UNIT I
CONDUCTION HEAT TRANSFER

1. Derive general heat conduction equation in Cartesian

coordinates?

Consider a small rectangular element of sides dx, dy and dz as shown
in figure.
The energy balance of this rectangular element is obtained from first 1
of thermodynamics

Net heat conducted Heat generated Heat sto
into element from all + within the element = element -----

the coordinate
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Laplace Equation

eral heat conduction equation in Cylindrical coordinates:
ile dealing with problems of conduction of heat through systems
ing cylindrical geometrics 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 figure.
The volume of the element V =rde dr dz
Net heat conducted Heat generated Heat stored in the



into element from all

the coordinate
directions

+ within the element = element

a. Net heat accumulated in the element due to conduction of heat
from all the coordinate direction considered:
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b. Heat generated within the element:
X =qd @ oo 5
c. Energy stored in the element:

T —
Sub Equations 2, 3, 4, 5, 6 in Equation 1
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3. Explain the different modes of heat tramsfer with appropriate
expressions?

Modes of Heat Transfer:

a. Conduction: Heat conduction isma, mechanism of heat transfer
from a region of high temperature to%a region of low temperature
within a medium or betweemydifferent medium in direct physical
contact. Examples: Heating a Rod.

dl
Q=-kA %

b. Convection: It is@process of heat transfer that will occur between
a solid surface (and” a@fluild medium when they are at different
temperatiires; It 1Sypessible only in the presence of fluid medium.
Example: Cooling,of Hot Plate by air.

Q=hA(7.-T.)

c. Radiation: The heat transfer from one body to another without any
teansmittidg medium. It is an electromagnetic wave phenomenon.
Example: Radiation sun to earth.

_ O'\TS“ _ Tm4‘
4.What do you understand by critical radius of insulation, obtain the
expression for the same?

The addition of insulation always increases the conductive thermal
resistance. But when the total thermal resistance is made of conductive
thermal resistance and convective thermal resistance, the addition of
insulation in some cases may reduce the convective thermal resistance



due to increase in surface area as in case of a cylinder and sphere and the
total thermal resistance may actually decrease resulting in increased heat
flow. It may be shown that the thermal resistance actually decreases and
then increases in some cases. The thickness up to which heat flow
increases and after which heat flow decreases is termed as critical
thickness. In case of cylinders and spheres it is called as Critical radius.

For Cylinders:
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5. The inner surface at r = a and the outer s at'r = b of a hollow
cylinder are maintained at uniform atures T1 and T2

solid is constant.
nsional steady state
d for the radial heat flow

respectively. The thermal conductivity
Develop an expression for the
temperature distribution in the cyli
rate through the cylinder %Ver

Consider a hollow cwn ' radius a, outer radius b, inner
temperature T1, outer temp and thermal conductivity k.
From Fourier law of he tion
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6. What is Lumped capacity analysis and obtain the expression for
temperature distribution of the same?

All solids have a finite thermal conductivity and there will be always a
temperature gradient inside the solid whenever heat is added or removed.
However for solids of large thermal conductivity with surface areas that
are large in proportion to their volume like plates and thin metallic wires
the internal resistance {L/ kA} can be assumed to be small or negligi
in comparison with the convective resistance {1/hA} at the surfa
Typical examples of this type of heat flow are:

1. Heat treatment of metals

2. Time response of thermocouples and thermometers

The process in which the internal resistance is assumed fegligible in

comparison with its surface resistance is called the tonian heating or
cooling process. The temperature, in this processéi siffered to be
uniform at a given time. Such an analysis is called ed parameter

a ime is a function
dhas one lump.

c@ re is t; throughout and
any liquid at a constant

analysis because the whole solid, whose energ
of its temperature and total heat capacity is tic

Let us consider a body whose initia
which is placed suddenly in amble

temperature t, as shown in ﬁgu Q

4
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The boundary conditions are t=0 T = Ti



C, =In(Ti - Ta)
Sub C, in the above equation
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1. Define heat transfer.

Heat transfer can be defined as the transmission of energy from o

to another due to temperature difference.
2. What are the modes of heat transfer?
1. Conduction. ¢

2. Convection.
3. Radiation

3. What is conduction?

Heat conduction is a mechanism of hea fer from a region of high

temperature to a region of lowgtenperat h in a medium (solid, liquid

or gases) or different mediu’ in“direesly physical contact. In conduction,

energy exchange takes p kinematic motion or direct impact of
molecules. Pure ¢ imnd nly in solids.

4. Define Conv

Convection is a proeess of heat transfer that will occur between a solid
surface a flufd medium when they are at different temperatures.

Conv ossible only in the presence of fluid medium.

Radiation.
t transfer from one body to another without any transmitting medium
own as radiation. It is an electromagnetic wave phenomenon.

. State Fourier's law of conduction.



The rate of heat conduction is proportional to the area measured normal to

the direction of heat flow and to the temperature gradient in that direction.

dr
ad-
Q dx
dr
=K 4%
Q d

Where, A — Areain m®
% — Temperatur e gradient , K /m O
K — Thermal conductivity, W/mk 0

7. Define Thermal conductivity. L 4

Thermal conductivity is defined as the ability of a substancgyto conduct heat.
8. Write down the three dimensional heat ¢ on equations in
Cartesian co-ordinate system.

The general three dimensional heat con equations in Cartesian co-

ordinate is 7S
or o1 x » 107
o’ o a or
Where, q = heat,ge 10 :

sivity, m*/s
9. Write down the, three dimensional heat conduction equations in
cylindrical cosordinate system.
The genera dimensional heat conduction equations in cylindrical co-
ordinateyis

o°T 10T , 10T 0T q _ 10T

+—— +— + +
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. List down the three types of boundary conditions.

1. Prescribed temperature



2. Prescribed heat flux
3. Convection boundary conditions
11. Write down the equation for conduction of heat through a slab or

plane wall

Heat Transfer Q = %

Where, AT = T,-T, O
R = L —Thermal resis tan ce of slab 0
KA

12. Explain about Fourier equation.

This Fourier equation is used to find out the conducti ;t transfer.
According to this equation, heat transfer is dir ional to surface
area and temperature gradient. It is indirectl al to the thickness of
the slab.
ea

\ 4 gg AT
13. Explain about Poiss x.
When the tempe N0 ing with respect to time, then the

conduction is steady state conduction, and there is no heat

ion, the general equation becomes,

o’'T  o'T  OT _
+ + =0
a2x2 @}2 aZZ

15. What is critical radius of insulation?



Critical radius (r.): it is defined as outer radius of insulation for which the
heat transfer rate is maximum.
Critical thickness: it is defined as the thickness of insulation for which the
heat transfer rate is maximum.

16. Explain variation in thermal conductivity with temperature.

k =k,(1+Br)

Where k,= thermal conductivity at 0°c Q
4

The thermal conductivity vary with temperature according to relatioro

= temperature co- efficient of thermal conductivi
17. What are the factors affect thermal conductivity?
1. Material structure. 2. Moisture content. 3. Densi rial. 4. Pressure

and temperature.

18. What is super insulation and give its

Super insulation is a process which 4
& 9 . : .

very low temperature. The wpx ation consists of multiple layers of

highly reflective material separ

1s evacuated to mini
19. Where do Y. i s chart.
Heisler’s charts arefused to solve problems — Transient heat conduction in
solids with finite coaduction and convective resistances. i.e 0 < B; < 100.
20. Giye examples of heat generation application in heat
conduction.

d — nuclear reactor. 2. Electrical conductor. 3. Chemical and

mbustion process. 4. Drying and setting of concrete.

21. State Newton’s law of cooling or convection law.

Heat transfer by convection is given by Newton’s law of cooling



0= hA(TS _Ta)
22. Write down the equation for heat transfer through a composite

plane wall.

Heat Transfer Q = Al s .
R Ty T

0 T ol
Where AT =T, =T, @ 1 O
hﬂ
U SN ST SN S \0
hA kA kA kA hA
L - Thickness of slab ®

A - Area

h. - Heat transfer coefficient @i ter

h, - Heat transfer coeff?c' N r side.
23.Write down the equati \
or cylinder. @

transfer through composite pipes

Heat Transfer Q = =

4. Write down one dimensional, steady state conduction equation
without internal heat generation.
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25. Write down steady state, two dimensional conduction equation
without heat generation.

o°T  oT

a® ot
26. Write down the general equation for one dimensional steady st
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27. Define overall heat transfer co-efficient.

The overall heat transfer is defined as amount of trangmi ;ﬁr unit area

heat transfer in slab or plane wall without heat generation O

per unit time per degree temperature difference between bulk fluids on

each side of the metal. it is denoted by 'U'.

Heat transfer, Q = UA AT.
28. Define fins or Extended surface
It is possible to increase the‘ heat Q&c y increasing the surface of
r

heat transfer. The surfaces creasing heat transfer are called

extended surfaces or som newn as fins.
29. State the apg ns .

arc

lectroni¢ components

2. Coolin tor’cycle engines.

ine Fin efficiency.
efficiency of a fin is defined as the ratio of actual heat transferred to the

maximum possible heat transferred by the fin



O
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31. Define Fin effectiveness.

nﬁn =

Fin effectiveness is the ratio of heat transfer with fin to that without fin

Fin effectiven ess = Qo
ithout
32. What is meant by steady stale heat conduction? Q
If the temperature of a body does not vary with time, it is sai a
steady state and that type of conduction is known steaw heat
conduction. ¢
33. What is meant by Transient heat conduction unsteady state

conduction?
If the temperature of a body varies with id to be in a transient

state and that type of conduction is kno ) ansient heat conduction or

unsteady state conduction. Q

34. What is Periodic heat ﬂ%

In periodic heat flow, the e varies on a regular basis.
Example:

1. Cylinder of a
2. Surface of earth duting a period of 24 hours.
i erfodic heat flow?



36. What is meant by Newtonian heating or cooling process?
The process in which the internal resistance is assumed as negligible in
comparison with its surface resistance is known as Newtonian heating or
cooling process.

37. What is meant by Lumped heat analysis?

In a Newtonian heating or cooling process the temperature throug

solid is considered to be uniform at a given time. Such an analysi

Lumped heat capacity analysis.

38. What is meant by Semi-infinite solids?

4
In a semi infinite solid, at any instant of time, there is a point where
the effect of heating or cooling at one of its bo r1€s, is'not felt at all. At
this point the temperature remains unchange 1 infinite solids, the

biot number value is .
39. What is meant by infinite solid

A solid which extends itself&lﬁ elypin all directions of space is known as

infinite solid. In infinite soli \t number value is in between 0.1 and
100.
0.1 .

40. Define Biot n er.
It is defined

the.ratio of internal conductive resistance to the surface

convective nce.

__Internal  conductive  resis tan ce
' Surface convective  resis tan ce

—_— hLC

Bi
k

41. What is the significance of Biot Number?



Biot number is used to find Lumped heat analysis, Semi infinite solids and
Infinite solids

If Bj< 0.1 - Lumped heat analysis
B; = - Semi infinite solids
0.1<B; <100 - Infinite solids.

42. Explain the significance of Fourier number.

It 1s defined as the ratio of characteristic body dimension to

wave penetration depth in time.

Characteri stic body dim ension

It signifies the degree of penetration of heating or c

43. What are the factors affecting the thermal ¢

1. Moisture. 2. Density of material. 3. Pre 41 perature.
5. Structure of material. Q

44. Explain the significance o’th@m ity.

The physical significance of’ N fu

heat is propagated or it rough a material during changes of

sivity is that it tells us how fast

am pipe 200mm OD is covered with 25mm thich layer of insulation material

ith an average thermal conductivity of 0.08 W/mK. The temperature of the pipe
surface 1s 400C and that of the outer surface of insulation is 50C. Find the loss of

heat from a length of 10m of the pipe line. (Ans: 7.88kW)



3. Compute the heat loss per square meter of the surface area of furnace wall 25cm
thick. The inner and outer surface temperatures are 400C and 40C respectively.
The variation of the thermal conductivity in W/mK with temperature in C is given
by the following equation: k = 0.002T - 10° T*> (Ans: 575 W/ m?)

4. The temperature distribution in a long cylindrical tube at a certain instant is given
by T= 800 + 1000r — 5000r’. Find (1) The rate of heat flow at the inside @nd

following data ID = 60cm, OD = Im, k = 58 W/mK,
(Ans: 219kW, 730kW, -511kW, -72C/h)

5. An aluminium sphere weighing 7kg and initially at a atufe of 260C is
suddenly immersed in a fluid at 10C. If h = 50W/m’K, compuite the time required
to cool the sphere to 90C. o =2707 kg /m*, ¢ , k =204 W/mC.
(Ans: 1580sec)

UNIT I
CONVECTION HEAT TRANSFER

nv n is the mode of heat transfer between a surface and a fluid moving
ove energy transfer in convection is predominately due to the bulk motion of the
id s; through the molecular conduction within the fluid itself also contributes to
om tent. If this motion is mainly due to the density variations associated with
perature gradients within the fluid, the mode of heat transfer is said to be due to free
atural convection. On the other hand if this fluid motion is principally produced by
ome superimposed velocity field like fan or blower, the energy transport is said to be
due to forced convection.



Convection Boundary Layers:

Velocity Boundary Layer: Consider the flow of fluid over a flat plate as shown
in the figure. The fluid approaches the plate in x direction with uniform velocity u.. The
fluid particles in the fluid layer adjacent to the surface get zero velocity. This motionless
layer acts to retart the motion of particles in the adjoining fluid layer as a result of friction
between the particles of these two adjoining fluid layers at two different velocities. This
fluid layer then acts to retart the motion of particles of next fluid layer and so on, until a
distance
y =Ofrom the surface reaches, where these effects become negligible and the
velocity u reaches the free stream velocity u.. as a result of frictional effects bet
fluid layers, the local fluid velocity u will vary from x =0,y =0toy =O.

Outer flow (potential) region
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The region of the flow over the sufface
shearing forces caused by fluid visco bserved, is called velocity boundary layer
or hydro dynamic boundary layer: ickness of boundary layer O is generally
defined as a distance from th hich local velocity u = 0.99 of free stream
velocity u.. The retardation in the boundary layer is due to the shear

' 1 reasing the distance y from the surface shear

the effect of viscosity penetrates further into the free
thickness grows.

Thermal, boundary Layer: If the fluid flowing on a surface has a different
he $iirface, the thermal boundary layer developed is similar to the
yer. Consider a fluid at a temperature T.. flows over a surface at a
ture Ts. The fluid particles in adjacent layer to the plate get the same
of surface. The particles exchange heat energy with particles in
uid layers and so on. As a result, the temperature gradients are developed in
yers and a temperature profile is developed in the fluid flow, which ranges
at the surface to fluid temperature T. sufficiently far from the surface in y
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Development of Velocity Boundary Layer on a Flat Plate

The flow region over the surface in which the temperature va
normal to surface is observed is called thermal boundary layer.

TYYYYYY

ion in t irection,
icknéss of thermal

from the surface at which the temperature difference (T-Ts) .
(Too - Ts). With increasing the distance from leading €dge ect of heat transfer

related to the temperature gradient at that o erefore, the shape of the
temperature profile in the thermal bounda e
Development of velocity boundaryéla na ate:

It is most essential to distifguiShybetween laminar and turbulent boundary layers.
Initially, the boundary layer developmentis, laminar as shown in figure for the flow over
a flat plate. Depending upon t d and fluid properties, at some critical distance
from the leading edge small amnces in the flow begin to get amplified, a transition
process takes place an ecomes“urbulent. In laminar boundary layer, the fluid
motion is highly ereas the motion in the turbulent boundary layer is highly
irregular with the 0 and from in all directions. Due to fluid mixing resulting

from these macroscopieimotions, the turbulent boundary layer is thicker and the velocity
profile in turbulént boundary layer is flatter than that in laminar flow.

4

g
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Thermal Boundary Layer on a Flat Plate

The critical distance x. beyond which the flow cannot retain its laminar character
is usually specified in term of critical Reynolds number Re. Depeniding upon surface and
turbulence level of free stream the critical Reynolds number vat eef10° and 3 X
A laminar sub-
layer, existing next to the wall, has a nearly linear velo . The convective
transport in this layer is mainly molecular. In the buff nt to the sub-layer,
the turbulent mixing and diffusion effects are comparab n there is the turbulent
core with large scale turbulence.

1. What is dimensional analysis? ¢
Dimensional analysis is a math&atix od which makes use of the study of the

dimensions for solving several engineetingproblems. This method can be applied to all

types of fluid resistances in fluid mechanics and thermodynamics.
2. State Buckingh
Buckingham IT the s follows: "If there are n variables in a dimensionally

homogeneous equation if these contain m fundamental dimensions, then the variables

are arrange n - 1) dimensionless terms. These dimensionless terms are called IT
terms.
3. atiare all'the advantages of dimensional analysis?
t s the functional relationship between the variables in dimensional terms.
It enables getting up a theoretical solution in a simplified dimensionless form.
he results of one series of tests can be applied to a large number of other similar
roblems with the help of dimensional analysis.

4. What are all the limitations of dimensional analysis?



1. The complete information is not provided by dimensional analysis. It only indicates
that there is some relationship between the parameters.

2. No information is given about the internal mechanism of physical phenomenon.

3. Dimensional analysis does not give any clue regarding the selection of variables.

5. Define Reynolds number (Re).

It is defined as the ratio of inertia force to viscous force.

__Inertia force

Viscus force

e

6. Define Prandtl number (Pr).

It is the ratio of the momentum diffusivity to the thermal diffusivity.
Momentum  diffusivit y

Pr =
Thermal ~ diffisivit v 2

7. Define Nusselt Number (Nu).
It is defined as the ratio of the heat flow by convectio sS r a unit temperature
gradient to the heat flow rate by conduction under a uni ature gradient through a

stationary thickness (L) of metre.

Nusselt Number NML %:

8. Define Grashof number (Gr)
It is defined as the ratio of pr rt1a force and buoyancy force to the square of

viscous force.

orce X Buoyancy force

: 2
Viscus force )

9. Define Stanton number (St).
*

It is the rati selt number to the product of Reynolds number and Prandtl number.

— Nu
RexPr

meant by Newtonian and non-Newtonian fluids?
e s which obey the Newton's law of viscosity are called Newtonian fluids and
e which do not obey are called non Newtonian fluids.

11. What is meant by laminar flow and turbulent flow?



Laminar flow: Laminar flow is sometimes called stream line flow. In this type of flow,
the fluid moves in layers and each fluid particle follows a smooth continuous path. The
fluid particles in each layer remain in an orderly sequence without mixing with each

other.

+ Turbulent flow

)
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83 Laminar flow
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Turbulent flow: In addition to the laminar type of flow, a di t tregular flow is
frequently observed in nature. This type of flow is calle b w. The path of any
individual particle is zigzag and irregular. Fig. shows instantaneous velocity in

laminar and turbulent flow.

12. What is hydrodynamic boundary layer?

In hydrodynamic boundary layer, “loc' of is less than 99% of free stream
velocity. 4

13. What is thermal boundar e

In thermal boundary layer, t afure of the fluid is less than 99% of free stream

temperature.

14. Define convecti

aw of convection.
er from the moving fluid to solid surface is given by the equation
0 = hA(T,, -Ta)
. What is meant by free or natural convection?
If*the fluid motion is produced due to change in density resulting from temperature

gradients, the mode of heat transfer is said to be free or natural convection.



17. What is forced convection?

If the fluid motion is artificially created by means of an external force like a blower or
fan, that type of heat transfer is known as forced convection.

18. According to Newton's law of cooling the amount of heat transfer from a solid

surface of area A, at a temperature T, to a fluid at a temperature T, is given

0 = hA(T,, - Ta)
19. What are the dimensionless parameters used in forced convection?
1. Reynolds number (Re).2. Nusselt number (Nu).3. Prandtl number (Pr).
20. Define boundary layer thickness.
The thickness of the boundary layer has been defined as the distanc mthe surface at

which the local velocity or temperature reaches 99% the ernal velocity or

temperature.
21. Indicate the concept or significance of boundz
In the boundary layer concept the flow field ovet'a bodyiis divided into two regions:

ayer where the velocity and the

1. A thin region near the body called th da
temperature gradients are large. ”
2. The region outside the boundary Nr the velocity and the temperature gradients

are very nearly equal to their fi lues.
22. Sketch the boun velopment of'a flow.
I
™ bou Turbuent oundery layer ——y

A 444

odge

23. Define displacement thickness.



The displacement thickness is the distance, measured perpendicular to the boundary, by
which the free stream is displaced on account of formation of boundary layer.

24. Define momentum thickness.

The momentum thickness is defined as the distance through which the total loss of
momentum per second is equal to if it were passing a stationary plate.

25. Define energy thickness.

The energy thickness can be defined as the distance, measured perpendicula

boundary of the solid body, by which the boundary should be displaced to com
for the reduction in kinetic energy of the flowing fluid on account of Bound ayer

formation.

L 4

—_—

. A very long 1 cm diameter copper 4
environment at 22°C. The base temperatu
heat transfer coefficient between
Estimate the heat transfer rat®fro

2. Compare the temperaturc’d'st t1

d (K W/mK) is exposed to an
of the rod is maintained at 150°C. The
andythe surrounding air is 11 W/m’K.

surrounding air.
in a fin having a diameter of 2cm and

length 10cm and exposed t vection environment with h= 25W/m’K for
three materials Coppe ), Stainless steel (k= 17W/mK) and Glass
(k= 0.8W/mK). Also ar€ the relative heat flows and fin efficiencies with

respect to the goppet fi
3. A Copper ~ amydiameter at 150°C is suddenly dipped into water at 35°C. If
“Kyfestimate the time required to cool the wire to 95°C. If the same
in air instead of water what would have been the time required
0 95°C h.;=11.65W/m’K. For Copper p = 2707 Kg/m?, ¢=9000j/KgK,

inum 5cm thick initially at 200°C is suddenly immersed in a liquid

for which the convective heat transfer coefficient is 525 W/m’K.

ermine the temperature at the depth of 12.5mm from one of the faces 1 min

immersion. Also calculate the energy removed per unit area from the plate

uring 1 min of immersion. Take p = 2700Kg/m3, c= 09 Kj/KgK, k= 215
W/mK, a =8.4x 10-5 m2/s.

5. Air flows over a thin plate with a velocity of 2.5m/s. The width of the plate is 1m
and its length is also 1m. Calculate the boundary layer thickness at the end of the



10.

11.

12.

13.

14.

plate and the force necessary to hold the plate in the stream of air. The properties
ofairare p = 1.12Kg/m’, g = 0.86 x 10° Ns/m>.

Air at 20°C and 1 atm flows over a flat plate at 35m/s. The plate is 75c¢cm long and
is maintained at 60°C. calculate the heat transfer from the plate per unit width of
the plate. Also calculate the turbulent boundary layer thickness at the end of the
plate assuming it to develop from the leading edge of the plate. The physical
properties of air at 40°C are Pr = 0.7, k=0.02723 W/mK, Cp = 1007 j/Kg°C.

Air at a temperature of 26.2°C flows over a heated cylinder of 12.7mm diameter
and 94mm length at a velocity of 10m/s. if the surface of the cylinder 1§
maintained at 128.4°C. Calculate the convective heat transfer coefficient,

A Copper sphere 10mm diameter initially at a uniform temperature_ofy75°C/is
suddenly subjected to an air stream at 23°C having a velocity of 10m/s. It
produces 40W. Estimate the heat transfer coefficient and computetthe pereentage
of power lost due to convection.

In a pressurized water space heater, heated water is passedithrough a staggered
tube arrangement for which the tube outside diameter@is '&4mm and S; =
34.3mm and St = 31.3mm. There are 7 rows of tube§yin the'@ir flow direction. If
the upstream temperature and velocity of air aredi6C and _6m/s respectively and
the tube surface temperature is 70°C, Determing the@iriside convection coefficient
and exit temperature of air.

An instant water heater consists of a 4 mpd 1. DiiTube'through which water flows
at the rate of 3.6 kg/h at a temperature of 25°C. A nichrome heating element
wound over the tube provides a congtanpheatiflux of 200 W per metre length into
the water. Find the length ofhe tdbe to raise theytemperature to 75°C and also the
maximum temperature at the eXit,

Ethylene glycol enters a 5 nillengthyof 100 mm diameter copper tube in a cooling
system at a velocity of dmmis. Estimate the heat transfer rate if the average bulk
temperature is 20°C and the€ tube Wall is maintained at 100°C. The properties of
Ethylene glycelfat20°Clate V4=1.92x10°m*/s, k=0.249-W/m.K, Pr = 204

Hot air at 1@3°C flows through a duct of 15 cm diameter with a mass flow rate of
0.05 kg/s. Thedemperature of air at a distance of 5 m from entry has been
measured to bed77°C. The duct is losing heat at O°C with a heat transfer
coefficignt of 6 W¥m2K. Neglecting the duct wall resistance calculate the heat
loss from'the ddet over the 5 m length. Also estimate the heat flux and the surface
temperatus@at x=5 m.

In“aydouble pipe-heat exchanger steam flows through the inner pipe and the air
through“the annular space. The outer diameter of the inner pipe is 25 cm and the
imner diameter of the outer pipe which is insulated is 38 cm. The air flows with a
velocity of 6 m/s at an average temperature of 40°C. If the steam is condensing at
160°C on the inner surface of the inner tube, estimate the heat transfer coefficient
on the air side.

A vertical plate 0.25m high is maintained at a temperature of 70°C in a still
atmosphere of air at 25°C. Compute the boundary layer thickness and the average
heat transfer coefficient at the trailing edge of the plate. If this plate were placed



15.

16.

17.

18.

19.

20.

21.

22.

in a air stream flowing with a velocity of 5m/s over the plate. Compute the
boundary layer thickness and the average heat transfer coefficient at the trailing
edge of the plate.

An un-insulated duct of width 0.75m and height 0.3m is exposed to air at 15°C on
its outer surface. If the surface temperature of the duct is maintained at 45°C,
compute the loss of heat from the duct per meter length.

A cylindrical heating element 25.4mm diameter and 4570mm long is inserte
vertically into the tank of water at 21.1°C. The surface of the heating elementiis
maintained at a uniform temperature of 54.4°C. Calculate the mean heat trans
coefficient and the rate of heat loss by the free convection from the enti e
of the element to the water.

A steam pipe of 100mm outer diameter is placed horizontally in .
The outside surface temperature of the pipe is 165°C and its emigsivityis 0.85.
Determine the rate of heat loss per unit length of the pipe:

1000 kg of cheese at 15°C is pumped through a tube of 7§, mm diameter .The
temperature of the tube is maintained at 90°C and the the tube is 120
cm. Calculate the heat transfer coefficient using Hau tion. Also find the
mean temperature of cheese leaving the heated seeti

ocity of 2 m/s, Steam at
facewot the tube thereby raising

m 15°C to 60°C. Find the heat
aibe required to meet the above
ilm may be neglected.

temperature of water flowing inside th®
transfer coefficient and the leng
requirement of heat. The res'@an of t

Water flows in a 50 mmdiameter

30°C. The tube wall tempe X intained at 70°C and the flow velocity is
0.8 mls. Estimate the he nsfer coefficient using the Dittus-Boelter correlation,
A horizontal steam pi
20°C. The ou

ron.
One surface o anel 2m X 2m is insulated and the other surface is kept at a
uniform tempera of 95°C. Calculate the mean heat transfer coefficient due to

d surface is vertical
nel is horizontal with hot surface facing up
Panel is horizontal with hot surface facing down.



UNIT III
BOILING AND CONDENSATION

Boiling Heat Transfer Phenomena

Boiling is a convection process involving a change in phase from liquid to vapor.
Boiling may occur when a liquid is in contact with a surface maintained at a temperature
higher than the saturation temperature of the liquid. If heat is added to a liquid fromfa
submerged solid surface, the boiling process is referred to as pool boiling. In this process
the vapor produced may form bubbles, which grow and subsequently detach thems@hyes
from the surface, rising to the free surface due to buoyancy effects. A common example
of pool boiling is the boiling of water in a vessel on a stove. In contrast, flewyboilingsor
forced convection boiling occurs in a flowing stream and the boiling sufface may itself
be apportion of the flow passage. This phenomenon is generally assoctated with two
phase flows through confined passages.

A necessary condition for the occurrence of pool boiling is thathe t€mperature of
the heating surface exceeds the saturation temperature of the liquidiflhe'type of boiling is
determined by the temperature of the liquid. If the temperature,of theWiquid is below the
saturation temperature, the process is called sub cooled @rlecal*beiling. In local boiling,
the bubbles formed at the surface eventually condefise 4n ‘the liquid. If the liquid is
maintained at saturation temperature, the process issealled saturated or bulk boiling.

There are various distinct regimes of pool beiling in which the heat transfer
mechanism differs radically. The temperature distgibution in saturated pool boiling with a
liquid vapor interface is shown in the FiguréT.

)

» T
T, T,

Solid

Fig.1 Pool Bolling with Liquid-Vapour Interface

Thegdiftetent regimes of boiling are indicated in Figure 2. This specific curve has been
obtainedyfrom an electrically heated platinum wire submerged in water b y varying its
surface\temperature and measuring the surface heat flux qs. The six regimes of Figure 2
will now be described briefly.

In region I, called the firee convection zone, the excess temperature, AT is very
small and < 5°C. Here the liquid near the surface is superheated slightly, the convection
currents circulate the liquid and evaporation takes place at the liquid surface.



Nucleate boiling exists in regions II and III. As the excess temperature, AT is
increased, bubbles begin to form on the surface of the wire at certain localized spots. The
bubbles condense in the liquid without reaching the liquid surface. Region Il is in fact the
beginning of nucleate boiling. As the excess temperating is further increased bubbles are
formed more rapidly and rise to the surface of the liquid resulting in rapid evaporation.
This is indicated in region III. Nucleate boiling exists up to AT < 50° C. The maximum
heat flux, known as the critical heat flux, occurs at point 4 and is of the order of
IMW/m?2.
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region 1V, called the film boiling region. This is due to the fact
pidly that they blanket the heating surface with a vapor film
ow€f fresh liquid from taking their place. Now the heat must be
this vapor film (by conduction) to the liquid to effect any further
ermal conductivity of the vapor film is much less than that of the
f g. must then decrease with increase of AT. In region IV the vapor film
and collapses and reforms rapidly. With further increase in AT the vapor film
and the heating surface is completely covered by a vapor blanket and the
is the lowest as shown in region V. The surface temperatures required to
intain a stable film are high and under these conditions a sizeable amount of heat is
by the surface due to radiation, as indicated in region VI.

The phenomenon of stable film boiling can be observed when a drop of water

falls on a red hot stove. The drop does not evaporate immediately but dances a few times

that bubbles n
preventing
transferred




on the stove. This is due to the formation of a stable steam film at the interface between
the hot surface and the liquid droplet. From Fig.2 it is clear that high heat transfer rates
are associated with small values of the excess temperature in the nucleate boiling regime.
The equipment used for boiling should be designed to operate in this region only. The
critical heat flux point 4 in Fig.2 is also called the boiling crisis because the boiling
process beyond that point is unstable unless of course, point B is reached. The
temperature at point B is extremely high and normally above the melting point of the
solid. So if the heating of the metallic surface is not limited to point 4, the metal may
damaged or it may even melt. That is why the peak heat flux point is called the bur:
point and an accurate knowledge of this point is very important. Our aim sho t
operate the equipment close to this value but never beyond it.

Flow Boiling:

Flow or forced convection boiling may occur when a liquid is d through a channel
or over a surface which is maintained at a temperature hi n the saturation
temperature of the liquid. There are numerous applications of flowyboiling in the design
of steam generators for nuclear power plants and space powe e mechanism and
hydronamics of flow boiling are much more complex in boiling because the
bubble growth and separation are strongly affected byt velocity. The flow is a
two-phase mixture of the liquid and its vapor.
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Fig 3 shows the various flow reg&
sub cooled liquid at entry is by for
starts. The heat transfer coeffi

boiling regime, the bubble

niformly heated tube. Heat transfer to the
conyection. This regime continues until boiling
boiling regime is suddenly increased. In this
on therheated surface, grow and are carried into the
) bbly flow regime prevails for some length of the
tube. As the volu wofithe vapor increases, the individual bubbles coalesce and

and a vapor core. The vapor velocity is much higher than that of the liquid. The heat
i renﬁms high as long as the liquid film wets the wall. Eventually, dry
spots appear all and the heat transfer coefficient drops sharply. This is called the

is transition because a liquid film of high thermal conductivity is replaced by
al conductivity vapor at the wall. The dry spots continue to expand until all
ining liquid is in the form of fine droplets in the water. This is called the mist
w regime. There is little change in the heat transfer coefficient through the mist flow
ime which persists until the vapor quality reaches 100%. Beyond this point the vapor
is superheated by forced convection from the surface.

CONDENSATION HEAT TRANSFER:



The process of condensation is the reverse of boiling. Whenever a saturated vapor
comes in contact with a surface at a lower temperature, condensation occurs. There are
two modes of condensation; film wise, in which the condensate wets the surface forming
a continuous, film which covers the entire surface and drop wise in which the vapor
condenses into small liquid droplets of various sizes which fall down the surface in a
random fashion. Film wise condensation generally occurs on clean uncontaminated
surfaces. In this type of condensation the film covering the entire surface grows in
thickness as it moves down the surface by gravity. There exists a thermal gradient in
film and so it acts as a resistance to heat transfer. In drop wise condensation a |

much larger (5 to 10 times) than those in film wise condensation. Although
condensation would be preferred to film wise condensation yet it is extre

achieve or maintain. This is because most surfaces become 'wetted' after being exposed to
condensing vapors over a period of time. Drop wise condensation can be @btained under
controlled conditions with the help of certain additives to the densate various
surface coatings but its commercial viability has not yet been p or this reason the
condensing equipment in use in designed on the basis of film wise

LAMINAR FILM WISE CONDENSATION ON A
Analysis Of Film Condensation)

Film wise condensation on a vertical plate can be
(1916). Unless the velocity of the vapor is vegy
motion of the condensate would be laminar. The
a function of the rate of condensation of nd the rate at which the condensate is
removed from the surface. On a verfieal ace the filmpthickness will increase gradually

S 1

from top to bottom as shown in Fig. 4\ s analysis of film condensation makes the

following simplifying assumptions:
_h. J,.P
o ¥

¢ liquid film very thick, the
ss of the condensate film will be

Growth of film Velocity profile Temperature profile

Fig. 4 Filmwise Condensation on a Vertical Plate

1. The plate is maintained at a uniform temperature, 7, which is less than the
saturation temperature, Ty, of the vapor.
2. The condensate flow is laminar



3. The fluid properties are constant
4. The shear stress at the liquid vapor interface is negligible
5. The acceleration of fluid within the condensate layer is neglected.
6. The heat transfer across the condensate layer is by pure conduction and the
temperature distribution is linear.
HEAT EXCHANGERS:

The device used for exchange of heat between the two fluids that are at differ
temperatures, is called the heat exchanger. The heat exchangers are commonly use
wide range of applications, for example, in a car as radiator, where hot water £
engine is cooled by atmospheric air. In a refrigerator, the hot refrigerant
compressor is cooled by natural convection into atmosphere by passing it
tubes. In a steam condenser, the latent heat of condensation is remove
water through the tubes. The heat exchangers are also used i
conditioning, waste heat recovery and chemical processing. Ther
of heat exchangers are needed for different applications.

The heat transfer in a heat exchanger usually involves con
fluids and conduction through the wall separating the two fluids. for analysis of a
heat exchanger, it is very convenient to work with an o nsfer coefficient U,
that accounts for the contribution of all these effects (@n ansfer. The rate of heat
transfer between two fluids at any location in a heatgexch. depends on the magnitude

i ature difference varies along the
length of heat exchanger. Therefore, it is also co to work with logarithmic mean

two fluids for entire length of heat efcha
CLASSIFICATION OF HEAT®X

many sizes, types, configurations and flow
arrangements and used for sogfMa oses. These are classified according to heat

According to Heat
(i) Direct contact
¢ in direct contact. For the heat exchange between two
fluids, one fluid is ayed through the other. Cooling towers, jet condensers,
desuperheaters,@pen feed Water heaters and -scrubbers are the best examples of such heat
exchangers. ot Be used for transferring heat between two gases or between two
miscible liq irect contact type heat exchanger (cooling tower) is shown in Fig. 5
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Fig. 5 Direct contact type heat exchanger {cooli wer)

oftheat éxchanger, the
at 1§ transferred
most commonly

(ii) Transfer type heat exchangers or recuperators: In this ty
cold and hot fluids flow simultaneously through the device and th
through the wall separating them. These types of heat exc
used in almost all fields of engineering.
(iii) Regenerators or storage type heat exchangers. (I
the hot and cold fluids flow alternatively on the sam
interval of time, it gives its heat to the surface, & 1t in the form of an increase
in its internal energy. This stored energy is tran o cold fluid as it flows over the
surface in next interval of time. Thus e surface is subjected to periodic
heating and cooling. In many apflicafions, a ng disc type matrix is used, the
continuous flow of both the hot 4id cx are maintained. These are preheaters for

pes of heat exchangers,
hen hot fluid flows in an

steam power plants, blast furnaces;jox producers etc. A stationary and rotating
matrix shown in Fig. 6 are exa rage type of heat exchangers.

Coid flui

Hot fluid in

Rotating matrix
(cold period)

(a) Single matrix regenerator {b) Rotary regenerator
Fig.p Storage type heat exchangers



The storage type of heat exchangers is more compact than the transfer type of heat
exchangers with more surface area per unit volume. However, some mixing of hot and
cold fluids is always there.

According to Constructional Features:

(i) Tubular heat exchanger. These are also called tube in tube or concentric tube or
double pipe heat exchanger as shown in Fig.7. These are widely used in many sizes and
different flow arrangements and type.

Fluid B

Flid A oot e e e L Sy e A e R R
i
(parallel === 5

flow casa)

housing in it. The heat transfer
er fluid flows outside the tubes
e shell to create turbulence and to

It consists of a shell and a large number of par?
takes place as one fluid flows through the
through the shell. The baftles are co€m
keep the uniform spacing between t

They are having large surface aread % lume. A typical shell and tube type heat
exchanger is shown in Fig.8

Tube

Batfles
[
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Rear-
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Tubes Shell
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outlet inlet

Fig. § Shell and tube type heat exchanger : One shell and one tube pass

The
shell and tube type heat exchangers are further classified according to number of shell
and tube passes involved. A heat exchanger with all tubes make one U turn in a shell is



called one shell pass and two tube pass heat exchanger. Similarly, a heat exchanger that
involves two passes in the shell and four passes in the tubes is called a two shell pass and
four tube pass heat exchanger as shown in Fig.9

In *ShaH side fiuid

Shell side fluid in

(&) One shell pass and two tube {b) Two shell pass and four tube
pass heat exchanger pass heat exchanger

Fig. 9 Multipass flow arrangement in shell and tube type heat ex:

eg transfer rate
anger. These heat
added on gas side.
planes, heat pumps,
refrigeration, electronics, cryogenics, air-conditioning” sys etc. The radiator of an

(iii) Finned tube type. When a high operating pressure or an en
is required, the extended surfaces are used on one side of th
exchangers are used for liquid to gas heat exchange. Fi

of heat exchangers in which the
he ratio of heat transfer surface
anger with an area density greater
. The compact heat exchangers are

M ually flow perpendicular to each other.
inned tubes or plates, where at least one of

ile radiators have an area density in order of

(iv) Compact heat exchanger. These are spe
heat transfer surface area per unit volume 1
area to the volume is called area deusi
than 700 m’/m’ is called comp %
usually cross flow, in which the
These heat exchangers have dense
the fluid used is gas. For exa
1100 m?*/m’.
According to Flow A
(i) Parallel flow: and
through in same directien and leave at other end. It is also called the concurrent heat
exchanger Fig

: Theghot and cold fluids enter at the opposite ends of heat exchangers,
flow throug osite direction and leave at opposite ends Fig 10.



Cold out Cold in

Cold in Cold out
{a) Paraliel flow (b) Countarflow heat exchanger

Fig 10 Concentric tube heat exchanger

(iii) Cross flow: The two fluids flow at right angle to each other. Cross £0w heat
exchanger is further classified as unmixed flow and mixed flow dependi the flow
configuration. If both the fluids flow through individual chanaels an@arenot free to
move in transverse direction, the arrangement is called unmix
any fluid flows on the surface and free to move in transyerse di n, then this fluid
stream is said to be mixed as shown in Fig 11b.

{unmixed)
(
(ﬁom fluid unmixed (b) One fluid mixed and one fluid unmixed

unmixed)

Different flow configurations in cross-flow heat exchangers

TE TURE DISTRIBUTION:
heat transfer from the hot to the cold fluid causes a change in temperature of
ne oth fluids flowing through the heat exchanger. In some common cases, the

perature is plotted against the distance from the cold fluid inlet



'
Hot fluid
Hot fluid l ‘“1:[
AT,
ATy Cold fiuid T
4 4
= 0 Distance from injet L
0 Distance from inlet L e
(a) Parallel flow heat exchanger (b) Counter flow heat exchanger

Condensers and Evaporators:

Two special forms of heat exchangers, namely condenséts, and evaporators, are
employed in many industrial applications. One of the flui ing ¢hrough these
exchangers changes phase. The temperature distributions 1 exchangers are
shown in Fig. In the case of a condenser, the hot flu ain at a constant
temperature, provided its pressure does not change, perature of the cold
fluid increases.

€

Hat Huid
Cotd fluid

Boiling fluid

=]

o Digtance from inkt L
Temperature distribution for condenser

TWO MARKS:

1. Define boili *

The ¢ phase from liquid to vapour state is known as boiling.

2. meant by condensation?

h nge of phase from vapour to liquid state is known as condensation.
ive the application of boiling and condensation.



Boiling and condensation process finds wide applications as mentioned
below

1. Thermal and nuclear power plant

2. Refrigerating systems

3. Process of heating and cooling

4. Air conditioning systems

4. What is meant by pool boiling? O
If heat is added to a liquid from a submerged solid surface,, the Boiling
process is referred to as pool boiling. In this case the id above the hot
surface is essentially stagnant and its motion near the susfaceyis due to free
convection and mixing induced by bubble growt ment.

5. What are the modes of condensation?

There are two modes of condensation

1. Film wise condensation 2. Drop wi ation
6. What is meant by Film Wg ndensation?
The liquid condensate wets_t Xd surface, spreads out and forms a

continuous film ove face is known as film wise condensation.

e condensation?

vapour. The heat transfer rate in drop wise condensation is 10
es higher than in film condensation.
9. Write the force balance equation on a volume element for film wise

condensation on a vertical plane surface.
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Bx - Body force in x direction

i Pressure gradient
e

11. What is heat exchanger?
A heat exchanger is defined as equipment which transfers the a

hot fluid to a cold fluid.

12. What are the types of heat exchangers? \

The types of heat exchangers are as follows ¢

1. Direct contact heat exchangers. 2. Indirect_eon at exchangers 3.
Surface heat exchangers. 4. Parallel flow heat ers 5. Counter flow

heat exchangers. 6. Cross flow heat g3 7. Shell and tube heat

exchangers. 8. Compact heat excha

13. What is meant by direc‘h’e

exchanger (or) open heat exchanger?
In direct contact heat exchan\ heat exchange takes place by direct

mixing of hot and cold fl

direct contact heat exchanger?

acce.

amples: IC engines, gas turbines.

16. What is meant by Recuperators (or) Surface heat exchangers?



This is the most common type of heat exchangers in which the hot and cold
fluid do not come into direct contact with each other but are separated by a
tube wall or a surface.

Examples: Automobile radiators, Air preheaters, Economisers etc,

17. What is meant by parallel flow heat exchanger?

In this type of heat exchanger, hot and cold fluids move in th
direction. G
18. What is meant by counter flow heat exchanger?

In this type of heat exchanger, hot and cold fluids wl garallel but
opposite directions.

19. What is meant by cross flow heat exchang

In this type of heat exchanger, hot and cold flui ve at right angles to
each other.
20. What is meant by Shell and tu t anger?

In this type of heat exchang@,’ he fluids moves through a bundle of
tubes enclosed by a shell. The 0&uid is forced through the shell and it

moves over the outside thextubes.

heat exchangers?
There are many ‘Special purpose heat exchangers called compact heat
exchangers. They are generally employed when convective heat transfer co-
efficient a ed with one of the fluids is much smaller than that
associated the other fluid.
is meant by LMTD?
e know that the temperature difference between the hot and cold fluids in

the heat exchanger varies from point to point. In addition various modes of

heat transfer are involved. Therefore based on concept of appropriate mean



temperature difference, also called logarithmic mean temperature difference,

the total heat transfer rate in the heat exchanger is expressed as

Q =U 4(AT),

Where

U =over dll heat transfer co efficient W /m*K
A = Area , m*

(AT)m = Logarithmi c mean temperatur e difference

23. What is meant by Fouling factor? Q
We know, the surfaces of heat exchangers do not remain cleast"afte as
been in use for some time. The surfaces become fouled w?gng or
deposits. The effect of these deposits affecting the f ®verall heat
transfer co-efficient. This effect is taken care of by itroduging an additional

thermal resistance called the fouling resistance.

24. What is meant by Effectiveness?

The heat exchanger effectiveness is_de @

transfer to the maximum possibile transfer.
b4

Effectiven ess € =

Actualhe
Maximumpos  sibleh ramsfer
Q9
O

&

s the ratio of actual heat






