355 + 0.0163 + 0.0833 = 0.3266 °C m2W
U=—"t = ! _306Wm?C(Ans)

[ li"-El.lr -:ItlJtilJ 0.3 Ehﬁ
(fif) All surface temperatures; {,, by

g S q1=9p= 4

& 3?5ﬂ=“|—f::'=”1—’.;3=[i'_1—?4}
L,/k, Ly Tk Lo Tke
1100 - ¢,
- 3750 = L0 %)
0.2571.65
2y
or, , = 1100 — 3750 x £ = 531.8°C (Ans.)
i 1.65
(531.8 — 1)
Similk: 3750 =
Similarly, 01/2817
or, £, =531.8 - 3750x F}D'I = 398.6°C (Ans.)
I0R 6 —
= 1750 = 386 — &)
(0.15/9.2)
0.5 . ;
Or, t, = 398.6 — 3750 x 'EF =337.5°C (Ans.)

[Check wsing outside convection,

_ (3375 -135) (3375 - 23]

= 3750 W/m? |
1/ hy 1/12

q
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Substituting the values in the above equation, we get,

| |
002 _ 1 ' 001 _ 1
+ i
|50 200 0.2 50
= 0.0225 (7, - 25) : .
| (0.0004 + 0.005) * (0.05 + 0.02)
~25)x 199.47

100
Ima'.m = 25 T
0.0225 x 199.47

(i) Outer surface temperature of two slabs; II‘ .-I:

= 'k..-l'ﬂ{'rmu.:: e 'E]:I

1000 = 0.0225(r,_, — 25)

=0.0225(t

max

= 247.8°C (Ans.)

Q.—t L,:, = hj' ""'II'“I e f:.l}
50(247.8 - 1,)
= 200(r, — 25)
o 0.02 !
or, 2500 (247.8—1,) = 200 (1, — 25)
200
24T R =t = (i = 25) =008 -2
or, 1= Sso0 ) |
or, 1.08 f= 2498
k= sl 231.3°C (Ans.)
1.08
Similarly, - kg Al = 1) _ by At — 1)
Ly 2 =
0.2(2478 = £.)
22 = 50(r, — 25)
W 0.01 -
o, 20(247.8 - 1,) =501, - 25)
S0
G (2478~ 1) = 21, = 25) = 254, - 62.5
or, 351,=310.3
310.3
g % — 88,6°C (Ans.)

Equivalent electrical/thermal circuit is shown in Fig. 2.41 (b).

Example 2.32. The following data relate 1o furnace of a steam boiler :

Temperature of gases in the furnace P o Y &

Temperature of air in the boiler room SRR |

Thickness of refractory material SO 1 7 1 1

The heat transfer coefficient from gases to refractory wall e 30 Wim?°C
The heat transfer coefficient from ouiside surface to surrounding air .. 10Wim™°C

Thermal conducrnivity of refractory material @ k = 0.28 (I + 0.000833 1) Wim°C
Thermal conductivity of diatomite layver : k = 0,113 (1 + 0.0002006 1) Wim®C

Estimate the thickness of the diartomite laver of setting so thar the loss of hear 1o the surround-
ings should not exceed 750 Wim®,
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(iv) Heat exchange by radiation, q_, :
Assuming the emissivity of hot gases as unity, the net radiation heat gain of wall per unit area is
given by
Graa. = £6( (T, ) = (1))
= (.82 x 5.67 x 10°* [(810 + 273)* — (808 + 273)"]

810 + 2?3]* ) [BGS + 273
100 100

ir) Convective heal transfer coeflicient for the inside surface of the furnace wall (k ¥ i

CREF.

4
= .82 % 5.67 [( ] } = 471.2W/m® (Ans.)

As convective and radiative heat transfers between gases and wall are in parallel, therefore
q = [qrﬂ;f} + {qrr.lm'. ]J'
or (G )i = 4 — q,y =538.9-471.2 =677 Wm*C
Convective heat transfer coefficient on the inside surface,

i {"?crml'. ]f - E'-"r‘-"'

fe—1, 810 - 808

= 3385 W/im*"C (Ans.)

”!nrln\'. :Ir'

Example 2.34. The following data relate 1o a large rectangular combustion chamber for a
Jurnace made of 220 mm common brick, lined on the inside with 220 mm thick laver of magnesite
brick :

Temperature of pases = 1300°C; Temperature of surrounding air = 40°C; Radiation coefficient,
inside surface = 17.5 Wim*°C; convection coefficient, inside surface = 16.4 Wim*°C; Radiation
coefficient, outside surface = 7.2 Wim® °C; convection co-efficient, outside surface = 11.5 Wim*°C;
Thermal conductivity of common brick = 0.65 W/m"C; Thermal conductivity of magnesite brick
= 3.5 Wim°C.

— Magnesite brick
Common brick

| B =
N \}
% : £, =40°C

|
5, =1300°C |
|
{qnﬂ"‘ :Iﬁ I h
:::: q.'l ".Jl" - {f.lrh?.:j' }“
o - <.
l::q } I - \ :—F{qﬂumt}n

\

2 3
[ L—>ie— L,—>

= 221) mm = 220 mm
Fig. 2.44.
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Determination of conduction heat transfer rate () :

The conduction heat transter rate is determined by utilizing the temperature distribution [Eqgn.
(2.57)] in conjunction with Fourier's equation as follows :

dt
iy
¢ dr
d h=54 (h—15)
= hAZ | g ATl . e LI
dr|:r'+]n{r1.|"rl] ) Inir/n) n(r}l:|

[Substituting the value of t from Eqn. (2.57)]
= -k L’,ZEr.L}[M}

rin (r,/5)
(= 1) (f—t3) At In(r/n)
=2k L = = R, =——
T In(r/r) In(nln) [ Hm] (where, Ry nk L
2k L
(r—1s)
Hence, ()= ————
In(ry/7) .(2.59)
2k L

Alternative method :

Refer to Fig. 2.45 Consider an element at radius ‘v and thickness “dr’ for a length of the hollow
cylinder through which heat is transmitted, Let 4r be the temperature drop over the element.

Area through which heat is transmitted, A = 2r r. L.
Path length = dr (over which the temperature falls is df)

S
e Iliﬂ[r::!'.i")

I
= ~k-2‘.rl:riLi per unit time

elr =
R & f‘iﬂ * N ad
s —""H.l R o

‘oW
bl
F ——

Induction eddy current heating.
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=_1+J{_.]+i]2_ @ In(riy)
B B Bk, nL

|
| a 1Y @ In(rinm)|?
f=—+ ||t +=| - ~
- B [[] Il] Bk, nL

2.6.1.1. LOGARITHMIC MEAN AREA FOR THE HOLLOW CYLINDER

Invariably it is considered convenient to have an expression for the heat flow through a hollow
cylinder of the same form as that for a plane wall, Then thickness will be equal to ( r, - r, ) and the
area A will be an equivalent area A as shown in the Fig. 2.46. Now, expressions for heat flow
through the hollow cylinder and plane wall will be as follows :

w(2.660)

| I |

A_ = Equivalent area

<

¢,

_
!
.

— - [r?_,- rl} il
— ) —
{a) Hollow cylinder {#) Plane wall
Fig. 2.46.
i =1) Heat flow throu i
S b 2h cylinder.
° TG )
2nk L
0= -0 ... Heat flow through plane wall.
(r,— 1)
k A,

A is s0 chosen that heat flow through cylinder and plane wall will be equal for the same thermal
potential.
=) (h—1,)
In(r/n) N (= 5)

2k L kA,
In(ra/r) _ (n—n)
% ImkL kA,
_2rlin=-1n) _ 2mlrn-2mnlpy
ar, S In{r, {5} = In(2xLrn/2nly)
or, Ay, = h’_‘?iﬁj el 2.67)

where A and A are inside and outside surface areas of the cylinder.
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Griven : q=%=]20mm=[].]1m

ry = 120+50=170mm=0.17m
ry = 120+50+40=210mm=0.21m
k, = 0.092Wim°C, k;=0.062 Wim"C
t, = 390°C; t,=40°C

Length of steam main, L=210m,

(i) 'lTotal heat loss per hour:

0= 2mLit, - t,)
) (s /n) [Eqn. (2.71)]
ka kg

2m x 210(390 - 40)
(Mn(0.17/0.12) . tnlfﬂ.?lm.l?}]
0.092 0.062
461814
(3,786 + 3.408)
 64194.3 3 3600
- 1000

i.e., The total heat loss per hour = 231099.5 kJ/h  (Ans.)

(11} Total heat loss per m- of the pipe surface :

= 641943 W

= 231099.5 kl/h

Total heat loss per m? of the surface
_231099.5 231099.5

C 2mn.L 2mx0.12x 210

(iif) Total heat loss per m? of the outer surface :

= 145955 kJ/h  (Ans.)

Total heat loss per m* of the outer surface
2310995 231099.5

= = 83M.03 k)/h (Ans.)
21r.L 2re x 0.21x 210

(iv) The temperature between two layers, 1, :

- In(r /5]
k,

2m x 2100390 - t,)

64194.3 = 2) _ 348.5(390 - 1,
[lnm.mn.lzn] : 2)
0.092
£, =300 - 82943 _ 5058°C (Ans.)
348.5

Example 2.41. A steam pipe of outer diameter 120 mm is covered with two layers of lagging,
inside laver 45 mm thick (k = 0.08W/m"C) and outside layer 30 mm thick (k = 0.12 Wim"C). The
pipe conveys steam at a pressure of 20 bar with 30°C superhear. The outside temperature of lagging

15 25°C. If the steam pipe is 30m long, determine :
(i) Heat lost per hour, and
(it) Interface temperature of lagging.
The thermal resistance of steam pipe may be neglected.
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h= 320°C, I, = 40°C
kri =58 W/m°C
kﬂ.= 0.18 W/m*-C, k{_= 0.09 W/m"C
(i)  Quantity of heat lost per meter ((7) and layer contact temperatures (F5 .E_!.}I :

Quantity of heat lost is given by
2r Lt - t)

0 =

In{r, /) " In(r,fr) . Ini(ry/r)

Ky kg ke
2 x 1 x (320 = 40)
2 ; = 296.5 W/m .
in(0.08/0.075) _ In(0.11/0.08) _In(0.16/0.11) Ans)
58 0.18 0.09

4 _ 2 _ y. .

Also, 0= 2nx1n—14) _ 2rx 1t - 1) _ 2 x (= 1y)
In{r,/n) In(r/r) In(ry/n)
2m(320 - 1, 2965 Inir
2065 = = 2) or g p g JOUE T H)
In(r,/n) 2 k,
ka
— 320 _ 296.5 ” In (0.08/0.75) —~ 319.95°C (Ans.)
2n 58

2m(319.95 -

Sty . W55 m SRR — fg)
In{r/r)
kg

296.5 In(r/n) _ 319.95 - 296.5  In(0.11/0.08)
n kg n 0.18

= 236.5°C (Ans.)

or. 1=319.95 -

(i) Quality of steam coming out of one metre pipe, x :
Total heat of steam when it is saturated at 320°C = 2703 kl/kg ...from steam tables
Heat carried by steam per minute after losing heat in the pipe

= 0.32 (kg /min) x 2703 (k] /kg) - M (kJ/min) = 847.17 kJ /min

1000
Now 847.17 =0.32 ”if-i-.l'hjk}

Corresponding to 320°C saturation temperature, from steam tables, we have
h.=1463klkg. h, = 1240 kl/kg
B47.17=0.32 (1463 + 2% 1240) = 468.16 + 396.8x

- (B47.17 — 468.16)
396.8

Example 2.44, Thermal conductivity, k, of a certain material is given by k= a + bT + cT* where

a, b, ¢ are constants and T is the absolute temperature. Derive an expression for heat flow per unit

length of a hollow cylinder made of this material. Assume that inner and outer radii of the cylinder

are r, and r, respectively and the cylinder ends are perfectly insulated.  (AMIE Summer, 2000)

Solution. Refer to Fig, 2.56. Consider a hollow ring at radius r, and thickness dr of the hollow
cylinder. The radius heat flow across the ring, per unit length, is given by

Q=—MJ.£=nkx2mx£
dr dr

=0.955 (Ans)

or,
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Chapter : 2 : Conduction-Steady-State One Dimension

(i) The temperature at the mid thickness, 7 :

0 = (280 - ¢, ) where r,, =radius at mid thickness/plane
In(r, /r) _(atn ) (01140163 . .
2nk, %1 k. & 2 =
280 + 1
» Enx[}.{}&[l + [J.EJ{HE{ ""-]fZED - tm,]]
200.06 = 2rk, (280 — ¢, ) —
In(D.135/0.11) 0(.20438
300. (0.204
i (1 + 0.0009(280 + £,,)](280 — ¢, ) = 20006 > 0.2048 _ .,
2m x (.06
O, (1+0.252+0.0009¢ (280t ) =163
or, (1.252+40.0009¢ )(280—¢ ) =163
or, 350.56-1.252r +0.252r —0.0009¢ * =163
Of, 0.0009 :mr“-+rm,— 187.56 =0
=1+ 1 + 4 = 0.0009 x 187.56
0, r,ul;r = "'JI[ = ]53.5“':
) 2 = 0.0009
Temperature at the mid thickness, = 163.5°C (Ans.)
280 — 163.5 280 + 163.5
Clieck (.= ) % 2mx0.06 {I +ﬂ,ﬂma[ ]}zm,ﬂﬁw
In{0.135/0.11)

Example 2.47. An insulated
steam pipe having outside diam-
eter of 30 mm is to be covered with
twe favers of insulation, each hav-
ing thickness of 20 mm. The ther-
mal conductivity of one material
15 3 nimes rhat of the other.

Assuming thar the inner and
outer surface temperatures of com-
posite insulation are fixed, how
much will heat transfer be in-
creased when better insufation
matertal is next to the pipe than it
is outer laver? (M.U.)

Solution. Case L. When better
insulation is inside :
Refer to Fig. 2.59.

p=2l = 15mm = 0.015m:

ry=15+20=35mm=0.035m;
r,=35+20=55mm =(.055m

kﬂ = jk-'l

Steam pipe

Better insulation (4)

Poor insulation {8)
(kz;=3k)

Fig. 2.59.

Heat lost through the pipe is given by
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Chapter : 2 : Conduction-Steady-State One Dimension 113

Heat loss/m length, (/L :
Q

e X Uy X (fy = 1)

=2 x (.01 = 2.788 (200 - 30) = 29.78 W/m (Ans.)

Example 2.50. An alumintum pipe carries steam at 1 10°C. The pipe (k= 1835 Wim®C) has an inner
diameter of 100 mm and outer diameter of 120 mm. The pipe is located in a room where the ambient
atr iemperature is 30°C and the convective hieat transfer coefficient between the pipe and air is 15 W/
m**C. Determine the heat transfer rate per unit length of pipe.

To reduce the heat loss from the pipe, it is cavered with a 50 mm thick layer of insulation
(k= 0.20 W/m"C). Determine the heat transfer rate per unit length from the insulated pipe. Assume
that the convective resistance of the steam is negligible. (AMIE Summer, 1999)

Solution. Case 1. Hl::;_l‘:-;“lf] Fig. 2.63. Aluminium Ay

Given f=—=>50mm pipe

=(.05m
o 1o 60 mm /
B 2 ko
=006m I
Temperature of steam (hot fluid), .I
= 1 10°C \
Temperature of ambient air {cold _,/

Fuid), Cold fluid b
(,=30°C film N P

Thermal conductivity of pipe ma-
terial,

k=185 W/m°C
Heat transfer coefficient between
the pipe and air,
h,=15 W/m=C
Heat transfer rate per unit length of pipe, O/L :
Heat transfer rate is given by,
2 Lty — 1)
e s Ta) o s [Egn. (2.69)]

IEA hla.‘r ] i"z

Q@  Inkin,-1y) 2m(110 — 30)
L [In(n/r) 1 | [In(006/0.05) 1
ky hy .1y 185 15 % 0.06

i.e., Heat transfer rate per unit length of pipe = 45199 W/im  (Ans.)
Case 11 : Refer to Fig. 2.64.
r, =50 mm = 0.05m; ry = 60mm=0.06m
ry=060+50=110mm=0.11m; k, =185 Wim°C
kg =0.20 Wim"C; he=15 W/m=C

= 451.99 W/m

0,
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Cold fluid it B

film

Insulation (B)
{ Asbestos)

Hot
flurd
film Sk
l a
= ——1,,=20C
\
|
' Fi >
Fig. 2.65.
k, =42Wim°C; kg = 0.8Wm"C
fyy = 150°C; IJ_J,=¢.D°C
Iam, = 100 W/m*°C; hﬂ, = 3 W/m*C
Heat loss = 2.1 kW/m?
Thickness of insulation {ashestos), {r3 —.r]} 1
Area for heat transfer = 2m r L (where L = length of the pipe)
Heat loss = 2.1 x 2m rL kW
=21 x2rx0.075x L=0.989 LkW
=0.989 L x 107 watts
150

(where r, mean radius = ? =75 mmor0.075m ... given]

Heat transfer rate in such a case is given by

Q i 1 u 2&9
L Wn(n/n)  In(n/n) | L=, 2071
TRl K, L by on
B e 2 L(150 — 20)
1 In(008/0.06) In(r/008) 1
| 100 x 0.06 42 0.8 30 xn
0.989 x 10° = = 3"5"‘?‘ T |
0.16666 + 0.00685 + "3 /008)
) 0.8 30r
, n{n/008) . L. Sl68] — — (0.16666 + 0.00685) = 0.6524
0.8 30r  0.989 % 10
L 06524=0

or, 1.251n (r, /0.08) +
1 07,
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e e form
red ¢olor
indicates a
unitorm

cnergy fosld

thriough the
i

product being

hetad

T'he non=umiform
red color
nadiciles a
non-uaki form
energy Leld
through the
prosduct being

In(0.12/0.08) In(0.13/0.12) 1
+ +
(0.8 . 10 x 0.13
_anlr - 1,) -
1.343 Ea

The percentage decrease in heat flow due to extra addition of insulation can be calculated using
eqns. (f) and (ii) as follows :

—i2  Ti1t1.34) = 343
Ui L8 = i '}}={].[}U213nr 0.223%  (Ans.)

o | (1/1.34)

Example 2.53. A steam pipe (k = 45 Wim°C) having 70 mm inside diameter and 85 mm outside
diameter is lagged with two insulation layers; the laver in contact with the pipe is 33 mm asbestos
(k = 0.15 W/m°C) and it is covered with 25 mm thick magnesia insulation (k = 0.075 Wim®C). The
heat transfer coefficients for the inside and outside surfaces are 220 W/m*°C and 6.5 W/m*°C
respectively. If the temperature of steam is 350°C and the ambient temperature is 30°C, calculate :

(i) The steady loss of heat for 30 m length of the pipe;

{if) The overall hear transfer coefficients based on inside and outside surfaces of the lagged
steam main.
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3
[ = 16410.24 x 10

5425.8
Outer surface area of the superheater = 2rr,L

=2rx0.0225%3024=4275m* (Ans.)

= 3024 m

or,

Example 2.56. A pipe having outer diameter 250
mm is insulated by a material of thermal conductiv- i
ity of (.48 Wim"C. The insulation of outside diam-

++++++

eter 300 mm, due to restriction of space, is placed e
with an eccentricity of 60 mm. Determing the heat
loss for a length of 10 m if inner and outer surfaces
are at temperatures of 280°C and 30°C respectively.

=
lllllllll

Solution. Refer to Fig. 2.71. r'l"'w""' ﬁ . LA,
Ejﬂ |+‘+-I'-I.I.i.+ L l.l.-i .-I--I-I'-l.l.i.-l- # l.-i.-ll L I'-l.l.-i.l'-l-l.l.i.i-i-l'-l
H=— =125mm = (.125m; ; FAXXIEXAX RCLXEARILT ALK
500 e T R ST PR TR
= =" = 250mm = (.25m
Eccentricity, e =60 mm =006 m E““'-t_.l__qi'__,._: :
Length of pipe, L= 10m R
Thermal conductivity of insulation, ! s -
k=048 Wm"C Pr—
Heat loss, O ¢ eSS
At
) =— ol )
Rj’.l'r
The thermal resistance (R, ) in this case is given by (from hand book)

1 In {Ir1+ r,ll— el}”1+ {“"1 — K IE—EE}[”

2nk L {“1+ Ry - E:}'” o {{r:_ ﬁ}z__ Ez}”z

[

1 {(0.250 + 0.125)% = (0.06)" 1'% + {(0.250 = 0.125)% = (0.06)"}'"*

e J-n 9 4 a 7 7
mx048%10 | ((0.250 + 0.125)° (0.06)* }'"* = {(0.250 ~ 0.125)° - (0.06)")""*

. 1 . [ 0.3702 + 0.1096

2rx 048 x 10 | 0.3702 - 0.1096

Substituting the proper values in expression (f), we have
(280 — 50)

=27 T —11386W 5.
¢ 0.0202 (Amns.)

= 0.0202°C/W

Example 2.57. A current of 950 amperes is flowing through a long copper rod of 25 mm diam-
eter, having an electrical resistance of 22 x 10°° ohm per metre length. The rod is insulated to a
radivs of 17 mm with fibrous cotton (k = 0.058 W/m*C) which is further covered by a laver of
plastic (k = (.42 Wim®°C). The heat transfer coefficient between the plastic and the surround-
ings is 20.5 W/m*°C and the temperature of surroundings is 15°C. Determine :

(i) The thickness of the plastic laver which gives minimam femperature in a cofton insulation.

(i) The temperature of copper rod and the maximum temperature in the plastic layer, for the
condition as at (i).
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Example 2.59. Heat is conducted through a tapered circular rod of 2000 mm length. The ends A
and B having diameters 50 mm and 25 mm are mainiained at 27°C and 227°C respectively. k (rod

material) = 40 Wim=C. Find ;

(i) Heat conducted through the rod.

(ii) The temperature at the mid-point of the end.

Assume there is no temperature gradient at a particular cross-section and there is no heat
transfer through the peripheral surface. (ML)

Solution. Given: L=200mm=0.2m; D, =50mm=0.05m; D,=25mm=0.025 m;

1, =227°C; 1,=27°C; k=40 Wim°C.
(i) Heat conducted through the rod, (0 :

——— 1 =200 mm ————»|

L=21C F[———— L =227°C
\ H———
I || | || — - D,
— L —» .
e m—
[ |
A +vex a—
Fig. 2.74.
The heat flow through the rod is given by
KR R, (- t5)
o= AThRzh D
_ 40 % mx 0.025 x 0.0125 x (227 - 27) = 4527 W (Ans)

0.2
(if)  The temperature at the mid-point of the rod, ¢ :

X
Nﬂ"l‘!’, R_r = Rl + {R| g EE}E

In power plants turbines and pipes function under high temperatures and pressures,
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df
For steady state {E = [:I], unidirectional heat flow in the radial direction {t# {8, ¢)] and with

no heal generation (g, = (1}, the above equation reduces to

Lﬁi[,i.ﬂ]zu
r- dr dr

d [ L ] I
or, ==l im0 as —#0
dr dr re
5 df :
i p. 2 e (a constant) 27
dr
Integrating the above equation, we obtain
C '\-
= "T + 'L| «{2.73)
(where C, = a constant of integration)
Using the following boundary conditions, we have
At rErLt=t At r=r,1=t,
o
== i)
d
C
ty=—-—+G L)
fE]

From ({) and (i), we have
c==-Rnn

hi—hn

h-tinn

Ci=1n+ :
hin—-n)

and,

Substituting the values of these constants in egn. (2.73), we get
Lh=5L)nhr (b —hL)nFE
h=hLinn Figt A 20 h

= -

ri-n) | K(r-n)

- {'rj_'rj} F 14 ”!—f:}
r(lin—1/5) nilin—1/K)

or, t=t - 5) [l _ l} (274

or, =

—_
[.I..Iirg—.l..l'lﬂ_.} i r
t=4  Ur=1/5

5 -t ln-1/r
-E e :i = r’:._ F - ri
T, =1 rlrn-n [Dimensionless form| 2 T5)

From the egn. (2.75) it is evident that the temperature distribution associated with radial conduc-
tion through a sphere is represented by a hyperbola.
Determination of conduction heat transfer rate, (J :
The conduction heat transfer rate is determined by using the temperature distribution expression
[Egn. (2.75)] in conjuction with Fourier's equation as follows
0=-%

dr

s g 4+ Gt {22
dr (/-0 ng r
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ARty — 1
0= ) (282)
! rs— K ry=r I
1_|_I~3 |I_|_Ir-; EJ'_I_ ;
Py vy kynrn  kynn hpor”
If there are n concentric spheres then the above equation can be written as follows
Am(tyy — 1y )

0= Uy = by -(283)

I . +”iu I'E.lr+ll_ IIr " I-.I
hu_; 7 et (B ) JIT;-;"EIIH.

If inside and outside heat transfer coefficients are not considered, then the above equation can

be written as follows :

4t -t
Q= ol = fuer) el 2.84)

Iri" fn+1y— M
K

=1 r:LrJ'r'I'I.'|+]I

Example 2.61. A spherical shaped vessel of 1.4 m diameter is 90 mm thick, Find the rate of heat
leakage, if the temperature difference between the inner and outer surfaces iy 220°C. Thermal
conductiviry of the material of the sphere is 0.083 W/m=C.

Solution. Refer wo Fig. 2.78. Spherital

I
1.4 e \/_ shaped vessel
= —2 =[}.7m. 5

|
I
q:u.?—ﬂﬂ.mm e

1000 g ) ey
{—1,=220°C; " L 27y
k= 0.083 W/m°C b Tl \
The rate of heat transfer/leakage is given  — - — — _: e e e
by I \ | 'k E
— N !
Q - M F|g II'- % : 4
= %) . VO R e
I
B 220 Sl e | -
(0.7 - 0.61) | o ey -
dnx 0.083x0.61x0.7
= 1088.67 W g I
i.e., Rate of heat leakage = 1088.67 W {Ans.)

Example 2.62. A spherical thin walled metallic container is used to store liguid N, at — 196" C.
The container has a diameter of 0.5 m and is covered with an evacuated reflective insulation
composed of silica powder. The insulation is 25 mm thick and its owter laver is exposed 1o air at
27°C. The convective heat transfer coefficient on outer surface = 20 W/m*® C. Latent heat of
evaporation of N, = 2 x 107 J/kg. Density of N, = 804 kg/m’.

k (sifica powder) = 0.0017 Wim=C.

Find out the rate of heat transfer and rate of N, boil-aff. (N.U., 1998)

- i 0.5
Solution. Given: 1,=—196°C;1,=27°C; = > = 0.25m;

ry = r+0.025=025+0.025=0.275m;
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11 =’

R o L 2 E’ 3 3
or. [ﬁn] —k; frl—r1}+2{ — 15 ]I+§{r| — 1y 1]

= o E’ 2 .
L [ h ]"_'k”[rl [ +E“1+"1}'"'§{f1 +hitst+ 1y }}
B

o 2 ;

= -

"'-”E.i‘ s

or,
) £ Sl

...Required expression (Ans.)
Example 2.66. The inside and outside surfaces of a hollow sphere, having inner and outer radii
r, and r, respectively, are maintained at uniform temperatures t, and 1,. Find the rate of heat transfer
through the sphere if the conductivity of the material of which the sphere is made varies according
to relation :
k o=k +(k,=k)[(1=1)7(t;—=1)]
Solution. Fourier’s equation for unidirectional steady state heat conduction is given as :

Q=-kA— )
F

where A =4 mr (area normal to radial direction).
Now, by substituting the values of A and & in eqgn. (7), we get

. d
Q =~k + (ks — k) (2 = 1) ity — 1,)}] % 4mr2 d—’

&
er

or, Q.5 = —4x[k + (ky— k) [(r = 1) /it, — 1))] di
r

Integrating both sides, we get

-r; (fr I}
—=—4n i+ (k- k) dt
o[} %= [ ou-f =]

5 ot

i
- T _ 2 2
-0 l} = —4n| kt + il {L—r-r1}
oI 5 ri_il 2

Furnace,
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Also, L+}1ri= SorL+2x05=5 . L=40m
0. 204()

H o | 4 2%0.5x0.57 x In(0.57/0.5)

(0,537 —05) =4

2320.9 x 100
= 2320.9Kk]/h = 1000 v _ 644.60 W
3600
From expression (1), we have
Inir/n)
k= o * Qf_'..'.

CImLit,—1,)
_  Ini{0.37/0.5)
C2mx 4[25 - (~180)]
Example 2.69. A cylindrical tank with hemispherical ends is used 1o store liguid oxygen at
—1832° C. The diameter of the tank is 1.5 m and the total length is 8 m. The tank is covered with a 10 cm
thick laver of msulation. Determine the thermal conductivity of the insufation, so that the boil-off
rafe does not exceed 10.8 kg/h. The latent heat of vapourisation of liguid oxygen is 214 kfikg.
Assume that the outer surface temperature of the insulation is 27°C and that the thermal resistance
of the wall of the tank is negligible. (U.P.5.C,, 1994)

Solution. Heat generated during boiling of oxygen,
Qoo = 10.8x214=2311.2kl/h

Let ¢, be the room temperature outside of insulation and . be the temperature of liquid oxygen
inside the tank.

* 644,69 = 0.0164 W/m"C (Ans.)

For the cylindrical section of the tank,

oyl T

Ini(r, /n)
1
or, (tg = 1;) = M X
Imk ILr.".-:l . g
' wadi}
lo— &
For the two spherical ends, Qends = (r, - q]”f[rl'ltk r )
_Amknn (- 1)
(rn—1n)
s — K
or, filil - IJ ) = 4-I'E-k l"l lr: * Q‘Elldﬁ ...|:_ﬁ:|
From eqns. (i) and (i), we get
In(ra/n) r =
—= — x{  =—= X :
kL, Qo Ankr ry Cens
. Qcmzlqrjxln{rgfq}xﬂm
B (h— )L, )
Now Q:".-J T {‘l:nd.-c o Qhu” =2311.2
or. Oy + 2nexIn(n /) %= 23112
(=)L, '
211 i)

) =
o L 2rnxIninln)
o B
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L s . . 2r(T,-T,)
( (with insulation) = it 7n) : ]
k h
(475 ~ 300) 1099.56
(06143003 1 ala7+ssia L revom (An
0.172 2.8 % 0.06143

@ (without insulation) = h, x 2n r (T, - T,)
=28 x 2m x 0.03 (475 - 300) =92.36 W/m  (Ans.)

Example 2.71. A 10 mm cable is to be laid in ammosphere of 20°C with outside heat fransfer

coefficient 8.5 Wim*°C. The surface temperature of cable is likely to be 65°C due to heat generation
within. Will the rubber insulation, k = 0.155 Wim °C, be effective ? If ves how much ?

(AMIE Winter, 1999)
Solution. Refer to Fig. 2.85.

' ” ]”‘_:, ; .
Given: n=—=omm; f, =65°C; 7

=20° C; k=0.155 Wim°C; h_ = 8.5 W/im*°C

-

For a cable (cylinder),

ko 0.155
0153 6018235 m = 18.235 mm,

r=—=
It 8.5
r_is greater than the radius of the cable.

Hence, the rubber insulation upto a thickness of 13.235 mm (18.235 - 5) will be effective in heat
dissipation.  (Ans.)

The maximum heat dissipation per m length of the cable will be

Qm:u = 2‘J":{'l!ll _ !ﬂr?j
L In{r_i.f'k!gl_j_ _I
k hig r,
2n(65 — 20) 282.74
- = =191W/m (Ans.
In(18.235/5) _ ; 8.348 + 6.452 e
0.155 8.5x 0.018235

Example 2.72. A small electric heating application
nses wire of 2 mm diameter with 0.8 mm thick insulation
(k= 0.12 W/m=C). The heat transfer coefficient (h ) h
on the insulated surface is 35 Wim*°C. Determine the
critical thickness of insulation in this case and the
percentage change tn the hear transfer rate if the
critical thickness is used, assuming the femperature
difference between the surface of the wire and
surrounding air remains unchanged.

Solution. Refer to Fig, 2.88.

o8

|
-
i
I

2
n =E = Imm = 0.001m

r, = | +0.85=1.8mm=0.0018 m
k=012 Wm*C, hﬂ =35 Wim2°C.
Critical thickness of insulation :

The critical radius of insulation is given by
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.11l Heat and Mass Transfer

Q,=h, AAr=125x(2mx 0.004 x 1) = (45 - 20) = 7.85 W/m
In case of the sheathed (insulated) cable, the heat flow {per metre length) is given as

2r L(r, — 20) 2 x 1 (8, - 20)
0:=— . in:r:fr]} - t . In(0.04470.008) _ V49211 - 20)
h, 1y k 2.5 x0.0144 0.18
Since the intensity of current flowing through the conductor remains unaltered, therefore,
Q, = 0,=(FR)
7.85 = 0.495 (t,-20)
or =20+ 155 = 35.86°C (Ans.)
) 495

2.9. HEAT CONDUCTION WITH INTERNAL HEAT GENERATION

Following are some of the cases where heat generation and heat conduction are encountered :

{#) Fuel rods — nuclear reactor;

(if) Electrical conductors;
{{ii) Chemical and combustion processes;
(iv) Drying and setting of concrete.

It is of paramount importance that the heat generation rate be controlled otherwise the equipment
may fail (e.g., some nuclear accidents, electrical fuses blowing out). Thus, in the design of the thermal
systems temperature distribution within the medium and the rate of heat dissipation to the surround-
ings assumes ample importance / significance.

2.9.1. PLANE WALL WITH UNIFORM HEAT GENERATION

Refer to Fig. 2.91. Consider a plane 1
wall of thickness L (small in comparison
- i . - Element Plane
with other dimension) of uniform thermal I o]
conductivity & and in which heat sources | {
are uniformly distributed in the whole vol- _
ume. Let the wall surfaces are maintained : i i
] r ix}
at temperatures 1, and 7. : -

\ rH :

El:.': il .f_nl_ =.rh2 — fh

Let us assume that heat flow is one-
dimensional, under steady state conditions,
and there 1s a untform volumetric heat gen-
eration within the wall.

I1'I1|'l

Consider an element of thickness at a
distance x from the left hand face of the
wall,

Heat conducted in at distance x,

SRR 7 ikl
O dx

Heat generated in the element,

x=1 X=
Q,=A.dv.q, [ x| [l

(where qg = heat gﬂneratﬂd per umit

> X

/2 x=L

= . (x + dx)
volume per unit time in the element) |t F »|

Heat conducted out at distance ' :
Fig. 2.91. Plane wall uniform heat generation. Both the

!
(x+dx), Qroan=0C:+ ;E (Q, )dx surfaces maintained at a common temperature.
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5T'8 Heat and Mass Transfer

ﬂ:zhi[|,l}+[l _i}
Ill'l - ful L L L

o[22
or, - Lz ..[2.99)
In order to get maximum temperature and e e SEEEE RESEET RS |
its location, differentiating Egn. (2.99) w.r.t x a—_ | | I |
and equating the derivative to zero, we have T 1.0 '5;:?5—1— = JFHTE:_ = —:— ——:
i M ™.
_(1-Dze(Zaren=o T 08P RSN -
d{x/L) L L £ % s Pl )
y Z|T 06 = = = Sl =l =
or z—%—%‘-—l:n S| % o
2 Zx | f"‘r
or 5wl e e R
I I
X AR | e
o e SN T | 1 ! Y
or, L 2z "0z 04 06 08 1.0
Thus the maximum value of temperature (/L) —
r Z=1 ) o Fig. 2.94. Effect of factor Z on the temperature
occurs at E = V7 and its value is given by: distribution in the plane wall,
s =tz _[, _Z-1 [EK(E—I]_H}
| R 2Z 2Z
Loax —tez  [Z+1 (E+1]
0T, =
TM - IHE EE 2
(Z +1)°
= —d-E il 2:101)

Fig. 2.94 shows the effect of factor Z on the temperature distribution in the plane wall.The fol-
lowing poinis emerge :

®  As the value of Z increases the slope of the curve changes; obviously the direction of heat

flow can be reversed by an adequately large value of g,

®  When Z = (), the temperature distribution is linear (i.e., no internal heat generation).

®  When the value of Z is negative, q, represents absorprion of heat within the wall/body.

Case III. Current carryving electrical conductor :

When electrical current passes through a conductor, heat is generated () = in it and is given by

_p P
Q, = IR, where R = 4

where, { = Current flowing in the conductor,
R = Electrical resistance,
p = Specific resistance or resistivity,
L. = Length of the conductor, and
A = Area of cross-section of the conductor.

Also, O, =q,xAxL
: pL 2 PpL 1 I'p
XAXL=I"x— or. = J*% * = —
s A s A AL A°
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1I51:8 Heat and Mass Transfer

q.l-! |: = ‘rw!j| ,
HL—1+—.\-+I. .IFig. (2.
Lk ) [ wl [Fig. (2.98)]
Substituting the values, we have
6
30x10 (0,025 — x) + (120 - 180) ol
2% 48 0.025

= [312500 (0.025 — x) - 2400]x + 180
= [7812.5 — 312500x - 2400]x + 180
or, r= 180+ 5412.5x—- 312500 x* ... Required temperature distribution. (Ans.)
(where temperature ¢ is in °C and the distance x is in metres)
The temperature distribution is parabaolic.

(ti) The value and position of the maximum temperature; [

X &
miix”

In order to determine the position of maximum temperature, differentiating the above expression
and equating it to zero, we obtain

& 5412.5 - 6250001 = 0
:ir
5412.5
i — 0.00866 #.66mm
625000 e Lemse)

The value of maximum temperature,
[ = 180+ 5412.5 x 0.00866 — 312500 x 0.00866° = 203.44°C  (Ans.)
(fii) The flow of heat from each surface of the plate, g,. ¢,
The heat flow at the left face (x =0)

r:h‘
E.ET =0

= — 48 x 1 x (5412.5 - 625000 x), _,
= — 259800 W/m® (Ans.)

The negative signs signifies that the heat flow at the left face is in a direction opposite to that of
measurement of the distance.

The heat flow at the right face,
g, =48 x 1 x (5412.5 = 625000 x)__ 15
= 48 % 1(5412.5 = 625000 x 0.025) = = 490200 W/m? (Ans.)

Check : The sum of g, and g, must be equal to total heat generated per unit length of plate.

Now g, +¢q, = 259800 + 490200 = 750000 Wim?,

and Q, = 30 x 10" % (0.025 x 1) = 750000 Wim?

ie. g, +q, = Qx

Example 2.80. A plane wall is Im thick and it has one surface (x = 0) insulated while the other
surface (x = L) is maintained af a constant temperature of 350°C, The thermal conductivity of wall is

25 W/m°C and a uniform heat generation per unit volume of 500 Wim' exists throughout the wall,
Determine the maximum femperature in the wall and the location of the plane where it occurs.

(AMIE Summer, 1999)

Solution. Refer Fig. 2.97.
L=1m;t =350°C; k=25 W/m"C,
Heat generated per unit volume

per unit time, g, = 500 Wim?,
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l:¥8 Heat and Mass Transfer

B A o W M A B

|
o : L e |
|
X ® |,
I
Insulated I : ;
: = | l.'_’uuhngnl']md
surface (2, =20°C)
6 -
g,=1.5% 10 Wim q,=0 :
| T
_/I/ A=950Wm C
; I
k=75 Wim'C kr j
=150W/m<C | |
I
| SRSt R
e—— L, = 60mm ——»la—L, = 30mm—p]
Fig. 2.99.
Cosidering heat flow through wall ¥, we have
ks
5 t—114.7
or, 00000 = 20X X =147 _ 5050, _114.7)
0.03
or, L =M + 1147 =132.7°C
5000

The temperature of the insulated surface of the wall X 15 given by,

s

-

i
La

Air force helicopters carry huge amounts of fuel in their tankers, which need to be
safely protected from temperature variations.
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i[::f] Heat and Mass Transfer

2, r=150°Catx=0.05m
“» i} e
Gm it 20 o 005 _isais
190 2
The temperature distribution in wall ‘a’ is given by
4
i x*
,+_£x?—|53._|ﬁ [From eqn. (if)]

(7]
The temperature at insulated surface can be calculated by substituting x = 0 in the above eqgn.

t,=163.16" C. (Ans.)

E !I'..i]]'ll]-l'l.‘ 2.86. A copper bar (conductor) 80 mm % 6 mm in cross-section (k = 370 Wim°C) iy
Iving in an insulation trough so that the heat transfer from one face and both the edges is negligible.
It is observed that when a current of S000A flows through the conducior, the bare face has a constant
temperature of 45°C. If the resistivity af copper is 2 % 107 Qm, determine :

(i) The maximum temperature which prevails in the bar and its location;

{11) The temperature at the centre of the bar.
Solution. Refer Fig. 2.103.
Given : Cross-section of the conductor = 80 mm x 6 mm or 0.08 m x (L.006 m

Th::l‘mﬂl 'Eﬂ]']duli:'li\'il}l' 'Df EDIJ' hx-.xul.\'.\ugunnnu
per, k = 370 W/m°C A
Resistivity of copper. Insulated ] Bare surface
* H face (1)~ ™ i
p=2x 107" Qm (t=45C)

Temperature of bare face, 1 =45°C
Current flowing in the conduc-
tor, I = 5000 A

(f) The value of maximum tem-
perature and its location =

Copper conductor
e
(k=370 W/m"C)

In case of one-dimensional and
steady state heat flow, the heat conduc-

P AT A S A A 0 I I A A A

.

l—————— 80 mm

40
tion equation may be written as : # e
d’t q = —]
- -+ _"5" = I:] ...{.fh_i 'E' I
dx® Kk — ¥
(where g, = rate of heat generation
per unit volume per unit time) Fig. 2.103.
Integrating eqn. (7}, twice, we have
dr f]'
o Lx+ G i)
B on?
f —- -.-TH-? + t::l X + E.HZ I.IJI:E‘!I!I'}

(where C,, ', = constants of integration).

The values of the constants C, and C, can be found out by using the following boundary condi-
tions :
dt

(i) Atx=0,——=0 . /=0

(i) Atx=0.006m, r=45°C
Amount of heat g::ncrﬂlcq:l per unit time,
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il Heat and Mass Transfer

(if) Location and magnitude of maximum temperafure in the system.

Assume the flow of heat to be unidirectional and each electrode to be ar a uniform temperature
equal to that of the slab with which it is in contact.

Solution. Refer to Fig. 2,104,
L=Tmm=0.07Tm: k=042 Wim"C; i - 40800 W/m?
h, = 12.5 Wim**C; h, = 14.5 Wim*°C; ¢_= 20°C.
(i) Surface temperatures (. I . :

The temperature distribution, in case of dielectric heating, is given by

= _f,f_x:l:_" e ’I"_EI]; 4 EI
ko2 k
40800 x* 1258,
=+ x+ 8
042 2 042
or, B = —48571.4x7 +29.76 0,3 + B, ()
Al x=007m,08= EE
B, = -48571.4 x (0.07)* + 29.76 x 0.07 0, + 0,
or, B, =-238 +3.08 8, 1)

Under steady state conditions,
Heat generated due to dielectric heating
= heat lost due to convection from the electrode surfaces

or, :;H.A.L =h.A8 +h,A8,
or, .:jI'H.L =h.0 +h,.0,
or, 40800 = 0.07 = 1250, + 14.5 8,
or, 196.96 = 0.862 8, + 6,
or, 8, = 196.96 - 0.8628, ol )
From eqns. (i) and (fif), we have
- 238 + 3.08 8, = 196.96 - 0.862 8,
o = (238 + 196.96) = 110.34°C
" (3.08 + 0.862)
and B, = - 238 + 3.08 x 110,34 = 101.85°C [From eqn. (if}]
Thus, the electrode temperatures are :
B =t,-1, o 1,=0,+1 =11034+20 = 130.34°C (Ans.)
B, = Lam=t: % o= B,+¢t = 101.85 + 20 = 121.85°C (Ans.)

(11} Location and magnitude of maximum temperature; x, -

The location of maximum temperature can be obtained by differentiating egn. (1) w.r.t. x and
equating the derivative to zero.

46 d ,
Thus, —= ;E[—485?I.4x“+ 20,760, -x + 6, |
0
or, E = -48571. 4 x 2x + EQ.?ﬁEiI =)

29768, 2976 x110.34

YT U85714x 2 485714 %2
f,, =—48571.4 x 0.0338% + 29.76 x 110.4 x 0.0338 + 110.4

LI
= 165.96°C (Ans.)

= (1.0338m or 33.8 mm (from left hand electrode)
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o . pL 1 !
m B e Bool )

TAL AL U
2

=70%107* ot -
T x 0.00125°

= 26.14 x 10* W/m?
Temperature at the surface of wire is given by

i
t,=1 + -ﬁ;ﬂ .|Egn. (2.111)]
" 8
or t, =50+ ekl » 000125 = 458.44°C  (Ans.)
’ 2 % 4000
Temperature at the centre of wire is given by
4y 52 ;
fmax = Ty + ﬁ'ﬁ !_I?'.L]I'I- (12. “:]"'-?']']
26.14 x 10° )
i .. = 458.44 + % x (0.00125)° = 509.5°C  (Ans.)
x 2

Example 2.89, A 3 mm diameter stainless steel wire (k = 20 Wim®°C, resistivity, p = 10 x 107° £2m)
[00 metres long has a voltage of 100V impressed on it. The outer surface of the wire is maintained
at 100°C. Calculate the centre temperature of the wire. If the heated wire is submerged in a fluid
maintained at 30°C, find the heat transfer coefficient on the surface of the wire. (M.U.)

3
Solution. Radius of stainless steel wire, K = = 1.5 mm = (LO0O15m

=

Length of the wire, L =100m

Voltage impressed = 100 ¥

Thermal conductivity, k=20 Wim"C

Resistivity, p = 10x 10% Qm

The temperature of the outer surface of the wire,
t, = 100°C

Fluid temperature, r, =350°C,

Centre temperature of the wire, boae

pL 10 x 10 "% 100

Electrical resistance of the wire, R, = = — = 14154}
A mx 0.0015°
Vi oo100°
* - 2 I 1 =Vf=—=—=?m?w
Rate of heat generation, o, R 1.415
Rate of heat generation per unit volume
Q2. 7067

= 9.99% % 10 W/m*

Y= AL ™ 1% 000152 % 100

The centre temperature is given by
Ty 52 A
b =1+ i-ﬂ’ [Fig. (2.109)]

i
— 100+ 2228X10°  0.00152 = 100.28°C
4 20
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i¥i:8 Heat and Mass Transfer

Atr=R,1=1_where 1_is surface temperature.

2 4
2 ] S o P
; ' k| 4 16R"
do _ 3 .2
Co=t,+—x—R
¢ 27T T 16
From (i) as occurs at r=10)
ey n {’12
or, b = b+ Il% R?is the required expression. (Ans,)
fl r
Substituting the numerical values,
3 24x10° 40 Y
t =20+ —x * = 020" C, ,
. 16~ 200 [1:-:: mﬂ] {Ans)

Example 2.94. A long hollow cvlinder has inner and outer radit 50 mm and 150 mm resepctively.
It generates heat at a rate of 1 kW/m? (k = 0.5 Wim°C). If the maximum temperature occurs at radius
of 100 mm and temperature of outer surface is 30°C, find :

i) Temperature af inner surface, and
P

(i) Maximum temperature in the cylinder.

Solution. Refer to Fig. 2.107.

(P.U. 2001)

r=30mm=005m; r,=150mm=0.15m
q, (rate of heat generation) = | kW/m?* = 1000 W/m?

k=03 Wim"C; r, =50°C.

| Y

-
1* “max *

Consider an element of hollow cylinder

at a radius r and thickness dr and length L.
Heat conducted at radius r,
et

QO =-kx2nrlLx—
dr

Heat generated in the element,
@, =q,% 2rrl x dr
Heat conducted at radius (r + dr),
e
Q[.r+n'r:| s Qr + _{Qr-}dr
dr
For steady state conduction of heat flow,

QJ' x Q# = Q-:r +alFh
el
0T, Qr + QR e Qr + _{QJ ]'J'i?'
dr

d
=—(0 )d
o, g O, )dr

or,
or,
g, % 2nrl x dr = i[—?nrﬂf b ﬂr-}n’r
: dr dr

d dr

=—k—|r—
"y dr (rdr)

Hollow cylinder

J‘ (k=105 Wim °C)

Element

f,=50C

Fig. 2.107. Heat generation in hollow cylinder.



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



f: 8 Heat and Mass Transfer

Integrating the above equation twice, we have
el
dt  d, r°

- il Yyl &

2=
dar k 2
dt 4, r (|
. e 2 e L kT
¥ r &k 2 r )
q, r* : ; .
and, r+ﬁwI=LﬂnUT+Q i)
(where C,, C, = constants of integration).
it
Applying boundary condition; at r=r. ET = (), we have,
ar
4
L PO ;
C, = Tx:? ..[From Egn. ()]

Applying the following boundary condition, we have,

(Heat conducted), _ r, = Heat convected from the outer bondary to the surrounding fluid.

i
or, —kx[ﬁﬂrgxl}x[—] =hx(2nrx ) x(t,-1,)
dr r=r
(considering unit length of cylinder)
i
or, -k e S q—gii| = i, — I”]
r E 2w )
G K den
or, ol | oy et R =hity~1,)
| 2k n 2k }
r 2]
or, qu - [l = [:—'] =h(l;—1,) (i)
Substituting the value of €, in eqn. [ii],_wu have
P LA | I i)
ko4 k )

Now, applying boundary condition, at r=r, t=1f, we have

2 2
e 0 _ 9 1

gt = A g VG
"k 4 k2 : :
g. 5 1
Cy=t+ — [——ln(r ]j|
L T T :

Inserting the values of C, and l;:'2 in egn. (v}, we have

& k 2w |2
rz : r: :
o =B gy BTy
2 4k 2 4k
I} Fz 2 I.'.' 1'2
g iy (] | e BTl o :
or, A [ [ﬁ]] " {rin) V)

At r=r,, 1=1,;the eqn. (v} becomes
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2
Heg X
I+ Tx ? = E]_,r -+ CI woal FEE)

(where C, C, = constants of integration).

In order to evaluate C, and (', using the following boundary conditions, we have

(i} Atx=I(), t=t L‘1 =1,
(i) Atx=L, t=1i,
I £ ~1 L
h+q—x'—=l':|f_.-+f| or C, = 2l +q—g=—
- k2 L k 2
Substituting the values of '-:I and {.’1 n eqn. (#1), we get
s _t1+[r:—tl+q# L:|IH -
[ W e Ty S e 1Y
k2 L ko2 ‘
It
The maximum temperature occurs where ;— =)
by
dr 4y q, [:q -1 4 L} | |
— X+ C=——-x|= — =10 i
i 7 i} P from eqn. (i)
qg I, =1 "']rg L
—_— = = .+.. e
Ttk L. " § 3
Iei: 1’4 ! L
or, o g + — el 1)
q.'f 'I-I 2

Inserting the value of x in eqn. (iv), we have

= : . e L a —
1 1 r,}+L +: W[k-) L], Glfke-n L]
2k| q,-L gL 2| 2| q-L 2

sl kuz-m E k{rq—r. i |:‘?g"r—-+f:—i!'l]
Ik i 2 2 2k L

m—;, ok Hn— LY
=1- — + —
Ek 2 o L 2
q k:(n ~%5. LF
iy TR 21[ q,L ] E} o (vi)
SuhﬁtiLuling the proper values in eqn. (vi), we get
56588 [40(75 - | 37
.= 100+ HEa { L + L =105.8°C (Ans.)
2x40 | 56588 x0.3 2
The distance x at which r__occurs is given by
_kib-n) L
i 0L ; ..[Eqn. (v)]
40(75 - 100) 0.3

= + = 0.09109 91.09
56588 % 0.3 2 0.09109m or i (Ans.)

(ti}) The heat flux at each end :
The heat flow from the rod at x = (),
dt

= —kA|=—
¢ dx

x=f
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187

=_M[_‘?n-x+ Sl T 5
k2

75 =100 56588 0.3
+ x

k L

L.

= 40 x X x n.ufﬂ[
4 0.3

}: =364 W
40 2

(—ve sign indicates that the heat flows in a direction opposite to that of x-direction). The heat flow

from the rod at x = L (=0.3m),

dt
a==kA|—
Qa de ey
— _qH'L+fz“‘| s
| & T ok
= _kA rﬂ-il_q_#.E}
| L k '2

75 - 100 56588 v 0.3

=-40 x Ex{},{r}:[
4 (.3
[Check : The sum of ¢, and ¢, should be equal
to Qg, Le, ), + @, =364 +8.36 = 12W ie, QEJ
Example 2.99, The rate of heat generation
per unit volume in a fong cylinder of radius R is
given by
g, =a+ b
where a and b are constants and r is any radius. The
cvlinder is undergoing heat transfer with a medium
at a temperature t_ and surface heat transfer
coefficient is h. Find the steady state temperature
distribution in the sofid. (M.L.)

Solution. For the given problem, the
controlling differential equation is given by
i[rﬂj + q_"".r —_ ﬂ
drl.  dr k
«.[Egn. (2.105)]
Substituting the value of g, we have

i{rﬂj + i[a . brz,‘] ={)
drh. dr k

Integrating the above equation, we get
dr 1 [ ar®  brt)
F—t = —+—
dr k\ 2 4 /
dt  1ar br
dr = k\:2 4 r
Integrating again, we get

ar;

Z 4]
|| ar br
Sy Y = T

kL 4 16 |
(where C,, {, = constants of integration).

=C In(r) + C,

The boundary conditions for finding €, and C, are

40

o } = 836W (Ans.)

i)

i)
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Overground oil storage tanks.

At () E - I (]
(1) r= e [from eqgn. (i}]
e Afar brt
Fret g 7 (LT}
2 4]
and r+ L[i + hL el FV)
kL 4 16 |
[From eqgn. (ii}]
(it} (Heat conducted), _ o = (Heat convected), _ .
it
o ()] e
dt
S e =[hit -1,)
{ E-Ii'ri|_|-=ﬂ l -|.r=,ﬁ'
substituting the values from eqns. (if) and (iv) for —— and ¢ in the above equation for r= R,
we gel
o8
g _l[EJr!:R ] i g cj_l[
Ky 2 4 /] k
£|::;+I?R- =0,-—|a+—
2h .
r, o=t +—|a+—
‘ : 2h

4
4k 16k

br
+
4k 16k
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R| bR*| aR? rY | bR rY
or, =1, =—|a+ + e + —| 1l ==
2h 2 4k R 16k R
-..{ Temperature distribution) ({Ans.)
Example 2.100. A copper conductor (k = 380 W/m®°C, resistivity p = 2 x 107° W m) having
inner and outer radii 1.0 em and 2.25 cm respectively is carrving a current density of 4800 amperes/

em?, The conductor is intérnally cooled and a constant temperature of 65°C is maintained at the
inner surface and there is no heat transfer through insulation surrounding the conductor. Determine:

(i) The maximum temperature of the conductor and the radius at which it occurs, and
(ii) The internal heat transfer rate.
Solution. Refer to Fig. 2.113. Copper conductor

rp=10cm; r, =225 cm; J  (internally cooled)
(current density) = 4800 ampfem® or
4800 x 107 amp/m?

k=380 Wim°C: p=2x 10"
Om: 1 = 65°C. -

(i) The maximum tem-
perature of the conductor and the

Insulated face

J{(Current density)
= 4200 amp./cm :

t,=65C

radius at which it occurs; ¢ r:

Total volumetric heat generated | f‘|
—r*r=1*.PL |'1.1:+T
A 2 '*"5_ :
Heat generated per unit volume, e H
Fig. 2.113
72.PL
A s pL 1 i
qﬂ' = = 7 —— —= E] B
Ax L A AL A
= p,F: 2% 1078 % [4800 x 10412 =46.08 x 10° W/m*
The differential equation describing the temperature distribution through a cylindrical conductor
is given by

d
€ [r—IJ+ tll—”-r=ﬂl

dr\ dr) &k
Integrating egn. (i) twice, we get
dr  q, r°
it SR i
& & 2 )
dt i qde r G
3 dr k2 r
2
and, r+q—-r—:C, In (r)+ C;
k4
or r——q—g-£+C In (r) + C (§iF)
5 o | 3

(where C,. C, = constants of integration).
The values of C, and C, are found from the following boundary conditions :

et

(i At r= r, = 2.25 cm (or 0.0225 m), — = () (since the face is insulated and there is no heat

dr
transfer).
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de r*  46.08x10° 0.0225°
C=28." = . = 30.69. y
= 3 380 ; ...|From eqn. ()]

(if) Atr=r = 1.0 em (or 0.01 m), t= 1, =65"C
46.08 » 10° » 0.01°

R +30.69 In(0.01) + C,
380
fi 2
€, =65 + 208X OO 45 60 n(0.01) = 209.36°C
380 4

Substituting the values of C, and C in egn. (iff) we get the temperature distribution through the
conductor as

46.08 x 10"
© 4%380
or, r=-30315.8 4+ 30.69 In (r) + 20936 V)
It is evident from eqn. (v}, that the temperature distribution is parabalic,
Maximum temperature occurs at the insulated face (atr = r, = 0.0225 m) and its value equals,
fo=— 303158 x 0.0225% + 30.69 In (0.0225) + 209.36

=— 1535 - 11644 + 209.36 = T7.57°C (Ans.)
(#i) The internal heat transfer rate, O :

r 4 30.69 In(r) + 209.36

elt
= e R e
0 dr
W ar k2 r Leomy e, {e)]
5]
ﬂ =_4ﬁ,ﬂﬂ}ilﬂ xﬂ.ﬂi+3ﬂ,ﬁ9= 1462.68
ér r=0LiH 380 2 |

()=—3B0 x(2nx 0.01x 1) x 2462 .68 = 58800 W/m
(— ve sign indicates that heat flow is radially inwards.)
[Check : Internal heat transfer = q, % [m (0.0225-0.01")y x 1]
=46.08 x 10° [ m{0.0225° - 0.01%) % 1] = 58800 W/m|

Example 2.101. A hollow cylinder having inner and outer radii r, and r, respectively is developing
heat uniformly, q, per unit volume per unit time. The conductivity of the cylinder material is given
by: k=k (I + fBt). If the outside surface temperature is 1, prove that the temperature distribution in

cylinder is given by
2 2 2 2
K s
I=-l+ (l+l‘w] —q'g : l:[LJ +E|nfr1fr]-[r—']:|
B Y\P 2Bk, |\ n f

Solution. Refer to Fig. 2.114.
Heat generation rate between r = r, and r = r = heat conducted at r=r
g) =qxm(r"—r ) x1

dt
= —ko (1 + Pr)2mr x 1 x Fr (Considering unit length of the cylinder)

) 3
-5 | _
[ ] o dr=—(1+ Bt)dt

=

il

it g
o] s L dr = (1 + Brydt
(- L) sar-ase

o
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:'8 Heat and Mass Transfer

A L
or, dr k|2 at.ﬁ'}r r

Integrating again, we obtain

2 4!
r+ﬂ[’_ =) +C

k| 4 16K . {iii)
(where C,, €, = constants of integration).
Using the following boundary conditions, we have
. ele .
(i} Atr=0, T ={ s Co=0 [From eqn. ()]
F
(i) Atr=10, t=t. nCmiL [From eqn. (iii})]

Substituting these values of the constants in egn. (ifi), we get

] 4
I:Ifi r r
P+ 22— — — | =
F{{fl- lﬁR}}_] TREEN

E r QH _rl r4 {- }
or, =t e L A A
AT I 4 ]'ﬁR}r ¥

It 7_is the temperature at the outer surface of the rod ie., at r = Rﬁi then

[ 2 4 2 2
g _w o= WKy By =_i[&_ﬂfr:l
M ALY k.r_r 4 16 Rfﬁ k 4 16
3q, R},
or, b — ol 15

Yopax = =
16k
(where k; = thermal coductivity of fuel rod material).

Also, the rate of heat transfer at the surface of the rod,

dr
[Substituting the value of o from egn. (ii))

o {Rﬂ' R::'r } . dy A Rﬁ-
Tap? (| -(2.119)
kp| 2 4R2 4

or, Q=-ksAl-

This heat would be convected from the outside surface of the rod, under steady state conditions.

AR,
“"Tf=hanw—:,,';

[where fi = convective heat transfer coefficient and
t = ambient temperature. |

qr.l A'Erfr 'qu RJ:
i.=1+ = [ + — ;
5 T P A AP}

Inserting this value of £_in egn. (2.118), we obtain
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:}:8 Heat and Mass Transfer

The maximum value of temperature (¢ ) which occurs at the centre of the rod at {(at r=10), is
given by

2
= U R_ﬁ- 3 I

fmax = L * 4 [4 K * K R Kyr) ks 12)

Example 2.102. In a cylindrical fuel rod of

nuclear reactor, the internal heat generation is

given by Tnax

2
B i
g
where Rﬁ is the radius of the fuel rod.

Calculate the remperature drop from the
centre o the surface of a 25 mm diameter fuel rod :
having k = 20 W/m°"C when the rate of heat |

I
|

Fuel rod
(k=20 W/m°C)

generation from the surface = 0.25 MWim?®,
(P.U. 1997)
Solution. Radius of the fuel rod,

25
Rﬁ.zgzlﬂ.ﬁmm= 0.0125m Fig. 2.118,

Thermal conductivity, kﬁ =20 Wim°C
The rate of heat generation from the surface = (.25 MW/m?
Temperature drop from the centre to the surface of the rod :
Let, to = Maximum temperature at the centre of the rod (r = 0),
t = Temperature at the surface of the fuel rod,
q, = Heat generation rate at the centre (r = 0), and
q2 = Heat generation rate at a radius r.
Heat generation rate from the surface = Heat transfer rate from the surface of the rod,

Q = 0.25 MW/m?

Nuclear reactor.
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m Heat and Mass Transfer

:_kx4nR3[q—#[—2r}] =k:-e:4:rR:Hq—#-R
6k ; 3k

=K

4
0r, Q = ;ER}KQR

{= volume of sphere x heat generation capacity) (V)

Thus heat conducted is equal to heat generated. Under steady state conditions the heat conducted
{or generated) should be equal to the heat convected from the outer surface of the sphere.

ie. qxxinﬂlzhxdnﬁ'lir“.- r)
q,R
L.=1+ w2125
or, 3, {(2.125)
Inserting this value of 7_in eqn. 2.122, we have
gt gy 2 4
Pt = AR = ) ~(2.126
“ 3 6k { ]
: - 'l?g Efg 2 i
The maximum temperature. f, . = f, + Y R+ g R (at r=1) ~{2.127)

Example 2.104. An opproximately spherical shaped orange (k = 0,23 W/m®C), 90 mm in diameter,
undergoes riping process and generates 3100 Wm? of energy. If external surface of the orange is at
8°C, determine :

(1) Temperature at the centre of the orange, and

(i) Heat flow from the outer surface of the orange.

Solution. Outside radius of the orange, R = — =435 mm = 0.045 m

Rate of heat generation, ¢, = 5100 W/m?
The temperature at the outer surface of the orange, 1 = 8°C

(i) Temperature at the centre of the orange, ¢

qy s
.=t +—=R" . (2:123
P [Eqn. (2.123)]

FIY
g oo N
0O, FIET (6% U:.T.l

i(fi) Heat flow from the outer surface of the orange, () :

% (0.045)" = 15.48°C (Ans.)

Heat conducted = Heat generated

4
0=q,x Eﬂ:ﬁ:’j

or, 0 = 5100 x %n % (0.045)" = 1.946 W (Ans.)

Example 2.105. Write down Fourier equation for heat conduction in sphervical coordinate system.
Hence, deduce an expression for steady state heat conduction in radial direction through a solid
sphere of radius R with a uniform volumetric heat generation of ¢ Wim™ at the centre. Assume
thermal conducrivity of the material of the cvlinder to be constant. (AMIE Summer, 2001))

Solution. For constant thermal conductivity k, the general heat conduction equation in spherical
coordinates is given as
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m Heat and Mass Transfer

dt
Q.‘[ i kﬂ [ :I 1
(x+d) ™ o Lo el I}

Heat convected out of the element between the planes x and (x + dx),
Qe =h(P.ode)(t-1)
Applying an energy balance on the element, we can write

{—',.l. = Q{.Hn’” + L-1:.|:'|'|-.l||'.
di dt
— K -fq-g.; [El’ = .‘".!._, [E]_r*dr + A(P.dx)(t — i) (2.128)

Making a Taylor's expansion of the temperature gradient at (x + ¢x) in terms of that at x, we get

(m] [m] d{cﬂ} d* (dr]mrf
£ T ol R dx +
dx L dx /. deldx), dx 2!

Substituting this in egn. (2.128), we have

dt| _ dt d’t d’'t rmh-
—k At.'.'r [E]T =—k A,__.: [E]T _M'C-F [E‘}" dx - k.f"l { } Y e TR h{F.I-‘I.I_] EI—I‘.‘}

ey’
Neglecting higher terms as dx — (), we have

dr | _ dt “r
—kﬂT.{E}-—kﬂﬂ[ } .-'1.(|: }ir+h{de}[r

k.»lc,[ }fx—hi!’ deyir=t,) =0
Dividing both sides by A__ dx, we get,
d*t e
dv” f’.n.
d*t  hP
A “ = I.l'l} = U
or, & kA, el 2.129)

Egn. (2.129) is further simplified by transforming the dependent variable by defining the
femperafure excess 8 as,

Hi 6 il'“,] - iqu-f-'J
As the ambient temperature f_is constant, we get by differentiation
dé _dr - d’® _d’t

dx dx dx’ dx’ dr

476
Thus, _d T —m 8= LA2.130)
X

h P

where m kA

Egns. (2.129) and (2.130) represent a general form of the energy equation for one-dimensional
heat dissipation from an extended surface (fin). The parameter m, for a given fin, is constant provided
the convective film coefficient &t is constant over the whole surface and the thermal conductivity k is
constant within the temperature range considered. Then the general solution of this linear and
homogeneous second order differential equation is of the form :

i=C.eM™+Ce™ 2. 131)
or, [f=t =C&™+C,e™]



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



m Heat and Mass Transfer

Qﬁn =330 x 1.767 x 10°x 12,71 (190 - 20) = 1.26 W
-, Total energy required for two wires =2 x .26 =252W (Ans.)

Example 2.107. It is required 1o heat pil to about 300°C for frving purpose. A laddle is used in
the frving. The section af the handle is 5 mm x 18 mm. The surroundings are at 30°C. The conducrivity
of the material iy 205 Wim"C. If the temperature at a distance of 380 mm from the oil should not
reach 40°C, determine the convective heat transfer coefficient.

Solution. Refer to Fig. 2.124. 1 =300°C; b= 18 mm=0.018 m; y=5 mm = {LO05 m; /= 380 mm
= 0.38 m; k=205 W/m"C; ¢ = 30°C.

Q

t,=300C

. ‘ r Handle |— 40°C

.
[ ——— 380 mm ———»|

Icl—lﬂmm—HT

L L TE DT Teraey

sectinal zz
=
Fig. 2.124.
Convective heat transfer coefficient, F :
Assumming the fin 10 be long one, we have
f= "p _ _—imx
T & [Egn. (2.132)]
o 'n
'rt'.' Iﬂ' T
=g
s r—t,
300 - 30 wxo3s
or, a0 -30 e (-~ x=380mm=0.38m)
or, gl-38m — 37 or m=8.673
hP
But, m= |—— =§.673
VkA,
hP
Or. j:_ = Th.22

hx[0.018 + 0.005) % 2]

i = 75.22
J 205 x (0.018 x 0.005)

7522 % 205 x (0.018 x 0.005)

(0.018 + 0.005) = 2
Example 2.108. A remperature rise of 60°C in a circular shaft of 60 mm diameter is caused by
the amount of heat generated due to friction in the bearing mounted on the crankshaft. The thermal
conductivity of the shaft material is 50 W/m°C and the heat transfer coefficient is 6.5 Wim*°C.

(i) Develop an expression for the temperature distribution;

or, h = 30.17 W/m*°C (Ans.)

(ii) Determine amount af heat transferred through the shaft.
Assume that the shaft is a rod of infinite length.

Solution. Temperature rise, B =60°C

Diameter of the shaft, d = 60 mm = (.06 m
Thermal conductivity of material, k= 50 W/m*C

Heat transfer coefficient, h=6.5W/m*°C
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Solving eqns. (f) and (ii), we have

C,=8-C, ...|From eqn. ()]

CIEM L. {HH _ CI] g =)
0, ;:Ef.mr v Elu E“'"'"'l + ":I E,-ur.l' =)
or, C,(e™+e™) =8 ™

S mf
o CI - E“ I:E,.lm' 4 gl
E--nr.l'
C1=8,= 8 e 4 o™ ...[From egn. (1)]
B - el il
o P & _ &

s =8, _l B 4 g ] =8, [m}

Inserting the values of C, and C, inegn. (2.131), we have

) mi
£ £ o
B = H” il il }F”ﬂ + H”[ it il } & "
e T+ e e 1 e
f Emu -} i E.u-:l_f - X Emu' - X} 3 E[-mq.l' - x)
or, S " ™ 7
H” Eml’ + e ol Er:rl' +e mi

The above expression, in terms of hyperbolic functions, can be expensed as
5] t =1, cosh{m{l — x}}
fo — 1

{2.134)

v coshiml)

rt
Expression for temperature distribution
Er.rrl.l' .!.:|+ -E'l' s .1:_|!

Em]'+ e il
[ cosh (m(l — x)} = ,and cosh(ml) = —j"}

2
The rate of heat flow from the fin is given by
dl
1l == k 3
er‘ ﬂ‘ [dx]:r =1l
[ cosh{m(l - x)}]
_ f—1 ={f —1,) ...[From egn. (2.134)]
S 0 coshiml) |
dt sinh{m(l - x)} |
2 o iy | 2L |- m)
dx | cosh(ml]
7| .
|: — |cosh (mx)] = msinh [m.r]l:|
oy
|i£j| = —m(t, -1, ) tanh (ml)
dx 1=
Qg = kA m (1, —1 ) tanh (ml) «(2.135)
(Substituting for m)
or, Qg = | PREA (8, = 1, )tanh (ml) [2.135(a)]

Example 2.111. Aluminium fins of rectangular profile are attached on a plane wall with 5 mm

spacing. The fing have thickness v = 1 mm, length | = 10 mm, and the thermal conductivity, k = 200
Wim K. The wall is maintained at a temperature 200°C, and the fins dissipate heat by convection into
the ambient air at 40°C, with heat transfer coefficient h = 50 W/m*K. Determine the heat loss.

(AMIE Winter, 1998)
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(fy Casel n =6and/=10cm=0.1m
ml = 447 x0.1=0.447

24 QI =6[200x2x 10'434.4?x[13ﬂ—iﬂjmnh (04471 =89.90W
(i) Casell n=12and/=5ecm=0.05m mi=447x0.05=0.2235
0, = 12[200x 2 x l[]"1K4,4?{13[]—3U}Tﬂnhfﬂ.lziﬁ}]=94.34w

This shows that the rate of heat transfer is higher in second case, therefore, this arrangement
(Case 1) is better.

Example 2.116. One end of a long rod, 35 mm in diameter, is inserted into a furnace with the
ather end projecting in the outside air. After the steady state is reached, the temperature of the rod is
measured at two points 180 mm apart and found 1o be 180°C and 145°C. The atmospheric air
temperature is 25°C. If the heat transfer coefficient is 65 Wim® °C, calculate the thermal conductivity
of the rod.

Solution. Diameter of the rod, d=35mm =0.035m
The atmospheric air temperature, f = 25°C
Heat transfer coefficient; h = 65 Wim*"C

The starting point x = 0 is considered at the first point where the temperature is measured; x = {
is considered at the outer point. Assume that the end of the fin is insulared.

For tnsulated end, we have

8 _t-t, cosh{m(l - x)} ,
L cosh mi -[Eqn. (2.134]
At x = |, this equation, reduces to
L |
O, 8, coshml! A1)
Here, E'r =145-25=120°Cand 8 _ =1t - t,= 180 — 25 = 155°C
120 |
155  coshml
]
or, coshml = i = 1.292 or ml = 00.747
120
0.747
or, m=
!
But m e
ut, = |—
\Ib"m
hP 0.747
kA, !
hP _ 0.747°
or, M” !:
h md 0747 h 4 0558
or, e = : ur—:u:E: g
kK2 [ [
4
4 hi* 4% 65%0,18°
or, g Bl _AXOX0IE sy wWimse (Ans.)

05584 0.558 x 0.035
[where, [ = 180 mm = 0.18 m (given)]
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Solution. Consider tank surface of Im x | m as shown in Fig. 2.130,

Let, (), = The rate of heat transfer from the tank surface when fins are not fitted,

(}, = The amount of heat which will be dissipated per unit time after firting the fins,
and [= 1.7 0, ... given]
! = Length of each fin.

A
¥=>5mm ¥
100 mm:{
1 m
Y
Now,

'/‘ Tank

O L I T T T T T T TT = Fins (10 Nos.)
MMMHLHUJMHUMMMF
T e e rrrey

k=240 Wim'C
=40 mez C

1. =15°C

L= 95'C {without fins)

| h=1m » ¢ =90°C (with fins)

it

Fig. 2.130.

Q, =hA(r,-1)=40x1x (95~ 15) = 3200 W
Q, =170, =17x3200=5440 W

Metal tanks are used in automobile manufacturing facility.
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f m
(1)
—a 1= km
4 [ ml — il h il — il
e +é& }+k—{E —€ )
N m i
femI+Em|'}+;_;[-Em!_ mﬂ:]_er:rf.l‘_iemﬂ
=f) krm km
0
{Eml+e-mﬂ:l+ ;:H I:Emll—f?"w}
-E’""+e"""+ h E.lrn'_ h -.uu'_ -ur.|'_|_ h _E—mﬂ
- Kt ki K
il h
I:Em.'_t_e-mf}+ k_ft_‘mn’_ .—mf}
B m
9”[1 + i]e"“
or, C,= e
[I[e’"'r+e'”“i 5.0 [e""r—f'”"}:|
km

Substituting these values of constants C| and C, in egn. (2.131), we get

=i 5 G g™
h

~[Eqn(2.129)]

Hﬂ(l & —]e o E,,[l + i}e‘"’
8= K S K L
':Em.'_l_e-mf}_'_ h LEJHF_ -.'m'} [EJHF_!_E—MF}_F h fE‘mII _ --.'rin'}
i km il I km i
é [Enrﬂ .tr+ & el 'c'|] & kil.'fm“ LI e i 't|]
el I
ar, T -
B” Hem.’_'_e—mf}_F 'ﬁ ( mF_ -Jm’”
km
*0sh { L h I}
o 1o, _Lr,::s [mi —,t“.I]+E[mn {mif = x)}]
or, — = = -(2.136)
Hrr rrr_ I!rr

i
cosh (m!) + —[sinh (m!
.i:m[ 1

The rate of heat flow from the fin is given by
dr

=-kA | —
Q_ﬁ]‘i‘ r5|:ff-r:|.1=n

cosh{mi(l - x)} + iIsirll.'1.*a*:f{.f - )]
km

Now, r—t,=1(1,—-1,)

coshiml) + iIsinh(.ﬂlu'jl
L km

Differentiating the above expression w.r.L. x, we get

—msinh{m(l - x)} - m[
m

ki{cﬂsh[m (f = x)]}

]

{r,-, = rr;}

coshi{ml) + h {sinh {m/)]
km
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(i) Temperature at the end of the fin,

(i) Temperature at the middle of the fin, and
(iii) Heat dissipated by the fin {per metre width).
Solution. Refer to Fig, 2.134.

I=45mm=0.045m; b= Im: y=5mm = 0.005m; k=55 W/m°C; h= 145 Wm*°C; t =125°C;

1,=25°C.
(i) Temperature at the end of the fin, f

Assuming heat loss by convection from the end of the fin; under this condition, temperature at the

end of the fin is given by

cosh {m(l - x)} + 8 [sinh{m (! — x)}
km

4 = L= . ...|Refer Egn. 2.136]
% -1 coshiml) + —[sinhim/{)]
kim =l
-t I
0r, i
o= la coshiml) + . [sinh (ml}]
ki
e P X (2b+2y) EKE:\/I%K 2 55
~ kA, kx (b y) Ky V55 0.005
(= 2y << 2b)
or, mi=324T7 » 0.045 = 1.461
=25
: _ :45 = 0.4
125 =25 osh(1.461) + — > [sinh (1.461)]
55 % 32.47
or, =25+4041(125-25)=66°C (Ans.)

(if) Temperature at the middle of the fin, ¢, :

cosh{m(l - x)] + i[t;inh{r;u!l[.f - ¥}
ki

cosh (ml) + ilsinh”n.f}l
km

msh[ﬂ) + i{unh(’”—‘]}
ol T S ! knn ;
or, g g R o
@ a cosh{ml) + —|sinh (ml)}
i km 1
i 145 e
cosh (0.7305) + ————{sinh ((.7305)]
' 125 - 25 145 y
cosh(l.461) + {sinh(1.461)
55 x 3247 }

14

_ [1 2789 + {}.{154?] 0,55

22711+ 0.1655

1y, =25+ 0.5514 (125 - 25) = 80.14°C (Ans.)
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For a straight rectangular fin of thickness of v and width b,
P _2b+y 1

A b-y »
2k

Em=. L2144
Iy

From the relation for fin effectiveness, following results can be inferred :

Pk
1. Fin effectiveness h A should be greater than unity if the rate of heat transfer from the

primary surface is (o be improved. It has been observed that use of ins on surfaces is justified
Pk

g —— > 5,
only if hA.,

2. Ifthe ratio of P (perimeter) and A __ (cross-sectional area) is increased the effectiveness of fin
15 improved. Due to this reason, thin and closely spaced fins are preferred; the lower limit on
the distance between two adjacent fins (pitch) is governed by the thickness of boundary
laver that develops on the surface of the fin.

3. Use of fins is only justified where & is small; finning is hardly justified unless # < (0,25 [%} .

If the value of & is large (as experienced in boiling, condensation and high velocity fluids),
the fins may actually produce a reduction is heat transfer.

4. It is also apparent that the use of fins will be more effective with materials of large thermal
conductivities [Although copper is superior to aluminium regarding thermal conductivity,
vet fins are generally made of aluminium since it (aluminium) is cheaper in cost and lighter
in weight].

Relation between M, and €,

The performance parameters (Le. N, and €, ), in case of a fin insulated at the tip, are related to
each other by the following expressions :

_ yPREA (8, — £, ) tanh (ml)
=

Efficiency of fin, Mg WPI — 1) B}
o PhEA_ (1, — t )tanh (ml)

Effectiveness of fin, Emn = WA (1 —1) (i)
Dividing eqn. (if) by egn. (i), we have

E g B Pl

"'l_,m = E -(2.145)
i P Pl = Surfa-:jc area of the fin (2,145 (@)]

A Cross-sectional area of the fin

It is evident from the above equations that an increase in fin effectiveness can be obtained by
increasing the length of the fin but it decreases the efficiency of the fin on the other hand.

Example 2.126. A longitudinal copper fin (k = 380 W/m"C) 600 mm long and 5 mm diameter is
exposed to air stream at 20°C. The convective heat transfer coefficient is 20W/m*°C. If the fin base
temperature is 150°C, determineg :

(i) The heat transferred, and
(it) The efficiency of the fin. [P, 1997]
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m Heat and Mass Transfer

(1) Expression for efficiency of this fin and its value for the given data :
Let the suffix sf stands for solid fin and suffix Af for hollow fin.

Refer to Fig. 2.137. Consider an element of thickness dx at a distance x from the base of the
composite fin. Then,

Heat conducted in, @, = (— ﬁ:if Ay ;ﬁ] + {- kﬂf Ay ?j
X X

Heat conducted out,

dr d i dt  d dt
Qs ) = {_kﬂ A .t E{_ ke Ay E}“’I} + |:_khf Ay ot E[_kﬂf Ay E]‘i‘]

Heat transfer from the surface,

{'—;'.Jrlﬂl. =h(Pxdx)(r- I}

For steady state : Q.= iin O
d*t dt
or, kyAy—— +ky Ay =hP(t —1,)
¥ O TN
d’t
or, (kg Ay +ky Ay ) —5 = hPO (wB8=r-1)
d'.r_
4’0
Dr, {kﬂr -"1_1_:|r+ 'kh_." "‘Iij_.r-] = = .FIFH
Y
d*8 hPB
or, 3

-
=

=B

or, - —m' =0
m* = hP
h ] 'I- —
e ki Ay + Ky Ay
Efficiency of the fin is given by
tanh (mf)
L T .[Eqn. (2.139)]
2 2 - a7
Now me = 12 x (rx 0.01) :ﬂﬂ{}[] EII Uﬂﬁ'ﬂ:“dﬂ}
15 x [g X t:].nm:] + 45 x Em.m: _ppazy HRDULHAIOA D0
or, m = 10.68
tanh (10.68 x 0.1)
in = = ﬂ?"q- or 74 %
i (10.68 x 0.1) (Ans.)

2.10.2.5. Design of Rectangular fins

The design of fins is considered to be oprimum when the fins
(i) offer minimum resistance to flow of fluid,

(ir) are casy o manufacture,

(fir) require minimum cost of manutacture, and

(fv) are light in weight.
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m Heat and Mass Transfer
1 (v/2)

f k

-(2.154)

I

E = Surface convection resistance per unit area, and

{(v/2)/k = Conduction resistance for a plane wall whose thickness is one-
half the fin thickness,

® The heat flow rate will be minimum when these resistances are equal.

®  The hear flow rate will be minimum when Biot number (B ) is equal to unity and will increase
when B < 1.

where,

Thus the conditions for fins fo be effective are :

I. Thermal conductivity (£) should be large.

2. Heat transfer coefficient (&) should be small.

3. Thickness of the fin (y) should be smalf.

It is advantageous ro use a large number of fins of smaller thickness.

2.10.3. HEAT FLOW THROUGH “STRAIGHT TRIANGULAR FIN"

The tapered fin is of paramount practical importance since it yields the maximum heat flow per
unit weight. Fig. 2.138. shows a straight triangular fin.
Let, ! = Length of the fin,
between the base
and the origin/tip,
b = Width of the fin QJ,;E“'
(per-pendicular to

the paper), $ L —— /TE//;'l
y = Thickness at the — ==.- v v el i v ——_—.—_"__n_/lf?

Element

base of the fin i __'i_____ ht,

(increas-ing I dx | | X >

uniformly from PP

() at the tip to y at o

the base), f'( { T
+x —

1 =Temperature of the
base of the fin, Fig. 2.138.

t ~=Temperature of the
ambient/surrounding fluid,

k = Thermal conductivity of the material of the fin (constant), and
h = Heat transfer coefficient {convective).

Assume the fin to be sufficiently thin i.e., (v << ), so0 that one-dimensional heat conduction can
be considered.

Consider a small element of thickness dx at a distance x from the origin.

X
Area of cross-section, A = [? x }'} x b W 2.155)

Perimeter, P = 2b [neglecting the effect of the edges]
Applying energy balance on the element, we get

Qi = Ql:l + ¥ + Qw.lm"

0,=0, + !i (Q.)dx + hPdx (t 1)
[
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m Heat and Mass Transfer

temperature shown by the thermometer will not be the true temperature of the fluid. This error may be
calculated by assuming the well to be a spine protruding from the wall of a pipe in which fluid is
flowing. It may be assumed, for simplicity, that there is no flow of heat from the tip of the well (i.e.,
the tip of the well is insulated). The temperature distribution at any distance x measured from pipe
wall along the temperature well is given by

v t, — 1 msh[mlf—.t]l]

¥

E: - L, = If - cosh (ml) - [Bqn. (2:134)]
P Tl'lr.:rmum::ll.:‘r ‘
Pipeline : & o
'Ffffﬁ'??fﬁ?ffﬁ o 1y, I A el
I
/
g I lt
{ y of
L~
;> -l
- ' |
= | v oz \!
i | 1 8
i . v I
L L T T L v i) |
Fig, 2.139. Thermometer well. Fig, 2.140. Temperature varitation in well.
At x = [, we have
i —1; _cosh[m—n] 1 (2.164)
At cosh (ml) cosh{ml)

| Thermometeric error]
(where, = Temperature recorded by the thermometer at the bottom of the well.)

Now, perimeter of the well, P =n(d+28) = nd,
and cross-sectional area, A, _=mnd a
P nd 1
E T ndé b

m= —hP = I—I
Thﬂ“m .k AI-_T kﬁ

Thus, the temperature measured by the thermometer is nof affected by the diameter of the well.

From the Eqn. (2.164) it is obvious that in order to reduce the temperature measurement error, m{
should be large necessitating the following :

(f) Large value of h (heat transfer coefficient).

(#77) Small value of of & (thermal conductivity).

(#if) Long and thin well, the pocket (protruding small tube) may be placed obliquelyfinclined, if
necessary, 1o provide a longer insertion of thermometer.

Example 2.130. A mercury thermometer placed in oil well is required to measure temperature of
compressed air flowing in a pipe. The well is 140 mm long and is made of steel (k = 50 Wim°C) of |
mm thickness. The temperature recorded by the well 1s 100°C while pipe wall temperature is 30°C.

Heat transfer coefficient between the air and well wall is 30 W/m?°C. Estimate true temperature of
atr. (ML.U.)
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m Heat and Mass Transfer
Length of the pocket, [ :

The temperature recorded by the thermometer (¢,) is found from the relation

=k
S SOV ..[Eqn. (2.164)]
t, — 1y cosh(ml)
where, = Wall temperature, and
t, = Steam temperature,
The error in measurement is indicated by {.rj.— ).
oy -5,
Now, r;,—r,=fl._‘i;-{:}{r:mﬂ f
1.5
3 L=t ———1t, =0.9851
: { i) 100 f i
0.985t, — 1, - 1
) ~ cosh (mf) (1
J hP h nd,
where, m= |—= |—X
K k Emf - _:ff]
4
_ 93 " 241-:1’,, i 93 5 4:-::[!.[]'!? : 435
32.3 d; -d 523 (0,017 = 0.0157)
Substituting the value in egn. (1), we get
0.985 x 320 - 320 | - |
120 = 320 coshiml) cosh(43.5])
¢!
i cosh (43.5/) = Lot 2el = 41.67
’ 0.985 » 320 — 320
or, cosh (43.31) = 4423
or, [ =0.1016 or 101.6 mm (Ans.)

As = (95 mm), the pocket should be fitted inclined.

2.10.5. HEAT TRANSFER FROM A BAR CONNECTED TO THE TWO HEAT SOURCES
AT DIFFERENT TEMPERATURES

Consider the system shown in Fig. 2.143.
Let, [ = Length of the bar connecting two heat sources,
A, = Cross-sectional area of the bar (constant),
P = Perimeter of the bar,
1, = Temperature of heat source-1
t, = Temperature of heat source-2
t. = Temperature of air surrounding the bar,
h = Heat transfer coefficient on the surface of the bar,
k = Thermal conductivity of the bar,
0, =t -t,and
0,=1-t,
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Chapter : 2 : Conduction-Steady-State One Dimension [FIT)
Plate

{ = 150 mm

— k=100 W/m'C
.

h=50Wm c LT

R

Adr
Fig. 2.144.

e
RN W‘.ﬂﬂm

- By sinh {m ({ — x) + 6, sinh (mx)
sinh {ml!)

0 ~[Eqn. (2.168)]

!
AL, x= 3 the value of © is given by

-2, Sll':h (mlf2) |
sinh (ml) k)

{
Z

here. . (hP | hxmd _ fﬂz\f 450 _ince
\ kA, \{kxgﬂ,z kd — \100 % 0.0125

mi=1265x0.15 =19
Substituting the proper values in egn. (f), we have

8l ;=2X% [”"_h {1_9;2}} —30x P _269°C  (Ans)
A sinh (1.9}

3.2082
(i} The heat lost from the rod, () :
- cosh (ml) — 1
Q= JhPkA, (8, + Eﬂ[ prera——— } ..[Egn. (2.169)]

_ J_;”{ (el Jk [Edz] % 26, [L‘ﬁsh (ml) — l}

sinh (m/)

cosh (ml)

= J50 %100 % ©? x 0.0125° x 40 x [’“‘”5“ i ﬂ

sinh (1.9)

34177 -1

= (.31 x 40 x [
3.2682

:| =9.17 W (Amns.)

Example 2.135. A 25 mm diameter rod of 360 mm length connects two heal sources maintained
at 127°C and 227°C respectively, The curved surface of the rod is losing heat to the surrounding air
at 27°C. The heat transfer coefficient is 10 Wim*°C. Calculate the loss of heat from the rod if it is
made of (i) copper (k = 335 Wim®1C), (ii) steel (k = 40 W/m°C). (N.U. 1998)



m Heat and Mass Transfer
Solution. Refer to Fig. 2.145. Given : d=25mm =0.025m; I =360 mm =036 m; 8, =1, — 1_

= 127 < 2T = 100E: H2 =1t -t = 22T =27 =200°C: F:‘,dw‘,r= 335 Wim"C, kh,m =40 Wm*"C
h= 10 Wm?°C.
Heat source Heat source
@ 25 mm dia @
l—' Rod
o II?.JC — 12? {:—
- [=036m »
L=27%
h=10W/m* €
Fig. 2.145.

(1} Loss of heat from the copper rod :
The loss of heat is given by,

cosh (ml) =1
= JhPkA,, (8, + E:J[ . } ~[Eqn. (2.169)]

sinh (ml)

hP  h = md 4h 4 % 10
where, m= = = = 2.185
KAy oo g2 Vkd  \335%0.025
4

and, ml = 2.185 x0.36 = 0.7866,
P=nrd=nx0025m

A =242 =21 0025 m?
4 4

Substituting the values in the above equation, we get

Q= \/mxm % 0.25) x 335 "‘E % 0.025° ] % (100 + zm;[“ﬂsh (0.7866) — 1}

sinh ((.7866)
1= -
= 1.136 x 300 x M = 128.48 W (Ans.)
.87
(ti}) l.oss of heat from steel rod :
41": 4 10
‘J 4{} 0. UES
= 6.32 x0.36 = 2.27

hPKA., = 1{}::::1:.:1::{4[1}:%.::3

= 10 x 1t x 0.025 x40 x %x 00252 = 0.0154

Substituting the values in egn. (2.169) above, we get

e cosh (2.27) =1
) = 00154 x (100 + 200
= <100+ 200 [ sinh (2.27) }

489 -1
- =(0.124 x 300 x
0r, ¢ [ 175

] =321 W (Ans.)



Chapter : 2 : Conduction-Steady-State One Dimension [FIT]

Example 2.136. One end of the copper rod (k = 380 W/m®C) 300 mm long is connected fo wall
which is maintained at 300°C, The other end is firmly connected to a wall which is maintained at
100°C. Air is blown across the rod so that heat transfer coefficient of 20 W/m*°C is maintained. The
diameter of the rod is 15 mm and temperature of air is 40°C. Determine :

i) The ner heat transferred 1o the air in wails;

(it) The heat conducted 1o the other end which is ar 100°C. [MU, 1999]

Solution. Refer to Fig. 2.146. Given : [=0.3m; d = 15 mm = 0.015 m, 1, = 300°C; 1, = 100°C,
t =40°C; h=120 Wim*"C; k = 380 W/m°C.

(i) The net rate of heat transfer to the air, @ :

B, =t -t =300-40=260"C; 0,=1t,—¢ =100 - 40 =60°C
The rate of heat flow 15 given by

cosh (ml) = 1
ﬂ = "|III'PkAE'F {E| + E:J |: oo {H“‘j ] ..-[Ef.lrl- {2]69”

hP hx md 4h
where, m= - = f—
kA_. T z e kel

_\/ 4% 20 —
380 =< 0.015

Wall-1 Wall-2

h =20 W/ m'°C

t, = 300°C

t, = 100°C

ﬂ

15 mm dia.
I=03m
| »

Fig. 2.146.

mf{ =3M66x03=1.12

hPKA,, = 20 x d x 380 x Edf

=20xmx0.015x380 x EH 0.015% = 0.0633

Substituting the proper values in the equation, we get

0 = 0.0633 x (260 + 60) [““Rh il i '}
sinh (1.12)

1.6956 — 1}

=10.2516 % 320 |: =409 W (Ans.)

(i) The heat conducted to the other end which is at 100°C [¢0_ | _ :

I-E.r'r.lr.lr.l'.J'.l.=.II e I-Qr'mm'.ll.:i? N Q "'I:.!:]
The temperature distribution is given by
8, sinh [m (I = x)] + 6, sinh (mx)
sinh (ml)

]

.[Egn. (2.168)]
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de [— 8, . cosh m (I — x) + 8, . m cosh Em.ﬂ}

dx sinh {(mf)
e | =8, .mcosh (ml)+ 0, .m
and, dxl, = o sinh (ml)
dg
=—FkA.
[Qﬂ"m']F” o E|_|.=1]
B, cosh (ml) — 8, o 2 dd

=kA m - substituting for —

0T, [Q”"""']":” KAy [ sinh (m{) i| |: dx .u=n]

Substituting the proper values in egn. (1), we get

B B, cosh (ml) -8, |
[Q{Th‘l:f.]_\':l’ - M"‘ m|: sinh {m” :| Q

= 380 (E X {}.UISE] X 3.746 [Eﬁ'ﬂ cailial ot E’U] - 409
4 sinh (1.12)

260) % 16956 — 60
1.3693
Example 2.137. Two ends of a fin of cross-sectional area 200 mm” and length Im are maintained

at 127°C and 227°C. Perimeter is 20 mm. It loses heat from the surface due to natural convection to

the surrounding at 27°C with a surface heat transfer coefficient of 5 W/m?°C. Find the minimum

temperature in the fin and its location. Thermal conductivity of fin material = 45 W/m"C.

Solution. Refer Fig. 2.147. A = 200 mm?; [ = lm; P= 20 mm = (.02 m; 9, =1-1,=127-27
=100°C; 0 =1, -1 =227 -27=200°C; h=35 Wim?°C; k = 45 W/m°C.

or, [Qn;'rm.:f, ]_'.. - =0.2515 |: ] - 409=29.05W {ﬁns.]

s

— A_ =200 mm
g 1 =27°C h=5Wm C E
I = 127°C g Fin . é .':: 227°C
2 :
gq I=1m v >
I—bx
Fig. 2.147.
The temperature distribution for such configuration is given by
B, sinh [m ({ = x)] + 8, sinh {mx)
O={r=1L)= sinh (m]) .[Egn. (2.168)]
For finding the position of the minimum temperature, the required condition is
d
o
dx
or, B, cosh {m (I —x)] = 8, cosh (mx) [Refer eqn. (2.170)]
cosh (mx) 6, 100
or =—=——=1.35
) cosh {m (/= x)} 0, 200
hP Sx0.02
ey m = = = 3.3
where. KA, s,( 45 % 200 x 10~
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Solar heat collector.

(Heat lost from the absorber plate by convection to cover) + (heat lost by the absorber plate by
radiation to the cover) = (Heat lost by the cover to air by convection) + (heat lost by the cover to the
air by radiation)

Le., h, (T0—t)+h, (T0-t)=h (—10)+ & (t. - 10)

where, r = Absorber plate temperature,
= Ambient temperature,

r. = Glass cover temperature,
.ﬁ{P, hm = Convection and radiation heat transfer co-efficients from the absorber plate
cover respectively, and
e hﬂ_ = Convection and radiation heat transfer co-efficients from the glass cover to the
surrounding air respectively.
H:L.F + hrﬁj (70=r)=(h+h_)(r.—10)
(3+6) (70 =) = (2543) (1, = 1))
630 - 91 = 301, - 300
7 t =23.85°C
Total heat lost by the collector plate
= Heat lost by the absorber (collector) plate to the cover plate
+ heat lost through insulation by conduction.
kxIxit, —1,)
{(3/100)
0.05 % 1% (70 — 10)
(.05
= 415.35 4+ 60 = 475.35 W/m* {Ans.)

=(f, + Ay ) Ix (2, =1.)+

=(3+6)x1x(70 - 23.85) +
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m Heat and Mass Transfer
D. Sphere :

I ip2_ .2 .
r=rh.+ﬁ—il[ﬁ - r) i)
Hg o2 i
Tmax = tw +ER (£}
$oafiy rY
i —(—} oL EEE)
Imax = Tw R
( Temperature distribution in dimensionless form)
q, R ;
Ty =1+ :F:I IV
R ! 2 ¥ ]
t=1, +q;—+é—i{}€“ =
: Considering hr and 1,
q_?.' fi'# 3
f ty+—iR4+=——. K"
PHLE e 6k |
12. Heat transfer from extended surfaces (Fins) :
A. Rectangular fin :
B =€+ e™ <ok}
or [(3—1) = €&+ C,e™]
Case . Heart dissipation from an infinitely long fin (| — o)
B=06,e™ - LEF)
or [(f—=1) ={t —t)e ™ ]
Qﬁ” =kA_ m(t —1) el EET}
[An infinitely long fin is one for which m{ — ==, and this condition may be approached when
mi = 5]
Case 1. Hear dissipation from a fin insulated at the tip :
i _ -ty _ cosh [m {{ — x}] i)
9, t,-1, cosh (mi)
Q_,rm = kA, m (1, = 1,) tanh (ml) W)
Case 111. Heat dissipation from a fin losing heat at the tip :
g f— 1 cosh {m (I — x)} + .ii:.ri [sinh {m (f — x)}]
EI'_: 4 = j" A VE)
=1  E
¢ o 4 cosh (mf) + — [sinh (mi
(mf} o [ (mi}]

tanh (mf) + %
i = KA, m (1, = 1) han A VI )

1+ i tanh (ml)
¥

= hP
where oA

A

[A_, = cross-sectional area (b x y); P = perimeter of the fin {= 2(b + v}}]
[7, = temperature at the base of the fin; 7= temperature of ambient/surrounding fluid].

Efficiency of fin : It is defined as the ratio of the actual heat transferred by the fin to the
maximum heat transferable by fin, if entire fin area were at the base temperature.

Effectiveness af fin : It 15 the ratio of the fin heat transfer rate t0 the heat transter rate that
would exist without a fin.
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20,

22,

13,

24,

26.

27.

18,

29,

A spherical shaped vessel of 1.2 m diameter is 100 mm thick. Find the rate of heat leakage, if the
temperature difference between the inner and outer surfaces i3 200°C. Thermal conductivity of material
15 0.3 kKlfmh*C. |Ans. 2262 kJ/h]

HEAT GENERATION

A voltage of 10V is impressed on a stainless steel wire (k= 22.5 W/m“C), resistivity p= 70 x 107° 0 cm)
of 3.2 mm diameter and 300 mm length. The outer surface temperature of the wire is maintained at 93°C.
What is the temperature at the centre of the wire? |Ans. 138.4°C]
A current of 200 amperes is passed through a stainless steel wire (k= 20 W/m®"C, resistivity p = 70 x
10°% €2 em). If the wire is submerged in liquid at 110°C and the heat transfer coefficient on wire
surface is 4000 Wim="C, calculate the centre line temperature of the wire, |Ans. 230.7°C]
A plane wall (k=15 W/m“C) 100 mm thick generates heat at the rate of 4 x 107 W/m® when an electric
current is passed through it. The convective heat transler coefTicient between each face of the wall and
the ambient air is 50 W/m**C. If the ambient air temperature is 20°C, determine the surface temperature
and maximum temperature in the wall. [Ans. 60°C, 63.33°C)
An electric current of 34000 amperes is passed through a flat steel plate (k=54 W/m"C, resistivity
p =12 pllem) 12,5 mm thick and 100 mm wide. The temperature on the two surfaces of the plate
are 95°C and 80°C. Determine :
(i) The maximum temperature and its position, and
(if) The total amount of heat generated and flow of heat from each surface of the plate,
[Ans. (7)) 120°C, 5.52 mm; (i) 111 kW, 49 kW, 62 kW]

The temperatures on the two surfaces of a 20 mm thick steel plate (& = 50W/m"C), having a uniform
volumetric heat generation of 40 x 10° W/m?, are 160°C and 100°C, Neglecting the end effects,
determine the following :
{i} The position and value of the maximum temperature, and
(it} The flow of heat from each surface of the plate.

| Ans. (i) 6.25 mm, 175.6°C; (i) — 250 = 10* W/m?, + 550 x 10F Wim?]
A plane wall 80 mm thick (£ = 0.15 W/m“C) is insulated on one side while the other side is exposed
to environment at 90°C, The rate of heat generation within the wall is 12 = 10* W/m?, If the convective
heat transfer coefTicient between the wall and the environment is 560 W/m*°C, determine the maximum
temperature o which the wall will be subjected. [Ans, 2667°C]
A 60 mm thick slab of insulating material (£ = 0L.407 W/m"C) is placed between and is in contact with
two parallel electrodes. and 1s then subjected to dielectric heating (high frequency) at a uniform rate of
40694.4 Wim?. On the attainment of steady state conditions, the coefficients of combined radiation

and convection for the exposed surfaces are 12.21 W/m*"C and 13.96 W/m="C respectively. If the
ambient temperature is 25°C, determine :

{f) Surface temperature;
{if) Location and magnitude of maximum temperature in the system,

Assume the flow of heat to be unidirectional and each electrode to be at a uniform temperature equal
to that of the slab with which it is in contact. [Ans. {7} 121°C, 115°C; (if) 29 mm, 164°C (app.)]

A stainless steel rod of 2 cm diameter is carrying an electrical current of 1000 amperes. The thermal
and electrical conductivities of the rod are 16 W/m“C and 1.5 = 107 (ohm cm)! respectively. What is
the temperature at the centre of the rod if the outer surface temperature is 400°C7 [Ans, 400.105°C]

iM.U.}

The electric cable of thermal conductivity & = 20 W/m"C, 3 mm in diameter and one metre long has
current flow = 200 amperes, p (resistivity) = 70 pQem. The wire is submerged in a liquid at 100°C and
the surface heat transfer coefficient () is 4000 W/m->"C. Calculate the centre temperature of the wire.

|Ans, 372°C]



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



vJi{ill Heat and Mass Transfer

Internal combustion engine is an innovative technology to substitute pistons and crank
gear with oscillating flaps.

4. Numerical methods :

These methods can be applied to any mutli-dimensional problem.

An analytical approach to a multi-dimensional problems requires a prior knowledge of
Fourier'series, Bessel's functions, Legendre polynomials, Laplace transform methods and complex
variable theory. The other three methods do not require advanced knowledge of mathematics and are

more useful for tnginﬁ:ﬂring calculations.

3.2. TWO DIMENSIONAL STEADY-STATE CONDUCTION

In a two-dimensional heat flow, the temperature 1s @ function of two-coordinates; the heat flow
through a corner, where two walls meet, i1s an examp/fe of such a system.

3.2.1. ANALYTICAL METHOD

3.2.1.1. Two-dimensional steady
state heat conduction in
rectangular plates

Refer to Fig. 3.1. Consider a thin rectangular

o
plate { = is negligible and temperature is a

dz
function of x and y) having no heat source. Assume

that the three edges of this plate are maintained at
a constant temperature and faces of the plate are
adiabatic. Let the thermal conductivity of the plate
(k) is uniform (f.e., independent of both
temperature and direction).

The controlling differential equation for two
dimensional steady state heat conduction is
given by

3 S
o ! + E = {J , where ris a function of
de= dy”

— Thin rectangualr plate

¥
i, -
A — 15 neghgible
(ﬁ-:r. e )

(0. H) t=f(x) v (L, H)
] A
= t=10
S I
L J
(0, 0 R > X
| I >

Fig, 3.1. Rectangular plate with lemperature-
specilied boundary conditions,
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vri'8 Heat and Mass Transfer

Substituting the solution into the controlling equation, we get

g

1d°% _ 1 d%

=, — =t )
X dx” Y oy

The sign of A* should be so chosen that the homogeneous Y-direction results in a characteristic
value problem; a +ve value of A* will satisfy all the values mentioned in the boundary conditions.

Thus the required equations are

I -AX =0 (i)
T
4 .,

¥=10 .
a’yi AT

The solutions of egns. (if) and (iii) respectively are:

X=Ae¥+Be™

¥ = Ccos (Av) + D sin (Ay)

B = (Ae™ + Be ™) [C cos El}r} + I sin (Ay)] vl W)
From boundary condition (i), we have

0 = (Ae™ + Be ™) [C cos (Ay) + D sin (Ay)

A =0, and

B = Be ™ [ Ccos (Ay) + P sin (Ay)] A Vi)
From boundary condition (iv), we get

0 = C.Be ™™

C = 0, and eqn. (vi) reduces to

8 = Be™ [Dsin (Ay)]
or, B = Ee ™ sin (Ay)

(where E = B.D) A VIE)
From boundary condition (iif), we get
0 = Ee ™ sin (ML)

Since E #10, sin (AL) = (); this expression is satisfied.

n 2n
For =10, —, L or in general

L

A
h, =—:wheren=0,1,2 3. ..
L
B = Eexp (- x)sin (A v) . Vii)
For each integer n there exist a different solution and each solution has a separate integration
constant £ . The general solution will be the sum of these individual solutions,

B = i E expi(—4,x)sin(d,v)

ol EX)

For n =10, & =0 and as such no contribution is made by the first term; eqn. (ix} can be written as
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1. Boundary conditions :

(i) Isotherms must be
perpendicular to insulated

boundaries.
(i) Heat Now lines must be
perpendicular 1o

isothermal boundaries.

(iif) Heat flow line leading to a
corner of an isothermal
boundary must bisect an
angle between the surfaces
of the boundary at the
COrner.

It

Heat flow lines and isotherms
must cut each other at right
angles at all intersection
points.

3. Heat flow lines and isotherms
must form a network of
curvili -near squares.

4. Diagonals of the curvilinear

Heat
tube

(or lane) {"
FAF A . W)

¥

Heat
flow lines

AR B0 8 O Y AP il G AT
Iy ¥ ™
- s
AL <] =
L e
Ll e
Ll P
el e
= f"?
=
=
=] e
~ /:
H 3 ~
z 4
= L
1 e
AL =
Ay =
YY1 -
= Ar | L
< L - >

Isotherms

Insulated
surface

Fig. 3.5. Isotherms and heat flux lines in a parallelopiped.

square must bisect each other at right angles and also must bisect the corners.

Fig. 3.5 shows a parallelopiped whose two faces are maintained at constant temperatures of f,
and r, respectively and other faces perfectly insulated. The face at ¢, is divided into segments of Ax
each to represent heat flow tubes. Similarly lines representing isotherms can be described at intervals
of Ay maintaining Ay = Av and the condition of orthogonality of isotherms and heat flow lines.

Fig. 3.6 shows another two-dimensional system whose inside and outside surfaces are maintained
at temperatures ¢+, and 7, respectively. For the given system, due to symmetry, only one eight of the
configuration is considered for the flux plot. In the Fig. 3.6 is also shown diagrammatically a potential
fluid element for curvilinear square analysis of the two-dimensional heat flow. Assuming wnir depih
of the material, the heat flow through this curvilinear section is given by Fourier’s law,

Outside surface

Inside : surface

Insotherms

F+ Ar

Heat
flow line

Potential field element

Fig. 3.6, 5ketch showing potential field element for curvilinear square analysis
of two-dimentional heat flow.
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m Heat and Mass Transfer

Example 3.3. A long pipe of 0.6 m outside diameter is buried in ~ Earth surface
earth with axis at a depth of 1.8 m. The surface temperatures of pipe and Mﬁ.ﬂiﬁiﬁi&ii{
earth are 95° C and 25° C respectively. Calculate the heat loss from the
pipe per mefre length, The conductivity of earth is 0.51 Wim® C.

0.6
Solution. Refer to Fig. 3.8. r= T =0.3im;L=1m; H=1.8m;

k=051 Wim" C. H=18m
t, (surface temperature of pipe) = 85°C; 1, (surface temperature of Pipe
earth) = 25° C ¥
Heat loss from the pipe per metre length, (): AS
Q=k8 (1 -1) -..[Refer to eqn. (3.17)]
where,Sﬁ. {shape factor) = £, — R =2528m |‘H]"IIS T"""'|
In(2ZH /r) In[(2x1.8)/0.3]
O =051 x2.528 x (95— 25) = 90.25 W (Ans.) Fig. 3.8.

Example 3.4. A 1.6 m diamerter sphere is buried in soil with centre at a depth of 5.5 m. Heat is
generated in the sphere at a rate of 380 W. If the conductivity of the soil is 0.51 W/m"C and the soil
surface is at 6° C, calculate the surface temperature of the sphere under steady state condition.

Solution. Refer to Fig. 3.9. r= 1 =08m: H=55m: k=051 Wim°C; Qx =580 W
Temperature of soil surface = 6°C

Surface temperature of the sphere, 1 :

Heat generated = Heat conducted away

or, Q.= kS, (1 -6)
i 5, = 4nr _ dnx (0.8 1084 m
1-(r/2H) 1-[0.8/(2x5.5)]

Substituting the values in the above equation, we get
580 =0.51 = 10.84 (t-6) or = 110.9°C (Ans.)

Soil surface (5 C)
{{ﬁizi.{.{ifzijf!f!ffffffff!

; Soil surface (6 C)
A
o Rectangular
105 C A
H=1.5
H=55m = Pipe
e Sphere —‘7}

Y £ 4 \o-=580W
Y

L

h=045m
l.6m
s I|-q-a=l]-ﬁm—b|‘/

Fig. 3.9. Fig. 3.10.
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m Heat and Mass Transfer

the nodes are designated by point (m,
n); m location indicates x increment
and n location indicates y increment.
It is required to establish the
temperatures at these nodal points.
Thus, instead of the continuous
distribution, there will be a stepped
distribution of temperature through the
conduction region. It is considered that
the temperature at any node represents

) ) A
the temperature in the region £ =% and

Ay )
+ = around the node. In the numerical

method, fintte differences are used 1o
approximate differential increments in
temperature and are substituted in
equation. The smaller the increment we
choose, the closer will be the stepped
temperature distribution to actual one,

The temperature gradients at
points A, B, C and D may be written
as:

!

E.'r me+ln

=

X
4 __ Region for
node (m, n)

#{m’”-i- 1)

{m—1, n)

> X
Fig. 3.13. Nodal point in conduction region.

f

R, R

e
ot

Ax

L
m+=.n
4

rm.il

= Im I, m

ar
dr

|
m——, 0
2

Ax

dy

LD

§-J

ot

v

b | —

ar
o

m+ —,
.

i

1, dx

(3.19)

ot

2t

i,

i i!I:r:+|,—.'T +I.lr:-|.rl_

I-. n
=z (i

dv
vy

He vt

Ax (Ax)”

™ ot

TR
2

i, Tovel + T .r?”lTM ETHI.,.

|
3 M

3%t

e

&

Substituting the values of

(3.1)], we get
I

m4+l.n +1

m-l.n

- 21

Ay (AE)
9°r

and P in the two-dimensional steady state equation [Eqn.

-2

. I'!.||.1|+] T 'rm.n--] i, i

(Ax)°

{.ﬂ.}']l ---‘_3.2{]]
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Conduction-

Unsteady- State

(Transient)

4.1.
4.2,

4.4.

4.6.

4.7.

Introduction.

Heal conduction in solids having infinite
thermal conductivity-lumped parameter
analysis.

Time constant and response of temperature
measuring instruments.

Transient heat conduction in solids with finite
conduction and convective resistances (1) < H.
< | L),

Transient heat conduction in semi-infinite
solids (Hor B,

systems with periodic variation of surface

b ooa )

|IJ'1I'||'|L'I:H|.!II.'.

Transient conduction with given tempe-
rature distribution. Typical Examples—High-
lights—Theoretical Questions-Unsolved Ex-
amples.

4.1. INTRODUCTION

It the temperature of a body does not vary
with fime, it is said to be in a steay stare. But if
there is an abrupt change in its surface
temperature, it (body) attains an equilibrium
temperature or a steady state after some period,
During this period the temperature varies with iime
and the body is said to be in an unsteady or
transient stafe. The term transient or unsteady
designates a phenomenon which is time
dependent. The steady state is thus the fimir of
transient temperature distribution for large values
of time.

Conduction of heat in unsteady state refers
fo the transient conditions wherein the heat flow
and the remperature distribution at any point of
the system vary confinuously with fime. Transient
conditions occur in:

(1) Cooling of 1.C. engines;

{11) Automobile engines;
{ir1) Heating and cooling of metal billets;
(#v) Cooling and freezing of food;
(v) Heat treatment of metals by quenching;
(vi) Starting and stopping of various heat ex-
change units in power installation;
(vir) Brick burning;
(vizr) Vulcanization of rubber etc.

The temperature field in any transient

problem, in general, 15 given by
F=flx,y,z,T)

During an unsteady state the change in
temperature may follow a periodic or non-
periodic variation.

(i) Non-periodic variation. In a non-
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m Heat and Mass Transfer

hA
The power on exponential, .e., ——T can be arranged in dimensionless form as follows,

pVe
hA. RV [ AZk hI ([ ot
preesl =¥ =1 || == (d5)
pVe kA, J\pV-e k J\L
where @ = [i} = Thermal diffusivity of the solid
pc

Volume of the solid (V)
Surface area of the solidiA, )

L. = Characteristic length =

The values of characteristic length (L), for simple geometric shapes, are given below:

V  LBH
Flat plate . L. = R = T

| where L, B and H are thickness, width and height of the plate.

= L /2 = semi-thickness

mR'L _ R

InkRL 2

4

Pl

Sphere: [ = = =
4nR*

Cylinder (long) @ L. = where, R = radius of the cylinder.

'-\.il-'||=:

where, R = radius of the sphere.

L
Cube: L. =—= I where, L = Side of the cube.
Further, from egn. (4.5):

(i) The non-dimensional factor —— is called the Biot member 'BF

k
: hi, ;
i.e. B.= TL‘ = Biot number,

It gives an indication of the ratio of infernal (conduction) resistance 1o surface (convection)
resistance. When the value of B, is small, it indicates that the system has a small internal (conduction)
resistance, i.e., relatively small temperature gradient or the existence of practically uniform temperature
within the system. The convective resistance then predominates and the transient phenomenon is
controlled by the convective heat exchange.

If B, < 0.1, the lumped heat capacity approach can be used to advantage with simple shapes such
as plates, cylinders, spheres and cubes, The error associated 15 around 5%,

T
i #i) The non-dimensional factor E is called the Fourier number, F .
; 8 et ol
L€, Fy, = — = Fourier number

L;
It signifies the degree of penetration of hearing or cooling effect through a solid.
Using non-dimensional terms, eqn. (4.4) takes the form of

o r—1, _ o Bify

6 -1, - (4.6)

The graphical representation of eqn. (4.5) for different solids (Infinite plates, infinite cylinders
and infinite square rods and cubes and spheres) is shown in Fig. 4.4
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Substituting the value, we get

¥ 2
b= exp [- " =0 3ﬂﬂ:| = (.35

250 — 50 954 % 0.01667 x 383
‘o s )
[' vV L ﬂ,mﬁm]
f = (250 — 50) % 0.35 + 50 = 120°C (Ans.)

Example 4.4. An average convective heat transfer coefficient for flow of 90°C air over a
flat plate is measured by observing the temperature time history of a 40 mm thick copper slab
(p = 9000 i‘gfmﬂ, c =038 kl/kg°C, k = 370 W/m°C) exposed to 90°C air. In one rest run, the
initial temperature of the plate was 200°C, and in 4.5 minutes the temperature decreased by
33°C. Find the heat transfer coefficient for this case. Neglect internal thermal resistance.

Solution. Given : t_=20°C; L=40 mm or 0.04 m; p =59000 kg/m?; c=0.38 kl/kg"C; t.=200°C,
t=200-35=165°C; T=4.5min= 270s

L 004
Characteristic length, L = ShaleTae 0.02 m
hA fi fi I
5 _ = =1.462%107° h
pVe p(VIA)c pel. 9000 x (0.38 x 1000) x 0.02
e hA,
Now, T = EXp | - P_"";T «|Eqn. (4.4)]
165 =90 _jasax10®m)x(290) _ -0.00394Th |
or, 200-90 ° Tk = oA i
a I 0.00304Th
or, [}-EIEE = W ar & = ].%ﬁ
or, 0.003947 h = In | 466 = 0.3825
p=_"382 960 Wim?°C (Ans.)
0.003947

Example 4.5. The heat transfer coefficients for the flow of air at 28°C over a 12.5 mm diameter
sphere are measured by observing the temperature-time history of a copper ball of the same dimension.
The temperature of copper ball (¢ = 0.4 kJ/kg K and p = 8850 kg/m’) was measured by two
thermocouples, one located in the centre and other near the surface. Both the thermocouples regisiered
the same temperature at a given instant, In one test the initial temperature of the ball was 65°C and
in 1.15 minute the temperature decreased by 11°C. Calculate the heal transfer coefficient for this

Case, (AMIE Winter, 2001)
123
Solution. Given : 1 = 28°C; R (sphere) = 5" - 25 mm = 0.00625 m; ¢ = 0.4 kl/kg°C;
p = 8850 kg/m*; 1. = 65°C; r=65 - 11 =54°C: T = 1.15 min = 69 s.
Heat transfer coefficient, fi:
hL,  h-(R/2
Biot number, B, = k‘ =2 {k )

Since heat transfer coefficient has to be calculated, so assume that the internal resistance is
negligible and B is less than (0.1,

Using egn. (4.4), we have




You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



iz Heat and Mass Transfer

.25
18.16 % 10 “]

N =2 +[0.4x(6510)" + 0.06 (6510)* | x (0.709)"* x .
19.78x 10~

=24 [3227+2092] x 087 x0979=473

h
or, Nu = -f— =473
k= %}! 4713 = 0258 ¥4T7.3=122 Wa’mlﬂc

The time taken to cool from 75°C to 35°C may be found from the following relation :

r-t, [ hA, }
=eXp |=-—+T

EJ Ny fu P'Il"rf'
35-23 sl - 122 x 4nR*
S PK%ERE:{&'
( L 17 % 3 .
0.2308 = exp | - 122 x ) B 002156t
| 8933 x 0,005 x 380
5 |
DOZ156 1
4 = —— = 4,333
o 0.2308
or, 0.2156 T = 1.466
0T, = L 900 = 68 s (Ans.)
0.2156

Example 4.10. An egg with mean diameter of 40 mm and initially at 20°C is placed in a boiling
waler pan for 4 minutes and found to be boiled to the consumer’s taste. For how long should a
similar egg for same consumer be boiled when taken from a refrigerator art 5°C. Take the following

properties for egg:
k=10 Wim°C, p= 1200 kg/m>, c =2 kike®C and h (heat transfer coefficient) = 100 Wim*°C.

Use lump theory. (N.MLUL)
40
Solution. Given: R = ? = 20 mm = 0.02 m: t = 20PC:t=4x60=240s: k= 10 W/m"C;:

= 1200 kg/m?; ¢ = 2 klfkg®C; b = 100 Wim*C.
For using the lump theory, the required condition is B, < (1.1

frlL.
B = -f‘- where L _is the characteristic length which is given by,
4 4
V (volume) :gIR R

L A, (surface area) T 4R 3

B =Ex£= 100 > 0.02 — 0.067
k3 10 =3
As B, < (.1, we can use lump theory.
The temperature variation with time is given by :

=ty _ I hA,
i =1, ’ i Pv'r'. 1)

(&)< (s
pVe pcJ\V 1200 > 2000 )\ R
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or, 0.01143 = L: or e = 87.49

%= EI (87.49) = 4.47s (Ams.)
Example 4.13. A thermocouple junciion 15 in the form of & mm diameter sphere. Properties of
maferial are;
e =420 Jhg°C: p = 8000 kg/m*; k = 40 Wim°C and h = 40 Wim*°C.
This junction is inttially at 40°C and inserted in a stream of hot air at 300°C. Find:
(i} Time constant of the thermocouple;

(ii) The thermocouple is taken out from the hot air after 10 seconds and kept in still air at
30°C. Assuming the heat transfer coefficient in air 10 W/m°C, find the tempe rature attained

by the junction 20 seconds after removing from hot air. (P.L.)
8
Solution. Given : R = 5 4 mm = 0.004 m; ¢ = 420 J/kg"C; p = 8000 kg/m?; k = 40 W/m°C;

h = 40 W/m*°C (gas stream); h = 10 W/m*°C (air).

(7} Time constant of the thermocouple, T#:

4 .3
- oV ) p:u:[g:rrﬂ‘ ]}-{f i ORe

hA, h % 4nR’ 3h
ROO0 = 0.004 = 420
= 25 E; = 112 s ...when thermocouple is in gas sfream. (Ans.)
(t1) The temperature :—]ltﬂjnfdlh}' the junction, t:
Criven: t = 40°C: t = 300°C:t=20%

The temperature variation with respect to time during heating (when dipped in gas stream) is

given by
1 -t hA

—=exp| - —1
=1, pVe
t — 300 T 2 1
.t = exp [_ _] =2 :’." Wi _ = 0.9146

" 40 — 300 2104112}

or, t = 300 + 09146 (40 - 300) = 62.2°C
The temperature variation with respect to time during cooling (when exposed to air) is given by
f s 'r.ra Tit*
e

'Ir' - Iu
pRe  B00U x 0.004 x 420
"E* = = = 44355
Whete, 3h 3% 10
t=30 onsaam) _ | -
m =& = m = (0.9563
or, t = 30+ 0.9563 (62.2 - 30) = 60.79°C (Ans.)

Example 4.14. A very thin glass walfed 3 mm diameter mercury thermometer is placed in a
stream of air, where heat transfer coefficient is 55 Wim>°C, for measuring the unsteady temperature
af air. Consider cvlindrical thermometer bulb to consist of mercury only for which k = 8.8 Wim*C
and o = 0.0166 m*/h. Calculate the time required for the temperature change to reach half its final
value.

Solution. Given : R = = 1.5 mm = 0.0015 m; h = 55 Wim?°C; k = 8.8 Wm°C;, a =

0.0166 m*/h.

B3 | tes
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Fig. 4.13. Heisler position-correction factor chart for temperature history in sphere.
be neglected. Thus the plate cannor be considered as a lumped system. Further, as the B, < 100,
Heisler charts can be used to find the solution of the problem.
Corresponding to the following parameteric values, from Heisler charts, (Fig. 4.8), we have
I
. 0.165
s

£ =0.6
I‘. -—fﬂ

F, = 3404 1 =

= 6.06 and — = 0 (midplane)
B. L

I

[

i From Heisler charts)

Substituting the values, we have
e |
440 - 50
t, = 50 + 0.6 (440 - 50) = 284°C (Ans.)
Temperature inside the plate 15 mm from the midplane, :
The distance 15 mm from the midplane implies that

or,

x_15_,s
L 30
Corresponding to %: (.5 and L = 6.06, from Fig. 4.11, we have
i
P — ~ .97

ri'_'rn'
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<iF:8 Heat and Mass Transfer

The parametric values for the spherical apple are :
1 I

= 2.267
1

VRS kYot (.58 [ TE[}L'I]
bk, o] 2= | =08
R* \pc) R |990x4170)" | 0.06°

-
B () (midplane or centre of the apple)

B
F,

Corresponding to the above values, from the chart for a sphere (Fig. 4.13), we read
'rrl - Iu

= (.75
L —1,
t, =1,
- = (.75
0r, 25 _ 6
or, 1, =6+ 0.75 (25 - 6) = 20.25°C (Ans.)
4.5. TRANSIENT HEAT CONDUCTION IN SEMI-INFINITE SOLIDS
(H OR B, - =)
A solid which extends itself infinitely Semi-infini
emi-infinite
in all directions of space is termed as an plate

infinite solid. If an infinite solid 1s split in
the middle by a plane, each half is known
as semi-infinite selid. In a semi-infinite T
body, at any instant of time, there is always

a point where the effect of heating (or dt

cooling) at one of its boundaries is not felt Q=—kd (E)r-u /
at all. At the peint the temperature remains

unaltered. The transient temperature
change in a plane infinitely thick wall is
similar to that of a semi-infinite body until
enough time has passed for the surface
temperature effect to penetrate through it

{; (initial uniform
temperature)

As shown in the Fig. 4.14, consider — x
a semi-infinite plate, a plate bounded by
a plane x = 0 and extending to infinity in
the +ve X-direction. The entire body 15
initially at uniform temperature ¢, including the surface at x = (). The surface temperature at x
= () is suddenly raised to r_for all times greater than T = (. The governing equation is :

Fig. 4.14. Transient heat flow in a semi-infinite plate.

d*t 1 dit
d  odt
The boundary conditions are :
(0 tix 0=t (i) t(0.T)=1 fort>0; (dii) 1{ o=, T)=1¢ for T>0.

The solution of the above differential equation, with these boundary conditions, for temperature
distribution at any time T at a plane parallel to and at a distance x from the surface is given by :

t(x B — 1

X
=erf(z) = erf
rl' - !'rJ' [E fuT] -.-..(4.]"1‘]

X

2, Jot

where, z =
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m Heat and Mass Transfer

e
o

X

|
o 4o % 0.81

= 0.012°
4%1.2%x107° x 0.81

=37s (Ans)

Example 4.21. It is proposed 1o bury water pipes underground in wert soil which is initially at
3.4°C. The temperature of the surface of soil suddenly drops to — 6°C and remains at this value for
9.5 hours. Determine the minimum depth at which the pipes be laid if the surrounding soil temperature
15 to remain above 0°C (without water getting frozen). Assume the soil as semi-infinite solid.

For wet soil take o (thermal diffusitivity) = 2.75 % 1077 m*/h.

Solution. Given : t,=54°C, t =-6°C, t=0°C, .= 2.75 x 10" m*/h
Minimum Depth, x :

The temperature, at critical depth, will just reach 0°C after 9.5 hours,

= X
7] —_ FFT‘
Now, L1, |:2 "_{11:}

0= (- 6) _ -
———=0526=¢
o 54-(-6) i [zﬁ;’m}
X
or, 2 Jor = 0.50 ..From table 4.1 or Fig. 4,15
or, x=05% 2t
or, x=05x24/275x10 " x 9.5 = 0.162 m (Ans.)

Example 4.22. A 60 mm thick mild steel plate (ot = 1.22 % 10°° m*/s) is initially at a temperature
af 30°C. It is suddenly exposed on one side to a fluid which causes the surface temperature fo
increase to and remain at 1H0°C, Determine :

(i} The maximum time that the slab be treated as a semi-infinite body;
(it) The temperature at the centre of the slab 1.5 minutes afrer the change in surface
temperature.,
Solution. Given : L=60mm =006 m, a. = 1.22 x 103 m?/s, t = 30°C, 1 = 110°C,.t= 1.5
minutes = 90s.
(i} The maximum time that the slab be treated as a semi-infinite body, T

max .
The general criterion for the infinite solution to apply to a body of finite thickness subjected to
one-dimensional heat transfer is

L
= 2 0.5 (where, L= Thickness of the body)
I |5
or, —_— =05 or =0.25
2 1,||' LI 1 S 4 mrmax
r 0.06°

= 295.1 s (Ans.)

Ty = =
or, T 4% 025 4x%1.22x1077 % 0.25

(#1) The temperature at the centre of the slab, ¢ ;
At the centre of the slab, x = 0.03 m; T="50s

r—t, :ecf[

b — tﬂ

:JE]
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m Heat and Mass Transfer

(71} Time required to attain a temperature of 350°C, 1:
Since, = 350°C, hence

35{]—43{}=E5r[m]

20 — 480 2
0.2826 = erf [m]

IIT

=023
0.23x R*

or, T=
3
~25%D3 18485 (Ams)
112 % 10
4.6. SYSTEMS WITH PERIODIC VARIATION OF SURFACE

TEMPERATURE

The periodic type of heat flow occurs in cyclic generators, in reciprocating 1.C. engines and in
the earth as the result of daily cycle of the sun. These periodic changes, in general, are not simply
sinusoidal but rather complex. However, these comoplex changes can be approximated by a number
of sinusoidal components.

Let us consider a thick plane wall {one-dimensional case) whose surface temperature alters
according to a sine function as shown in Fig. 4.17. The surface temperature oscillates about the mean
temperature level ¢ according to the following relation :

b, . =8, sin(lant)
where, 0 i Excess over the mean temperature (= |
B_ . = Amplitude of temperature excess, i.¢., the maximum temperature excess
at the surface;
n = Frequency of temperature wave.

The temperature excess at any depth x and time T can be expressed by the relation,

Surface tempera
amplitude {"J :' Temperature amplitude
T at distance x (8__)
==
35 X
S E tempamture (£,)
H e
E o G e '[]'
£ 8 <« Time —p-l
E_ g lag At
[_E E Surface temperature l‘\
variation Temperature
< Time for one complete cycle —] variation at distance x
(of surface termperature from the surface
el variation)
Time "t'—p

Fig. 4.17. Temperature curves for periodic variation of surface temperature.

B,.=80,, exp[-x Jmn/o] sin [Emrl: - :1||EE] Lld21)
ot
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t2[il Heat and Mass Transfer

Take: h = 20 W/m"C: k (steel) = 40 W/m°C; p (steel) = 7800 kg/m>; ¢ (steel) = 460
Jkeg®C. (ML)

100
Solution: Given : R= g = S0mm=0.05m;r=900°C;¢t =30°C; h= 20W/m? °C: k (steel)

= 40 W/m°C; p (steel) = 7800 kg/m?; ¢ (steel) = 460 Jkg°C: 1 = 30s.

(1) Temperature of ball after 30 seconds, 1 :

Em’c‘"
Characteristic length L = V =3 — = xS 0.01667 m
A, 4nR° 3 3
h L,  20x0.01667
Biot number, B, = . == a0 = (.LODR335

Since B, is less than (0.1, hence lumped capacitance method (Newtonian heating or cooling) may
be applied for the solution of the problem.
The time versus temperature distribution is given by (Eqn. 4.4)

k= Ira 5 'ﬂﬂp = IF‘!"f"l'l. T

=, pVe )
() (Ao 2 (L Yormon

pVe pc )\ v 7800 x 460 ) \ 0.01667

f — 30 _ 0ol _ ”]h — 0.99
900 — 30 20

or, =30+ 0.99 (900 - 30) = 891.3°C (Ans.)
(it} The rate of cooling ("C/min) after 3) seconds :

dt
The rate of cooling means we have to find out e at the required time,

Now differentiating eqn. (1), we get

I dt [ hA, ] hA,
W—= = exp | - T
b —1;, 4t pVe pVe

MNow substituting the proper values in the above equation, we have

e L I 1
(900 — 30) dt | 7800 x 460 - 0.01667
dt
T = (900 - 30) (- 331 x 10) = - 0.288°Cls
dt
i T =-0288x 60 = ~1728°C/min  (Ans)

Example 4.31. A thin copper plate 20 mm thick is inifially at 150°C. One surface is in contact
with water at 30°C (h = 10 Wim* °C) and other surface is exposed to air at 30°C (h,=20 Wim*°C).
Determine the time required to cool the plate to 90°C.

Take the following properties of the copper :

p = 8800 kg/m’, ¢ = 400 Jke"C and k = 360 Wim°C

Solution. Given: L=20mm=0.02 m; 1,= 150°C; 1t =30"C; A =100 W/m* °C: h =20 W/m* °C;

1=90°C; p = 8800 kg/m?; ¢ = 400 Jkg"C; k = 360 W/m°C.
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m Heat and Mass Transfer

The instantanecus heat flow rate at a given X-location within the semi-infinite body at a
specified time is given by

|=x* K4ty

Ly =—FkA(L - ) —F—— i)
T
The heat flow rate at the surface (x = )) is given by
—kA (§ — 1)
er)‘m'r e : - LHHE)
Jmor

The heat flow rate ({2') is given by

’ T
Q :—!~13Mfﬂ-—fﬂJJ; 1Y)

THEORETICAL QUESTIONS

1. What is meant by transient heat conduction?

2. What is lumped capacity?

3. Whalt are the assumptions for lumped capacity analysis?

4. What are Fourier and Biot numbers? What i1s the physical significance of these numbers?

5. Define a semi-infinite body.

6. Whalt is an error function? Explain 118 significance in a semi-infinite body in transient state.

7. What are Heisler charts?

8. Explain the significance of Heisler charts in solving transient conduction problems.

UNSOLVED EXAMPLES

1. Acopperslab (p = 9000 kg/m?, ¢ = 380 Wkg°C, &= 370 W/m°C) measuring 400 mm x 400 mm x 5 mm
has a uniform temperature of 250°C, Its temperature is suddenly lowered to 30°C, Calculate the time
required for the plate to reach the temperature of 90°C. Assume convective heat transfer coefficient as
90 Wim® °C, (Ans. 1= 123.75 5)

2. An aluminium alloy plate 0.2 m? surface area (both sides), 4 mm thick and at 200°C is suddenly
guenched into liquid oxygen which 1s at =183°C. Find the time required for the plate o reach the
temperature of -70°C,
Take : p = 2700 kg/m?; €= 800 Jfkg"C and h = 500 W/m-°C. (Ans. 23.45 s}

3. A sphere of 200 mm diameter made of cast iron initially at uniform temperature of 400°C is guenched
into oil. The oil bath temperature is 40°C. If the temperature of sphere is 100°C after 5 minutes, find
heat transfer coefficient on the surface of the sphere.
Take : ¢, (cast iron) = 0.32 klfkg®C; p (cast iron) = 7000 kg/m?
Meglect internal thermal resistance. (Ans, 134 kW/m?*°C)

4.  Anaverage conveclive heal transfer coelficient for Mlow of 100°C air over a [at plate 15 measured
by observing the lemperature-lime history of a 30 mm thick copper slab (p = 9000 kg/m®, ¢ =
038 klVkg"C, &k = 370 W/m®"C) exposed to 100°C air. In one test run, the initial temperature of
the plate was 210°C, and in 5 minutes the temperature decreased by 40°C. Find the heat transfer
coefficient lor this case. Neglect internal thermal resistance. ( Ams. 77.24 Wim? °C)

5. A cylindrical steel ingot 150 mm in diameter and 400 mm long passes through a heat treatment

furnace which is 6 m in length. The ingot must reach a temperature of 850°C before it comes out of the
furnace. The furnace gas is at 1280°C and ingot initial temperature is 100°C. What is the
maximum speed with which the ingot should move in the furnace to attain the required
temperature? The combined radiative and convective surface heat transfer coefficient is 100 W/m*
*C. Take k (steel) = 45 W/m°C and o (thermal diffusivity) = 0.46 x 10° m¥s.(Ans. 1.619 x 10 m/fs)
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m Heat and Mass Transfer

Let, p = Mass density of the fluid at a particular instant, and

u, v, w = Components of velocity of flow entering the three faces of the
parallelopiped.

Rate of mass of fluid entering the face ABCD (i.e. fluid influx).

= p x velocity in X-direction x area of ABCD

=pudydz i)
Rate of mass of fluid leaving the face EFGH (i.e. fluid efflux)

d
= pudydz+ 5‘; (p udy. dz)dx <ol )

The gain in mass per unit time due to flow in the X-direction is given by the difference between
the fluid influx and fluid efflux.

- Mass accumulated per unit time due to flow in X-direction

d
= pu dy dz _.[ pu + a[pu}ci:' ]d_v.:.{z

- _ %{pu}ﬂ'_rﬂ'_vdz vl BEE)

Similarly, the gain in fluid mass per unit time in the parallelopiped due to flow in ¥ and
Z-direction

d
= — 5}‘; (pv) dy dz (in ¥Y—direction) el £V)
a " El -
e (pw) dx dy dz (in Z—direction) (V)
The total (or net) gain in fluid mass per unit time for fluid flow along three coordinate axes
d d d
= - | —(pu) + —ipv) + —i(pw) |dx dy dz i

Rate of change of mass of the parallelopiped (control volume)

d
= E[p dx dy dz) o VH)

From eqns. (vi) and (vif), we get

o d o d
= — [ —;lpu} + E{Pﬂ + E;l[pn} }fx dy dz = E]T{p dx dy dz)

Simplification and rearrangement of terms would reduce the above expression to

d d d dp
E{pu] 4+ g{pr} 4 E{pw] + E = ﬂ .{ii]

This equation ( Eqn. 5.5) is the general equation of continuity in three-dimensions and is applicable
to any fype of flow and for any fluid whether compressible or incompressible.

For steady flow [ e UJ incompressible fluids (p = constant) the equation reduces to
du  dv  dw
i B (5.6)
dv dy o =
For two dimensional flow, eqn. (5.6) reduces to
a_Ii + ?.E =1} s =1
3 oy (. w=1)

For one dimensional flow, say in X-direction, egqn. (5.0) takes the form
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m Heat and Mass Transfer

¥
A

- .ﬁ.aﬂ“.

. T
Fﬁ- N B+ Ax, y + Ay)
__-_"-.__. i u "
A
{x, v}
Streamlines
i > X

P ¥+ dy

Fig. 5.3. Flow between two points and its relation 1o stream function.

Flow across AB = Flow across AQ + flow across 08
Vds = = vdx + udy
(The minus sign indicates that the 'I-'Ell_}{?il:,’ vis auting in the downward direction.)

dy  dy
Fd3=—££it+3}—ld}'=dl|1 .(5.15)
i.e dg = dy ..{3.16)

Obviously, the sfream funciion can also be defined as the flux or flow rate between two streamlines.
The units of Y are m”/s; discharge per unit thickness of flow.

Properties of stream function :

The properties of stream function are:;
1. Onany streamline, W is constant everywhere.
[w = gonstant, represents the family of streamlines }

WY = constant,is a streamline equation
2. If the flow is continuous, the flow arcund any path in the fluid is zero.
3. The rate of change of y with distance in arbitrary direction is proportional to the component
of velocity normal to that direction.
4. The algebraic sum of stream functions for two incompressible flow patierns is the stream
function for the flow resulting from the super-imposition of these patterns,

dy, Ay, 9y, +v,)

L+ = A(5.17
ds s cls )

Cauchy Riemann equations :
From the above discussion of velocity potential function and stream function we arrive at the
following conclusions:
. Potential funcrion (§) exists only for trrotational flow.
2. Stream Junction (W) applies 1o both the retational and irrotational Hows (which are steady
and incompressible).
3. In case of irrotational flow, both the stream function and velocity function satisfy Laplace

1.e.,
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Heat and Mass Transfer

when, Re < 2000 ... the flow is laminar (or viscous)
Re = 4001 ... the flow is turbulent.
Ke between 2000 and 4000 ... the flow is unpredictable.

Critical Reynolds number :

—All experiments agree that a lower limit of critical value of (Re}) _ exists (though there appears to
be no definite upper limit of the critical value of (Re)  which characterizes full attainment of turbulence)
and its value is approximately, 2000 (for circular pipe). This lower critical Reynolds number is of greater
engineering importance as it defines the fimit below which all wrbulence, no matier how severe,
entering the flow from any source will eventually be damped out by viscous action.

— It has been observed that the upper limit of critical Reynolds number (Re) depends upon the
following factors:
(i) Initial turbulence in the flow (approach), (ff) Shape of the pipe entrance, and
(fif) Roughness of pipe.
Reynolds found the upper limit of (Re) __to lie between 12000 < (Re) < 14000; these values are
of little practical interest and we may consider the upper limit of (Re)__ to be defined by 2700
< (Re)_, < 4000,

— For demarcating the regimes of laminar and turbulent flows, the concept of critical Reynolds
number proves quite useful.

The lower critical Reynolds number for some important cases are as under:

(i) (Re) =1 ... for sphere
(i) (Re) = 50 ... for open channels
(i) (Re) = 1000 .. for parallel plates.
HIGHLIGHTS |

1. An ideal fluid is one which has no viscosity and surface tension and 15 incompressible. A
real practical fluid is one which has o —
viscosity, surface tension and
compressibility in addition to the density.

b

Viscosiry may be defined as the property
of a fluid which determines its resistance
o shearing stresses, The viscosity may
also be defined as the shear stress
required to produce unit rate of shear
strain.

3. Kinematic viscosity is defined as the
ratio between the dynamic viscosity and
density of fluid.

4. Newton's law of viscosity states that the
shear stress (T) on a fld element ]a}r::r:f-;
is directly proportional to the rate of
shear strain.

Mathematically, =

n

Continuity equation in cartesian
coordinates |

Viscosily tester.



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



;'8 Heat and Mass Transfer

11. Discharge Q m’/s R e
12. Kinematic viscosity V m?/s AT
(d) Dynamic Quantities
13. Force or resistance F.R N MLT 2
14. Density p keg/m? ML
1S. Specific weight W N/m? N T
16. Dynamic viscosity M kg/ms ML T!
17. Work, energy W, E Nm ML2 T
18. Power P Nm/s or J/s MLZ T
or w
(¢) Thermodynamic quantities
19. Heat Q. H J ML* T+
20. Thermal conductivity k Wim*C MLT &
21, Specific heat c.c, klfkg®C LT g
22. Heat transfer coefficient h,U Wim*C MT* 6!
23, Gas constant R klfkg®C | e
24, Thermal diffusivity o m?/s 3

6.4. METHODS OF DIMENSIONAL ANALYSIS

With the help of dimensional analysis the equation of a physical phenomenon can be developed
in terms of dimensionless groups or parameters and thus reducing the number of variables. The methods
of dimensional analysis are based on the Fourier’s principle of homogeneity. Out of several methods
of dimensional analysis, the following two methods will be discussed.

1. Rayleigh's method 2. Buckingham’s m-method/theorem

6.4.1. RAYLEIGH'S METHOD

This method gives a special form of relationship among the dimensionless group, and has the
inherent drawback that it does not provide any information regarding the number of dimensionless
groups to be obtained as a result of dimensional analysis. Due to this reason this method has become
obsolete and is not favoured for use.

Ravieigh’s method 1s used for determining the expression for a variable which depends upon
maximum three or four vanables only. In case the number of independent variables become more
than four, then it is very difficult to find the expression for the dependent variable.

In this method a functional relationship of some variables is expressed in the form of an
exponential equation which must be dimensionally homogeneous. Thus if X 15 a variable which
depends on X, X, X, ... X; the functional equation can be written as :

X=X X5, X5, .. X) A6

In the above equation X is a dependent variable, while .-'-"."I, .:’t."i, .-'-".".,r, Jf" are independent
variables. A dependent variable is the one about which information is required while independent
variables are those which govern the variation of dependent variable.

Equation (6.1) can also be written as :
X=Xt xxs X (6.2)
where € is a constant and a. b, c. ... n are the arbitrary powers. The values of a, b, ¢, ... n are

obtained by comparing the powers of the fundamental dimensions of both sides. Thus the expression
15 obtained for dependent variable.
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m Heat and Mass Transfer

MNumber of dimension T-terms=n-m=6-3=3

Thus three m—terms say 1, 7,, and ®, are formed.
The eqgn. (ii) may be written as
film, mo, Ty} = 0 (1)
Step 2. Selection of repeating variables: Out of six variables R, V, [, I, p, g three variables (as m = 3)
are to be selected as repeating vartables. R is a dependent variable and should nor be selected
as a repeating variable. Out of the remaining five variables one variable should have
geometric property, second should have flow property and third one should have fluid
property, these requirements are met by selecting /, V and p as repeating variables. The
repeating variables themselves should not form a dimensionless term and must contain jointly
all fundamental dimensions equal to m i.e., 3 here. Dimensions of [, Vand p are L, LT,
ML * and hence the three fundamental dimensions exist in [, Vand p and also no dimensionfess
group is formed by them.

Step 3. Each m—term (= m + | variables) is written as given in eqn. (6.6), i.e.
m=1%.Vh . pi. R
m,=1%. V% p.p i)
M= V5, p2 . g

Step 4. Each m-term is solved by the principle of dimensional homogeneiry, as follows:

n,—term:
=17 Vh.xO.R
MPLT = [ (LT . (ML) . (MLT*)
Equating the exponents of M, L and T respectively, we get

For M : D =¢;+1

ForL: D=a+b -3¢, +1

For T : 0 =-b-12

; ¢, =—|‘.-?:'|=—2

and a, ==b+3c,-1=2-3-1=-2

Substituting the values of a, .I‘:rI and o in m,. we get

no= T p R= ZRE A7)

I“V-p

n,—term:
m,=1%. V% p% p
MOLT" = [ (LT (ML) . (ML'T™)
Equating the exponents of M, L and T respectively, we get

For M : 0 =c,+1

ForL: 0 =a,+b,—3c,-1

ForT: U =-b-1

c; =-1b,=-1

and, a, = =B, +3c;+1=1-3+1=-1

Substituting the values of a,, b, and ¢, in m,, we get

i
= |- 1 | =
Ty=dT ¥V ip™ . H Vp
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<.: 78 Heat and Mass Transfer

6.5. DIMENSIONAL ANALYSIS APPLIED TO FORCED CONVECTION

HEAT TRANSFER

Let us assume that the heat transfer coefficient in a I'u!!}r dﬂve]nped forced convection in a tube 15
a function of the following variables;

or,

h=fip,D, VL € k)
fith,p,. DV, 1, € ki
The physical quantiies with their dimensions are as under:

()
L)

S.No. Variables Symbaols Dimensions
| Heat transfer coefficient h MT g
2 Fluid density p ML+
3 Tube diameter D L
4 Fluid velocity V Y
5 Fluid viscosity n ML T
6 Specific heat ¢ > T=9
7 Thermal conductivity k MLT g

Total number of variables, n =7

Fundamental dimensions in the problem are M, L, T, 8 and hence m =4

MNumber of dimensionless w-terms=(n—m)=7-4=3

The eqn. (i) may be written as:

fiim,m,m) =0

We choose h, p, D, V as the core group (repeating variables) with unknown exponents. The

groups to be formed are now represented as the following T groups.
n, = h"
Ma= huz

‘:I'EI-—II.‘rm:

MOUATY = (MT o)™ (MEH)D (L) (LT Y MET'T™Y
Equating the exponents of M, L, T and 8 respectively, we get

Pl DOV
. " dy

P DV e,

ph. D% vk

For M : 0 =a +b +1
ForL.: 0 =-3b+c +d -1
ForT: 0 =-3a,-4d -1
For®: 0 =-a

Solving the above equations, we have

a, =0,b =-1,¢=-1,4d

I

mo=p DV
1]
or, = m
“.':rterm:
MOET = (MT 2 o) (ML) . (L)
For M : [!I:4:.r2+.ﬁl2

ForL: D:—3b3+r'3+d1+2

N v Ly 2Rl



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



m Heat and Mass Transfer

. It enables getting up a theoretical solution in a simplified dimensionless form.

=%

Ln
L

Dimensionless analysis provides partial solutions to the problems that are too complex to
be dealt with mathematically.

6. Dimensional analysis is a useful tool in the analysis and correlation of experimental data,
in the planning of experiments and in the formulation of empirical correlation describing
a particular phenomenon,

7. The results of one series of tests can be applied, with the help of dimensional analysis, to
a large number of other similar problems.

Limitations :

1. Dimensional analysis does not give any clue regarding the selection of variables. If the
variables are wrongly taken, the resulting functional relationship is erroneous. It provides
the information about the grouping of variables. In order to decide whether selected
variables are pertinent or superfluous experiments have to be performed.

2. The complete information is not provided by dimensional analysis; it only indicates that
there is some relationship between the parameters. It does not give the values of coefficients
in the functional relationship. The values of coefficients and hence the nature of functions
can be obtained only from experiments or from mathematical analysis.

3. No information is given about the internal mechanism of the physical phenomenon.

4. Generally it 15 desired to find the effect of one physical gquantity upon a number of other
physical quantities that are supposed to enter into a problem. It is not possible to get such
information with the help of dimensional analysis.

6.8. DIMENSIONLESS NUMBERS AND THEIR PHYSICAL
SIGNIFICANCE

1. Reynolds number (Re) :

It is defined as the ratio of the inertia force to the viscous force.
Re . mettiaforce _p Ul pUL UL
 Viscousforce p UL u v

«{6.12)

® Reynolds number signifies the relative predominance of the inertia to the viscous forces
occuring in the flow systems.

* The higher the value of Re the greater will be the relative contribution of inertia effect. The
smaller the value of Re, the greater will be the relative magnitude of the viscous stresses.
* Reynolds number is taken as an important criterion of kinematic and dynamic similarities in
forced convection heat transfer.
2. Prandtl number (Pr) :
It is the ratio of kinemaric viscosity (V) to thermal diffusivity (o).
i [l N SR | (6.13)
k k (klpc,) o
Kinematic viscosiry indicates the impulse transport through molecular friction whereas
thermal diffusivity indicates the heat energy transport by conduction process.

®* Prandtl number provides a measure of the relative effectiveness of the momentum and
energy transport by diffusion.

*  Prandtl number is a connecting link between the velocity field and temperature field, and its
value strongly influences relative growth of velocity and thermal boundary layers.
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¥iil Heat and Mass Transfer

This primarily holds when it is required to find the pressure drop. However, it is also used in
problems of heat transfer by convection, because of the existing similarity between momentum

transfer and heat transfer.
The eqguivalent diameter or characteristic length of few geometries are given below:
|. For rectangular duct |Fig. 6.1 ()]
D= 4A. _ dib _ 2ib
P 2(+b) I+b

F 1 3 F 3
i
I
b __________.____Il__ ok
! v
L
h ; ¥
a ! . '
. ! >
(1) (ii)
- I -
5 |
/—i\ 4
_ S . _ | = 4 ,_,_-_,__|_,_-_-‘ s
— |
'[ e, 8 |
ke ; . o
b o ——
(iif) (iv)

Fig. 6.1. Equivalent diameter (D)) for various geometries.

2. For rectangular annulus [Fig. 6.1 (i1)] :
44, 4 x (b - L1b,) - 2 (hiy = by )

B 2L +B)+ L+ [+ 8)+ L+ b)]
When ! =6 and [, = b,

2

D, = M:m_ 1)

24, + 21,

3. For annulus [Fig. 6.1 (iif)]

T s
4| [h——d~
w_ >3

P [2(U+b)+nd]

4.  For annulus [Fig. 6.1 (iv)]

ax T (p*— d*)
4

D =—=-—= ={D-d)
F mn(D+d)

- h6.24)

. (6.26)

6,27

-« (6.28)
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Heat and Mass Transfer

A thin layer adjoining the boundary called the boundary laver where the viscous shear takes
place.

A region outside the boundary layer where the flow behaviour is quite like that of an ideal

[uid and the potential flow theory is applicable.

7.1.1.1 Boundary Layer Definitions and Characteristics

Consider the boundary layer formed on a flat plate kept parallel to flow of fluid of velocity U
(Fig. 7.1){Though the growth of a boundary layer depends upon the body shape, flow over a flat plate
aligned in the direction of flow 1s considered, since most of the flow surface can be approximated to
a flar plate and for simplicity).

The edge facing the direction of flow is called leading edge.

The rear edge is called the trailing edge.

MNear the leading edge of a flat plate, the boundary layer is wholly faminar. For a laminar
boundary layer the velocity distribution is parabelic.

The thickness of the boundary layer (8) increases with distance from the leading edge x, as
more and more fluid is slowed down by the viscous boundary, becomes unstable and breaks
into turbulent boundary layer aver a transition region.

«—— Laminar ——3 Transi- | —— Turbulent boundary layer — |
boundary layer :"““"”“I

I
I
I | e—L—
=y | | A=
- I I | | 099U |
—» I | | | [ __
— | |"—E.-"—'* | I .'I i~ logy
e | ,0.99U | | A : .
I — - I /
+ | 1"' . | — . I I _|". . L l | bla
— ‘Av Parabolic ™1 I f,af /e aminar sublayer
/——r ' e S——
0 X — L o
Leading edge Smooth flat plate Trailing edge

Fig. 7.1. Boundary layer on a flat plate.

For a turbulent boundary layer, if the boundary is smooth, the roughness projections are covered
by a very thin layer which remains laminar, called laminar sublayer. The velocity distribution in the
turbulent boundary layer is given by Log law of Prandtl’ s one-seventh power law.

The characteristics of a boundary layer may be summarised as follows :

{7)
(i)
(Tif)
(fv)

(v)
(1)

(wii)

& (thickness of boundary layer) increases as distance from leading edge x increases.
O decreases as L' increases,
0 increases as kinematic viscosity (v) increases.

L
T, = I'I[E » hence T, decreases as x increases, However, when boundary layer becomes

turbulent, it shows a sudden increase and then decreases with increasing x.
When U decreases in the downward direction, boundary layer growth is reduced.

When U decreases in the downward direction, flow near the boundary is further retarded,
boundary layer growth is faster and is susceptible to separation.

The various characteristics of the boundary layer on flat plate (e.g., variation of 8, T, or

force F) are governed by inertial and viscous forces ; hence they are functions of either
Lix UL

i | g

v v
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m Heat and Mass Transfer

The change of momentum of the mass m_along Y-direction is given by

dM  =m, [u + E -ff_v]- | = mr[a—u_d}']
1 ] a}, ] a},

du
= PUE dx.dy AT

Total viscous force along the X-direction is given by

F =[(T+081)- 1] x area

ot d o o
= =+ — — |.dy P —-Uu— | (& |
[{p E:ly+ﬂ}'[“ ﬂy] y} "a;:]t % 1)

= I‘Lj . E:!il'. ﬂ!‘}' ||r[?1E]

Assuming the gravitational forces are balanced by buoyancy forces for equilibrium of the
element, we have

Inertia forces = Viscous forces

ol dui ualu
[ vy dx.dy + pv 3y de.dy = Ely: dv.dy
A du W O
or, H— + V— = — ., —
dv  dy p dy
or, Hﬂ_u + ua—u = E}'a:r ol 1.3}
dx dy dhy”

(substituting v = E )

Equation (7.9) 1s known as equation of motion or momentum egquation for hyvdrodvnamic
boundary layer.

7.1.3. BLASIUS EXACT SOLUTION FOR LAMINAR BOUNDARY LAYER FLOWS

The velocity distribution in the boundary layer can be obtained by solving the equation of
motion for hydrodynamic boundary layer [Eqn. (7.9)]. The following boundary conditions should
be satisfied.

(#) Aty=0, w=0 (i) Aty=0, v=0 (i) Aty=ee, u=U

The Blasius technique for an exact solution of the hydrodynamic boundary layer lies in the
conversion of the following differential equations into a single differential equation.

du _ o
The hydrodynamic equation for boundary layer : w—+ U—u =v i: ...(Egn. 7.9)
dx dy chy”
du  du
Continuity equation : — + — =) (T7.10)
dx dy

Prandtl suggested that the solution of Egn. (7.9) can be obtained by reducing the number of
variables with the help of magnitude analysis of the boundary layer thickness and transtorming the
partial differential equation into ordinary differentials.

The inertia forces represented by the left terms, in the Eqn. (7.9), must be balanced by the
viscous forces represented by the right terms.



Chapter : 7 : Forced Convection m

As u 2 v, therefore, we may write as

du  d'u [ n ]
pii—=Ul—: v=—
o oy’ p
ot :
Also as o e U/ and e e T along a plate length L, therefore, we have
pU* U

EZ
azJ%zJ%=E AT
p

From experiments it has been observed that velocity profiles at different locations along the plate

are geometrically similar, i.e., they differ only by a stretching factor in the ¥-direction. This implies

I
that the dimensionless velocity E can be expressed at any location x as a function of the dimension-

¥
less distance from the wall E .

" = f .E
i I[EJ - (7.12)

Substituting the value of & from eqn. (7.11) in eqn. (7.12), we obtain,

U
:_Izj{% \/;}zf{nj (7,13

where, N= ¥y 4 — denotes the stretching factor.
L

In order to account for the fact that the vertical component of velocity occurs in the boundary
layer equation of motion (7.9), it is essential to define a stream function y such that,

%:[E}j[q} (7.14)

or, W= vxll fin) w714 (a)]

The continuous stream function y is the mathematical postulation such that its partial differential
with respect to x gives the velocity in the ¥Y-direction {generally taken as negative) and its partial
differential with respect to y gives the velocity in the X-direction :

_ v _dy
”_-E:i}!' U_&x
oy _ay ﬂ-i[ v } g[, E}
u—ay—mxav—an u Ufml xay s
vy df U df
=l L i &
or, u = n[\[: Udn A TS

Here fis abbreviated as f(n)
g3 g (a0 2y 1L, T
2

Sl A 2% dny w1
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36 1.9254 (0.9233 00981 06972
4.0 2.3058 (L.9555 (0.0642 0.7582
4.4 26924 (1.9759 0.0390 0.8007
45 30853 (L9878 0.0219 05280
50 3.2833 0.9915 0.0159 0.8372
52 34820 (19942 00113 0.8441
56 38803 (.9975 0.0054 08528
6.0 4.2796 (.99 0.0024 (8571
6.4 46794 (0.999 0.0010 0.8591
6.8 5.0793 0.599% 0.0003 0.8599
7.2 34792 10000 0.0001 0.8602
76 5.8792 1.0G0 0.0000 0.8603
8.0 6.2792 10000 0.0000 0.8604
8.4 6.6792 1.0GO0 0.0000 (0.8604

2. The graphfcurve I (i.e., the velocity distribution parallel to the surface) enables us to calcu-
late the parameters : () Boundary kayer thickness, & and (i) skin friction coefficient, Ce

() Boundary laver thickness, & :

The boundary layer thickness & is taken to be the distance from the plate surface to a point at

i
which the velocity is within 1% of the asymptotic limit, i.e., E = (.99; it occurs at 1= 5.0 (Fig. 7.4).

Therefore, the value of ) at the edge of boundary layer (v = 8) is given by

]‘I:}r E:E E:j
lll'l’.?ﬂ' |||1.'.1'

O v 5
or, — = 51|| = 7 )
X Ux Re,

where Re, = E 15 the local Reynolds number based on distance x from the leading edge of the
W

plate.
(if) Skin friction coefficient |, C;.
The skin friction coefficient ( ij is defined as rhe ratio of shear siress T, at the plate 1o the

1
dyvnamic head 3 pL? caused by free stream velocity. Thus the local skin friction coefficient Cﬂr atany

)
Tﬂ, a_'h' ¥ =l

value of xis

- . W L. }
{J—Jﬁ' I_ U.E l UE
EP EP
From Fig. 7.4, the gradientat =0 is
[H{HfU} = 0.33
drl —'II'|=||
5
or L[a_u =10.332
’ uvildy ) _,
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UV . B ¥
Solution. Velocity distribution : i E[E) —(;ﬁ]
Velocity of air, U= 12 m/s
Length of plate. L=1.1 m
Width of plate, B=0.9m
Reynolds number upto which laminar boundary exists, Re = 2% 10°
Kinematic viscosity of air, v=0.15 stokes = (.15 x 10 * m~/s

(i) The maximum distance from the leading edge upto which laminar boundary layer exists, x:

i, <P e, TERE
v 0.15x 107
C2x10° % 0.15x 10

or, X = (.25m (Ans.)

12
(i) The maximum thickness of boundary layer. & :
For the given velocity profile, the maximum thickness of boundary layer is given by
548 x
Re,
_ 548x0.25
) V2 x10°

Example 7.6. A plate of length 750 mm and width 250 mm has been placed longitudinally in a
stream of crude oil which flows with a velocity of 3 m/s. If the oil has a specific gravity of 0.8 and
kinematic viscosity of 1 stoke, calculate :

o=

=0.00306m or 3.06mm (Ans.)

(i} Boundary laver thickness at the middle of plate,
(it} Shear stress at the middle of plate, and
(iit) Friction drag on one side of the plate.
Solution. Length of the plate, L=750 mm =0.75m

A cooling system shows an example of air filters used to create a laminar air flow.
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0.654 0.654 0.654
B, Cp = —— = === =——=—"=0002533
Re, Ux 4%0.25
v 0.15 % 107"
1.24 % 47 :
(1), =0 250 = 0:002533 x ————=0.025N/m*(Ans.)

(iii) Drag force on one side of the plate, F” -

Fp=Cy :u:%pmu,r2
— 131 1.31
C

Jr ] -
VRer  1.33x10°
and A =area of the plate= L x B=0.5 x 0.6 =(0.3 m?

where, = (.003592

| 2
F,=0.003592 x 5 1.24 x (0.3 x 4° = 0.01069 N (Ans.)

7.1.5. THERMAL BOUNDARY LAYER

Whenever a flow of fluid takes place past a heated or cold surface, a temperature field is set up
in the field next to the surface. If the surface of the plate is hotter than fluid, the temperature distribu-
tion will be as shown in the Fig. 7.6. The zone or this laver wherein the temperature field exists is
called the thermal boundary layer. Due to the exchange of heat between the plate and the fluid,
temperature gradient occursiresults,

Limit of thermal

boundary layer
Region fsf";
Ut afected by - TEHHHHE:F
= heatin profile, ¢
F - A !_,_,a-""fhg
ree E
stream——» th (=2
¥ =
» Fy
- 0) /— Plate surface (r,)
e
[ -
Laminar Turbulent

Fig. 7.6. Thermal boundary layer formed during flow of cool fluid over a warm plate.

The thermal boundary layer thickness (8 ) is arbitrarily defined as the distance y from the plate
surtace at which

I, —1
T =099 (740

Fig. 7.7. Thermal boundary layer formed flow of warm fluid over a cool plate.
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Viscous heating of fluid dampers.

f—t {
Do = fm}=f[1-* —-} {7.49)
e VX
Also, the values of the velocity components u and v already calculated earlier are :
weii JEqn.(7.15)]
dmn
v df 1 [Uv
=) =l ==l —Ffin)
LI i e fin } [Egn. (7.19)]

Further, from temperature parameter 8 (non-dimensional) defined above, we have

t=t +(t,—1)8

E=“__, ‘}@_[fr _;;}ﬂxﬂ
dx a. Tan
ot ¥ [/ | a8
— =, =t)] -— — | — 7.
or, w [ _}|: > Yy } n (7.50)
ot o) d8 o
: —:{rm_;'q}_z [:I‘M_fj}_}{_
and, ; 5! By an’ 3y
'@L= R "Li d—E' 1.51
0or, ay =a ] Vi Tl o | 5 ']
atr o U do
s i | Sl
Also, % }r[f“ o d“}
A
ve dn\odn ) dy
— I:Iu _l‘r} E dr? E
veodnt Yowx



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



m Heat and Mass Transfer

. (In non-dimensional form)
[where, .fzJr = Local convective heat transfer coefficient, and

Nu_,‘_ = Local value of Nusselt number (at a distance x from the lead-
ing edge of the plate,].

The average heat transfer coefficient is given by

el I 1. . ]. L k [ £ 13
h _IIU he vdx = — [ 0.332—(Re, )" (Pn)!"* d

_1 J"T' 0.332 k(Pr)'"? [y-].r 12 gy
L i ¥

or, h = 0.664 (B (Re )" (PR (7.66)
If we compare the eqns. (7.64) and (7.66), we find that

h=2h, (7.67)
and py, (average value of Nusselt number) =% = 0.664 (Re,)"'? (Pr)'? . (T.68)

All the results in egns. (7.64), (7.65) and (7.68) are valid for Pr > 0.5.

7.1.7. INTEGRAL ENERGY EQUATION (APPROXIMATE SOLUTION OF ENERGY
EQUATION)

Consider a control volume shown in Fig. 7.10. Assume that p, Cp and &k (thermo-plastic proper-
ties) of fluid remain constant within the operating range of the temperature, and the heating of the
plate commences at a distance x, from the leading edge of the plate (s0 that the boundary layer
initiates at x = x_ and develops and grows beyond that). For unit width of the plate we have :

Hydrodynamic
boundary layer
Thermal boundary

layer
,,,,,,,,,,,,,,,,,,, A
— S
8
By,
Control
volume
XX
er.'ﬂrll. Thin flat F]at‘:
> i—>]
Fig. 7.10. Integral energy equation — control volume.
H
Mass of fluid entering through face AB= [, pudy . (7.69)
: . H o H
Mass of fluid leaving through face CD = j” P dy + = [ _{{, pu dy }d.r - 7.70)
X

Mass of fluid entering the control volume through face BC
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Local heat transfer coefficient .Frxz

Q0 - dt
We know that, i h(t; —1,) = - k[HJ s
j‘ _k{.dfullld}r_]l.=”
1. =
0T, X f-r ik
dt _ 3t -t
EU[: d}r y i 2 ﬁ?ﬂ.l |Eqﬂ-f7-33}]
—k % _; [‘r_fa;;i)
Ao w g 3k ok L (7.90)
' (t, —t.) 26, 2 rd
apq 13
Substituting r :&TE’% |: B2 [ﬂ] } and § = Kot in eqn. (7.90), we get
{Fr]”' ¥ Re,
3k Pr)'"” Re
h‘_ = a }"\_ {. r.} s .:{ k]
2 L e T 4.64x
0.975 1—{1]
v
o, h, =0.332 K (pr' (Rey' x I {791)
X

hex  0.332 (Pr)'"” (Re, )"’

of, Nu, = -{1.92)
Yk g oA
()"
3
When the plate is heated over the whole length f.e., x, = 0, we have
k
h, =0.3322(Pr)? (Re,)"? .{7.93)
4
and, Nu, =0.332 (Pr)'"” (Re)"'* A7.94)

The above results are applicable for laminar conditions only.

Example 7.10. Air ar 20°C and ar a pressure of 1 bar is flowing over a flar plate at a velocity of
3 mds. If the plate is 280 mm wide and at 56°C, calculate the following quantities at x = 280 mm,
20 + 56
Ty - ] = 387C are ;
p = 11374 kg/m’; k = 0.02732 Wim°C; €, = 1.005 kJfkeK; v = 16.768 x 107° m*/s; Pr=0.7,
({) Boundary laver thickness,
(i) Local friction coefficient,
(fif) Average friction coefficient,
(tv) Shearing stress due fo friction,
(v) Thickness of the boundary laver,
(vi) Local convective heat transfer coefficient,
(vit) Average convective heat transfer coefficient,
(viii) Rate of heat transfer by convection,
(ix) Total drag force on the plate, and
(x)  Total mass flow rate through the boundary.

given that properties of air af the bulk mean ftemperature [
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&
m, = [(dyxDu.p= [pudy

1] i

-
3 L[y}
MNow, w=>0U |:_— A ['— dassumed

» %x 116 x 2 x 0.00857 = 0.01242kg /s (Ans.)

Note. If the mass added in the boundary is to be calculated when the fluid moves from x, to x, along the
main flow direction, then it is given by

m:%pt;r{ﬁ:—a,}

where 8, and &, are the boundary layer thicknesses at x, and x, .

(i) Heat transferred per hour, ¢ :

Nu =1L _ 0664Re"? P
h = % = .664 Re''* Pr'"”
0).02749

% 0.664 x (468697 x (0.7)"? = 8.77W /m? °C

==

Q=hA(, —t.)
=877 % (0.4 % 1) (60 — 27) = 115 .76 I

11576 x 3600

1000
Example 7.14. Air at [ bar and at a temperature of 30°C (4 = 0.06717 kg/hm) flows at a speed
of 1.2 m/s over a flat plate. Determine the boundary layer thicknesy at distance of 250 mm and
00 mm from the leading edge of the plate. Also, calculate the mass entrainment between these

= 416.74kJ/h (Ans.)

3
3 ! ;
two sections. Assume the parabolic velocity distribution as : % = E(%] = E[%] -

Solution. Given : t_=30°C, u=0.06717 kg/hm, U = 1.2 m/s

Boundary laver thicknesses :

_p 1% 10°
RT 287 x (30 + 273)

The density of air, P = 1.15 kg/m?

Atx=250mm=025m
_pbx _1.15% 1.2 % 0,25 » 3600

Reynolds number Re, i T = 18490
. Boundary layer thickness, 0, = 4.64x ..[Egn. {7.36}]
Re

X

E—M—{H]ﬂﬂﬂ 8.53 Ans.)
or, I 18400 =LY Aidmor 8533 mm  (Ans.
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(i) Using exact solution :

The average Nusselt number is given by

N = 0.664 (Re )2 (Pr)'? ..[Egn. (7.68)]
L
hi.
or, . 0.664 (2.087 % 10512 (0.696)'7 = 268.82

- _ 268.82k _ 268.82 x 0.02894

0Or, h=
L 2.2
7 Heat transfer rate from the plate,

0= E AFU_,._— t 1=3536x(2.2x1)(100-20)=622.34 W (Ans.)
(if) Using approximate solution :

—

hil

= 3.536 W/m2*C

_H = T = ().646 { R‘?L}]E (FF:I”J
h L N
i T = (.646 (2.087 x 105" (0.696)'* = 261.53
T o 53 .
or il 261.53& _ 261.53 x 0.02894 = 344 Wim2oC

: L 2.2
Heat transfer rate from the plate,

Q=p A, (1, -1 )=344%x{22x 1) x(100-20) = 60544 W (Ans.)
Example 7.19. Air ar a temperature of 30°C flows past a flat plate at a velocity of 1.8 m/s. The
flat surface has a sharp leading edge and 115 total length equals 730 mm. Calculate :
(1) The average skin friction or drag coefficient,
(it} The average shear stress, and
(iii) The ratio of the average shear stress to the shear stress at the trailing edge.
Properties of air at 30°C are : p = L1653 kg/m®, p = 6.717 x 107 kglhm, v = 16 x 107" m?/s.
Solution. Given: t_=30°C,U/=18m/s, L=750mm=075m,p=1.165 kg/n’, u=6.717 % 10-*kg/hm,
v=16 % 10°% m*/s.
(i) The average skin friction, C ; :
UL  1.8x{.75
v 1.6x10°°

Since the Reynolds number is less than 5 x 107, the boundary layer over the entire plate is
laminar in nature.

Reynolds number, Re; = = B4375

= 1.328 1.328
Cr = === = 0004572 (Ans.) ...[Egn. (7.25)]
J Re;, /84375

(ii) The average shear stress, T_:
| O
% =5PU* xC;

| 3
= E x 1.165 x 1.8% x 0.004572 = 0.008629 N/m* (Ans.)

(iii)  The ratio of average shear stress to the shear stress at the trailing edge :
The skin friction coefficient at the trailing edge (x = L)

o, = 0604 ..[Eqn. (7.24)]
'HIRE'[
0.664
or, C,= = (.002286

i 24375
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1
or, F,=0.01596 % 3 % 956.8 x 0.1% x (4.5 % 1) = 0.3436 N per meter width. (Ans.)

(iii) The local heat transfer coefficient at the trailing edge, 't': (atx=1[):

h x

Nu, = 5= (.332 [R{f_"]l'rj (Pr)'?
= (.332 x (6923)"* (902.77)'" = 266.98 ..[Egn. (7.65)]
26098 x &k 20698 x(.213
or, h = = =12.64 Wm*°C  (Ans.)

J x 4.5

{ir) The heat transler rate, {J :
Q=p A1 -1)
where, h =2h =2x12.64 = 25.28W/m>*C ..[Egn. (7.67)]
O =2528x(45x1)(95-25)=T963.2 W (Ans.)

Example 7.23. Air at 20°C and at atmospheric pressure flows at a velocity of 4.5 m/s past a flat
plate with a sharp leading edge. The entire plate surface is maintained ar a temperature of 60°C.
Assuming that the transition occurs af a critical Revnolds number of 5 % 1P, find the distance from
the leading edge at which the flow in the boundary laver changes from laminar to murbulent. At the
location, calculate the following .

(1) Thickness of hvdrodynamic laver,
(if)  Thickness of therml boundary laver,
(tit)  Local and average convechive heat transfer r.'uriﬁr'fem's,
(iv) Heat transfer rate from both sides for. unit width of the plaie,
(v) Mass entrainment in the boundary laver, and
(vi) The skin friction coefficient.
Assume cubic velocity profile and approximate method.
The thermo-physical properties of air at mean film temperature (60 + 200/2 = 40°C are :
p = 1.128 kg/m?, v = 16.96 x 10°° m*fs, k= 0.02755 W/m*C, Pr = 0.699.
Solution. Given: t_ = 20°C, 1= 60°C, U = 4.5 m/s.
Ux,

At the transition point, Re_= (Re) =

SN

Re. xv 5x10° x16.96x 10 °

U 4.5
(where, x_ = Distance from the leading edge at which the flow in the boundary layer changes from
laminar to turbulent).

or, X, = =188 m (Ans.)

() Thickness of hydrodynamic layer, & :
The thickness of hydrodynamic layer for, cubic velocity profile is given by,

- 4.64 x.
" [FRe -|Egn. (7.36)]

i

4.64 x 1.88
= ——— =0.01234mor, 12.34 mm (Ans.)
.,||'5 = 10

(i) Thickness of thermal boundary layer, Em -
The thermal boundary layer is given by,
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0=-2.7 (7.95
or, T al 1H23)
— Eqguation (7.95) shows that flow will occur only if pressure gradient exists in the divection of

flaw.
The negative sign shows that pressure decreases in the direction of flow.

~ Equation (7.95) indicates that the shear stress varies linearly across the section (see Fig.
7.14). Its value is zero at the centre of pipe (r = ()) and maximum at the pipe wall given by

Ty = gy R 7.95
0="35°13 «.[71.95 (a)]
Shear stress Velocity
distribution distribution curve

< »]

Fig. 7.14. Shear stress and velocity distribution across a section.
From Newton's law of viscosity,

T=H.— :
M Ty T}

In this equation, the distance v is measured from the boundary. The radial distance r is related 1o
distance y by the relation

y=R-ror, dy=-dr

The eqn. (i) becomes

du .
.. .(7.96)
" dr
Comparing two values of T from egns. 7.95 and 7.96, we have
du _ dp r
dr dx 2
or, dn = L[B—P]r . dr
24 dx
Integrating the above equation w.rt *r’, we get
1 dp ,
U= r S (7.97)

4y 'E:lx"
where, C 15 the constant of integration and its value is obtained from the boundary condition :
At r=R,u=0
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3
r

._R:

9
dr

ot

e

Let us consider the case of uniform heat flux along the wall, where we can take —— as a constant.

ol

. I:'!.ll'l'rLl' ar
o oy

or, (7. 108)

Integrating eqn. (7.108) we have

dr | odr r r?
F—=—— Wy | = — - + CI

dr o dx 2 AR*

a_to fr 1 ]+ G
i or adr "L 4p? r
Integrating again, we have

1 dr i P & =
=Ea"mm[?' 16k ]+L, In(r)+ C, AT 109

(where €, and C, are the constants of integration).
The boundary conditions are :

ot
At r=1), ; =
At r=R, t=1
Applying the above boundary conditons, we get
C. =0 {.'1=!—lﬂu E
L * T max 16

Substituting the values of €, and C, in eqgn. (7.109), we have

oL, (_ r ]+[,_ian, %
[:I:a,r N 4 IERE 5 {1 ar MY ]EI
¥l —Iﬁ‘_ﬁ“ﬁ[ﬁ_iq. r :| 7.110
S ; o dx| 16 4 16R Gl

For determining the heat transfer coefficient for fully developed pipe flow, it 18 imperative to

define a characteristic temperature of the fluid. It is the bulk femperalure {rbj or the mixing up
temperature of the fluid which is an average taken so as to yield the total energy carried by the fluid
and is defined as the rario of flux of enthalpy at a cross-section to the product of the mass flow rate
and the specific heat of the fluid. Thus,

Iy

.[:? p{Enr.dr}ufF ]

A7)
-[:Dp {E'Er.f.l!'r,'lucr_

For an incompressible fluid having constant density and specific heat

Iy

_[JR utrdr

furdr

L 7-112)

The aueragefnwun velocity (i ) also known as the bulk mean velocity 15 calculated from the

following definition :

=|

=l

0or,

|
nR*

I]H 2rr.dr.u

% LH ur.dr
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60°C K\
H“‘mh
:{ - |
- --_____545°r:
Y > Je.
.
|
40°C |
Fig. 7.16.

Length required, L :
0 =m A (-1,
= {ij. L) ¢, (8= 1,)
(where U/ = average velocity, A= flow area)

b |
= [ pED'U Jcpir,- — Iy}

= {Eﬁﬁx%xﬂ.ﬂlz % 3 x LI8x 107 (60 — 45) = 5441.7W

Also, 0= Eﬂﬁm
where, A = heat transfer area = DL, and
N — 40) - (45 - 15
B,i= T . Mt} B = 10.82°C
In{'El'L.l"E’l:]l i [ﬁll}—f-l[]l 1.386
(45 — 40)
— hD
Nu = T = 3.657 ..lGiven)
e 3057k _ 3.657 = 0,140 _51.2 WimK
n 0.01
Now, (O =5441.7=51.2 x DL »x 10.82
5441.7

= SAETE (A
51.2% 7w x0.01%10.82 n L)

Example 7.27. When 0.3 kg of water per minute is passed through a tube of 20 mm diameter, it
is found to be heated from 20°C to 50°C, The heating is accomplished by condensing steam on the
surface of the tube and subsequently the surface temperature of the tube is maintained at
85°C.Determine the length of the tube required for fully developed flow.

lake the thermo-physical properties of water at 60°C as :

p = 983.2 kg/m’, ¢ = 4.178 kitkgK. k = 0.659 Wim°C, v = 0.478 x 107" m*/s
Solution. Given : m = 0.5 kg/min, D= 20 mm = 0.02 m, 1, = 20°C, t = 50°C
Length of the tube required for fully developed fow, L :

| 20+ 50
The mean film temperature, f; = :E( 85 + 5 ) = 60°C
Let us first determine the type of the flow.

m=p AT = 983.2 x T3¢ (0.02) x i = 22 (kg/s)
4 60
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(ii) Shear stress, T, :

14
o
1, = 0.0225p L7 [ pU 5] ~Eqgn. (7.121)]
Substituting the value of & from eqn. (7.123), we get
1i4
u
senr2l obf s 0.371x

T,=0.0225pl7>| P E'}W{

.
. 0.00225 Uj[ u

f 144
x ?

“ 030" | pux Re,
)
plix
U 0.0576 0.0288pl*
A R B b A7.124)
2 (Re )" (Re, )"
(iti) Local skin friction (drag) coeflicient, f_'l&:
_pU? 00576
We know To = 1 % (Re, }1.'.‘5 [Egn. {7.124)]
., | 3
Also Ty =Cpx x—pU~ [ Egn. (7.30)]
Now equating the egns. (7.124) and (7.30), we have
i)
5 a 4 5?
¢, x Lpyr - RU” ; 00576
2 2 (Re )"
0.0576 . ]
or E'J,,r = . il 4. 123)
’ (Re, )

{iv) Average value of skin friction (drag) coeffi- m
=

I CJ.-" {f.’: i !

-1, (1.05786

= dx
Ji [RET ::I|.l"_'l
L 0.0576

B 4] [Pﬂ ]IJ'E-
n

| 15 )
:—j" 0.0576| P | ()5 ax
L4 oU

Li5 ]
=0.0576 | -—| + [

cient, Cf -

Cj' =

ol el e N

I
P | =
=

i
=0.0576 BITE | 5/4x 5™ ]:; Forced air convection bottom heater provides
pU ) sufficient energy for very large boards.
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1 3
=2 % 2,642 % 1073 % [EKIDWK{MDJSJKS'} =247.68 N  (Ans.)

Example 7.29. A submarine can be assumed to have cylindrical shape with rounded nose. As-
suming its length to be 50 m and diameter 5.0 m, determine the total power required o overcome
benndary friction if it cruises ar 8 m/s veloeity in sea water at 20°C (p = 1030 kg/m), v = 1 x 107° m*A.

Solution.  Length of submarine, L=50m
Diameter of submarine, D =350m
Velocity of submarine, U=8mfs
Density of sea water, p = 1030 kg/m*
Kinematic viscosity of sea water, v = | x 107" m%/s

Total power required to overcome boundary friction, P :

Reynolds number, R., = Lfd = 18:131-:-}5 =4 x10°

The length over which boundary layer will be laminar 15 given by
§x10° x v
LT
v U
_5}{11}53{]:{1{#'“
8

This being very small contribution to total drag from laminar boundary layer is negligible; hence

or, X = 0.0625 m

C_Ir 15 given by

E} i (0.455 __ = (0.455 = 0.001765
(log,; Rey ) {lngm (4% ll}“]]
Area, A=mDL=mx5%50=7854 m"
= | - 1 5
. Drag force, Fe =Cy % ;pAU‘ = 0.001765 x E * 1030 x785.4 x 8-
=45690.2 N

Hence total power required to overcome boundary friction,
P Fpl! KW = 45690.2 x 8

1000 1000

Example 7.30. Find the ratio of friction drag on the front half and rear half of the flar plate kept
af zero incidence in a stream of uniform velocity, if the boundary layer is turbulent over the whaole
plate.

= 365.52 kW (Ans.)

Solution. The average coefficient of drag (C ) for turbulent boundary layer is given by

= (.072
Cp=——= «[Eqn. (7.126)]
! (Re, e
For the entire plate, Re, = &
W
For the first half of the plate, Re, = L = %
¥ L)

Drag force per unit width for the entire plate is,
3

-

Fn='§rxPU

* area per unit width
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Chapter : 7 : Forced Convection m

h=—(P)" [0.036 (R, )"" - 836) A7.143)

= =
l___|L--+I

and Nu = — =(Pn)'"[0.036 (Re,)"* - 836] (7.144)

Example 7.34. Air flows over a heated plate at a velocity of 50 m/s. The local skin friction
co-efficient at a point on a plate is 0.004, Estimate the local hear transfer coefficient ar this point.
The following property data for air are given :

Density = 0.88 kg/m”; viscosity = 2.286 x 107 kg m/s;

specific heat, €= 1.001 klfkg K conductivity = 0.035 Wim K.

143 _ Cﬁ *

Solution. Given ; U = 50 m/s; Cp = 0.004; p = 0.88 kg/m®* p = 2.286 x 107 kg m/s;
¢, = LOOL klfkg K; £=0.035 Wim K.
Local heat transfer coefficient, k_:

Hoe, 2286 %107 x (1.001x 1000)

k (0.035
f h

1 N T

prc, U  088x(1.001x1000)x50 44044

Prandtl number, py = = (L654

Stanton number, St =

- Cr
MNow, S + (Fr}‘” = —é—— . Given)
h, iy 0L004
(0.654)"" = ——
44044
or, Jia DG, AR e WhnT B (Ans.)

? 2 (0.654)*"

Example 7.35. The crankcase of an I.C. engine measuring 80 cm x 20 cm may be idealised as a
flat plate. The engine runs at 90 km/h and the crankcase is cooled by the air flowing past it at the
same speed. Calculate the heat loss from the crank surface maintained at 85°C, 1o the ambient air at
15°C. Due to road induced vibration, the boundary laver becomes turbulent from the leading edge
itself.

. 90 = 1000 _ _
Solution. Given : U =90 km/h = 3600 = 25 mfs; t =85°C; ¢t _=15°C; L=80 cm = 0.8 m;
8=320cm=0.2m.
. : 85+ 15
The properties of airat r,= = 50°C are :

r
k= 0.02824 W/m°C, v = 17.95 % 10°° m?/s, Pr=0.69% ... (From tables)
Heat loss from the crankcase, @ :

UL 25 = 0.8

v 17.95%x10°"
Since RE"L > 5 x 107, the nature of flow is turbulent.

For turbulent boundary laver,

The Reynolds number, Re; = =1.114 x 10°

hil.
Nu = g 0.036 (Re,)"* (Pry®33% = 0,036 (1.114 x 1098 ((.698)"333 = 2106.92

D082 o 2196.92 = 77.55 Whn?°C

or, H=%KE]9592=
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Chapter : 7 : Forced Convection m

Example 7.40. An aeroplane flies with a speed of 450 km/h at a height where the surrounding
air has a temperature of 1°C and pressure of 65 cm of Hg. The aeroplane wing idealised as a flat
plate 6m long, 1.2 m wide is mamtained at 19°C. If the flow is made parallel to the 1.2 m widith
calculale :

(i) Heat loss from the wing;
(i1) Drag force on the wing.
19 +1 =
The properties of air at 10°C | Ir = o =10°C | gpe ;
k=0.0251 Wim°C, v=14.16 x 10-° m/s, Pr=0.703,

Solution. Given ! [J = 4501000 _ 135 mfs,L=6m, B=1.2m
3600

(i) Heat loss from the wing :

The pressure of the air at flight altitude = p = % * 1.013 = 0.866 bar

From the characteristic gas equation, we have

p  0.866x10°

p=——= = 1.066 kg/m’
RT 287 x (10 + 273)
The Reynolds number for the entire wing is
1.
Re, = UL = 1B X12__1459, 108
v 1416x10"
Assuming that the critical Reynolds number is § x 107, we have
fx 125 %
Re, =5x10° = —< = al

v o 14.16%x10°°

5 6
= 3x 107 x 14.16 x 10 — 0.0566 m

or, X

125

Propane fired heater longwave infrared,
supplemented by forced convection system,
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Length of the tube required, L :
O =hA B D

where A =nD L=mnx0.025 x L=0.0785 L m?
(8, —8y) (100 - 25) — (100 - 55) T75-45

= = = 58.7°C
" I (8,/8,) 1 [100 - 25 n [E)
100 — 55 45
Also, Q=mcp (t, — )
: 100°C
The properties of water should be taken at y Y ;
! 55+ 25Y 2
mu+[-—j—1—J - _E ¥
0 = 70°C ’ o 55°C
2 e
L
- - * 25°C
Q= 08333 x 4187 x(55-25)=104671 W
To find /1 we have to use the given empirical relation.
Fig. 7.22.

The mass flow rate is given by,
i =ﬂ.3333=§ﬂf %V :~:p={1£:rcﬂ.lf]251 XV % 977.8
0.8333x4

B - = 1.74 m/s
mx (0.025)° x977.8
- pv [ _ 977.8 x 1.74 »x 0.025 = 105w 1[]'"
u 405 % 10°°
-6
Frzl"‘h:'lrl =4[}5:‘:1ﬂ K'q-ﬁlg? — 754
k 66.72 % 10°°

Now substituting the values in the given empirical formula, we get

hiD.
Nu = T' = 0.023 (Re)™® (Pr)"?

= Ax0025 _ 023 (1.05 x 10°)°% (2.54)™ = 347,23
66.72% 107
, & 23 2
i SOT2RAUT RMT2T  ogaia wismtve
0.025

Now substituting the values in (1), we get
(4671 = 9268.2 x(0.0785 L % 58.7

B 104671
© 9268.2 x 0.0785 x 58.7
Example 7.46. Water at 257C flows across a horizontal copper tube 1.5 cm QL with a velocity of
2 m/s. Calculate the heat transfer rate per unif length if the wall temperature is maintained at 75°C.
Given properties of water :
p = 988 keg/m’
k = 0.648 Wim K
W= 549.2 % 10°°N s/m°
¢, = 4.174 klkg K

=245 m (Ans.)
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Chapter : 7 : Forced Convection m
7.5. EMPIRICAL CORRELATIONS FOR FORCED CONVECTION

The following dimensionless numbers are used for the usual forced convection problems :

LU
i:iljl Nusselt number Nu = %: {H] H!-f}rn{;jds nitrber Re = pT
Cp . h

(iif)  Prandd number, Pr = s (iv)  Stanton number St = -
ri

In order to determine the value of convection coefficient h, the following conventional generalised
basic equations are used :
Nu = [, (Re, Pry=C, (Re)" (Pr)"; 5t=[, (Re, Pr) = C, (Re)™ (Pr)"
The values (numerical) of the constants and exponents are determined through experiments.
The properties of the fluid are evaluated on the basis of bulk temperature (unless stated otherwise).

A. Laminar Flow

7.5.1. LAMINAR FLOW OVER FLAT PLATES AND WALLS

(@) The local value of heat transfer coefficient is given by

h.x
Nu, = s 0.332 (Re )** (Pr)"*** .Blasius equation .(7.153)
The average value of heat transfer coefficient is given by
hi :
Nu = - = 0.664 (Re, )" (Pr)?333 -(7.154)
I c
where, Re, = E+ Re; = L and Pr = ”k £
v v

The above equations are valid for the following -
(#)  All fluids (Pr = 0.6) except liguid metals
(i) Reynolds number Re = 40000

(#ii) The fluid properties are evaluated at the mean film temperature, f, = £ -; <
(b} For liquid metals, the following correlation has been proposed
Nu,_ = 0.565 (Pe) .(7.155)
where Pe = Re_. FPr
The above equation is valid for the following :
(7} Pr=0.05

(#f) The fluid properties are evaluated at the film temperature.

Example 7.50. Air at a temperature of 15°C flows at a velocity of 6.5 m/s across a flat plate
maintained at a temperature of 6053°C. Calculate the amount of heat transferrved per metre width
[from both sides of the plate over a distance of 350 mm from the leading edge. The following relation
holds good in the case of large temperature difference between the plate and the fluid :

5

0.117
Nu_ = 0.332 (Pr)'® (Re)'? [T—]

=

where T_and T_ are the absolute temperatures of the plate surface and free stream respectively and
all fluid properties are evaluated ar the mean film temperature.

Solution. Given : T_=15+273=2188 K, T =605 + 273 = 878 K, x = 350 mm = (.35 m.
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Dt

‘ b=15¢cm
[=35cm
85°C :
e 75O
a-"'-r-- 5 :
3 I
.f"’-’ :
____f-'"' i
40°C d l
Fig. 7.25.

= 0.035x0.015 x 1.2x985.5=0.621 kgfs
_(85-40)—(85-75) _45-10

85 — 40 - [45]
n| ——— n| —
85 -'75 10

The heat transfer co-efficient /i for the given configuration is given by :

9, = 23.3°C

hi.
Nu = TL* = 0.023 (Re)*® (PN™  [Eqn.(7.151)] ...(i)
4A. 4(l=h) 21b
Characteristic length, L = = — = (6.24
S A P 2(+b) (l+8) [Eqn.(5:24)]
_2x0035%0015 _ o0
(0.035 + 0.015)
I 021x%1.2
o=t DO2XLZ _oagr oy’
v o 0517x10
pp MG _PVC, 985.5x0517x 107 % (4.19%10%) _ i
k k 0.653
Substituting the values in (1), we get
hx 0.021
hx 0021 _ 4,023 (0.487 x 105)°% (3.27)°% =191.23
(1.653
jo 065319123 _ Lo/ 5 wor 200

0.021
MNow substituting the values in (7), we get

59463 x 0.1 Lx23.3=0.621 %x(4.19 % 10%) x(75-40)

g - 0621 (4.19% 107y % 35

> = 0.57 m (Ans.)
‘ 59463 x 0.1x 23.3
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518 Heat and Mass Transfer
In the Egns (7.189) and (7.190), the Reynolds member 1s:

oD
40 < Re = :'n.' L < 2000 . 07.191)

(where D = diameter of sphere or cylinder)
and, properties of fluid are evaluated at the film temperature.
In case of other types of packings, whitaker’s definition of D may be used.
The correlation for friction factor, as given by Beck, is:

D A - B
fie Spapual ,E[L?SHSD[]—EH =+(1:192)
L pﬂT e Re

Where A 1s pressure drop over a length of the packed bed.

Example 7.68. Air is heated from 50°C to 350°C by passing it through 100 mm diameter pipe of
a packed bed heat exchanger, packed wih 8 mm diameter spheres. If the flow rate is 18 kg/h and pipe
surface temperature is maintained at 40°C, calculate the [ength of bed required.

Solution. Given: 1,=50°C; 1, =350°C; ¢ =400°C: D =8mm =0.008 m;d__ =100 mm=0.1 m;
18

m . = 18kg/h =

= (0.005 kgfs

Length of the bed required L:

50+ 350
Average air temperature = & =200°C

200 + 400
w Average air temperature, .= — = 300°C

Taking the properties of air at 300"C:
p=0.596 kg/m?; ¢, = 10471/kg K; k=0.0429 W/imK; v=49.2x 10 °m%s; Pr=0.71.
Equivalent particle diameter = 6 x volume/surface = D) for sphere

i€, ﬂfﬂﬂ[ﬁﬂm
w s . dpir_
. Superficial velocity, U = —L—
prmd
. AX0005 ) 6 mis
0.596xmx(0.1)°
u,.D : :
N, P =I 0680 DEJE 17366
v 49 2x10°
N hid 143 173 0.8 04
and, Nu = .i:F =0.203(Re) " (Pr)" +0.2200Re) "(Pr)y " ...|Egn. (7.190)]
v.D
for 40 < Re = —L < 2000
vV
or, h_x?_!l{E = 0.203(173.66)'7 (0.71)'"° + 0.220 (173.66)"5 (0.71)"4
0.0429
= 1.01 + 11.876 = 12.886
. Average heat transfer coefficient, h = ]2385;;}3;:)429 =69.1 Wim'K

Now, heat gaind by air, ¢ = Heat transfer between the wall surface and air
ie Q= my clt,—1)
= (L005 x 1047(350 - 50) = 1570.5 W
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Chapter : 7 : Forced Convection m

O = m e Ar=2.25 x 1.3565 x 19 = 57.99 kW

But, m =pAlU
- Velocity of flow, U= s ti = 5.0 m/s
PA Qlﬁx[Ex{].ﬂﬁ:J
4
D 5.0x0.025
and, Re = BR alid il =0.21 % 1(*

v 0.594x10°
and, Pecletnumber Pe=Re Pr=0.21 x 10°x 0.0087 = 1827
Using the following relation, we have:
Nu = 4.82 + 0.0185 (Pe)"™ ...[Egn. (7.208)]
= 4.82 + 0.0185 (1827)"*7 = 14,038

Also, Ny = E
k
oo Nuk_ 14038x8490 o
D 0.025
Now by energy balance, we get:
Q = hA(r, -t,)
= hnDL(1,~1,)
or, 5700 x 1000 =47673 xmwx0.025 x L x (195 - 134.5)
57.99x]
L = 1000 = 0.256 m (Ans.)

47673 xmx0.025(195-134.5)

HIGHLIGHTS

Important Formulae

A. Laminar Flow

. Flow over flat plate :

If = < 5x10 .boundary layer is laminar (velocity distribution is parabolic)

Lx

It o >5x10° .boundary layer is furbulent on that portion (velocity distribution fol-

lows log law or. a power law)

i
() Displacement thickness, 0% = f? [1 s EJ dy
£ : g = f il E IR I
(if) Momentum thickness, =1 _L" H _Lf y

0 0
(7if) Energy thickenss, 5, = EE [I ETE ] dy



L8 Heat and Mass Transfer

5

]
(fv) =—= { Blasius)
X HE.’I’
& 4.64
(v) —= (Von-Karman)
x  JRe,
5, 5 &
{vi) = =—=for Br=1
X Re, x
E'I.l'r I
(wii) = 73 (Pohlhausen)
&  (Pr)
T 0.664 ]
{viii) "= T&' {Blasius)
@ C (.646 (VonK )
£x) o on-Karman
,r y Re,
Forced convection bench oven.
— 1.32 .
(x) €, = § {Blasius)

JRe,

k
(xi) h_=0.332 = (Re )12 (Pr)'?

h
(xif) Nu, = ;:‘T = 0.332 (Re, )" (P1)'?
(xiif) J =2h,
- hL .
(xiv) Nu= ? = ().664 {RE,}}”' (Pry'?

Il. Laminar tube flow :

2
(5 u=u,, |:1 = [R] ] .-« Most commonly used equation for the velocity distribution for

laminar flow through pipes.

48k
s h=—
(if) 1D
(i) Nu=4364
(iv) Nu=3.065 ... For constant wall temperature.

B. Turbuleni Flow
1. For flat plate :

& 0371
] B (Re. )"
. _pU® 00576 | 0.0288pU°
(i) T, = > K{R — |= o
e.) (Re, )
Gy =-20578

- {Re_l.}”j
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Chapter : 8 : Free Convection 511

which on substitution for C, from eqn. (8.213) gives

y Y12 of (r. =1.) 112
u.'rlr{r = UTE'E' 4 [{}952 + _] [ jj — :| ':I)”E .-1[3.25:'
oL '
The resultant expression for boundary layer thickness is
E =Cx" ' = G
5 2 2

which on substitution for C, from eqn. (8.24) yields

114 3 - -112
| - -
= 3.03 (u.951+ ‘—] [EB s —F) X } [‘—] .(8.26)

X L1 8

LI

i =3.93(0.952 + Pr)'"* (Gr,) " (Pr)1? ..(8.27)

|0 = | o

... in dimensionless numbers

3 !
(where Gr, = 8B ¢, — bl 2 and Pr=2)
o L

¥
8.4.3. FREE CONVECTION HEAT TRANSFER COEFFICIENT FOR A VERTICAL WALL

The heat transfer coefficient may be evaluated from

dr
= [_] = kAl -1) - (8.28)
dy ) _
£ J-'—"-"
Using the temperature distribution of eqn. (8.14), we obtain
t. =t
[dr] = _ M (R.20)
s B
Substituting this value in eqn. (8.28), we get
p- 2
' O
X 2x
= Nu =—
or, X Foog .(8.30)

From eqgns. (8.27) and (8.29) we obtain the heat transfer correlation for natural convection for a
vertical flat plate as

Nu, = 0.508 (Pr)'” (0.952 + Pr) " (Gr )" (8.31)
For a given Prandtl number, Nu_ varies as (Gr )" or h oo x 1™,

The local film heat transfer coefficient decreases with x. [t is inversely proportional to the fourth
root of x. By integration over the distance, the average heat transfer coefficient is found to be

- 1 4
Bii=s _[I ode = = (hy) oy ..(8.32)

.
or, Nup = TL = 0.677 (Pr)"'? (0.952 + Pry’"* (Gr)""* .(8.33)

For air with Pr=10.7, egns. (8.31) and (8.33) simplify to
Nu_ = 0.378 (Gr )™ 8.34)

Nu, = 0.504 (Gr, )™ .(8.35)
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