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Syllabus- Heat Transfer

BEMES04T: HEAT TRANSFER (Theory)

CREDITS: 04

Teaching Scheme Examination Scheme

Lectures: 3 Hours/Week Duration of Paper: 03 Hours
Tutorial: 1 Hour/Week University Assessment: 80 Marks

College Assessment: 20 Marks
Course Objectives and Expected Outcomes:

» This course is designed to learn the various modes of heat transfer and laws associated with it.

» During this course, students can distinguish between steady state and unsteady state heat transfer; will be
able to apply their knowledge of Dimensional Analysis to forced and free convection.

“+-~-1ts will also be able to analyse radiation with and without radiation shield. Apart from this, students




Syllabus- Heat Transfer

UNIT - 1| 8 Hrs.]

Introduction to basic modes of heat transfer, conduction, convection & radiation. Laws of heat transfer &
conservation of energy requirement. General heat conduction equation in cartesian, cylindrical and spherical
coordinates. One dimensional steady state heat conduction equation for the plane wall, cylinder and sphere, overall
heat transfer coefficient. Thermal resistance of composite structure, contact resistance, variable thermal
conductivity, critical thickness of insulation.

UNIT - II [ 8 Hrs.]

Conduction with internal heat generation for plane wall, cylinder and sphere. Extended surface, types of fins. Fins
of uniform cross section area, temperature distribution and heat transfer rate, fin efficiency & effectiveness. Error
in temperature measurement. Unsteady state heat transfer, lumped heat capacity analysis, Heisler’s charts. Biot
Number, Fourier’s Number & its significance.

UNIT - III [ 8 Hrs.]
Forced convection, physical significance of non-dimensional parameter. Flow of high, moderate & low Prandtl
08 ] fluid flow over a flat plate. Concept of hydrodynamics & thermal boundary layer thickness, local and
heat transfer coefficient. Empirical co-relations for external, internal flows, laminar & turbulent flow
Di ional analysis applied to forced tion.
co@s&/ﬂlgensmna analysis applied to forced convection
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Syllabus- Heat Transfer

UNIT -1V [ 8 Hrs.]

Free or natural convection. Grashoff’s number, Rayleigh number, flow over horizontal and vertical plate, Empirical
Co-relations for cylinders and spheres, heat transfer with phase change, pool boiling curve & regimes of pool boiling,
Film & Drop wise condensation, laminar film condensation on vertical surface, on horizontal tubes, effect of super
heated & non-condensable gases on condensation heat transfer, Dimensional analysis applied to free or Natural
convection.

UNIT -V [ 8 Hrs.]

Radiation, spectrum of radiation, black body radiation, radiation intensity, laws of radiation-Kirchoffs, Plancks, Weins
displacement law, Stefan Boltzmann & Lamberts Co-sine law. Emissivity, Absorbtivity, Transmissivity, Reflectivity,
Radiosity, Emissive power, Irradiation. Radiation network, radiation exchange between parallel plate cylinder &
sphere, shape factor & its laws, radiation between parallel plates, cylinder & spheres. Radiation shields.

UNIT - VI [ 8 Hrs.]

Heat exchanger : Classification, overall heat transfer coefficient, fouling factor, LMTD & effectiveness, NTU method
cchanger analysis for parallel, counter flow & cross flow arrangement, design aspect of heat exchangers,
. on to compact heat exchanger, Heat Pipe, Introduction to mass transfer.



R 1) | I O |

Syllabus- Heat Transfer

TEXT BOOKS:

1. Heat Transfer, J.P. Holman, McGraw Hill Book Company, New York.
2. Fundamentals of Heat and Mass Transfer, K. N. Seetharam & T.R. Seetharam, Willey.
3. A Text Book of Heat Transfer, S.P. Sukhatme, University Press.

REFERENCE BOOKS:
1. Fundamentals of Heat and Mass Transfer, Venkanna B.K., PHI Publication.
2. Principles of Heat Transfer, Frank Kreith, Harper and Row Publishers, New York.

3. Heat Transfer - A Practical Approach, Yunus A. Cengel, Tata McGraw Hill Publishing Company Ltd., New
Delhi.

4. Heat & Mass Transfer, M.N. Ozisik, Tata McGraw Hill Publishing Company Ltd., New Delhi.

5. Heat & Mass Transfer, R.K. Rajput, Laxmi Publication.

_~TABOOK:

i Iea{%z%ass Transfer Data Book_6th edition_by C.P. Kothandaraman & S. Subramanyan.
{ea ssTransfer, Domkundwar, Dhanapat Rai & Sons Publication




Course Outcomes [COs]- Heat Transfer

After the completion of course student will be able to

1. Understand and solve conduction, convection and radiation problems

2. Analyze steady state and unsteady state heat transfer and internal heat
generation

3. Apply their knowledge of Dimensional Analysis to forced convection

4. Apply their knowledge of Dimensional Analysis to free convection

Analyze radiation heat transfer for with & without radiation shield

A@y@é,'@o]ve & Design heat exchangers
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2y M P ek Subj ect - Heat Transfer
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Unit No.1
Introduction of
Heat Transfer, Conduction,
Convection and Radiation
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What is Heat & Heat Transfer

Date 12/04/2023

“The energy in transit is termed heat”

* Heat always moves from a warmer What is Temperature ?
place to a cooler place.

Temperature is a measure of
 Hot objects 1n a cooler room will how hot or cold something is;

specifically, a measure of the
cool to room temperature. .
average kinetic energy of the

e Cold objects 1n a warmer room will particles in an object, which is a

heat up to room temperature. zlgfioif energy associated with

RAISONI GROUP OF INSTITUTIONS 8
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Dace 12042002 Diilferentiate between Thermodynamics and Heat Transfer

Thermos
bottle =y
v "Thermodynamics" deals with the amount of ) K
energy in form of heat or work during a process /
and only considers the end states in equilibrium.

v "Heat Transfer" deals with the rate of
energy transfer thus, it gives idea of how long
a heat transfer will occur? Heat transfer deals
with time and non equilibrium phenomena.

)
X Insulation

RAISONI GROUP OF INSTITUTIONS 9
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he areas covered under the discipline of heat transfer are :

® Design of thermal and nuclear power plants including heat engines, steam generators,
condenscrs and other heal exchange equipments, catalylic converlers, heal shiclds for space
vehicles, furnaces, electronic equipments ete,

Internal combustion engines.

Relrigeration and air condilioning unils,

Design of cooling systems for electric mators, generators and transformers.
Heating and cooling of fluids etc. in chemical operations.

Copstruction of dams and structures, minimisation of building-heat losses using improved
insulation techniques.

cmzam) crmtal contrel Of space vehicles.

ﬁtﬁi} at trzgiment of metals.
- iper ston of atmospheric p()”lltam!kAISONI GROUP OF INSTITUTIONS 10



COPYRIGHT CFFICE
MNEWY DELH
Reg. Mo, - L-121384/2023
Date 12/04/2023

Heat Transfer Methods

e Heat transters in three ways:
—Conduction
—Convection

—Radiation

RAISONI GROUP OF INSTITUTIONS
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Convection } § §
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™, Conduction
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Radiation

RAISONI GROUP OF INSTITUTIONS
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£ CONVECTION CONDUCTION

the transfer of heat through the transfer of
a fluid (liquid or gas) caused heat or electric current from
by molecular motion one substance to another
by direct contact.
RADIATION
energy that is radiated of

fransmitted In the form of
tays or waves or particles

NSTITUTIONS

13
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Question

* If a cup of coffee and a Ice Cube were left on the

table in this room what would happen to them?
Why?

v" The cup of coffee will cool until it reaches room
temperature.

v The Ice Cube will melt and then the liquid will
Ey4rm to room temperature.

RAISONI GROUP OF INSTITUTIONS 14
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Conduction

Heat Transfer

RAISONI GROUP OF INSTITUTIONS
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When-you heat a metal strip at one end, the heat travels to the other end.

> 2 & & @ 2 I F & F D I F D

> 2 2 @ D D DD DD
g 9 @ 92 Q@ 2 D DD DD DI

& Carhon atom

As you heat the metal, the particles vibrate, these vibrations make the

“rg0lis the heat. We call this?

RAISONI GROUP OF INSTITUTIONS

~1cent particles vibrate, and so on and so on, the vibrations are passed
2 1g the metal and

16



COPYRIGHT CFFICE

it Metals are different
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The outer electrons of metal atoms drift, and are free to move.

When the metal is hea‘red, this 'sea of
electrons’ gain kinetic energy and transfer it throughout the metal.

TI';I"ula‘rors, such as wood and plastic , do not have this 'sea of electrons’

RAISONI GROUP OF INSTITUTIONS 17
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v MRy does metal feel colder than wood, if they are both at the

'same temperature?

Metal is a conductor, wood is an insulator. Metal conducts the heat away
from your hands. Wood does not conduct the heat away from your hands
as well as the metal, so the wood feels warmer than the metal.

RAISONI GROUP OF INSTITUTIONS 18
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What is Convection Heat Transfer Understanding of Convection

Convection is heat transfer by mass motion of a fluid such as air
or water when the heated fluid is caused to move away from the
source of heat, carrying energy with it. Convection above a hot
surface occurs because hot air expands, becomes less dense,
and rises (As per ldeal Gas Law).

Type of Convection Heat Transfer

Forced Natural
convection convection

RAISONI GROUP OF INSTITUTIONS
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J”W’L Convection

What happens to the particles in a liquid or a gas
when you heat them?

The particles spread out and become less dense.

RAISONI GROUP OF INSTITUTIONS 20



Water movement
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Cools at the Convection
surface current
Cooler
water sinks

Why does hot air
rise and cold air

Hot water
rises

Cool air is more
dense than warm
air, so the cool air
falls through’ the
warm air.

RAISONI GROUP OF INSTITUTIONS 21
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Heat Transfer by Convection

|

,_,‘
& 2 =
Fan

4 \

L Heating element

\ /
v A >

RAISONI GROUP OF INSTITUTIONS
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es Of Convection In Everyday Life

v" Boiling Water. Convection comes into play while boiling water. ...
v" Blood Circulation in Warm-Blooded Mammals. ...

v" Air-Conditioner. ...

v Radiator. ...

v Refrigerator. ...
v Hot Air Popper. ...

RAISONI GROUP OF INSTITUTIONS
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Newton's law of cooling states that the rate of heat loss of a body is directly

proportional to the difference in the temperatures between the body and its
surroundings.

Q =hA(r-1)

where, (' = Rae of conductive heat transfer,

Free stream

—

A = Area exposed 1o beat transter, Flud ]
flow L>1
r, = Surfice temperature, —>
!, = Fluxd temperatare, and S l 0 Surface
h = Co<efficient of convective heat transfer.
(a) Physical configuration
. aire, \

@:’h; Q e or Wim*°C

= -
A (‘ 1 3 ' ¥ ) m‘ °C
! RAISONI GROUP OF INSTITUTIONS 24


https://en.wikipedia.org/wiki/Heat
https://en.wikipedia.org/wiki/Temperature

Wﬁﬁﬁﬂh&@ At Transfer Coefficient ?

Date 12/04/2023

The heat transfer coefficient is the heat transferred per unit area per kelvin. Thus area is
included in the equation as it represents the area over which the transfer of heat takes
place. The areas for each flow will be different as they represent the contact area for each

fluid side.
| L0 i
The value of ‘A" depends on the following o__’_M/\M/\[ 0
factors :
(1} Thermodynamic and (ransport _l_
propertics (e.g. viscosity, density, M
specific heat etc.).

(i) Nature of fluid flow. (b) Equivalcm cireuit

(#ii) Geometry of the surface,
fien Beesailing thermal conditions.

vslo=% emas| Called convection thermal resistance [(R,) ] 10 heat flow.

“ RAISONI GROUP OF INSTITUTIONS
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e 1.4. A hot plate Im x 1.5 m is maintained at 300°C. Air at 20°C blows over the plate.
tive heat transfer coefficient is 20W/im*°C, calculate the rate of heat transfer.

Solution. Area of the plate exposed to heat transfer, A=1x 1.5= 1.5 m?
Plate surface temperature, 7, = 300°C
Temperature of air (fluid), 7, = 20°C
Connvective heat-transfer coefficient, & = 20 W/m?°C

Warrn Alr /
\ ' /S
Rarte of heat transfer, Q : Ve 1 e & o N_~
: : N 1‘ 5 Cold Air  /
From Newton's Jaw of cooling,  Cold ir A ACAL, ] | 2T
N { /o S MP s e By S B
7// , ¢ ~

Q = hA (1,~1) .
trsem 20 x 1.5 (300 - 20) = 8400 W or 84 kW Featod Flas
.:5 % //‘li } Natural Convection

RAISONI GROUP OF INSTITUTIONS 26
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Radiation: onduction:==j- @Eonvection:

“Hey Duke, doesn't that fire teel good.” "Ouch! That poker’s too hot to hold “I'll turny on the tan. All the warnmest air
with my bare hands.” is up near the ceiling,”

"RM’:’;&' the transfer of heat through space or matter by means other than conduction or
ection,

RAISONI GROUP OF INSTITUTIONS 27
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Radiation: The energy emitted by matter in the form of electromagnetic
waves (or photons) as a result of the changes in the electronic
configurations of the atoms or molecules.

* Unlike conduction and convection, the transfer of heat by radiation does
not require the presence of an intervening medium.

* In fact, heat transfer by radiation is fastest (at
the speed of light) and it suffers no attenuation
In a vacuum.

RAISONI GROUP OF INSTITUTIONS
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How does heat energy get

from the Sun to the Earth? .
There are no particles

between the Sun and the
Earth so it CANNOT
travel by conduction or

O by convection.

N RADIATION

RAISONI GROUP OF INSTITUTIONS
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Exam@T@mFRaldiation Heat Transfer...................
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v' Cold Surface cause Excessive
heat loss from the body by
radiation and

v Thus discomfort on that side of
the body

RAISONI GROUP OF INSTITUTIONS 30
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Radiation

Radiation travels in straight lines
True/Eslse
Radiation can travel through a
vacuum JIeuedFalse

Radiation requires particles to
travel

—+etz/False

Radiation travels at the speed of
light

True/atse

RAISONI GROUP OF INSTITUTIONS
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rE.Ziii%Za“ﬂ'4-w€bmbination of conduction, convection and radiation heat transfer.

Heat conducted
through wall

RAISONI GROUP OF INSTITUTIONS
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« Heat transfer through a solid medium via
direct contact

= Expressed by Fourier’s Law

QQ = heat transferred

AT k& = thermal conductivity
Q =kA o & A = ¢ross sectional arca
AT = temperature difference
@GR .. , . between two ends
~— ~ What is the unit of &7 L = length

RAISONI GROUR OF INSTIIwEIONSN Of heat transfer

33
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... FOHRIER'S LAWS OF HEAT CONDUCTION

Date 12/04/2023
urier 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 to the
area of the section at right angles fo the direction of heat flow, and lo change of temperature with
respect to the length of the path of the heat flow”,

Malhemaltically, il Gan be represented by Lthe equation |
: !
Qe A. at
dx

where, ©Q = Heat flow through a hody per unit time (in wartts), W,
A = Surfuce area of heat flow ( perpendicular to the direction of flow), m?,

ot Temperature diflference of the laces of block (homogeneous solicd) ol thick-
ness “dx” through which heat flows, “C or K, and

dx = Thickness of body in the direction of flow, m.

Thus, O=-k. A ;l_ wherz, k= Cr:lmm of progortinrality and is known as hema! condsenvity af e
r LOG S
wom - ve signof k [egn. (1.1)] is to take care of the decreasing temperature agmgwith the direction
nina asifiihitkness or the direction of heat flow. The temperature gradient =~ is always negative

by dx
. Dsitive x direction and, thereforesdda valueoasvGrbecomes + ve. 34
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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 intemal heat generation,

The bounding surfaces are isothermal in character.

The material is homogeneous and isotropic (1.e., the value of thermal conductivity is constant
in all directions).

o

RAISONI GROUP OF INSTITUTIONS 35
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Conduction Heat

transfer from Face-A
to Face-B

T1 —

Face A

T2

Face B

RAISONI GROUP OF INSTITUTIONS

Air Temperature (T4)

36



ces. J;‘.Ei“ﬁ.????h.-zﬁmimple 1.1. Calculate the rate of heat transfer per unit area through a copper plate 45 mm
S ek whose one fuce is maintained a1 350°C and the other face a1 S0°C. Take thermal conductivity
of capper as 370 Wim°C.,
Solution. Temperature difference, dr (= 1, - 1,) = (50 - 350)
Thickness of copper plate, L =45 mm = 0.045 m
Thermal conductivity of copper, k£ = 370 W/m°C

Rate of heat-transfer per unit area, q :
From Fourier's law —
0=- A ar 5 - 1) h [ K plate
du L (=350
.\\\
_Q— ﬁ "‘u1ll AT a0 \\
i T N\ & =50
370 50 = 350
\ 0.0435 i
@5 = 2466 x 10° Wim? or (=45 mm)

2466 MW/m? (Ans.)

RAISONI GROUP OF INSTITUTIONS
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oo = T menple 1.2, A plane wall is 150 mm thick and its wall area is 4.5 m*. If its conductivity is
il L & and surface temperatures are steady at 150°C and 45°C, determine :

(1) Heat flow across the plane wall,
(i) Temperature gradient in the flow direction.

Solution. Thickness of the plane wall, Plane Wall
L =150 mm . k K
=0.15m
Area of the wall, A = 4.5 m?
Temperature difference, dr = 1, -1, =45 - 150 = - 105°C
Thermal conductivity of wall material,

k =935 Wm*C )
(f) Heat flow across the plane wall, Q :

“ === Fourier’s law, -
- Q=-t T =-mBh :

7T L

‘\ (~105)

RAISONI GROUP OF INSTITUTIONS 38
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From Fourier’s law, we have

LI

dx kA

29452.5

 9.35%x4.5

= - 700°C/m

RAISONI GROUP OF INSTITUTIONS
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>
>
>

1 - Dimensional
2 - Dimensional
3 - Dimensional

RAISONI GROUP OF INSTITUTIONS

Hear Transfer Dimensional Study
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The Conduction Rate Equation

ql_’

For example, consider the steady-state AT | ALw iy
conduction experiment. s '
» Acylindrical rod of known material is ml
insulated on its lateral surface, while s
its end faces are maintained at
different, with T,>T, ax
» The temperature difference causes conduction heat transfer in the
positive x- direction.
» How ¢_depends on the following variables: AT, the termperature
difference; Ax, the rod length; and A, the cross-sectional area.

(AT, 8%, A) using a chain ride differentiate A AT
o it

on g one constant and two variable 4
Ehyetiking Av

RAISONI GROUP OF INSTITUTIONS
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1 - Dimensional Conduction Heat Transfer

Steady and transient heal

— 3 — 5 . :
e e conduction in a plane wall.

| 5%C e 1290 A°C

NV N
—- Q1 —, QE 5 Qi () Steady-state

| 5%C AL IS 77

NS O\

RAISONI GROUP OF INSTITUTIONS
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. . . [ Rate of heat ) Rate of chunge |
» *ar! | ale ¢ *1b ! -
'Rate of heat Rate of heat Saneratii AR
| conduction | — | conductyon ' +1 5 = ria
| oy | Caes sl inssde the content of the
| " clement [ | clemem

\ AE

clement

Q: — Qx b Ax T Cclcm:m = Al

RAISONI GROUP OF INSTITUTIONS 43
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2 - Dimensional Conduction Heat Transfer

RAISONI GROUP OF INSTITUTIONS
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oo -Lizizzazozz | 3 = Dimensional Conduction Heat Transfer
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Q: + A
4
Volume element 0
P (7

y+ Ay

Qnm

| Rate of heat
condschon al
| Ly.and?

-

Rateof hest |
ooaduchon
alx+ A,

Y +Avmd: 4 Az

RAISONI GROUP OF INSTITUTIONS

| Rate of heat \
eacTiNn
Insyie e

| chmeal |

| Rax of change
of the caergy
conkenl of
| 0 clement

, A
Qn+Qy+Q:-Qn0.h-0)0.\)-0:'&‘+Cw- EA;--
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e ?E.E;&%iﬁfﬂizlieat Conduction Equation

» Heat transfer problems are also classified as being one-dimensional,
two dimensional, or three-dimensional, depending on the relative
magnitudes of heat transfer rates in different directions and the level of
accuracy desired.

» In the most general case, heat transfer through a medium 3D.

» That is, the temperature varies along all three primary directions within
the medium during the heat transfer process.

/s

» The temperature distribution throughout the medium at a specified
time as well as the heat transfer rate at any location, can be

described by a set of three coordinates such as the
i.  Rectangular (or Cartesian) coordinate system: X, ¥, and Z;
Tl 1drical coordinate system: I, ¢ and z

2223 ricaloer'polar) coordinate system: r, ¢ and 6

o’
RAISONI GROUP OF INSTITUTIONS ) Sgnancal covndinases /|6
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Freat conduction equation in Cartesian Coordinates or Rectangular Block
oo Eﬂ-‘#ﬁ%af:ﬁfider an infinitesimal rectangular
parallelopiped (volume element) of sides dx, dy and
dz parallel, respectively, to the three axes (X, Y, 72)

in 8 medium in which temperature is varving with

Y
A
Qh f "_.
Alx, v, 1) T /
1 y /[3 & H—
q : ' > X o ' l p . | A
/ e =~ 7
. / ' ‘ > .
, X c.4 | G~ oy
» ' '
Z |
E'mnm 0. LA('. "o. :) J A ; ’ Q‘J ¢ dx)
volume e e v e S e S
(rectangular - > > |
parallclopiped) el /// /
L/ / x'

RAISONI GROUP OF INSTITUTIONS 47
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Rectangular (or Cartesian) coordinate system: x, v, and z

# Consider a small rectangular element of length dx, width d v, and height o
and an infinitesimally small (differential) control volume, d v.dx.d ;
femperature distribution: TIx. v, ¢

# In the absence of motion (or with uniform
motion), there are no changes in mechanical
energy and no work bemg done on the system. A s

# Only thermal forms of eneray need be < o
considered. Specifically, if there are temperature A : :
eradients, conduction heat transfer will occur ) | 1 “
across each of the control surfaces. Memcrnl O = :_ S0 — X P
# The conduction heat rates perpendicular TP S 5 % i s
“the control surfaces at the x-,y-,and punaliElogtpol Fs e P % %
P ale locatig\:\t;s are indicated q ¢ o Tl";, ,,',"'r" ¥
AR — ), =g, deayat

RAISONI GROUP OF INSTITUTIONS 48



t conduction equation in Cartesian Coordinates or Rectangular Block
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Let, I = Temperature at the left face ABCD;, ¢ . o 0
this temperature may be assumed o 1 =
uniform over the entire surface, “ | T
since the area of this face can be . &
made arbitrarily small, and T
d‘ Henvrral & > ST R _’:T.L’ = e
=~ = Temperature changes and rate of oot I, [ 2
dx . - ;.r.ﬂ.u;qc-;. P 2 G305 .'n "
change along X-direction. a VA S
T
‘o) : "'
Then, \a dx = Change of temperature through distance dx, and
/
¢ a’ N
r+ = dx = temperalure on the right face EFGH (al a distance dx from the left face
VOL )

gl ABCD).
a L C@ﬁlz\; Thermal conductivities (direction characteristics of the material) along

X, ¥ and Z axes. RAISONI GROUP OF INSTITUTIONS 49




renergaeat conduction equation in Cartesian Coordinates or Rectangular Block
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Fourier's law, , _ ;4 42X Note: Isotropic material : they have the same
dx G S
properties in all directions. Or, thermal
g, = —kdxdz aT conductivity of a material to be independent of
’ Iy direction.

q.= —kdxdy aT Flbl‘O.llS or composite, are some anisontropic
; 0z materials

#r v RAISONI GROUP OF INSTITUTIONS 50
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-
Within the medium there may also ba an eaergy source term associated
with the rofe of thermal energy generation, This term is represented s G‘ et e
E =qdvdyd: g rmieatwhich cnergy ls generated per unit vokime (w/m'} /{’ o i
P i
[n addition, changes may occur in the amount of the internal thetmal ) ,,--/
energy stored by the material in the control volume. el : G/ é
l
Now Because of the Heat Accumulated and Heat Generation , : = Y
Internal Energy Changes Fesesa) ¥ Tl N £ s
i vakew — < 7
.. [Mxbegaa: o WP il ¢ 7S |
TN
_ s vz " ] e ! L P
L : S N LR i e — Wiab T
I« - T .'A. b"/
I ) ca kb
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Creneral Cartesian coordinares, of the fiear atffusion equasion,

) B 2o

*
el ) el oy ) @ & o
S = cm; herma)
. s Thenral energy  Change in the
Net transfer of therml enengy inl the p—— CORIEY SIOEGe

control velume indlaw-oul flew)

In the case of constant thermal conductivity, it reduces to
FT &7 T 2 _ 13T

- - '. - — .
w o af k%W

O)'-M

L&

.
\n
»

\h

-
- BN
:\

-~ —
| f ]
A
: | -
’ o
| .
& / | la{- ‘3.
|
N | I .
-
";“ Bencstal U — P '«:rﬂ e, Y.
= wbitse - ’ ! >
(nacargbr » S '% > |
pedlchpipes) - 7’
N

= v.- B 1) l? 1. }/)
. J 7, | @—a . |
T — O, =y, e
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Thermal Diffusivity (a)
# In heat ransfer analysis, the ratio of the thermal conductivity to the heat
capacity is an important property termed the tfrermal diffusiviey &, witich is

k

a = o ma/s. This value describes how quickly o material reacts
r

a change in temperature,
Proof its ST units and what is the similar property in fluid flow?

# It measures the shility of a material to conduct thermal energy relative to its
ability o store thermul energy.

e

» So whar does it mean when materials have large and small value of a?

» Foralarge o will respond guickly to changes in their thermal eivironment, and
Jor a small a will respond more sluggishly, taking longer to reach a new
cquilibnum condition.
Example: WAX
yariE] In order to predict cooling processes or to simulute temperuture fields, the thermal
o difTusivity most be known; itis a requisite for solving the Fourer Differential Equation for

ur@/ﬂ;ﬁq/at conduction.

RAISONI GROUP OF INSTITUTIONS
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GENERAL HEAT CONDUCTION EQUATION IN
CYLINDRICAL COORDINATES

l
g = i g+ as)
4 Q. Y\\ | 7 /
A (7 6,2) N s 8 o
/ 4 '{r )'.' Elemental
, g olume
< -~
-~ "y \ \
» ¥ \\ v \
N /," Q(l"fd?)
N /
\\ 1 L
L1
Q,
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reg v Li2izizozz | GENERAL HEAT CONDUCTION EQUATION IN

— CYLINDRICAL COORDINATES

Differential control volume, dr » rd¢ * dz, for conduction analysis in
cylinderical coordinates(r, ¢.z).

After lengthy manipulations, we obtain

| o [. dF | o ol \ . o AT ) | aTl

s kS |+ S ke |+ (kS |+ 6= pC 5

e o r- .)(f; \ ./(!) / o bl 0L | 2]
Gl
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qﬂonw
rsinf do
I

l |
’{ q' : ." ----.ﬁ

. - " o
/ Vo \Q SIS CEL w100
/ ‘u \\\ . -"“‘:('
( ,‘. ' A |
. !
» ' '
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x = rcos ¢ sin 0, y = rsin & sin 0, and z=cos 0

Differential control volume, dr * rsin@d¢ = rd@, for conduction

analysis in spherical coordinates (7, ¢»,0).

Again after lengthy manipulations, we obtain

P \
24

¢

N ]

0 __,__a\“'o I’\

2

r=sin” § dd dadh r=sin 6§ 00

L _ 2 (kﬂ)+ L_.9 (ksinﬂﬂ)+g=

dt
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Thermal Resistance
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a1 STEADY HEAT CONDUCTION IN PLANE WALLS
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.\:L/._".L s Heat transfar through the wall of a nouse can 2a
madeled as sleady and one-dimensional
?nxﬁ Qi 2C The tamperatura of the wall In this case depends
€ on one direction only (say the x-direction) and
0 CA“'. ORI T I can be expressed as T(x)
Rate ol Rate ol Rate ol change
heat transter | — | heat tramsfer | =| of the cnesgy
inta the wall out of the wall af the wall

<

‘f‘E\i‘;‘JI (IE“.‘.,“ o")'f — O
ot for steady operation

Q;’n > - Qoul =

Irn steady operation, the rate of neat transfer
through the wall is constant

¢ Q = ek drT (W) Fourler's law of

FIGURE cond, wall . i
] O lansler Fuongh = wall is pne ¢y heat conduction

mensions! wheo the semperiture of
e w@@%%ﬂi’ﬁf i cne divection only. 3
-
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iagany nder steady conditions,
J"‘*E*'i’& : distribution in

= e wall is a straight hine,

STEADY HEAT CONDUCTION

RAISONI GROUP OF INSTITUTIONS
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E

ERTAI. RESITANCE (R,)

When two physical systems are described by similar equations and bave similar boundary

conditions, these are sald 0 be analogows. The heal vranster processes may be compared by analogy
with the Mow of electncity in an electrical resistance. As the Mow of electric current in the electrical
resistance is directly proportional o potential difference (dV); similarly heat flow rate, Q, 15 directly
proportional o wanperature dilfereace (7)), e driving lorce lor heat conduction through a medium.

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

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

Curmrent (/) =

Heit flow rate (Q) =

By comparing egna.

Powenuial difference (dV')
Flectrical resistance (R)

Tempernture difference (dt)

(&)

dx
The quantity — is called

kA

thermal conduction resstance (R ) je,

RoJons = =

RAIS(M GROUP OF INSTITUTIONS
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CONDUCTION THROUGH PLANE AND COMPOSITE
WALLS

A -+ Inferfaces
Plime. — AL /
wall o . %
I —=» .
12 F N\ Tempereoare
L \‘\(‘"O{"C
\|
" ®® Y
<, k,_ ke [
i = e -+ >
L X L T

2 e - o A
e Thma s L
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W oE Heat Conduction Through Plane Walls
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Consider a plane wall of
homogeneous material through which heat is flowing

only in x-divection. I 7Tx
Let, L = Thickness of the planc wall, \ -
A = Cross-sectional arca of the B 2N :
wall, ) Lt N Q
- L 3N B
k = Thermal conductivity of the & |dx| N\
wall material, and (e \ 7
1., 1, = Temperatures maintained at :
the two faces | and 2 of the | F—~————-\-J 2
L
wall, respectively. 4
The general heat conduction eguation in cartesian QI L AAAAAAAAA 2 iQ
o S 1S given by
o [=] L
LA 2 2 ' (R) B ryees
s ! ot t 1 ot cong.
- B_@?*azz-’-q::—.a_ kA
T dx A T odz k o« o

_n —f) _ (h — 1) e = oo neisons to ey condstion
RAISO}\QKGUP()I;I?IWVIUNS ( Rm )cond. Weed bcgll
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reo NONETSETIRS law of cooling A

Cats 12-‘!]5_1-'2!323 /

Q)Cnn\' i ,I‘A ) ( T\ e Tf‘f " I 2

LY
. / / .
- ) ' = 7 38
(5)‘_..“\ = R“,”.‘ ( W Solid h
4y = l (C'C NNV
e s /'\. '

Convection resistance of the O

surface: Thermal resistance of the T TR 7

surface against heat convection. o glhodldd, il ]V AT

conv ]T:{

Schematic for convection resistance at a surface,
VWhen the convection heat transfer coefficient is very large (h — ==),
the convection resistance becomes zero and 7. =~ T.

not siow down the heat transfer process.
sh@fﬁl&u’s approached in practice at surfaces where boiling
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Thermal Resistance Network
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R _

convy, | h| “‘

L
Ruall = a

Reeet T R |1, Rr2 R h, A
7“‘: » Jv’s@'u“&'& —,’ —WAWW— ’é"a'uhi'o'\o'b"_— b Tv:

ISC/w CIwW

= a——-+

L |
— o — “C/W)
- el s REA%O:I gf&'}f)’gF INShTA‘IONSM th ( 67
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Tz;l = Tn ) Tl = Tz Tz = i

-
—

C="UmA ~ LA VA
T3-| e Tl Tl e Tw . Tz P T,ﬁ
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b)) - (seatinfs) | Thermal Resistance Network

& 152 %5ea)l A througzh the wall from txe wall

\

Ty Wall

N T,;.' - - T:o:
Q R!nl:zl

. Ty =T, T,—Ty T:i— T,

C="1nA ~ LKA = LA
Ty =T Ty=T T—=T.> e
B Rcon'r.l B Rwall - Rconv.l

T°°l - r.g,z Q. Rumv. 1 Tl me:l T: (um.'2 Thermal

Q — SETE = Rw-'" + e Ta.' L —ﬁ\." * .{. -V.A\..‘\,.-, . /‘. K3 l\f‘\‘/ 'A.f V'\A_.’. - — @ - LA \.f-, '," . J".'V \‘.'.\')‘ - " T‘: STt wrEY l’k
; v i R, R, - R -

= L Vi e T AAARAAA e AAAAAA e AAAAAAA oV, aeiricl

R v R.a VR, 1 v / VWY 2 analogy

1 an t%oth sides, and the electrical analogy.
v, | [ !

?Ioml - cony, | i R\\ all + lﬁlégﬁl .Gl_iOﬁ-‘P OmTﬂTI(Zjﬁ -+ Il:.“ (0(.’/\\1’) 69




.2+~ PROBLEM-SOLVING TECHNIQUE

SOLUTION
«1,/ T
P 2
st 2
WP =
&
=
PROBLEM
Boiiar A step-by-step approach can greatly
#I.ﬁi& G simplify problem solving.
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Numerical on

Single Layer or Plane Wall
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EXSmniE Mol Numerical on Single Layer or Plane Wall
EHAI”
o2z 12CgAsiIder a-‘3—m—high, 5-m-wide, and 0.3-m-thick wall whose thermal conductivity is & 0.9 W/m -°C (as

shown in Fig.). On a certain day, the temperatures of the inner and the outer surfaces of the wall are
measured to be 16°C and 2°C, respectively. Determine the rate of heat loss through the wall on that day.

Solution. The two surfaces of a wall are maintained at specified
temperatures. The rate of heat loss through the wall is to be
/ determined.
_ Assumptions

o 1. Heat transfer through the wall is steady since the surface
" ey im temperatures remain constant at the specified values.

2. Heat transfer is one dimensional since any significant temperature
gradients will exist in the direction

3. from the indoors to the outdoors.

4. Thermal conductivity is constant.

16°C &

Properties The thermal conductivity is given to be k 0.9 W/m - °C.

Analysis Noting that the heat transfer through the wall is by conduction
and the area of the wallis A 3 m 5 m 15 m,, the steady rate of heat
transfer through the wall can be determined from Equation.
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1‘1 (16 - 2)°C
03m W

Q - u - (0.9 W/m - “CX15 m?)

nmmmmmmammmmmw
mm«mm esistance concept from

where

L _ 0.3m
Rt = 24 = 09 Wim - "Cx(is m) _ D022V
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Extiiale No

Reg. Mo. - L-121384/2023

safesider a|0.8-m-high and 1.5-m-wide glass window with a thickness of 8 mm
and a thermal conductivity of k = 0.78 W/m - “C. Determine the steady rate of
heat transfer through this giass window and the temperature of its inner surface

for a day during which the room is maintained at 20°C while the temperature of
the outdoors Is —10°C. Take the heat transfer coefficlients on the inner and

outer surfaces of the window to be 5, = 10 W/m* - *C and h, = 40 W/m? - *°C,
which includes the effects of radiation.

SOLUTION

Properties The thermal conductivity is given to be k = 0.78 W/m - °C.
Analysis This problem involves conduction through the glass window and con-
vection at its surfaces, and can best be handled by making use of the thermal

resistance concept and drawing the thermal resistance network, as shown in
womem 12, Noting that the area of the window isA=0.8m x 1.5m = 1.2 m?,

1;&@ ividyal resistances are evaluated from their definitions to be

= o
| %,
=
ol
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h.: 10 W/im*.°C h:=40w1m?-'-‘('

Noting that all three resistances are In series, the total resistance Is

Rt = Ron 1 + Ropu + Ris 2 = 0.08333 + 0.00855 + 0.02083

< - [ =8 mm
= 0.1127°C/W [j

= 266 W
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mxgmf
Knowing the rate of heat transfer, the inner surface temperature of the window
glass can be determined from | - o

20°C

h‘ = 10 W/m’.°C
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HEAT CONDUCTION THROUGH A COMPOSITE WALL
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R HEAT CONDUCTION THROUGH A COMPOSITE WALL
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Consider the transmission of heat transfer through a composite wall
consisting of a number of slabs.

Let, 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,
1, (t>1) = Temperatures at the wall surfaces | and 4 respectively, and

l,, t, = Temperatures at the interfaces 2 and 3 respectively.
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aﬁlﬂ-ﬁmﬂﬂmo

L CORTRIGHT OFFIcE HEAT CONDUCTION THROUGH A COMPOSITE WALL

L,

—= Interfaces

Ripa=

k,.A o

o

Temperature
— profile
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+ COFVRIGHT OFFICE HEAT CONDUCTION THROUGH A COMPOSITE WALL
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As per Fourier Law

df
) = — kA —
B dx

Al -1)

Ly + !‘.!. + _L._C..
kA kB kC

() — 1)
Ly, Ly
Bl kil Rpid)
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k- Multilayer
Dste 1210412023 e e———————h () Plane

- N >
Wall ) Wall 2 wal lS
The thermal resistance
network for heat transfer
through a two-laver plane
wall subjected to
convection on both sides.
o Ty
) T: I, r £
Tx) @—ANAANN e AAAAANN e b AAANNNN @ AMANAN e Ty
L F
wall,l | = _&_'!i" RW.“. v St T‘r Rum\'. 2= Tl_'-
1~ » 'r"‘
> — b b ] >
Alnl;al == [\cum. | . A\\'.l".l s 5 R\\.nll. 2 - I\ccm\'.f_’
B e n L, + I
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Numerical on Thermal Resistance

Multi-layered Wall
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EXriiiale No.1
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Date 12/04/2023

rate of heat loss through the vertical walls of a boiler furnace of size 4 m by 3 m by 3 m high. The
walls are constructed from an inner fire brick wall 25 cm thick of thermal conductivity 0.4 W/mK, a layer of ceramic
blanket insulation of thermal conductivity 0.2 W/mK and 8 cm thick, and a steel protective layer of thermal
conductivity 55 W/mK and 2 mm thick. The inside temperature of the fire brick layer was measured at 600° C and
the temperature of the outside of the insulation 60° C. Also find the interface temperature of layers.

Solution.

Given:
Composite Wall a @ N
T, ro brick
I~4m b-3m h= 3mn ; q’ A = insulation
. > /‘ steol
Area of rectangular wall Ih = 4x3 = 12mm” 'h T.
- 2 : . a, [2en¢
Ii=25cm l Fire bmck 4 0 P 3 . -
K =04 Wnk _: ' “—’RS)K—N
- 'r. Yl f.,
Ly =0.002m ] Steel WR. ~ Rm—o't.
. > v,
Ly =54 Wik __J' —3Q
R wsulaton Fig. a Fig. b
A e
1 ml\ : y
@ ~ Find
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COPYRIpHT OFFICE 600 = 60 Example No.1

et e Ribw that = 0.0521 + 0.0000031 + 0.0333
_ (8T ) overan .
A Q=632096 W
Here To find temperature drop actoss the steed laver (T> - T)
{(ATYoverall= T, _T.
And IR g = Ra: + Rex + Ras Q=T2-T3
Ly _ 025 ks Rth3
Ry = ha_ 0A4x12 =0.05Z1KW
_ ly _ oon s
) = ;;—- uhu-ﬂ%ﬁh“ i Q R‘
3= 14.= “ Kam2
_ Ly 0p02 e
R = ko e ORIR = 6320.96> 0.0000031

00196 K .
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MENVY DELHI

ce Eex A Calculate the rate of heat flow per m* through a furnace wall consisting of 200
mm thick inner layer of chrome brick, a centre layer of kaolin brick 100 mm thick and an outer layer
of masonry brick 100 mm thick. The unit surface conductance at the inner surface is 74 W/m*°C and
the outer surface temperature is 70°C. The temperature of the gases inside the furnace is 1670°C.
What temperatures prevail at the inner and outer surfaces of the centre layer ?

Take : k, . = 125 Wim°C: kg, = 0.074 Wim°C: k = 0.555 W/im°C

n brick

masonry brick
Assume steady heat flow.

Solution. Thickness of chrome bricks, L, = 200 mm=0.2m
Thickness of kaolin bricks, L, = 100 mm=0.1m
Thickness of masonry bricks, L. = 100 mm =0.1m
Thermal conductivities : k, = 1.25 Wim°C,
ky = 0.074 Wim°C; k.= 0.555 Wim°C,
smeprm The unit surface conductance, = 74 Wim*C
St [ hot fui t(=1) = 1670°C
fu?f%?% ebiony, ';4 = 70°C
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lasonry bricks
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g K

I E
58

Chrome k

_

\
-

\

F

_ (1670 — 70)
l+0.2+ 0.1 g 0.1

4 125 0074 0555







The interior of a refrigerator having inside dimensions of 0.5 m x 0.5 m base area

eight—is to be maintained at 6°C., The walls of the refrigerator are constructed of two mild
sleel sheets 3mm 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 W/m?°C respectively, calculate :

(i) The rate at which heat must be removed from the interior to maintain the specified tempera-
ture in the kitchen at 25°C, and

(ii) The temperature on the outer surface of the metal sheet. Eywood

{arass
Solution. l

L, = Lo=3mm=0003m 1=35C e
Ly = S0mm=0.05m =z : .
| Z

K, =k,=46.5 Win"C, A @ ¢
l’, = 0046 W/m°C ' 7
fis o E 6Wlm"‘(:;h =14.5 Wm*C Z =

-t b Iy 4

— AN AN

> |e—i, » e

RM RQ-“ RQ(‘ L“ P Iom
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e teadzanen through which heat is coming into the refrigerator, Em’““gfw
Date 12/04/2023 A=05%x05%x24+05x%x1x4=25m?2
(i) The rate of removal of heat, 0 : 1=38°C é :
N\ g =20 C

Alty - 1,)
U Ly Ly L ]

0=

ka kg ke K
2.5(25 - 6)
! + O_(X?3 + -0.'9.5- + 9.“’3 +

= 382W (Am)

116 465 0046 465 145

e -
(if) The temperature at the outer surface of the metal sheet, 1 : i foa 7 - Yot
Q= hA(25-1) f ¢ ' !
B2 =116x25(25-1,)
\ 38.2 o e
e = =23.68°C (Ans.) (5

=25 - ———
11.6x25
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Complex Problems of Composite Walls

In order to solve more complex problems involving both series and paralle] thermal resistances,
the electrical analogy may be used. A typical problem and its analogous electric circuit are shown in
Fig.
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Mo -L- EI'Z. =X T*
Dete 1210472 Eiz‘ik Rowi=R;s+ Ry + R
ot
Ly L~
g, == s 58 =
, : k' J‘. R- k:.":
la 5 l
R‘ = k};“j R“.,“. - IIA_;

Two assumptions in solving complex

multidimensional heat transfer

problems by treating them as one-

dimensional using the thermal
resistance network are

(1) any plane wall normal to the x-axis is

isothermal (i.e., to assume the

temperature to vary in the x-direction

~Anly)

the x-direction onfy)
hey give the same resu'II&ISONIGROUPOFINSWmenL

.."_'n..r' ny plane paraliel to the x-axis is

R

B y + R

i diabstic (l.e., to assume heat transfer

R\R,
— o Ry + R

Insulatson

7/
A,
S RO 2 7 |
I, e (-“ : ® A
Vo . ky h, T
- Ll = L2 —teo— L.‘ -
P
) A .f " ‘l ‘F"I‘.l " -
) P TV LYV .
‘ 1A .
rl L ('..- AAA P AN N R‘ R\LQ.\‘ o
R,

Thermal resistance network for
combined series-parallel
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k
© ) 0= A foveran
R Ry,
WWW AMAM——
Rip Ry s |
M +— WA
‘ oy |
Ry o Rih-G
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Numerical On

Complex Problems of Composite Walls
(Parallel OR Series)
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e e TBMD Find the heat flow
S h the composite wall as / 5>,
shown in Fig. Assume one

dimensional flow.
k, =150 W/m°C,
ky =30 W/m°C,
k. =65 W/m°C, and
kp, =350 W/m°C
Solution.

Given ;
Thickness :
L, -3cm-003m'L =L.=Bem=008m;L,=5em=005m

o e bs 00Im*; Ay = 0.1 003 = 0.003m
.“,_ 0.1 x 0. 07 =(. w'im. AD =0.| §AQSJ)N:I &%B’J‘élr INSTITUTIONS 94



ETHICH’I’ ﬁ& ute’ .

Date 12/04/2023

The thermal resistances are given by,

L, 0.03 ! 0.08
= =002 = el =
B a= kyA, 150x00l1 o s kg Ag 30%0.003
L 0.08 Ly 0.05
> - = 0.176 = = 0.1
Ra-e= ke Ae 65 0.007 Fo-0= kpAp 50%001

The equivalent thensal resistance for (e parallel thermal resistance R, o ad R, . 1s given by
o

1 i | 1 |

(Rodg Ra-n Ryp_c 0839 0.176

(Ry)ey. ™

Now, the toti] thermal resistance is given by

508 = 0,147

At (RO 4R, = 0.0240.147 +0.1 % 0.267

_@W’o — 50 _ 12734 W (Ans.)

Ry Drosal 0.267 RAISONI GROUP OF INSTITUTIONS
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THERMAL CONTACT RESISTANCE

OR
Temperature Drop
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e THERMAL CONTACT RESISTANCE

Date 12/04/2023

- -
1\
Layer | Layer 2 Laver | Layer 2
Temperature
Interface ~d
NG
emperatoee
drop

Temperturne

disimbution \ :
Ii=75
Cay ddeal (perlect) thermal Constact O Actoal Comperfect ) thermal contact
Tegper’a‘t§ﬁre distribution and heat flow lines along two solid plates

pressed against each other for the case of perfect and imperfect contact, 97
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HI

I

: Temperature drop
1] I TR 1— _ atthe interface (4-B)
¢
)
e . Temperature
7Y Cutadds thadata bt drop at the interface (8-C)

RAISONI GROUP OF INSTITUTIONS

(Rm-BC )com v

(ty = 15)
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Numerical on

Thermal Contact Resistance or
Temperature Drop
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Example No.1

H:WEML A wall of a furnace is made up of inside layer of silica brick 120 mm thick covered
wiiF: 8Ua%er of magnesite brick 240 mm thick. The temperatures al 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 W/m°C and 5.8 W/m°C, calculate.

(f) The rate of heat loss per unit area of walls, and
(ti) The temperature drop at the interface. Silica bricks

— Magnesite bricks
Solution. |
S ° l | Interface
=725 C ,
Given: L,=120mm=0.12m; ' o=
I, = 240 mm = (.24 m; - E— . X
Temperature drop
kA = L. TWMm*C ky =58 W/m"C 3 RIS & _;t_the interface
The contact thermal resistance (R,)_ '
= 0.0035°C/W
drmooiE] crature at the inside surface of
g Y % :-Ei-_;- . a"' ;= ?lsnc :.‘ 1 loOC
hgas »cm%c outside surface of @ A ®
t o ‘brick wall, 1, = 110°C RAISONI GROUP OF INSTITUTlgN-S Lae W< Ly,—w| 101

=120 mm  «240 mumn



Examplie No.1
(i) The temperature drop at the interface, (¢, -1,) :

COPYRIGHT CFFICE

({7 °ITue rate of heat loss per unit area

Reg. Mot

As the same heat flows throogh each Bver of composite wall, therefore,
At At

= = Sihca becks
q 2 R”, th-A + (R‘* )"”" + R,b_n g = rl — IE' = 13' _ r‘" Magrcoic bricks
L, /lk, Lg kg l lv
= (!‘ -— ") Ol'. 725 | :.-.‘z:"(' \ ‘.-"°-- e —
L, Ik, +0.0035 + Ly Ik, 5§324.67 = . 12;11?7) ot
_ (725 - 110) - 2 o e
0.1271.7 + 0.0035 + 0.24/5.8 or. b =125 - 531447 x— = H9.14°C 3
' - l.-.' \
o (1, - 110) \
= e - s \ .
0.0706 + 0.0035 + 0.0414 Siilarly Lyl R
. i) . i, L B
= 5324.67 mez or =110 =5324.67 v _'" I ETTRECS ¥nn -Moon
¢ 3 S &

Hence, the temperature drop at the interface = 1, ~ 1,
OUP OF INSTIﬁJ'a&g'l4 = 3”'33 — l”loc IO!AM‘)

RAISON




MEW DELHI
‘ peie 12 :ﬁ'ﬁWﬁfjl The furnace wall consists 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 W/m?°C, and
the resistance to heat flow of the air gap is 0.16
K/W. If the thermal conductivities of the refrac-
tory brick, insulating fire brick, and plaster
are 1.6, 0.3 and 0.14 W/mK, respectively cal-
culate :

(i) Rate at which heat is lost per m? of the
wall surface;

S ture of the outside surface of

L(=1)
1090°C

= 120 mm

Jhe wall. RAISONI GROUP OF INSTITUTIONS

L —{k—L,

Air gap

; Insulating fire bricks

/4

= 120 mm = |

Refractory bricks

Plaster

t mm
103
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e e 20 Refractory bricks
— Air gap
[nsulating fire bricks
Plaster

/ / 4 |
L=t i
= 1090°C I e

RAISONI GROUP OF INSTITUTIONS 104
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Sedudiope zeezoz e REfT0C L OPY briCKS
' : Air gap
Thickness of refractory brick, L, =120mm=0.12m [nsulating fire bricks
Thickness of insulating fire brick, L, =120mm=0.12m l- Plaster

Thickness of plaster, L. =12mm=0.012m / V : l
Heat transfer coefficient from the outside wall surface to the air in the room, "(‘f"' | 5
= 1090°C| ,( 4

hd = 1RWim*C

Resistance of air gap to heat flow = 0.16 KW ’
Thermal conductivities | '
Refrectory bick, , =16 Win'C // /’
Insulating fire brick, k; = 0.3 Win°C 4 LN s
4 |

leef. tc = 0.|4Wlm°C, ! l,‘20°C
Temperatures : 1, = 1090°C;t =20°C g : I‘_L
1 E i E y :
PO = 120 mm =]20mm'ltmm

RAISONI GROUP OF INSTITUTIONS 105
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redtiticorya13a4/2022
12/04/2023

i ('g]“q)
5‘-+airgapresistanoe+ = B .

ky b Ko Wy

(1090 - 20)
0.12 012 0012 1
l

— + 0.16 + + -
6 03 014 18

1070

=[378.5 W or 3785 kW

: of it Toss per m? of surface area = 13785 kW (Ans.)

RAISONI GROUP OF INSTITUTIONS

Refractory bricks
Air gap
[nsulating fire bricks

Plaster
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N
redtiticorya13a4/2022
Date 12/04/2023

Lilk, 012/1.6 0075 M=t /
- - | a “ hd

,=1090-1378.5x0.075=9866°C  (Ans.) ~-109%°C /

)
7
| A | lt=20°C

air gap resistance 0.16

Also. Q=13785=

1,=986.6- 13785 x0.16=766.04°C (Ans.)
=t _ 76604 -1, _ 766.04 - 1,

Again‘ Q = 137805 =

Lglky  0.12/03 0.4

-._"r
1 h.-_;

oy .':.:':E o
L S04 13785X04=21464°C (Ans)

e R 10t OPY bricks
Air gap
l_ [nsulating fire bricks

Plaster




0 =13785=

Le Tke

0.012/0.14

0.0857

-.:,;,s;' I

f—

L

=12

RAISONI GROUP OF INSTITUTIONS

e R 10 OPY briCKS
Air gap
l— [nsulating fire bricks

Plaster

£, / kx

1 #=20°C

“ Ln 4‘t‘—_
u;’l =120mm =12 mm

108
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Overall Heat Transfer Coefficient
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R Overall Heat Transfer Coefficient

Reg. Mo. - L-121384/2023
Date 12/04/2023

4 - Megyt!  Wile dealing with the problems of fluid to fluid beat transfer across a metal doundary, itis usual
,/ wall 10 adoptan overall heat ransfer coefficeat ' which gives the hea transmisied per wnit area per unit
/ | lime per degree temperatire difference between the bulk fTuids on each sid of the mefal.

I
l
l l
' h | Let
0 l X l
, : d : L = Thickness of the mesal wall,
L a, / ' & = Thermal conduchivity of the wall material,
Hot | " cod e &
z;d ' L~ fuid film !, = Temperature of the surface-!,
, | , t, = Temperature of the surface-2,
: , / : i L, = Temperature of the hot fluid,
: l— _.{2 = Temperature of the cold fluid,

}"m = Heat transfer coefTicient from hot Muid o metal surface, and

W W h = Heat transter coefficient from metal surface 10 cold fluid.
%/h A - : ;
e b 4o T SUITiRES Af st stand for hot luid and cold fluid respegsively.

9
o




eCiiitns of heat flow through the fluid and the metal surface are given by

Reg. Mo. - L-121384/2023

E-'I]' 1'323 ” ‘.) ."(l) “, : :?l?l :

X iy I |
_Q,M(L H) v : :
l l

l

| |

~ I

I

. ' I

By rearranging (1), (if) and (i11), we éet i‘-’




UN\NUUL UX

IR R T ty 5 . .\lc‘tlal :
Ef& :42;04521021333# 253_ 1 + L + 1 | | -
tr— |
K by A kLA by A i
f
|

or,
Ay —ty)
I L I

hy & By

If U 1s the overall coefficient of heat transter, then

A (ty = ty)
E . L, |
S it o S
| hye &k hy
S mced from the above equation that if the individual coefficients differ greatly in

A only a change in the leasr will have any significant effect on the rate of heat transfér.

0=

Q=U-A (b =tg) =
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Overall Heat Transfer Coefficient

I ]
* ‘ V.'OAV.'#A\"V‘
F TR L,
e

AAAS
' 'v’\‘ VY

'\\'.'4

Rﬂ= L:-
- k:.4

A

1]

It is sometimes convenient to express heat transfer

h ¢ through a medium in an analogous manner to Newton’s

Wall 2

law of cooling as

0 = UA AT

where U is the overall
transfer coefficient.

(W)

heat

/ . \ A
o '.A\o c'A.u \ ""l

oTe,

ooy, 2% 32
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Numerical on

Overall Heat Transfer Coefficient
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F:D:“', EEMT ﬁ'ﬂeﬁ A furnace wall is made up of three layers of thicknesses 250 mm, 100 mm and 150
Savithahermial conductivities of 1.65, k and 9.2 W/m°C respectively. The inside is exposed to gases
at 1250°C with a convection coefficient of 25 W/m?°C and the inside surface is at 1100°C, the

outside surface is exposed to air at 25°C with convection coefficient of 12 W/m?*°C. Determine :
(i) The unknown thermal conductivity ‘k';
(ii) The overall heat transfer coefficient;

7= 1250°C

s..(:::.,.. All surface temperatures. // 4% %%

L, = 250 mm=0.25m; Gases
Ly = 100 mm = 0.1 m;

L. =150 mm=0.15m; "'f‘”““"“hc \/ . .
k .65W1m°(?°: | E %/%% \dr, =25

115
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Now, i

MR 0 3

=0.04+0.1515 +0.0355 40,0163+ 00833 20,3266 °C W | 2 8 & h=i2Win C
Ld I I I \ I ' L('
I.--—250 mm _ lol:m'; 150 mm
=306Wm'*C(Ans) h y | o
c R, \ B
0 e
o (Rb}cm.# RN Rbc (Rijaml
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One dimensional steady state heat
conduction equation for the
Cylinder
and
Sphere
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e =

ES

wmaom 5 10St from a hot-water pipe to

e outside in the radial direction,
G

u 3t transfer from a long
» one-dimensional.

AT CONDUCTION IN CYLINDERS AND

Heat transfer through the pipe
can be modeled as sieady
and one-dimensional.

The temperature of the pipe
depends on one direction only
(the radial r-direction) and can
be expressedas [ = T(r).

The temperature is
independent of the azimuthal
angle or the axial distance.

This situation is approximated
in practice in long cylindrical
pipes and spherical
containers.

RAISONI GROUP OF INSTITUTIONS
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MEW DELHI
Feg. No. -L-121334/2023 L

Date 12/04/2023 _~""
= : dT
/ Qcmld. cyl —KA cdr (W}
; .
' Fa Qccl- ol ¢vl P
, [ L
| F=r, =T,
\
' But, _ i
A =20l
' Sl W)
T Qeond = In{rir)) {
A long cylindrical pipe (or spherical T Rt
shell) with specified inner and outer Q ol = (W)
surface temperatures T, and T,. comd. oyl R..
= _ In(rsiry) In(Outer radins/Inner radius)
e % LA 27 > Length X Thermal conductivity

125
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NEW DELH; Multilayered Cylinders and Spheres
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Date 12/04/2023

l‘,lc'l.ol = l\,.‘-!'.| + I‘,-’_\L' + Rc\'..' + ,\’s't'. 5 ' I\.\NH\.:
- Y Intry /ey Iiird/ryy ey frs) |
The thermal resistance T ik T owbky . nlls  draAy

network for heat transfer
through a three-layered

P

. : T oy — Fen
composite cylinder <. L
subjected to convection R ona
on both sides.

e,

Ty 7~

/ - -
. .

/ ’_FJ/./’
i

T, f B T, T,
'\'AM'-‘VA‘.'.‘\#A‘-"‘ = '.‘n'A‘-‘.'v"-"‘v'.‘-’A ‘A'-""v'.'y'k‘-‘.‘-'A'-"‘ "‘v'\.’* v‘.‘.'A‘."'f » R r -
R\')l- 1 R\'}L > R\')l. 3 RL’I\H\. -
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e Single Spherical Layer
Reg. Mo, - L-121384/2023
Date 12/04/2023

A spherical shell
with specified
inner and outer
-7, surface
temperatures T,
and T..
Tl oy 7..‘

() —
= Vol sph »
. | I\‘~|'“

Outer radius — Inner radius
4 Outer radius) Inner radius i Thermal conductivity)

RAISONI GROUP OF INSTITUTIONS 127
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Numerical on

One dimensional steady state heat
conduction equation for the
Cylinder
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E Xar @l

Date 12/04/202

eam at T, 320°C flows in a cast iron pipe (k =80 W/m - °C) whose inner and outer

o

diameters are D= 5 cm and D.= 5.5 cm, respectively. The pipe is covered with 3 cm
thick glass wool insulation with k = 0.05 W/m - °C. Heat is lost to the surroundings at
T.= 5°C by natural convection and radiation, with a combined heat transfer coefficient
of h2 =18 W/mz2 - °C. Taking the heat transfer coefficient inside the pipe to be h: = 60
W/mz - °C, determine the rate of heat loss from the steam per unit length of the pipe.
Also determine the temperature drops across the pipe shell and the insulation.

SOLUTION A steam pipe covered with glass wool insulation is subjected to convection on its
surfaces. The rate of heat transfer per unit length and the temperature drops across the pipe and the
insulation are to be determined.

Assumptions

1. Heat transfer is steady since there is no indication of any change with time.

.. ansfer is one-dimensional since there is thermal symmetry about the centreline and no
#2E 1 in the axial direction.

l C@@Mqtlvmes are constant.

B :rmalcontact resistance at the interface is negligible.
RAISONI GROUP OF INSTITUTIONS
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MEWY DELHI

HE,%%E%&EE?IEF{EE thermal conductivities are given to be k=80 W/m - °C for cast iron and k= 0.05 W/m - °C for glass

wool insulation.
Analysis The thermal resistance network for this problem involves four resistances in series and is given in Fig.

.Taking L =1 m, the areas of the surfaces exposed to convection are determined to be

Ay = 2anl = 2w(0.025 m)(1 m) = 0.157 m? s
A; = 2mrl = 2w(0.0575 m)}1 m) = 0.361 m? -

Then the individual thermal resistances become

Insubatron

Ty
In(ry/rs) In(5.752.75) h' QT
i T, T, T
T, | oo o sine oo 1.3
R'. Rl Rl' Ra

RAISONI GROUP OF INSTITUTIONS 130



R = Ri + Ry + Ry + R, = 0.106 + 0.0002 + 2.35 + 0.154 = 261°C/W

QaToa-Tq:mO-S)"C

Pom  — 261°CIW —ZIW  (permpipeleagih)

The heat loss for a given pipe length can be determined by
multiplying the above quantity by the pipe length L.The
temperature drops across the pipe and the insulation are
determined from Eq.

Envsu bt ron

T"l
AT = OR e = (121 W)0,0002°C/ W) = 0.02°C h T
wiorE e = OR wasuice = (121 WH2.35°C/W) = 284°C . . i
LT ' 2 1
oam es between the inner and the outer surfaces T. o v o www o e v o 1.5
ffe .02°C, whereas the temperatures between the R; R, R, R,

outer surfaces of the insulatiqnglifferrbyr28 G TuTIONS 131
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CRITICAL RADIUS OF INSULATION
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Tever - |CRITICAL RADIUS OF INSULATION

Reg. Mo. - L-121384/2023
Date 12/04/2023

Definition. A material which retards the flow of heat with reasonable effectiveness is known as
‘Insulation’. Insulation serves the following two purposes :

(/) It prevents the heat flow from the system to the surroundings.
(éf) It prevents the heat flow from the surroundings to the system.

Applications :
The fields of application of insulations are :
(f) Boilers and steam pipes;
(&) Airconditioning systems;
(iif) Food preserving stores and refrigerators;

oln nsulating bricks (employed in various types of furnaces);
T : o
.,T,'i% TWB of liquid gases etc,

RAISONI GROUP OF INSTITUTIONS 133



e - |CRITICAL RADIUS OF INSULATION

2 iorssRecting thermal conductivity :
Some of the important factors which affect thermal conductivity (k) of the insulators (the value of

k should be always low to reduce the rate of heat flow) are as follows :

l. Temperature. For most of the insulating materials, the value of k increases with
increase in temperature,

2. Densiry, There is no mathematical relationship between & and p (density). The common
understanding that high density insulating materials will have higher values of & is not

always true.

3. Direction of heat flow, For most of the insulating matenials (except few like wood) the
effect of direction of heat Now on the values of & is negligible,

4. Moisture. It is always considered necessary to prevent ingress of moisture in the insu-
lating materials, during service. it is, however, difficult to find the effect of moisture on

the values of k of different insulating materials.

OF; ,,ru r. IEI wre, It has been [ound that the value of & decreases with decrease in pressure.

n Mbm. The value of k increases due to the phenomenon of

m in insulators. RAISONI GROUP OF INSTITUTIONS 134
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Date

Flexible Conductore——/

Jacket
Fitlor. SO asulation PVC Insulation
\ |
Frimary
Insulation \ \ -
N "

Conductor b ‘ R < %3
: - iF PVC Sheathed

PVC Insulated Cable
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Heg.J;.'.Ei’t.?%;;q.-mq:RITICAL RADIUS OF INSULATION

Date 12/04/2023

Adding more insulation to a wall or Insulation
to the attic always decreases heat
transfer since the heat transfer area
Is constant, and adding Insulation
always increases the thermal
resistance of the wall without
increasing the convection
resistance,

In & a cylindrical plpe or a spherical
shell, the additicnal insulation
Increases the conduction
resistance of the insulation layer
but decreases the convection An insulated cylindrical pipe exposed to
resistance of the surface because convection from the outer surface and
of the increase in the ocuter surface the thermal resistance network

area for convection. associated with it

i\l e heat transfer from the pipe ) T — T o T
o AY Increase or decrease, Q:R l+R1 = ' 2a
P Y on which effect ins cony Intralry) I

minates. 2wk I 2mr.L)
RAISONI GROUP OF INSTITUTIONS 136
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al radius of insulation

eq. o Lo 8 8 GHAT]
Cate 120403082 @ Cyi

COPYRIGHT CFFICE %

ndrical body:

I
F o i gy == {m) h
oo os hider /1
. , Q 4
The critical radius of insulation oy
for a spherical shell: -
2K
R T e e s
N PR ) T g h
g (—’m..x [ S, S S, S ]
The largest value of the critical .
radius we are likely to Do s :
encounter is : :
o Kess watsie  0.05 Wim - °C : |
Vet eax — hmm 5 \V/m: . O : :
i |
= D01l m= | ¢cm o ! ! -
e can Insulate hot-water or g, for = M0 3
am pipes freely without The variation of heat transfer
\ rate with the outer radius of the
ry o Line possLilly (of insulation r: \\?hen ry <f
re he heat transfer by < Rkl
| uiating the pipes. RAISONI GROUP OF INSTITUTIONS 137
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Numerical on

Critical Radius of Insulation
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[y Calculate the critical radius of insulation for asbestos [k = 0.172 W/m K]
s m”%'ﬁ%gzﬁa nipe and exposed to room air at 300 K with h = 2.8 W/m K. Calculate the heat loss

Date 12/04/2023

froma 475 K,060 mm diameter pipe when covered with the critical radius of insulation and without
insulation.

Solution.

Given :
k=0172Wm K. T, =475 K. T, = 300 K

hy=28 Wim?K; r= %Q = 30mm = 0.03m.
The critical radius of insulation,

= 172
a ;” o =0.06143m or 6143mm (Ans.)

RAISONI GROUP OF INSTITUTIONS
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QO (with insulation) =

2n(T, - T5)
In(r./n) a i
k hy 1.

Tl -
(475 - 300) X 11046Wm (Ans)

“ROBIGOD) T 4167+58H4
072 28x006143

B I 3 . R L 2 ;
- - - o - ~ o v . - 7“
. v . e o PV = apLm
y : < 'y “. A Y. co\-’. - ol L
\ 4 W " e
N : p BN - . 3 B
ne o W 4 . Al -h 45 -'n ‘.‘-' ‘! ..'."-\.l . B

10wy (003 (475-300)= 9236 Wim  (Ans)

Doyl

L Oy ) .
':. '.+ .:g @ ~
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SiiEa-diameter and S-me-long electric wire s tightly wrapped with a Z2-mm-
thick plastic cover whose thermal conductivity iIs k — 0.15 W/m - °C. Electrical
measurements indicate that a current of 10 A passes through the wire and there
IS a voitage drop of 8 V along the wire, IT the insulated wire Is exposed to a
medium at 7, = 30°C with a heat transfer coefficientof 1 - 12 W/m* - °C, de-
termine the temperature at the Interface of the wire and the plastic cover In
steady operation. Also determine whether doubling the thickness of the plastic
cover will Increase or decrease this interface temperature.

SOLUTION An electric wire Is tightly wrapped with a plastic cover. The Inter-
face temperature and the effect of doubling the thickness of the plastic cover
on the Interface temperature are 1o be determined

Assumptions 1 Heat transfer Is steady since there IS no Indication of any
change with time, 2 Heat transfer is one-dimensional since there is thermal
symmetry about the centerline and no variation in the axial direction. 3 Thermal

S Hegt transfer coefficient incorporates the radiation effects, if any.
thermal conductivity of plastic is given to be kK = 0.15

RAISONI GROUP OF INSTITUTIONS 141
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o REWREH alysis Heat is generated in the wire and its temperature rises as a result of
Date 1210472023 asistance heating. We assume heat Is generated uniformly throughout the wire

and is transferred to the surrounding medium in the radial direction. In steady
operation, the rate of heat transfer becomes equal to the heat generated within
the wire, which Is determined to be

The thermal resistance network for this problem involves a conduction resis-
tance for the plastic cover and a convection resistance for the outer surface in

series, as shown In Fig. 3-32. The values of these two resistances are deter-
mined to be

2= @l = 2500035 mS m) = 0110w
e S P —
., . 4, (12 W/m? - “C)0.110 mz) 0.76°C/W r |
- ‘ 0 ——o—o—apw—s T,
n(FERy Y - In(3.5/1.5) s o

Ykl 2(0.15 Wim - “CHBmY o e W ons



Reg. Mo - L-121384/2023
| pate jai34i2023

Rt = R + Ry = 0.76 + 0.18 = 0.94°C/W

Tl-Tp T;-T.+an

Q= - “ 30°C + (80 WYX0.94°C/ W) = 105°C

Nota that we did not invoive tha electrical wire directly in the thermal resistance
network, since the wire invoives heat generation.

To answer the second part of the question, we need 1o know the critical radius
“of insulation of the plastic cover. It is determined from Eq. 3-50 to be

= 00125 m = 12.5 mm

RAISONI GROUP OF INSTITfJTIONS
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THEORETICAL QUESTIONS

Define the following terms :

(/) Heat (i) Heat transfer {#f) Thermodynamics,
What is the difference between thermodynamics and heat transfer ?

Enumerate the basic laws which govern the heat transfer.

Narme and explain briefly the various modes of beat transfer.

What 1s conduction heat transfer 7 How does it differ from convective heat transfer 7
What is the significance of heat transfer 7

Enumerate some important areas which are covered under the discipline of heat transfer.
What is the difference between the 'natural” and ‘forced’ convection 7

What is "“Fourier's law of conduction’? State also the assumptions on which this law is based,

State some essential features of Fourier’s Jaw,
How is thermal conductivity of a material defined 7 What are its units ?
What i1s thermal resistance 7

13=(%%at is "Newton's law of cooling ?

RAISONI GROUP OF INSTITUTIONS
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RN ml, UNSOLVED EXAMPLES

ar surface of plane brick wall is at 40°C and the outer surface 18 at 20°C, Calculate the rate of

heat transfer per m? of surface area of the wall, which is 250 mun thick. The thermal conductivity of
the brick is 0.52 W/m"C. (Ans. 41.6 W/m?)

A planc wall (thcrmal conductivity = 10.2 W/m"C) of 100 mm thickness and arca 3m? has stcady
surface lemperature of 170°C and 100°C, Determine ;

(/) The rate of heat flow across the plane wall;
(#) The temperature gradient in the flow direction, [Ans. () 21.42 kKW, (i) = TO0FC/m]

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 valuc of convective heat transfer is 25 Wim? °C. [Ans. 2.25 kW]

A surface of arca 3m? and at 200°C exchanges heat with another surface at 3°C by radiation. If the
vilue of factor due o the geometric location and emissivily is 0,69, determine :

(/) The rate of heat transfer,
(i{) The value of thermal resistance, and
(iif) The equivalent convection coefficient. [Ans. () 48R5.6W, (ii) 0.0348 “C/W; (iil) 9.58 Wim? °C]

Tt El rface at 2(K)°C exposed to the surroundings at 60°C convects and radiates heat to the surroundings.

tion cocfficient and rediation factor arc 80W/m* “C and unity respectively. Lf the heat is
lm, e surface through a solid of conductivity 15W/m “C what is the temperature gradient
e surface ? RAISONI GROUP OF INSTITUTIONS {Ans. - 8894 “"C/m),
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Subject - Heat Transfer

Unit No.2

Heat Transfer in Extended surface, FINS
&

Conduction with internal heat generation
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Extended Surface Heat Transfer
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EXTENDED SURFACES / FINS
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Convection: Heat transfer between a solid surface and a moving fluid
1s governed by the Newton’s cooling law: q = hA(T,-T,). Theretore,
to increase the convective heat transfer, one can

v" Increase the temperature difference (T,-T ) between the surface and
the fluid.

v" Increase the convection coefficient h. This can be accomplished
by increasing the fluid flow over the surface since h is a function of
the flow velocity and the higher the velocity, the higher the h.
Fxample: a cooling fan.

] ;;._. E:I

A
#‘i’& ncfense ‘the contact surface area A. Example: a heat sink with
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The following assumptions are made for the analysis of heat flow through the fin :
Steady state heat conduction,
. No heat generation within the fin.
. Uniform heat transfer coefficient (h) over the entire surface of the fin.

l.
2
3
4. Homogeneous and isotropic fin material (%.e. thermal conductivity of material constant).
5. Negligible contact thermal resistance.

6. Heat conduction one-dimensional.

1

. Negligible radiation.
[=]

Y |
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=== | HEAT TRANSFER FROM FINNED SURFACES
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Newton's law of cooling. The rate of heat transfer

) = A (I, — T.
Coom BANE S <) from a surface to the surrounding medium

When 7, and 7, are fixed, two ways to
increase the rate of heat transfer are

« To increase the convection heat transfer
coefficient . This may require the
instaliation of a pump or fan, ar replacing
the existing one with a larger one, but this
approach may or may not be practical.
Besides. it may not be adequate.

« To increase the sunface area A. by
attaching to the surface exfended surfaces
callied fins made of highly conductive _
materials such as aluminum. FIGURE 17-35

Some mnnovative iin designs,

RAISONI GROUP OF INSTITUTIONS
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Presumed cooling fins on dinosaur

stcgosaurus.

|

it

=
|

e

|

The thin piate fins of a car

radiator greatiy increase the
rate of heat transfer to the air.




I:E'F'THICI-I'I' CEFICE

H ‘
Rate of heat Rate of heat Rate of heat
Re ua #1 Eﬁ'&z@ ||ation
- 202 ‘ ] ] + | convection from

Dtz 12004 cenduction imo | = | conducrion from the

the e¢lement it v clememt at v + Ax the clement

Volume Qoooa. Y — Qoou& N+ Ay i Qcmv
¢lement

Oroaw = Mp AT — T
(.)u-c-in A (..)s'-m&c
Ax

Ax - 0

‘,é crnd
dx

+hp(Tr —7,)=0

+ T — T,) =0

. dT
L’c‘vnl = "‘4 d‘.

| b d a7\ o
— = Ax ¥ L T — T, =0
= g3 D Differential . /ip
ik ne element of a fin at location x dxs T equation " T Al
g h of Ax, cross-sectional T
of A- and perimeter of p. r r e
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Penimeter, P=2(b+y)
Qo

—
I - - _L
k B
. i T
0 0 b :
x (n + dy Cross-sectional
b1 area, A_ = by
' '
Wall
Element
Let, { = Length of the N (perpendicalar o surface from which heat is to be remaved),
b = Width of the fin (paralle! to the surface from which hear 15 to he removed ),
y = Thickness of the fin,
P = Perimeter of the fin [=2(b + y)|.
A, = Ares of cross-section {=by),
@‘k I, = Temperalure sl the base of 1be (in, and
— 1, = Tempuraiwee of the ambientfsarrounding Muid,

RAISONI GROUP OF INSTITUTIONS

& = Thermal conductivity (conssant ), and

A = Hear transfer coefficient (convective).
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Case L. The fin is infinitely long and the temperature at the end of the fin is esentially that of the
ambient/surrounding fluid.

Case IL The end of the fin is insulated.
Case IIL The fin is of finite length and loses heat by convection.
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- JEVTEM O ral solution of the

o= 12043ifferentjial equation T, LF=

O(x) = C,e™ + Cre™™ L

” 0" }-. T
Boundary condition at fin base . e

e - — Specilied
00) =0, =T, — T, temperature
Lar) Specified temperature
1 Infinitely Long Fin (#) Negligible heat loss
= () Convection

(Tﬂﬂ tp T“’) () Convection and radiation
Boundary condition at fin tip Boundary conditions at the fin

LYy =RKIY—T. =081 — == base and the fin tip.

The vanation of temperature along the fin
(X)) — ¥, =T —T.,

—]-h = :,:;-;

— ‘.—nn — ¢.-|\ hp /KA

m = \/hplkA.

= '\ );/»A,-\, b =)

RAISONI GROUP OF INSTITUTIONS
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T, ST o I J ' I I
/--— T‘ ‘.} = Tz + ‘ T’. — Ta.)t' \ .I‘l' hae ’ 1 1 1

()huw - ()l'l-
Under steady conditions, heat
(. OO e _ transfer from the exposed surfaces

of the fin is equal to heat conduction
to the fin at the base.

A long circular fin of uniform
cross section and the variation

of temperature along it.
RAISONI GROUP OF INSTITUTIONS

’I_ - The rate of heat transfer from the fin could also

. be detemmined by considenng heat transfer from

| a differential volume element of the fin and

: integrating it over the entire surface ofthe fin:

' - »

E (’l'm = hl Iixy — rxl ‘,"\l'm 22z hti(x) dA fin
JAn JAg,

J

t

|

|

|

|



::rﬁﬁ-%ﬁ%g igible Heat Loss from the Fin Tip
aticfin tip, Qg 4, = 0)

Cate 1 2/0 4N 2661 =

Fins are not likely to be so long that their temperature approaches the
surrounding temperature at the tip. A more realistic assumption is for
heat transfer from the fin tip to be negligible since the surface area of
the fin tip is usually a negligible fraction of the total fin area.

Boundary condition at fin tip I T
b
o L
e =0 \6' =
dx |x=1 —~ !
T Specified

The vanation of temperature along the fin temperniture A
T(x) — 7T. cosh nl. — x) (1) Specilied temperaiure

X — S —. (/) Negligible heat loss

I,, — A - cosh mL () Convection

) () Convection and radiastion
Heat transfer from the entire fin

B dT
batsc tip —A'“\‘ (I

-== )

@@ﬁ% N hpKkA (T, — T,) tanh mL
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A.: the fin cross-sectional area

T, ({) . . P: the fin perimeter

X

_ . aq,
g, :—]046,% |:> Qerde =G T dx dx

A, 1s the cross-sectional area 1
aq,..,, =HdAs X1 —1,.), where dA 18 the surface area ot the elenent
Frergy Balance: g, =G, + o =4 +agj d+hdA(T—T,)

Q@E}@‘;;chth(T—Tw)chQ if'k, A are all constarts.
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‘Z;T— khi (T—T.)=0, Asccond-orckr, ordinary differential eguetion
Define anew vanable &x) =T(x)—1,,, sothat
d*0 hP
y —n?0=0, where n 1A (D —n?)6=0
(haractenistics equation with tworeal roats: +mé& -m
The general solution s of the form
dx)=CGe™ +Ge™
To evaluate the two constants C; and G,, we need to specity
two boundary conditions:
The first one 1s cbvious: the base temperature 1s known as T(0) =T,
“35Phe second condition will depend on the end condition of the tip
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For example: assume the tip 1s insulated and no heat transfer
dO/dx(x=L)=0

The temperature distribution is given by
T(x)—T, 6 cosh(l—x)
I,-I, ¢  cosht)

The fin heat transfer rate 1s given by

_4@@ (x 0)=hPkAtanhmnl=Mtanml
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Temperature (7,4, = T.)

In this case the temperature at the end of the fin (the fin tip) is
fixed at a specified temperature 7,;.

This case could be considered as a generalization of the case of
infinitely Long Fin where the fin tip temperature was fixed at 7.

Boundary condition af fin tip: L) =606, =T, — T,

Specified fin tip temperature:
Iix)y — T [({(T; — T_W(T, — T_)Hsmh nix + sinh ni(L—x)
Bao— e sinh ml

Specified fin tip temperatire.”
d

= —KkA,—

‘!-\. x—n

cosh mL [( T, Tl (T —T)]

= N hpkAAT, — T
/ e sinh mL
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o Tegvection from Fin Tip

Date 12/

The fin tips, in practice, are exposed to the surroundings, and thus the proper
boundary condition for the fin tip is convection that may also include the effects
of radiation. Consider the case of convection only at the tip. The condition

at the fin tip can be obtained from an energy balance at the fin tip.

‘Qu‘mi - Qu‘-o\')

o : drT
Boundary condition al fin fip: — KA ¢ 7 = hA_IT(L) — T.]
o =L
i _ . ) —T cosh . — v) + (IWmk) sinh mi(l. — x)
Comvection from fin tip: — : =
S (B cosh el + (I/m&)y sinh mi/

Comvection from fin tip:

Q convectiva _&4: ‘_/1
dx |, —p
VT - sinhml, + (MWmk) coshml
A — : ’ | — L -
@ v BE— - cosh mL + (iimk) sinh mi
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mea o N IFERTCAl way of accounting for the
from the fin tip is to replace
the fin length L in the relation for the
inswlated tip case by a corrected
length defined as

A,

1‘ = [ -+ L
l‘.', rc\.l.u\'t:ul‘u‘ n - 1' * 2
1P
1¢' vyhimdeweal hin . 1' . 4

t the thickness of the rectangular fins
D the diameter of the cylindrical fins

RAISONI GROUP OF INSTITUTIONS

l Convection

(et) Actual in with
convechon at the tip

('.)fltl I' - .

Insulatedd

(H) Equivalent Iin with insulated tip

Corrected fin length L_ is defined such
that heat transfer from a fin of length L.
with insulated tip is equal to heat transfer
from the actual fin of length L with
convection at the fin tip.
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Temperature distribution for fins of
different configurations

Case | Tip Condition Temp. Distribution Fin heat transfer
A Convection heat _ i _ i
o coshi(L x)+(%@s@n(L X) y Q)smML+(%1]QC?SML
hO(L)=-k(d0/dx )yt CosanJr(%ﬁgsmImL coslmL+(%,d<)smhnL
B Adiabatic cosh(L—x) M@, tanhnl
(d6/dx)x1=0 cosimL
C Given temperature: @ . . ; . _HL
an ( @)smh?{L. ) +sinhr(L—x) va (coslfnL @)
sinhnL sinhmL
D Infinitely long fin e M @
0(L)=0
o=T-T, nt="

kA

4=a0=1,-T,, M=/hPkA

@R
A
—
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Ty

IQ)Iin. neax o h" n { 7}'

"15_8 "W X '

(er) Surface wiuthout fins

SN

{21 Idecal

1) Surltace with a fin

Ar"lz?-_xu-xL+ts'xr
=2 xwxil

(f) Actual

FIGURE

3 FIGURE
3in% Ideal and actual temperature

we heat transter from fictribul it <
T g S TSN S ) distribution along a (in.
face by enhancing surface aregy;son GROUP OF INSTITUTIONS &t
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Lo E — WA (T, — T, Zerothermal resistance or infinite
S hn. fin L5 “' thermal conductivity (T, = T,)
= Oun  Actual heat transfer rate from the fin
Hin T — Ideal heat transfer rate from the fin

tf the entire Iin were at base temperature

-

(s)lm - 77("' Q')lm. RINA - 77|m h‘ lm (T T )

__Ouw _ VIpkA (T, —T.) _ 1 [kA, _ |
7)|t'ﬂ}~' in L) F—— I’.“\“" ( 'l". — ’l-):) 1 \ ,ll’ mil
—-— Q lin S \/f/’l’kAr (T, — T..) tanh aL _ tanh mL
; lm mnax . hA“" ( T” — 1) N mL.
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=
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(.9 A =L a3 v=(023 (| —x/L}

/A\
0s _,;_'___-- ./,-- L.-=L
gu— IT ‘:*,/"' = A,,= Lc".z

& = P p=t
= 07 AT . — _/_1 2
e —J’
3 L =L+t X e
é = | s > RS
2 8 Ap =Lt 1= = ‘l_
:-"; y f/‘/] - ' _\\-‘r—-’/ o
E 05 |— | . — i -
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04 |— = {A

| -.J"._L/-- ol
03 |- &
. 06 08 5 fak var 0 % 54 93 38 9% 3
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D 02 02 06 08 1 12 14 16 I8
\ &= LI RAL)Y?
ie%f@f annular fins of constant thickness t.
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m= g
Lo=L + U2
Ay = 2ZWL,

- Stralght triangular fins
{ ) == N 2kt
Agrn = 2WV L + (1127

' Straight parabolic fins

Lm o= \J 2Nkt
Agn = wL{C, + (LININL/L + C;))

Gy = V1 % (WULF

Circutar fins of rectangular peotife

m = \v 2Nkt

tanhmi_
s ™ MLQ

1 hizml)
e ="l tAZmb)

2
1+ ViZgmir + 1

ne =

S K (e M (mra ) = Il )K (e )
e = e Ky () + Kohmirs My (it

tanhmi,
mic
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!ﬁﬂ?%n langular prafile
12138412023 _ 2 bi2mL) |
2023 % L f(2mL) T
\ L=+ w2 QJJ
Fin Mas of parabolic profile
-\ ANRD ~ el
A L e - e AN2DCIL + Ctl N T
. - — M Z20CY 1) ! 2mLi3y -
ad ] aeaddi ) - . ol
Cy= 1+ 240D¥ -}
c." vVie ‘D‘.)‘. f

Pin s of parabolic profile
(blunt tip)

Mo N

-

3 '_'E__.-' El

3 Jamir3)

Anmp Tre

‘;::‘{ 160800 + 1P ;} e "T
Fins with triangular and parabolic profiles contain less material

and are more efficient than the ones with rectangular profiles,
The fin efficiency decreases with increasing fin length. Why?
How to choose fin length? Increasing the length of the fin
heyond a certain value cannot be justified unless the added
yenefits outweigh the added cost.

s mnnot be justified economically.

he efficlency of most fins used In practice Is above 90 percent.

RAISONI GROUP OF INSTITUTIONS

=in e that cause the fin efficiency to drop below 60 percent

s d NI 0= =
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T,
‘ / Total

heat loss: g=Mtanh(mL) for an

T, adiabatic fin, or g=Mtanh(mL) if there 1s

\

‘ N convective heat transfer at the tip

mnpfg . and M= iPRACE, = JIRAC(T, ~T,)
Use the thermmal resistance concept:

qr =+ hPKA tanh(rml (T, —

(7,~1.)

1.)= R,

where R 1s the thermml resistance of the fin.

For a fin with an adiabatic t

n, the fin resistance can be expressed as

IR _(L,-1) _ 1

g JhPKA[tach(mD)]
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How effective a fin can enhance heat transfer 1s characterized by the
fin effectiveness ¢, Ratio of fin heat transfer and the heat transfer
without the fin. For an adiabatic fin:

9 _ g _JhPKA taﬂh(WL)
i v =g D

If the fin is long enough, nd >2, tanh(nL) —l,
it can be considered an infinite fin

kP k[ P
E —> = |7| =
i
In order to enhance heat transfer, &, >1.
o Hovever, & 22 will be considered justifiable

~If £,<1 then we have an insulator instead of a heat fin
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Fin Effectiveness (contd...)

kP |k[ P
& —> = |=| =
P A \/hEch

* To increase g, the fin’s material should have higher thermal conductivity,
k.

|t seems to be counterintuitive that the lower convection coefficient, h, the
higher ¢, But it 1s not because if h 1s very high, it 1s not necessary to

enhance heat transfer by adding heat fins. Therefore, heat fins are more
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(contd...)

* P/AC should be as high as possible. Use a square fin with a dimension of W by W
as an example: P=4W, AC=W2, P/AC=(4/W). The smaller W, the higher the P/AC,

and the higher &f.

e Conclusion: It is preferred to use thin and closely spaced (to increase the total

number) fins.
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Fin Effectiveness (contd...)

The eftectiveness of a fin can also be characterized as

¢4 _ ¢ _(AQ,-T)R; R,

qg MN(1,-T,) (1,-1L)/R, K;

It 1s aratio of the thermmal resistance due to convection to

the thermml resistance of a fin. In order to enhance heat transfer,
the fin's resistance should be lower than that of the resistance
due only to convection.

&
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where g, represents an idealized situation such that the finis made up
of material with infinite thermal conductivity. Therefore, the fin should
be at the same tenperature as the termperature of the base.

Grrx :%(E _I:o)
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Fin Efficiency
(contd...)

For infinite k
T(x)=T,, the heat transfer
1S maximum

T(x)<T, for heat transfer
to take place

T .
b X X
Total fin heat transfer q; Ideal heat transfer q,,,
@ﬂ# Y Real situation Ideal situation

RAISONI GROUP OF INSTITUTIONS 177



SGFVRIGHT OFFIGE Fin Efficiency (cont.)
NEW DELH

Reg. Mo. - L-121384/2023

Date 12/04/2023

Use an adiabatic rectangular fin as an example:

7 = qf Mtanhmil. _ JhPKA. (T, —T.,) tanhmil
4 PA (T, —T..) hPL(T, —T.)
tanth tanhi_

/WL il
"[heﬁnheattlamfer qr =1 G =1PA (1, —T)

.,—T. _T,—T, 1
U kA~ R, R T,

"Thermml resistance for a single fin.
1

As corrpared to convective heat transfer: K, :E
. gg dertohave a lower resistance as that 1s required to

heat transter: R, >R , ar A, <13, A,
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o T X Heat transfer rate from Fin
Date 12042022 @ Ous the fin of base area A, Effectiveness
> _— ——— - —_— -
fn

(j.l_.,,,, WA, (T, — T.) Heat transfer rate from
the surface of area A,

-~ (.jl'm — Ql'm S 7'1][|_{'A(1!3(7}° : 7.’" = ‘_Al'm
T e hAT — T hA (T, —T.) — Ag en
The
. _. —_— o
_ O _ VIhpkA (T, —T.) _ | kp 75 effectiveness
Clong in (;) “M"" =3 A, (T — T ) == \ hA, d of a fin

« The thermal conductivity k of the fin
should be as high as possible. Use
aluminum, copper, iron.

= The ratio of the penmeter to the cross-

sectional area of the fin p/A_ should be
high as possible. Use slender pin fins.

w convection heaf transfer coefficient

2 po [=]
LT

'E't.t.“,__ﬁg- p@§ on gas (air) side. Qg

I
=l
e

& ﬁn = )
RAISONI GROUP OF INSTITUTIONS ( no fin
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leal. fin = Qunﬁn 2 > Qfm
= hA (T, — 7))+ g 1A (T, — TL)

unfin

= h(Aunﬁn + nﬁnAﬁn M Tb = TI)

Overall effectiveness for a finned surface

(-) el i
(g‘)(

,'('.‘nuﬁu ind 7)““'-‘“”
/I‘.\m- LT { I; = -1." )

hn. overall -

oRul, na iy

The overall fin effectiveness depends
on the fin density (numper of fins per
unit length) as well as the
effectiveness of the individual fins.

22E yverall effectiveness is a better
HReY U \the performance of a
d ce than the effectiveness

*S | individual fins.

RAISONI GROUP OF INSTITUTIONS

Koo — 73)

- wx H

A afin = W X H - 3 x (I xw)
— . P .
.—\rm_._xLxu I >xwn

= 2 x I >xwi{one fin)
Various surface areas associated

with a rectangular surface with
43
three fins.
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LengthofaFin o \ hpkA, (T, — T..) tanh mi

= tanh mL

i) Qbmg l A, .h[’kf‘. Gl — T__‘)

The varniation of heat transfer from
a fin relative to that from an
mfmitely long fin

|
! ( A
: ! ' mi &"— = tanh mL
: ‘ : : aknqg fon
| : : : 0.1 0.100
| | 'y 0.2 0.197
ob : : + - 0.5 0.462
High 1 Low | No ! . 1.0 0.762
heat : heat : heat : 1.5 0.905%
transfer | transfer | transfer | 2.0 0.964
| | |
: | , 2.5 0.987
L § y 3 y 1 3.0 0.995
= 4.0 0.999
‘ ’t ‘ 5.0 1.000
Y Y , -
mL =5 — an infinitely long fin
, Se of the gradual temperature drop mL = 1 offer a good compromise
th% region near the fin tip makes between heat transfer
" no contribution to heat transfer. performance and the fin size.
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l-::-‘:ll'l'll'l'l-ﬂl'l ARDMOXKIMATIN UWS2d In the analvsis o1 TIins 15 o assUme tha Tin
tamperatlra 0 vary [0 Jane directan andy (alarg e Tin endth] and tha
tampearaturs vanatan along othes dirgcticns 15 negigibie,

Perbaps yau are wondering if this cne-dimensions! apgroximaton = 3
rezsonabla ons

This = cartanly tha cass far fine made of thin meial shests =uch as tha fins

a0 @ car radialo:, DUl Wie Woukint Be S sure 1ar fins macse of Thack
Mmalarizls.

Siklies have shawn that e ermor Invahad I ang-dimensional Tin anakais
iz neqlicible {le2g ihan about 1 percent) wnen

winera o is the characteristic thickneas aof the fn, which 1= taken to

be the platz thickneaa ¢ for rectangular fins and 1he daametar O far
cyiindrical cnes

RAISONI GROUP OF INSTITUTIONS
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Combmed natrdl Cormechaon and radiaton thermal resistance of vanous
Mheat winks used in the cooling of electrcoec devices Detween 1he heat uink and

COPYRIGHT OFFICE )
Hegfuﬁ?j%&gjnks: Specially
=tz 12040885 IgQNEad finned surfaces

which are commonly used in
the cooling of electronic
equipment, and involve one-
of-a-kind complex
geometries.

The heat transfer
performance of heat sinks is
usually expressed in terms of
their thermal resistances R.

A small value of thermal
resistance indicates a small
temperature drop across the
heat sink, and thus a high fin
efficiency.

Fo— T
R

Gl

o ,""‘ﬁu Tiin ' 7." -

-

)

the sumoundings. A% fire are made of aluminum S063T.5, are bdack anodired,

and are J& mim 13 i) kxng

%

R = D.9CW (vertac )
& = 1.7°C)W (horirontat)

Dimensxcons: 76 mm x 105 mm x 44 mm
Sutace wad 677 ¢m?

ME 807y

\

R - 50w

Dimensaonss: 76 mum x 38 mm = 24 mm
Swiace area 387 o

R = ]1.48°C)W (varticat)
N = 1.8BC)WN (borizontal)

DNmensaoos: 76 mm < 92 mm X 26 mm
Swisce wes 963 on”

R =~ 1.8C/W {vertical)
H o= 2. 170N (horipontal)

Dimenswors: 76 mm x 127 mm x 91 mm
Swioce area: 677 cmy?

RAISONI GROUP OF INSTITUTIONS

N o= 1.1°C)W (verticad)
N o= §.3°C)W (horizontal)

Dimenssoos: 76 mm = 102 mm x 25 mm
Swrtace e 979 on-



“hawmhie Aluminium fins of rectangular profile are attached on a plane wall with 5 mm

szirgeghe fins have thickness y = 1 mm, length | = 10 mm, and the thermal conductivity, k = 200

W/m 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.

Solution. Given : = | mm=000I m,/=10mm=00Im,y= 1 mm=0.001 m:
k=200 W/mK; ¢ =200°C, 1, =40°C; h =50 W/m- K.

Plene wadd
Heat loss, O ¢ \
Q % 1/ Fin
=~ ] ',
wmx0c ‘/A.rl
}I P

v assuming b>> y

QX . _ 2936 G

200 x 0.001 . —— 184

For anit width of the fin, (b= 1 m) RAISONI GROUP OF INSTITUTIONS




Q = JPhkAC.c (‘0 = ’a) tanh (Ml) qarow sl 'A—_Slm

—— -

= (2% 1)x 50 200 x (1x 0.001) X (200 - 40)  tanh (22.36 X 0.01)

= tanh (0.2236) = 157.38 W/m (Ans.)

RAISONI GROUP OF INSTITUTIONS



of the matenal is 205 W/m°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.
t,=300°C

t.=300°C
b=18mm=0.018m L>

r Handle {' 490C

y=5mm=0.005m [e—— 380 mm >

[=380mm =038 m
k=205 W/m°C

RAISONI GROUP OF INSTITUTIONS
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b4
Reg. Vo - L12122412022 - =3mC . :
o~ $0ue
t transfer coefficient, k : [Fre- | , 4.
Assumming the fin to be long one, we have ‘ ! i § mm
e PR A k_,gm:.{_f_

(* x=380 mm = (.38 m)
hP
k A -
h x [0.018 + 0.005) x 2]
205 x (0.018 x 0.005)

or,

8.673 ra 75.22 x 205 x (0.018 x 0.005)
(0.018 + 0.005) x 2

RAISONI GRqUP OF INSTITUTIONS

= 75.22

or,

= 75.22

= 30.17 W/m*°C (Ans.)



e il & A very long 25 mm diameter copper rod (k = 380 W/m°C) extends horizontally
from @u@«[@ﬁé%’i& ated wall at 120°C. The temperature of the surrounding air is 25°C and the convective
heat transfer coefficient is 9.0W/m*°C.

(i) Determine the heat loss;

(ii) How long the rod be in order to be considered infinite?

Solution. 4= 25 mm = 0.025 m; k = 380 W/m°C; 1, = 120°C; £, = 25°C; h = 9.0 W/m*C.

(f) Heat loss:
Heat dissipation from an infinitely long fin is given by
Qﬁﬂ = kAcsm ('0 - 'a)
| hxnd 4x90
E yox T \/_ \{zsoxoms !
dz @o' tyt p= "D A_= D4 for a evlindrical fin)

:-xoozs’xlmuzo 25) = MABW  (Ans) .

RAISONI GROUP OF INSTITUTIONS
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i) Lesigtiest the rod (to be considered infinite) :

Since there is no heat loss from the tip of an infinitely long rod and as such it behaves as if the tip
were insulated, therefore, an estimate of the validity of this approximation can be made by comparing
the following two expressions for the fin :

O, = kA  m (1, - 1)) ... infinitely long fin;
Quy = Ky m (1, — 1) tanh (mi) ... ftn with tip insulated.
Equivalent results are obtained if tanh (m/) = (0.99 or m! = 2.646.

Hence the rod can be considered infinite if

- 2.646 - 2.646
m 1.946

!

= 1.36m {(Ans.)

@ ~ (p= mD.A_= xD*4 for a cylindrical fin}

RAISONI GROUP OF INSTITUTIONS 189




COPYRIGHT CFFICE

wes. X aiirinle. Find out the amount of heat transferred through an iron fin of length 50 mm,

dth100-mm-and thickness 5 mm. Assume k = 210 kJ/mh°C and h = 42 kJ/m*h°C for the material
of the fin and the temperature at the base of the fin as 80°C. Also determine the temperature at tip of
the fin, if the atmosphere temperature is 20°C.

Solution. Given : /=50 mm =0.05m; 6= 100 mm = 0.1 m; y = S mm = 0.005 m;
k= 210 kJ/mh°C; h = 42 kJ/m*h°C; 1, = 80°C; 1, = 20°C.

Amount of heat transferred through the fin, Q : l /f,m "

# ¥ 2 I,
Perimeter, P=2(b+y)=2(0.1+0005=02lm  ,/ /
Area, A_ =bxy=0.1x0.005 = 0.0005 m* ",::;ii-'}

T

",.' * Y . ©
s, [P [aax0al ; /
e - {210 x 0.0005 p >
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ol-heat transferred through the fin, Q :

Reg. Mo. - L-121384/2023

"~ On, = JPhKA,, (1, - t,) tanh (ml)

= J0.21 x 42 x 210 x 0.0005

X (80 = 20) tanh (9.165 x 0.05)

=(0.9263 x 60 x 0.4286
=24.75 kJ/h (Ans.)

Temperature at the tip of the fin, 0, :

We know that,

6 t-t, coshim(/ - x))
b= 1, cosh (ml)

ohoawe . F-20 |
Rl "@@“/E E"- 20 cosh ml

| & c—————
cosh{9.165 x 0.05)

60 +20 = 7421°C (Ans)
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A carbon steel (k = 54 W/m°C) rod with a cross-section of an equilateral
side 5 mm) is 80 mm long. It is attached to a plane wall which is maintained at a
temperature of 400°C. The surrounding environment is at 50°C and unit surface conductance is
90 W/m*°C. Compute the heat dissipated by the rod.

Diate 1. 2/04/20

Solution. a=5mm = 0.005 m; /=80 mm = 0.08 m; r, = 400°C; ¢ = 50°C;
h =90 W/m*°C; k = 54 W/m°C.
Heat dissipated by the rod, Q :
The heat flow from the rod (considering tip of the fin to be inswlated) is given by
¥

Q =KkA m(t —1)tanh (ml) : ‘

¢ .‘; |

IR 4 ; j »

X

RAISONI GROUP OF INSTITUTIONS
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= janaasy = ='I-X0X[£0]=éaz

e, "2 \2) ¢ and,

LT

a 0.005

e PR b ..-:_ TR QL A2 %, ~ 5 -
’ X N -
e N T . -

[

Q=54x

-
2
-~
- [
1 N
-
a
'a -
-
-
z
s

Section at XX
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X (0.005)2] X 48.06 x {400 — 50) tanh(48.06 x 0.08) = 9.82W (Ans.)
Y
I
l
|
|
T
y




Pin fins are provided to increase the heat transfer rate from a hot surface.
Faflowing arrangement will give higher heat transfer rate ?
Date 12/04/2023

(i) 6 —fins of 10 cm length.

(i) 12— fins of 5 cm length.

Take k (fins material) = 200 W/m°C, h = 20 W/m*°C
Cross-sectional area of fin = 2 cm?

Perimeter of fin = 4 cm

Fin base temperature = 230°C

Surrounding air temperature = 30°C

ccr

Whick of-tae

Solution. Given : A_ =2 x 10 m? P=0.04 m, 1, = 230°C; 1, = 30°C; k = 200 W/m°C;
h =20 W/m?*C,

The heat flow through ‘A" number of fins is given by

where,
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n=6and/=10cm=0.Im
ml = 447x0.1 =0.447
Q, =6[200x2x10*x4.47 x (230 - 30) tanh (0.447)] = 89.99 W

(i) Casell. n=12and[=5em=0.05m m/=447x0.05=0.2235
; 0, = 12[200x2x 10 x4.47(230- 30) tanh (0.2235)) = 94.34 W
This shows that the rate of heat transfer is higher in second case, therefore, this arrangement

(Case II) is better.
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“oF iR 'fﬂel One end of a long rod, 35 mm in diameter, is inserted info a furnace with the
GHhervaad 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 to be 180°C and 145°C. The atmospheric air
temperature is 25°C. If the heat transfer coefficient is 65 W/m® °C, calculate the thermal conductivity
of the rod. = §
Solution. Diamcter of the rod, d =35 mm=0.035m e :
The atmospheric air temperature, = 25°C
Heat ransfer coefficient; h = 65 Wim*°C
The starting point x = {} 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 insulated.

For ingularad end. w-.*: have

At x = 1, this equation, reduces to

|
cosh ml

9 _
Bﬂ

6=145-25=120°C 8 =11 =180-25=155°C

RAI&ONI GROUP OF INSTITUTIONS
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E."'.I'I:IELHI ﬂ 4
- L-121384/2023 hP w -? T
Da‘ﬁ.lﬂaﬂﬂz —— e

cosh ml kA, {
- | hP _ 0.747
ﬂ: I - k.‘iﬁ - EZ
155 coshmi
- - ® b _md _0747° b 4 _0.558
coshml = 20 = 1.292 ! nd rz E  d 2
o 2
-
=0.747
of, . }
o _0.747 pm—_ G IXOXDE i uwm'e (A
o m=— 0.558d  0.558 % 0.035
' | [where, { = 180 mm = (.18 m (given)]
@,, hP

Mﬁ RAISONI GROUP OF INSTITUTIONS




Cﬂpzm,i'l ehlo A motor body is 360 mm in diameter (outside) and 240 mm long. lis surface
remgenstere should not exceed 55°C when dissipating 340 W. Longitudinal fins of 15 mm thickness
and 40 mm height are proposed. The convection coefficient is 40 W/m?°C. Determine the number of

fins required. Atmospheric temperature is 30°C. Thermal conductivity = 40 W/m°C,

Solution. Refer o Fig. 2,133, =40 mm = (L.04 m; b=240 mm = (L.24 m; y= 15 mm = (L1015 m;
k=40 Wim*C; h =40 Wim®*C, 1, = 55°C; ¢, = 30°C; @, = 340 W,

The given problem is a case of heat dissipation from a fin losing heat at the dp (short fin stiwalion).
The rate of heat transfer in such a case 18 given by i

— k=AW C
__Mll’.ll' \ 1
ﬂ: dy ¥ 3 A = v |5
anh )+ L 5
Qan =y PREA, (1= 1)l — - 4 \ Tee,
1 + — x tanh{m!) \ TR W
k—m = " ., ' -(':3\:;?;\:
- =
|‘ jo-—— et
‘ ) I <y e
@%M/E v ' \ - i) ‘n.’ C

/
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ThF _ [hib+ vix2 (40 x (0,24 + 0.015) = 2
‘ulmﬂ kibxy) N 40x(0.24 x 0.015)

=119

Hl =

and, mi=11.9%x0.04=0.476

Moo
sody
< L
Y  rh=sT &
IF! . Fis .‘.._‘;?S\‘:'(}
tanh {mf:l+ E ' \ : @.-.’\: 7
| ) F ";;.-'/ v
E_ITII i ‘IJIPJ& k "1'1'.': “ﬂ o I.r] P i ' f':;f;:/
1 4+ — » tanh{m!) . —
Km E \ /= Abmn

SR 2470015) x 21x 40 x 40 x (024 x 0015) (55 - 30)

RAISONI GROUP OF INSTITUTIONS
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tanh ((.476) + ——

s

| +
40x114

%119
¥ tanh{0.476)
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1 714x 25 x| 2443+ 0084 | o oW

1+ 0.084 % 0.443

Number of fi ired = ot
moer Of 1ns r 1T
u c ns require Qﬁn 21.77

= 16 fins (AI’ISJ
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., Hgxmp A fin 5 mm thick and 45 mm long has its base on a plane plate which is maintained

Date 12/04/2023

m ambient temperature is 25°C. The conductivity of fin material is SSW/m°C and the
heat transfer coefficient is 145 W/m*C. Determine :

(i) Temperature at the end of the fin, : Platc ~— Fin :
(k=55 Wm'C)

(11} Temperature al the middle of the fm, and ij
(iif) Heat dissipated by the fin (per metre width). ;1. h=145Wim C

’ T
fo y y= 5 mm
Solution. ;v [ = 45 mm ‘ >
4 1. =25C x =1
x=0
> x

RAISONI GROUP OF INSTITUTIONS
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(i) Leryprratirs ol the end of the fin, f :

Date 12/04/2023

Assuming heat loss by convection from the end of the fin, under this condition, temperature at the
end of the fin is eiven by

r p . r Plaw — [
cosh [mi{l = x)} + —|sinh{m({ = x}] ' (k=55 Win'C)
¥ _ r-1 _ kit / b
Ot 1y cosh (ml) 4 i[.-:inh-[rm'}] 4 h=145Wim v
| km limt / T
or, 0 4 = 5 mm
e
/)
o =431
=1, _ | / m —a :—r
- Py s.., > )
4 :

‘s =t coshiml) + L[slnh{mf]]
ki

L=0
|-—>x

— s2en Cabnlis £ — Ex E = Jldj 4 : = 32.47
22 Acrol kx (bx y) vy Y557 0005

RAISONI GROUP OF INSTITUTIONS (" 2y << 2B) 202
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Re¥ s e mil= 3247 x{.045 = 1.46]

Eai=t@ii/ 2023

t-25 1
! = 3
125 — 25 cosh (1.461) + s [smh{l 461)]
55x 324

Qr, .
n=25+0411125-25)=66"C (Ans.)

(ii) Temperature at the middle of the fin, 1, :

’ [sinh {m(f — x}}]

cosh [mi(f - x1} +

= .41

-::J.i:h[mﬁl'r i {Hinh[m'r]}
27 km 2

i
cash [ml} — H.‘;:a-uh{mnj : o= 1,

RAISONI GROUP OF INSTITUTIONS

i
I-:I :—?: I . ||;.|'|'E Illll-l_ r“

h
coshi{ml) + — | sinh {mi)
m[ ]
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cosh (7305) +

143

5 [ sinh {(.7305]}

Baiz idioarzozabl e — . 53X 32.47
125-25 | Couh(1460) + — > {sinh{1.46D)}
35 % 32.47
1.278% + (Lad7
= = ().5514
22711+ 01655

1, =25 +0.5514 (125 - 25) = 80.14°C (Ans.)

(il Total heat dissipated by the fin, (2 (per metre width)

pmes

—
0 on =  PREA, (1, = 1)

tanh (mf) +i
ko

| = i tanh (ml)
ki

=

[l ¥ % 3] xRk xibx y) (2, — 1) |

RAISONI GROUP OF INSTITUTIONS
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14

— [k el
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145
55x 3247

tanh(1.461) +

= J{l + 0.005) x 2 x 145 % 55 x (1 % 0.003) (125 - 25)

| + — 1‘%5 - % tanh (1.461)
55 % 3247 |

[

70.8978 + 0.0812"
= 8.9526 X 100 X = 816.9W .
Q fin 1+ 0.0729 (Ans.)
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Date 12/04/2023

Efficiency and effectiveness of fin

Efficiency of fin {ﬂﬁ"] -

The efficiency of a fin is defined as the ratio of the actual heat transferred by the fin 1o the
maximum heat transferable by fin, if entire fin area were at base temperature.

Effectiveness of [in (E nE

Effectiveness of fin iy the ratio of the fin heal trangfer rate 1o the heal transfer rate that would
EEsE it a fin.

RAISONI GROUP OF INSTITUTIONS 206



COPYRIGHT CFFICE
MENVY DELHI

S 1304 M AL 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, determine !

(i) The heat transferred, and
(it) The efficiency of the fin.

Solution. Length of the fin, /= 600 mm = (0.6 m
Diameter of the fin, d = 5 mm = (LOJ5 m

The [in base temperature, 1, = 130°C
Air stream temperature, = 20°C

Thermal conductivity of fin material, & = 380 W/
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"'-Ir.l-_l;lt:l.".ing the heand loss Trovm Dhe emd serfice, ihe i ; ,
i) Thee cy of the :
heat trnsfer from the fin is given by () The efficicncy of th ﬁ"’“ﬁ"

For a fin which 1s insulated at the tip 15 given by

(= .ll::f'I.L_Jr m(r —t ) tanh (ml) . anh ()
Ji ~
e ::{Iﬁ 49 % 1.6)
tarih (6,49 % (1.6 |
Eass FT 3 = — = (12366 or 23.66%  (Ans,)
e @.H o ul_' & qllﬁrffﬁ%l'ﬁ — 54D (6.49%0.6)
W&, 'llll T g2 kel RO s LD
- "1' Y

o i | :
0 = I8 » E w (LODSE | 3¢ 6.49 3 (150 — 207 tanh (6.49 % 0.6) = 6.20W
A

aoE] 3600 = 22644 Lhoor 22644 kI (Ans.)
)
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A steel md (k = 32 W/m"C). 12 mm in diameter and 60 mm long, with an
, 15 to be used as a spine. It 15 exposed to surroundings with a temperature of 60°C and
a heat transfer coefficient of 55 W/m*°C. The temperature at the base of fin is 95°C. Determine

(i) The fin efficiency;,
(ti) The temperature at the edge of the spine,

(tit) The heat dissipation.

Selution. Given : d=12mm =0.012 m; /=060 mm = 0.06 m; ¢ =060°C; (k=32 W/m"C};
h = 55 Wim*°C; t, = 95°C.

(7} The fin efficiency, Nt

0 :t:anh{mf}
B )

hP h % md "(4& 4 % 55
mse [— = = — = = 23,93
o xR K \32x0012

'tr

f*_‘“‘ @55 anh (23,93 x r:ruf;}

.= -=10.6218 or 62.18%
M= (23.93 % 0.06) (Ans.)
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§i) «Fhe 2emaperature at the edge of the spine, 1, : (iii) The heat dissipation, 0,

Bate 12/04/2023

Fi e J'—_r_;

casfimil x)
i J £, kb md

Qﬁﬂ = kﬂ::'; m (r.-;. - fﬂ} tanh (Fﬂf)

Al x = I the ahove equatkon reduoces 10

|-|: 5 o My M s []
H, [y I = 32w —x (O1I = 240 RIOS &0 Enl 29t = 0.06) = 2.TW
L Sl 4
B, -1 coshm!

(N ]

|r|| = 'EH} - ] - {I-i'i-'ﬁ.
05 =60  cosh(23.93 x 0.06)

L=80+ 0% Al x 045 = TATE'D {Anx)
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ze0. o -LrzrzzszdmStimation of Error in Temperature Measurement in a

Date 12/04/2023
Thermometer Well

For estimating error in the value of temperature measured by a thermometer dipped in a
thermometer well, the theory of extended surfaces 15 very helpful. A thermometer well 15 defined as a

small tube welded radially into a pipeline through which a fluid whose femperature is to be measured
L5 flowing.
Lat, I = Leogth of the wellitube,

W = Inleroid digoeies of 1Be wellfiube,

¢ = Thicknass of well/ibe,

fo = Temperatere of the fleid flowing fwrenpgh the pize (which s to be meesured;, and
r;__ = Temperatere of the plpe-wall.

When the temperature of the fluid flowing through the pipeline is higher than the ambient
temperatore, the heat flows from the fluid towards the tube walls along the well, Consequently the

temperature at the bottom of well becomes colder than the fluid flowing around, obviously the

ure shown by the thermometer will not be the true temperaturs of the fluid. This ercor may be
sy o by assuming the well 1o be 3 spine profmuding from the wall of 3 pipe in which flvid iz
2 It we assumed, for simplicity, that there is no flow ot heat trom the tip of the well {i.e.,
[ the well i5 frselorted), The temperalure distribution at any distance x meazured from pipe

' i 1 1
e the temperalire well 1s L h]"' RAISONI GROUP OF INSTITUTIONS
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oo Lae-deStimation of Error in Temperature Measurement in a
Date 12/04/2023
Thermometer Well

P Theerrnaler L. L7 7 :
Popcline T ; P!
TR T | B T . '
b F LI Beeee S |
2 —'—-> ’ e il —L» ¢
z ) | "‘: "Wﬁ - | Well / \ l
B i aF - . l temp, :
3 ] - —'—> i
= | F L~ | \!
- Y W.’,(a‘.: =1 L | v
l ft— o —] — Y |
T L L T T 4 |
Thrmomater wall Teenperabae varisiion in well,
.E_tt&;-fg X @ﬁw Lﬂﬁhlmﬂ B I}] Aty = [ we have =l =-=:-:|5-]:||J':ri!-.II—.!'.}]= L
T cosh (ml) L—iy cosh (] cosh (el
’ .|r RAISONI GROUP OF INSTITUTIONS
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e no LzmeimStimation of Error in Temperature Measurement in a
Date 12/04/2023
Thermometer Well

{where, = Temperature recorded by the thermometer a1 the bowem ot the well )

Mow, perimeter of the well, Fumuid+ld) = nd
and cross-rectional area, A =md ch
F ®el 1
A, ®dB &
(wp [n
Then, = 1||| FA 5 1|||IE
Thus, the temperature measured by the thermometer is nof affected by the diameter of the well,
From the Egn. it is obvious that in order to reduce the temperature measurement error, mf

should be large necessitating the following !
(i) Large valuc of A (heat transfer cocfficient).

T (z%ﬁﬁm thin well, the packet (protruding small tube) may be placed obliquely/inclined, if

s8¢ svide 4 longer insertion of thermomeler,
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A mercury thermometer placed in otl well is required o measure lemperature of
ir flowing in a pipe, The well is 140 mm long and 1s made of steel (k = 50 Win"C) of 1
mm thickness. The temperature recorded by the well is 100°C while pipe wall temperature is 50°C.
Heat transfer coefficient between the air and well wall is 30 W/m*°C. Estimate true temperature of

1mr. _ Given: = 140mm=0.14m, 0= 1 mm =0.001 m: r,= 100°C: [ = 50°C: h = 30 Wim#C:
sohtfien: - 50 Wim°C,
True temperature of air (fluid) L fi

L'/ Thernirnaler

% Upclne

The value of f is found from the relation,

-ty ] ) : %g 7, (aty =) |
1, =ty cosh{mi) g_—,—* | é ‘ Méf - gl —:—»
e 3——* 1 VB —*
B s e VO N

M 0.00] )

2455014 = 3.43
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SAlSHAMEEhe values, we have

100 - s | I
= = =(.0647
50-1; cosh(343) 154545
o, (100 - {f) = ().0647 (50 - tf]
o, 100 - f = 3,235 - 0.0647 [
0r, tf = 103-46{3(: (A“S-) _~ Theemometer

ATLTRTRRLNY
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» Unsteady state heat transfer,
> lumped heat capacity analysis,
» Heisler’s charts.

> Biot Number, Fourier’s Number & its significance.
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steady state heat transfer ?

Heat transfer is the transfer of thermal energy from a body, at a high temperature, to another at a
lower temperature. ... Conversely, under unsteady state conditions the temperature within the system
does vary with time. Unsteady state conditions are a precursor to steady state conditions.

Heat transfer is the transfer of thermal energy from a body, at a high temperature, to another at a
lower temperature. This transfer of thermal energy may occur under steady or unsteady state
conditions. Under Steady state conditions the temperature within the system does not change
with time. Conversely, under unsteady state conditions the temperature within the system does
vary with time.

Unsteady state conditions are a precursor to steady state conditions. No system exists initially under
steady state conditions. Some time must pass, after heat transfer is initiated, before the system reaches
steady state. During that period of transition the system is under unsteady state conditions.

Clearly, no system can remain under unsteady state conditions perpetually. The temperature of
stem will eventually reach the temperature of the heat source, and once this happens, the
. 1 will be at steady state. Even if the amount of heat being transferred into the system is
5e some point the system reaches its critical temperature and the energy transferred
the starts causing phase changes within the system rather than temperatures increases.
RAISONI GROUP OF INSTITUTIONS 217
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e Bractical Examples of Unsteady State Heat Transfer
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1. Heat treatment of metals

2. Starting and shutting down of any
Heat Transfer equipment like Lab Eqpt

3. Starting & shutting down of engines/motors
4. Starting & shutting down of Electric Furnace

5. Starting & shutting down of Electric heater
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Transient Heat

Conduction (Lumped
System Analysis)

RAISONI GROUP OF INSTITUTIONS
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tumped system approximation provides a great convenience in heat transfer analysis. ... Lumped
system analysis assumes a uniform temperature distribution throughout the body, which implies that
the conduction heat resistance is zero. Thus, the lumped system analysis is exact when Bi = 0.

What is lumped system?

A lumped-capacitance model, also called lumped system analysis, reduces a thermal system to a
number of discrete “lumps” and assumes that the temperature difference inside each lump is negligible.
This approximation is useful to simplify otherwise complex differential heat equations.

lumped system in heat transfer practical examples..

Temperature of such bodies can be taken to be a function of time only. Heat transfer analysis that utilizes
this idealization is known as LUMPED SYSTEM ANALYSIS. If a piece of meat when roasted you will see

that the outer parts of roast are well done while the centre part is barely warm.
OR

mm#ﬁ?ﬁ?mmmm#m#mﬁmmm%lﬁmmwmw
Bl WW%B@LUMPED SYSTEM ANALYSIS & &9 # ST Sitm @1 If& sqam gam ww
a2 &m%@ﬁ%aﬁ%aﬁ%ﬁﬁmm#%mm% Sty Fg @
a g 21
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What is lumped system analysis when is it applicable?
The temperature in this process is considered to be uniform at a given time. Such an analysis is
called Lumped parameter analysis because the whole solid, whose energy at any time is a function of its

temperature and total heat capacity is treated as one Ilump. We can apply
the lumped parameter analysis if Bi<1.

Transient Heat Conduction

In general, temperature of a body varies with time
as well as position.
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i ;“;_:.;ﬁl;;““’”“‘#iot Number, Fourier’s Number & its significance

Fourier Number indicates the degree of penetration of hotness or coldness into body. Biot Number is
a ratio of internal conduction resistance to external convective resistance. If biots number is small it
indicates that the whole body is at uniform temperature and lumped analysis can be applied.

-
.
-t

] .
L :

What is Fourier number in heat transfer? | '

In physics and engineering, the Fourier number (Fo) or Fourier modulus, 1 i =
named after Joseph Fourier, is a dimensionless number that characterizes L Coden
transient heat conduction. R,

Foucsks rarcher T Y
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Ty — T, . L/{k-A) o mmternal resistance o HT Fe T

e o= = . - = — L3: = Biol number
i R N L/(h - A) external resistance o H. 1 L =

CONSILANT Cross s¢ H H
int =— Mgt

Te Ty
/
T h F’_,,if Hint e H&:-;t
= = K I::Iin’c = HE.‘-{E

Hine << FHoxe: the Biot number 1s small and we can conclude
Trr — T'a << Ta — T and in the linat Ter =~ 1,

Reys << Hine: the Biot number s large and we can conclude

Xon — Xon o5 Ty — X and in the limn T, = T
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* In physics and engineering, the Fourier number (Fo) or Fourier modulus, named after Joseph Fourier, is a dimensionless number
that characterizes heat conduction. Conceptually, it is the ratio of diffusive/conductive transport rate by the quantity storage rate
and arises from non-dimensionalization of the heat equation. The general Fourier number is defined as:

Fo = Diffusive transport rate (o/L?)/storage rate (1/t)

* The thermal Fourier number is defined by the conduction rate to the rate of thermal energy storage:

* Compare with non-dimensionless time parame I
Fo — at/L~

o f

e
So Fo=1 g i d<g _ ae
X2~ Ir dxX2 JFo " g R

To understand the physical sianificance of the Fourier number t, we may express it as

Ihe rate at which heat is conducred
ol L (U AT across L ol a body of volume L7

e =l o - - -
-"-'""-F{ [=] 1° o Lt AT Ihe rate a1 which heal is stored

{2 ) . in a body of volume L7

e G . -

=_='s.".,,.;i:;-:'u-_ iin the rier fumber is a measure of heat conducted through a body relative to heat stored. Thus, a large value of the Fourier

~raiB3 - tes faster propagation of heat through a body. -
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m In heat transfer analysis, some bodies are observed to behave like a “lump” whose
interior temperature remains essentially uniform at all times during a heat transfer 70°C \
70°C  g08

rocess.

B *Pi“he temperature of such bodies can be taken to be a function of time only, T(t). '\

m Heat transfer analysis that utilizes this idealization 1s known as lumped system 0°C e
analysis, —

m  Consider a small hot copper ball coming out of an oven. Measurements indicate Copper ball

that the temperature of the copper ball changes with time, but it does not change
much with position at any given time.

m Now consider a large roast in an oven. You notice that the temperature distribution
within the roast is not even close to being uniform. You will see that the outer "=
of the roast are well done while the center part is barely warm. Thus, lumped [/~ =
system analysis 1s not applicable in this case. Sy

Wy Roast beef

RAISONI GROUP OF INSTITUTIONS 225



COPYRIGHT CFFICE
NEW DELH
Reg. No. - L-121384/2023
2023

d System Analysis

m Consider a body of arbitrary shape of mass m, volume V, surface

* area As, density p, and specific heat Cp initially at a uniform
temperature T; attime t = 0.

m The body is placed into a medium at temperature T,, and heat

* transfer takes place between the body and its environment, with a
heat transfer coefficient h. Assume that T >1._

m We assume lumped system analysis to be applicabl R A,
* temperature remains uniform within the body and e
only, T = T(t) SOLID BODY T.
’ L]
3 = . _D_r t (.'l = 1TSS

- ctransfer into the body § _ Thﬂ_mf:le.rhﬂ ' the att v =volume

¥ yvre: - ] = | energy of the body p= donsity

during Jr - - :

--:1I " l.:ll]l'iﬂg gt ne Ir. T, = tmiial temperasdure
= A 0 o
e Xp@%éd dS I I=Tit)
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b2 (T | — Y df = mc, dT

‘A:-
mo= pVand dT = (T — T_) since I, = consl SOTID BODY
ﬂr{r T - Tm} o h A 5 (ff '3::\‘3::1('

T — T, pVec, Rk

Integrating fromt =0, at whichT=T, to any timet, at which T =

) = ’ T pund Tl i)
T(t), gives

O =hA|T, — T(7)

1(ry — T, A
In T 7 v f
i oo PV P
Taking the exponential of both sides and rearranging, we obtain
TP —
| i i TT-'T o __._lll'."lll Wher'e _||I_:I - |'ri' \. ( ll,l'..,l]
; — 7. p e,
B 5o,
1“, >ro@3ﬁbvhas time unit (usually s), and is called the time constant
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=TACre are +wo observations:

1.Equation enables us to determine the temperature T(t)
of a body at time t, or alternatively, the time t required
for the temperature to reach a specified value T(t).

2.The temperature of a body approaches the ambient
temperature T, exponentially. The temperature of the
body changes rapidly at the beginning, but rather slowly
later on.

> The larger the value of the exponent b, the higher the

rate of deca?/ in ‘remper'a’rur'e
>A large value of b indicates that the body approaches

the

environment temperature in a short time.

»Note that b is proportional to the surface area and heat

transfer coefficient, but inversely proportional to the
= d the specific heat of the body.

b\\j
.
—_ ~
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.. L2fice"the temperature T(t) at time t is available, the rate of convection heat transfer

befween the body and its environment at that time can be determined from Newton's
law of cooling as

Q° (T)=h A [T(1) - T,] (W)

m The total amount of heat transfer between the body and the surrounding medium over
the time interval t = 0 to t is simply the change in the energy content of the body:

Q =mCp [T()-Ti] (kJ)

m The amount of heat transfer reaches its upper limit when the body reaches the

surrounding temperature T,. Therefore, the maximum heat transfer between the
body and its surroundings is:

Quax =M Cp (T.-T;)  (kJ)

We could also obtain this equation by substituting the T(+) relah?nm’ro the Q (t)
relation and integrating it fromt =0tot —»ew. =" v

— TR

O = Oy = e AT — T



CFRY

.Criteria for Lumped System Analysis

m The first step in establishing a criterion for Convection

the applicability of the lumped system analysis

is to define a characteristic length as: L = \ , i

V/As ' Conduction ‘ [
m and a Biot number B.as: B,= hL./k
m It canalso be expressed as SOLID

BODY
Lo >

o P ha ¥

hooAT Conveclion al Lhe surlace ol the body

Bi1 — . : ——
AL AT Clondaction withion the ooy
LK Crondocizon res1sbanee wilthin the bocdy
1 , . , , : :
| 42 Clomvaection resistance at the surtface of che aodsy

r BIOT number represents small resistance to heat conduction, and thus small
: q%duem‘s within the body. Thus, lumped system analysis is exact when B;= O
te when B> 0
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e LE T8 génerally accepted that lumped system I fi = 15 W/ 102=C
analysis is applicable if B;<0.1 -SP"I'::'C:-' \
. . . . . . L‘(‘ \ ‘c $ ".l

m  When this criterion is satisfied, the femperatures { ball \
within The bpdy reola’rive to the surroundings (i.e., T \ &=401 WimSC

- T..) remain within 5% of each other even for well- N Do /s
rounded geometries such as a spherical ball. \\_____,-,/

m Small bodies with high thermal conductivities and R
low convection coefficients are most likely to ro= 2 2T 15 _o02m
satisfy the criterion for lumped system analysis. Z 5

Ri — hl,. 15 <002 — O0.0D07S < 0.1
I = f\ - 1001 — R s . - é

The first step in the application of lumped system
analysis is the calculation of the Biot humber, and
the assessment of the applicability of this
approach.

One may still wish to use lumped system analysis even
when the criterion B;< 0.1 is not satisfied, if high
accuracy is not a major concern.




zsaasome Remarks on Heat Transfer in Lumped
Systems
mAnalogy between heat transfer to a solid I ———
and passenger traffic to an island. b N ‘.‘J':«?:;-\;-- == "‘-’é ="' IB”’*"
7. = 20°C —— \ ~ Bus -

-

e T g ) L — -:-- S
— T —— |§l...\N1)«EzaT'i'i—f'é

"-. S ) / =
= e ﬁEﬂa g

s A
- . S

——— e —AS = e
—— — —

When the convection coefficient his
high and k is low, large temperature
differences occur between the inner and
outer regions of a large solid.

I

)
!

1 = MOOOWim2.oC
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Graphical Solutions : Heisler Charts

The solutions obtained for 1D non homogeneous problems with Neumann boundary conditions in Cartesian coordinate
systems using the method of separation of variables have been collected and assembled in the form of transient
temperature nomographs by Heisler. The given charts are a very useful baseline against, which to validate one’s own
analytical or numerical computations.

* Indeed, the determination of the constants A, and 1, usually requires interpolation. For those who prefer reading charts
to interpolating, these relations are plotted and the one-term approximation solutions are presented in graphical form,
known as the transient temperature charts.

* The transient temperature charts shown in next slides for a large plane wall, long cylinder, and sphere were presented by
M. P. Heisler in 1947 and are called Heisler charts.

* There are three charts associated with each geometry: the first chart is to determine the temperature 7, at the center of
the geometry at a given time ¢. The second chart is to determine the temperature at other locations at the same time in
terms of 70. The third chart is to determine

the total amount of heat transfer up to the time ¢. These plots are valid for t > (.2.




ient temperature and heat transfer charts for a plane wall of thickness. 2L initially at a uniform
with a convection coefficient of h.

\
o

[
R

MEW DELHI . . . .
reg. Mo - L-1213342022 temperature T, subjected to convection from all sides to an environment at temperature T,
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perature and heat transfer charts for a long cylinder of radius r, initially at a uniform
with a convection coefficient of h.
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MEW DELHI . . . .
reg. Mo -L-1213342022 temperature T, subjected to convection from all sides to an environment at temperature T,
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SO TRIGHT OFFICE Transient temperature and heat transfer charts for a sphere of radius r, initially at a uniform
meg. Mo - L-1212242022t€Mperature T, subjected to convection from all sides to an environment at temperature T,

Dai= 12/04/2023 with a convection coefficient of h.
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Agatn-the-temperature of the body changes from the initial temperature T;to the temperature of the surroundings T, at the end of
the transient heat conduction process and the maximum amount of heat that a body can gain (or lose) is simply the change in the
energy content of the body:

o= | pc [Tix.0) — TJaV
« The amount of heat transfer Q at a finite time t |s

) = @\ e ) —_ . (k)

* Assuming constant propertles the ratlo of Q/Qmax becomes

Cj [ oc |Tix.?) T ]V 1|

| l — ’-f ll'o. ls".

= r— 2 /v
< pv (T, — TOHV I

L S

* Using the appropriate non-dimensional temperature relations based on the one term

approximation for the plane wall, cylinder, and sphere, and performing the indicated integrations, we obtain the following relations for
the fraction of heat transfer in those geometries:

atuﬁ relations based on the one-term approximation are also plotted in Heisler charts, against the variables Bi and
lane wall, long cylinder, and sphere, respectively. Note that once the fraction of heat transfer Q/Qmax has been
1ed from these charts or equations for the given t, the actual amount of heat transfer by that time can be evaluated by

ing this fraction by Qmax. RAISONI GROUP OF INSTITUTIONS 237
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Example L.117. An eleciric motor drives a centrifugal pump which circulates a hot liguid metal
at 480°C. The motor is coupled to the pump impeller by a horizontal steel shaft (k= 32 Wéim=C) 25 mm
in digmeter If the ambient afr iemperature 5 20°C, the temperature of the motor @5 limiled o a
meccimum value of 35°C and the heat transfer coefficient between the steel shaft and the ambient air

is 14.8 Wi =C. what length of shaft should be specifted between the motor and the pump?

Example 2.119. A fearing unit i5 made 1w the form of a verfical fube fitted with rectangular
seclion steel fing. The Tube height iy 1.2 m and ity puler diameler iy 00 mm. The fing are 3 mm n
height and their thickness is 3 mm. The fotal number of the fing used iy 20, The femperature al the
base of a fin i5 80°C and surrounding air temperature is 18°C. The heat transfer coefficient on the fin

wmzom | tube surface to the surrounding aiv is 9.3 Wim?"C. k (fin material) = 35.7 Win*C
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Unit No.3
Forced Convection
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Subject - Heat Transfer

HEAT TRANSFER BY CONVECTION
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FATFTHGENSFER  BY CONVECTION

MENY DELHI

g. Mo, -L- f
Dat= 12/04/2023

CONDUCTION

Mechanism of heat transfer through a solid or fluid 1n the
absence any fluid motion.

CONVECTION

Mechanism of heat transfer through a fluid 1in the presence of
bulk fluid motion

Natural (free) Convection
Forced Convection

| Efaending on how the fluid motion 1s 1nitiated)
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FAT TIGARGTER BY CONVECTION

:: D - -

We%‘fér?ﬁ%)neda garlier that there are three basic mechanisms of heat

transfer: conduction, convection, and radiation. Conduction and
convection are similar in that both mechanisms require the presence
of a material medium. But they are different in that convection requires
the presence of fluid motion. Heat transfer through a solid is always by
conduction, since the molecules of a solid remain at relatively fixed
positions. Heat transfer through a liquid or gas, however, can be by
conduction or convection, depending on the presence of any bulk fluid
motion. Heat transfer through a fluid is by convection in the presence
of bulk fluid motion and by conduction in the absence of it. Therefore,
conduction in a fluid can be viewed as the limiting case of convection,
corresponding to the case of quiescent fluid

Convection is the mechanism of heat transfer through a fluid in the
presence of bulk fluid motion. Convection is classified as natural (or
free) and forced convection depending on how the fluid motion is
initiated. In natural convection, any fluid motion is caused by natural

h as the buoyancy effect, i.e. the rise of warmer fluid and
_' "!_L:J:' er fluid. Whereas in forced convection, the fluid is forced to
iEtY sy %r in a tube by external means such as a pump or

AlR

C— 50°C
H%—’n l / ]

Warmer air

rising
AlIR $ 0 N =
Na -~ / ?\ X ‘\‘\"/
N .':: s / \\\ G
[ ]
(H) Free convection
No convection
Q currents

AIR

L J

(¢) Conduction

Heat vranster rom 2 Bt surfoce o the
svaundiog Tuid by coovession and
canducsinn,
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swzumz | CLASSIFICATION OF FLUID FLOWS

Viscous-inviscid External \ ater
Internal flow- External flow

Open-closed channel
Compressible-

Incompressible

Laminar- Turbulent
Natural- Forced

Stea dY' U nSteady Internal | \
One-,two-,three- flow
dimensional
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When two fluid layers move relative to each other, a friction force
IcIeveIops between them and the slower layer tries to slow down the faster
ayer.

internal resistance to flow
ecohesive forces between the molecules in liquid
emolecular collisions in gases.

Viscous flows: viscous effects are significant

Inviscid flow regions: viscous forces are negligibly small
compared to inertial or pressure forces.
measure of stickness or resistance to deformation

. 1. Kinematic viscosity
2. Dynamic viscosity

‘u\\j
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-z | VISCOSITY DEPENDS ON

e TEMPERATURE T s
e PRESSURE Air at 20°C and | atm: Yy
For liquids dependence of pressure is =183 x 107" kg/m - 5
negligible v=152% 10" ms
For gases kinematic viscosity depends
on pressure since Air at 20°C and 4 atm:
its relation to density (=183 x 105 kg/m « s
lLl Dynamic viscosity v =0380x 107> m+/s
(kg/m.s or poise) =~ S TN _/--/'
_ U ematio viscosty
,- V = V Kinematic viscosity, m?/s

or stroke
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S nvs
T AN o Convection heat transfer
G S0°C L
['8_: l £ - Dynamic viscosity
L |

- Thermal conductivity

(u) Forced convection

Warmer aur - DenSity
rising .
e oG K | - Specific heat
3 e = -//:/ g ,cl \ \ :\—\‘ \\_-"/
= — - Fluid velocity
() Free convection _ Geometry
. No convecton
s s - Roughness

AIR
[ l : - Type of fluid flow

RAISONI GROUP OF INSTITUTIONS 246



COPYRIGHT CFFICE
MENVY DELHI
Reg. Mo, - L-121384/2023

NEWTON’S LAW OF COOLING

(]
Qconv — hAS (TS o Too) (W)
h Convection heat transfer coefficient (WW/m2.0C)

The rate of heat transfer between a solid surface and a fluid per unit surface
area per unit temperature difference
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GENERAL THERMAL ANALYSIS

(.) Qconv — hAS (TS _Too)
Ti :- ‘ —: T('
) o ! | . copni ° °
i ("”I'u. - '» mC. 7T, Q=mC,(T,-T))
L |

Encrgy balance:
Q=mC(T,—T)

¢
Sl
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‘LAMINAR FLOW Smooth tramlines Highly-
Pye trace

ordered motion
(highly  viscous  fluids 1n small  pipes) T’ >

*TURBULENT FLOW Velocity fluctuations Highly-
disordered motion

f Dve injection

*TRANSITIONAL FLOW (e2) Laminar flow
Dye trace
o i
5 f-}'}‘.*),.’_) V' S
A A 3{—-- N -
=="F 70 ) “Tudbylent 2.0
Lamaner”, e .;.-.-r' -2 ) ~=2 ""
__?-:-.s-') ? ': ',‘l'_/ ,_'\ I | H
- r f Dye injection

. - —

\\T . (£) Turbulent flow
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gl A CT W E—
e ST (WA T b Turbulent
—» () ——»| | region
po— — {1 ) .
— > “ ~— e -
—» B - C >\ Bulfera
}_’ ' o - - s S ™ > uiler iayet
" > == Viscous
' P - - sublayer

Not to Scaie
Laminar »< Transition >« Turbulent
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REYNOLDS NUMBER

Flow Regime: Geometry

Surface roughness
Flow velocity

Surface temperature type
of fluid

3ROUP OF INSTITUTIONS

Ratio of the inertial forces to viscous
forces in the fluid

Re — v,D oL, D
v H
v, Mean flow velocity
D Characteristic length of the
geometry
V= U /,0 Kinematic viscosity
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e Critical Reynolds number (Re_,) for flow in
Definition of Reynolds number a round pipe

Re < 2300 = laminar
Re = Inertial forces 2300 < Re <4000 = transitional Re > 4000 = turbulent
Viscous forccs
L S

[T Ay &
PVayg L

« Note that these values are approximate.

* For a given application, Re . depends
upon

— Pipe roughness

— Vibrations

— Upstream fluctuations, disturbances (valves, elbows,
etc. that may disturb the flow)
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o2 AT 4
Coorcudon fedy: {l °I) : L
"{{-:---::M'/"'“
i
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Stgrvcere dwer: o __J ! :
.‘ op --'-da: | " =S
(e -
D), ¢
" 40 : = =
-'-... ok -o".-.d- !
R 'v'f'h.l.'!ﬂ.{o'f' ey I_f ..... A j[ __.--".
. ) |
tak 2ok

"NTXarh a+d
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HYDRAULIC DIAMETER

For non-round pipes,

the hydraulic diameter
A, = cross-section area

P = wetted perimeter
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Velocity

No-slip condition

Relauve

Uniform velocities
approach of fTuid layers
velocity, ¥
———-
P— ZCro
— velocity
sm——s at the
— surfacce

Solid block
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THERMAL BOUNDARY LAYER

Flow region over the

' : ( rd rec-stres: /

surface in which the : Tree “"“":‘ |
. . . !
temperature variation In | | t I
the direction normal to r- L | " |
the surface [ L |
| crma

Velocity profile * boundary
influences temperature ! : 7. layer
prOﬂ Ie ‘g‘:mi\ ' SRR R AR RN

I, +09%7, —1T,)
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e adRes VELOCITY

A flow field is best characterized by the velocity
distribution, and velocity may vary in three dimension

U”(x, y, Z) in rectangular U_'(I’, (9, Z) in cylinderical coordinates

- Velocity profile
/ (rcnmms unchanged)
One
dimensional
flow in a
circular pipe

\

/_,_,_,_/,\_,

3ROUP OF INSTITUTIONS
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NUSSELT NUMBER

(Dimensionless number)

'l..., Nu —

Q—-—\f—— . :kAL

L L

\

B - Guomy = hAT

QCOI’lV _ hAT hL

cond
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PRANDTL NUMBER

e Boundary layer theory

molecular diffusivity of momentum

04
molecular diffusivity of heat

Pr<<1 heat diffuses very quickly in liquid metals, £b/thicker Pr>>1 heat diffuses

verv slowly in oils relative to momentum, &b/
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= zen T PARALLEL FLOW OVER FLAT

pU x,,
Re cr - d :SXIOS
7
hL 0.5 Ppl/ 3 5 :
Nu = = 0.664 Re’ Pr Re ,<5x10 laminar
Nu = ’;{—L ~0.037 Re™Pr!: 0.6 < Pr <60 turbulent

5x10°< ReL <10’
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e e Lz tssenon FORCED CONVECTION:

external flow (over flat plate)

An internal flow 1s surrounded by solid boundaries that can restrict the
development of its boundary layer, for example, a pipe flow. An external flow, on
the other hand. are flows over bodies immersed in an unbounded fluid so that the
flow boundary layer can grow freely in one direction. Examples include the flows
over airfoils, ship hulls, turbine blades, etc.

*Fluid particle adjacent to the
solid surface is at rest

These particles act to retard the
— &'s motion of adjoining layers
x = boundary layer effect
Momentum balance: inertia forces, pressure gradient, viscous forces,
ody forces

A

¥ ner y\hbalance: convective flux, diffusive flux, heat generation, energy
;to%ﬂé/ =

h=f(Fluid, Vel ,Distance,Temp) 260
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One of the most impartant concepts in understanding the external flows is the
boundary layer develepment. For simplicity, we are going 1o analvze a boundary
layer flow over a tlat plate with no curvature and no external pressure varmation.

U,
Lr.' l l.‘: l] ] -
j | | | @ streak
j pr—— {
laminar - - turbulent
transition

Boundary layer definition

»Boundary laver thickness (6): defined as the distance away from the surface
where the local velocity reaches to 99% of the free-stream velocity, that is
u(y=0)=0.991) . Somecwhat an casy to understand but arhitrary definitbon,

@/Bﬂhﬂmy layer 1s usually very thin: &/x usually << [.

3ROUP OF INSTITUTIONS
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Hydrodynamic and Thermal
boundary layers

As we have seen earlier,the hydrodynamic boundary layer is a
region of a fluid flow, near a solid surface., where the flow
pattems are directly influenced by viscous drag from the surface
wall.

O<u<U, O<y<d

The Thermal Boundary Layer is a region of a fluid flow, near a
solid surface, where the fluid temperatures are directly
influenced by heating or cooling from the surface wall.

O<t<T. O<y<s,

The two boundary lavers may be expected to have similar

characteristics but do nor normally coincide. Liquid metals
tend to conduct heat from the wall easily and temperature
changes are observed well outside the dynamic boundary layer.
@/ﬂéh‘anaterials tend to show velocity changes well outside the
thermal layer.

262



Dste 21042025 Effects of Prandtl number, Pr
o 3L O;
Op 0, O o
Pr >>1 Pr=1 Pr <<1
V S>> (o v=a V<<
e.g.. oils e.g., air and gases e.g., liquid metals
have Pr ~ 1
(0.7 - 0.9)

it 10

¢ ST
—— smlar to
U,

—dw

(Reynold’'s analogy)

3ROUP OF INSTITUTIONS 263



COPYRIGHT OFFICE
MEW DELHI
Dese 12042023 Boundary layer equations (laminar flow)
« Simplar than genaral aguatons because boundary ayer is thin
{5
x l-)'b
Yy S-
o
x e
£

» Equations for 2D, laminar, steady boundary layer flow

M
: ' Oy
Conservaton of mass: —+-—=0
X (-_V
: . : ow cu ., dtJ, & é&u
Conservaton of x - momenmm: - +v — =0 + = ! V-
OX " dx oy\ Oy

Conservaton of encrgy: wu

-

orx dy oyl Oy

(dyrdpte: for a flat plate, L/, is constant hence all, . 0
> —

dx

3ROUP OF INSTITUTIONS 264



Daie 121042023 Exact solutions: Blasius
: o) 4 99
Boundary layer thickness =
X aRc
£y 0 664

Skin friction coefficien CJ =- :

;
U x cu
RC‘ = - . Z'“ b !l—
"' a\' v~

32 L o
Average drag coefficient C,, = —I(’ dx = bz R 3 (RQL = Ul \
e,

(I

Local Nusseltnumber Nu =0.339 Rc}S Prx
| Avgrage Nusselt number Nu =0.678Re; Pr”

3ROUP OF INSTITUTIONS
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S ooy 0% Heat transfer coefficient

- Local heat transfer coefficient;
Nu k 0.339kRel Pr”
X X

h, =

« Average heat transfer coefficient:
= Nuk  0.678k Re# Pr”
L L
« Recall: 4. =hA(T, —T.,), heat flow rate from wall

- Film temperature, Ty,

For heated or cooled surfaces, the thermophysical properties within
the boundary layer should be selected based AN the 3‘(‘3‘3%"1'

@%g)\ﬁ;eralure of the wall and the free stream; * ftw — L, .)
L0
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Heat transfer coefficient

Convection Thermal Boundary
onvec ss sy !
Coetficient, h. - Layer. &,

" Hydrodvnamic
Boundary Layer, &

Laminar and turbulent b.l.

Laminar Region
///J_
Gl
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“Re  mcreaseswith x.Bevond a critical value of Reynolds number
(Re, = Re ), thellow becomes ransitonal and eventually turbukent
o x

=
*Turbulent b_L equations are smmalar o immnar ones, but infmitely

Re. (For flow over flat plate, x = 5x107)

41

moredifficult tosolve.
* We will mamly use correlatwns based on experimental data:
C, =0.039Re.""  (Re, >3x10%)

|

(0.072Re" ~ 1,328 Re"” |
Re,

C,=0072Re, -

N, =0.029Re™ Pr#
Nu = 0.036 Re” Pr” — Pr#(0.026 Re"* - 0.664 Re! |
Nu k

@ alculate heat randercoellfcient n usualway: iz = ele.
X

o
A
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Reg. No.- 1213841202 [Laminar Boundary Layer Development

Date 12/04/2023

+ Boundary layer growth: § o wx

Sy OS5 — = [ninal gmwth 1s fo<t
— « Growth rate doddx = 1/vVx,

decreasing downstrgun.

i |

* Wall sheor sress ¢, = 11X

« As the boundary fayer grows, the
wall shear stress decrcases as the
velocity gradient at the wall becomes
xS sleep,

J
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FORCED CONVECTION: Internal flow

* Thermal conditions
=2 Laminar or turbulent

= entrance flow and fully developed thermal condition

\ e.g. pipe flow

/ Thermal entrance region, X,

For laminar Mows the thermal entrance length s a function of the
Reynolds number and the Prandt] number: X, /D = 0.05Re,Pr,
where the Prandtl number is defined as Pr = v/ and a is the thermal
diffusitivity.

For rbulent flow, x, = 10D.
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Reg. No. - L 121384/2023 Thermal Conditions

* For a tully developed pipe tlow, the convection
cocfficient docs not vary along the pipe length,
(provided all thermal and Mow properties are constant)

hix)

consiant

"m

* Newton’s law of cooling: Q7 = hA{T-T,,)

Question: since the temperature inside a pipe tlow does not remain
constant. we should use a mean temperature T . which is defines
as lollows:
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Consider the total thermal energy carried by the flund as
I PVC TdA = (mass lux) (internal energy)
\

Now imagine this same amount of encrgy is carried by a body
of fluid with the same mass flow rate but at a uniform mean
temperature T, Therefore T, can be defined as
j pVC TdA
T =A—.
- 'K..

Consider T, as the reference temperature of the uid so that the
total heat transfer between the pipe and the fluid 1s govemed by the
Newton's cooling law as: q,"=h(T,-T ). where h is the local
convection coellicient, and T 15 the local surface temperature,
Note: usually T, 1s not a constant and it vanes along the pipe
depending on the condition of the heat transfer.
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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. The zone or this layer wherein the temperature field exists is
called the thermal boundary layer. Due (o the exchange of heat between the plate and the fluid,

temperature gradient occurs/results,
Limit af thermal

batndary layer
" ™) g —-
Regwon ok h
(52 arccted by e al e Temperalare
&< besting _|~"" i arolile, &)

0
-

L i
Luminar Turbulent

@ ~Thenmal bowndary layer Lormed duriog Qow ol coed Duid over 3 wanm plabe.
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nEw DELH Tine therninal boundary layer thickness (0,1 i% ackitranly deliced as the dizstance v G the plale
Reg. Mo. - L-121334/2023 r B} r

Dat= 12/04/3830 (A0 allwhich

B Y »  — — =

: ) 4 4 e —N Temperature
Io— 1 i ! ." profile

3 - I:I‘-'I":i' E‘ . ’/.o 6 ,'..

-1 A : B B g iy

| / : /

_/ .
¢

| T v R
- --___/ 4 l * o
o —x =]
Thermal hrewmndary luyer fomeid Now af warm Toicd ower g cixal plale-

Figure shows the shape of the thermal
boundary layer when the free stream temperature
t_, 1s above the plate surface temperature 7.

_ _.dary Eayer atﬂ'le- -:cnll swrace, 274
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The thermal boundary layer concept is analo-
cons 1o hydrodynamic boundary Tayver, the param-
eters which affect their growth are however ditter-
ent. Whereas the velocity profile of the hyvdrody-
namic boundary layer depends mamly on the Duoid
viscosity, the temperature profile of the thermal
houndary layer depends upon the viscosity, veloc-
Hy of [Tow, specific heal and thermal conduciiivity
of the fluid. The relative magnitude of Sand &, are
affected by the thermo-physical properties of the

fluid; the governing parameter, however, 15 the non-dimensional Prandtel number, Pr = ? .
e § 0, =8 coeenns when Pr=1; (i) &, <@ venewhen Pr> ]
T I - T when Pr< |,
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Non-dimensional Groups

1. Nusselt number: non-dimensional heat transfer coefficient

where 0 is the characteristic length, i.e. D for the tube and L for the flat

Ny = i _ Yom plate. Nusselt number represents the enhancement of heat transfer

& f_i."m through a fluid as a result of convection relative to conduction across the
3 same fluid layer.
2. Reynolds number At large Re numbers, the inertia forces, which are proportional to

the density and the velocity of the fluid, are large relative to the
viscous forces; thus the viscous forces cannot prevent the random
and rapid fluctuations of the fluid (turbulent regime).

mertia forces  pFd Vo
viceous forces o 1 The Reynolds number at which the flow becomes turbulent is called

the critical Reynolds number. For flat plate the critical Re is
experimentally determined to be approximately Re critical = 5 x10s.
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3 Prane nber: is a measure of relative thickness of the velocity and thermal boundary layer
y y

_amoleculan dillosivily of wewentow ¢ 24,

P = = e = B

urolecelan dilusvily of Leal 0 &

where fluid properties are:

mass density @ o, (.&'g,/mg) specific heat capacity : €, {f/kg ' K]
dynamic viscosity ¢ i, (N « s/m’) kinematic viscosity 1 v, u /o [m’/s)
thermal conductivity - &, [W/m- K} thermal diffusivity : o, &/ - ) Im'/s)

4. Thermal Boundary Layer

Similar to velocity boundary layer, a thermal boundary layer develops when a fluid at specific temperature flows
over a surface which is at different temperature

Tha thickness of the thermal boundary layer &t is defined as the distance at which:
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v—Theretative thickness of the velocity and the thermal boundary layers is described by the Prandtl number.

v' For low Prandtl number fluids, i.e. liquid metals, heat diffuses much faster than momentum flow
(remember Pr = v/a<<1) and the velocity boundary layer is fully contained within the thermal boundary
layer. On the other hand, for high Prandtl number fluids, i.e. oils, heat diffuses much slower than the
momentum and the thermal boundary layer is contained within the velocity boundary layer.

Flow Over Flat Plate

v' The friction and heat transfer coefficient for a flat plate can be determined by solving the conservation of
mass, momentum, and energy equations (either approximately or numerically). They can also be
measured experimentally. It is found that the Nusselt number can be expressed as:

M 2= T Re Pt

where C, m, and n are constants and L is the length of the flat plate. The properties of the fluid are usually
evaluated at the film temperature defined as:




FReg. No. - L-121384/2023
Date 12/04/2023

Laminar Flow

The local friction coefficient and the Nusselt number at the location x for laminar flow over a flat

plate are A ——
T e L R i b e L R
h §
(.40

i ——

-

where x is the distant from the leading edge of the plate and Rex = pV«~x / u.

Flow, Lhvar & iat ITate List of Formulas used for Force Convection Heat Transfer

The averaged friction coefficient and the Nusselt number over the entire isothermal plate for
laminar regime are:

Noo U 086MRET A Pr=os

Taking the critical Reynolds number to be 5 x10s5, the length of the plate Xcr over which the flow is
laminar can be determined from
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Turbulent Flow

The local friction coefficient and the Nusselt number at location x for turbulent flow over a flat
isothermal plate are:

Nar, - "I;_‘ -G Re PO ez Preaed Sx107 Z Re =107

[ man

———  AxlF=Re, <Y

The averaged friction coefficient and Nusselt number over the isothermal plate in turbulent region
are:

T

. LR I T I p— - 1'% . - - o i
Nu —— Q037 Rc, " Ir L6 = Pr o= () a=107 = Re, =10

0= 2.0

T 1.4
F.c;

-

NS Re, < |1
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Boundary lnyer parameters for different velocity profiles
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-
N

Date 12/04/2023 5. A",

Yeloviny profile

Bewinclary condinons

Aty =0 Arv =298

Jdhe 1.133
. =3 =7 @=L JRe, 'Re
Fey P 5.48x .46
2 -2 = - v o= =1 [ ‘
= " " 8 ". .\ S P . .RC“.- \. Re.
% =i
f).;‘
~ P - - . T |
@3 I’) 'I 17 ¥ "1 > % 4.08 ¢ .o
F-2ls, " 3ls. o T we | i
1 3.‘ =0 e =1
A 6‘.
V) , ¢ T v ! r - '.‘:QS' ' .,“ '
= §in — =0 ‘
i . 2 0 , St —hl \.'.” 'y \' ”("{
Sy 1,328

a)

/ :\;
I oasus exact soluion

L}
| Rey, 281
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Engine oil at 60°C flows over a 5 m long flat plate whose temperature is 20°C with a

velocity of 2 m/s. Determine the total drag force and the rate of heat transfer per unit
width of the entire plate,

_r. ]
Solution: - il
. [ = 205
We assume the critical Reynolds —m
number is 5x10s5. The properties of .  We=2myfs 0
the oil at the film temperature are: ' T.=20°C
—
G o r -
[ == — = 40
2 L=>m

o= 876 ke /'’ |
S The Re number for the plate is:
0144 W K R

A e A
=242 =10 “m" /4 .
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ne \ibigh i8°18ss than the critical Re. Thus we have laminar flow. The friction coefficient and the drag force

can be found from:

C, = 1.328Re;"" = 0.00633

22 go065ax (st 10 o)

2 ]

e

=537 7N

The Nusselt number is determined from:

Ny - ;‘ - 066 Rel Pr' = 1918

Then,

T"
¥

m
(= BAT, =T, | =1 1040

n=1331
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:=2(3)-()

Find the thickness of boundary Iayer at the end of the plate 1.5 m long and I m wide when
placed in waler flowing with a velocity of 0.12 m/s. Calculate the value of coefficient of drag also.

Take yu for water = 0.00] N-s/m?

Solution:

&

._1.'

' . y I
Nelocivy diswibulion — = 3[ J -

i .

The kngthof the plate. L= 1.5 m
The width of the plate. E= | m

Froe stream velocioy, =112 m's
11 Corswealer = 00001 Mahm?

3ROUP OF INSTITUTIONS

5.]?

Thickness of the houndary layver, &:

Reynolds number 2 the end of the plae {Le, atadisiance of 1.5 m from the leading edge) is given

Re, = pLL _ 10w x-"J.TE * 1,3
H 0.001

= [ROLON

284
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s I‘E.-'.:'qﬁgl:i@“fﬁ'é”é"}ﬂefu <5 x 10°, therefore, this is case of laminar boundary layer. Thickness of boundary
layer at a distance of 1.5 m 1$ given by

- S48 x

JRe,
_ 548x1.5
J 180000

&

= (1L.01937 mor 19.37 mm

Coefficient of drag E; :

Cr=—n—=—e— =0.00344 (Ans.)
Cr /180000
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new oeLq EXample A plate of length 750 mm and width 250 mm has been placed longitudinally in a
Reg. Mo. - L-121384/2023

COPYRIGHT CFFIEE
Date 12/04/ DORE QM qj:cmde ol which flows with a velocity of 5 m/s. If the oil has a specific gravity of 0.8 and

kinematic viscosity of I stoke, calculate :
(1)  Boundary layer thickness at the middle of plate,
(#0)  Sheur stress al the middle of plase, and
(121)  Fricion drag on one side of the plate,

Salution.  Lenpth of the plate, L= 750 mm =075 m

Widch of the plete, B=230mm =025 m
Velocarw of ¢l 1T =5 mis
Ml pravbe ol il =10LR

Kinernitic viscosity of nil, 1= 1 stoke = 1= 10~ mis
1} Dommdary aver thickness at middle of the plate &

_ptic Uy 5x(0.375)
i T | % 11 4

- AL the middle of plate, 4 = 09532 = 05373 m)

.33 107, thesefore, boundasy aver 15 of laiminar chacaeter and Blasius soluticn gives

@ o 8= ,:L = 2 j;g_;jﬂ = (.01 3AY m = 13.69 mm
i
" i

IRUUF UF INDITTTUTTUND 286

Beviold number, e

&

= 1875l
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) . S hirEstmesd af the middic of plate, 1!

Date 12/04/2023

Accanding o Blisiug, the locul coelfcient of dmg (C ) 1s yiven hy

0.664  0.664

Cn= ke, 18750

= 4849 1

By detintion, Cp. =

i
% = Cpompl
~ 34845 x 10 x l, x (0.8 = 1000) x 5° = 4849 N/'mv* (Ans.)

(i) Friction drag on ote slde of the plate, F

i _ S 0,7

Rey = = —— = 37500
v 1= 10
As the haundary layver 18 laminar even at the rralling edge, therefore, the awrage drag (friction)
caefficient,
Com 1.328 s 1.32R e .
S \.o Re, \'l 27500 - 0.858 x 10
~ Fircton dmg, o~ F,- s l\ pl." » area af plate on one sike

@ v . ' A
= 6858 x 1P x — (0.8 x 100 x 5 x{.75 x (.25
35ROUP OF 2 287
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angie Air at 20°C and at a pressure of 1 bar is flowing over a flat plate at a velocity of

MEWVY DELHI

SFonielss il plate is 280 mm wide and at 56°C, calculate the following quantities at x = 280 mm,

given that properties of air at the bulk mean temperature (

p:

(£)
(fi)
(31¢)
(1v)
(v)
(vi)
(vii)
(witi)

20 + 56
> ) = 38°C are :
1.1374 ke/m?; k = 0.02732 Wim°C; ¢, = 1.005 kJ/kgK: v = 16.768 x 10°° m¥/s; Pr=0.7.
Boundary layer thickness,
Local friction coefficient,
Average friction coefficient,
Shearing stress due to friction,
Thickness of the boundary layer,
Local convective heat transfer coefficient,
Average convective heat transfer coefficient,
Rate of heat transfer by convection,
Total drag force on the plate, and
Tora! mass flow rate through the boundary.

: utmn Grven: U=3mis, x=280mm=L25m, p= l.li?ﬂ-kgfmﬂ'.k=EI.EIE?E-EW.I'm':'E,cF=

mg@ﬂzm 768 % 10 Sms.
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Re

T
¥

Since 1"E'.;-;-J < 5 x 10°, hence flow in laminar.

(i) Boundary laver thickness atx = (L28m, 6 :

it}  Local friction coefficient, 'ﬂ}, :

3ROUP OF INSTITUTIONS

st ascertain the type of the flow, whether laminar or turbulent.
Lx

_ 3w (.28
16.768 = 107°

= 5.0 x10°

5

—

=k
J Re,

5 x (1,28
o= = (00626 m or 6.26 mm { Ans.)
J 5% 101

_ U054
JRe,

(LAt

J 510}

E_I'r

Ly = = (L2969 {Ans.)
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odif o Ay TagE friction cocfficient, C, = |.325
o Ry
: 1.22%
Cr= St = 005939 (ans)
{iv)  Shearing stress due to frledon, T,
o2
- . ph
T, =L W —
11374 = 3
029G 3 —— - - {015 19 Mim* { Ans.)
(] Thivkness of therml bandury lnyer, ﬁ“ ;
ﬁ|_l. = I:|.I|-
Ll
1y,
" [IE.E{:._:? = TN m oor 705 mm (Ans)
LT
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Date 1.2/04/3023

: e o T L SR T
ective heat transfer coefficlent. & e, = 1.337 : (e 107 [P
LY E2

— r 11_5 ST P
AR T e

= 643 Wim*C | Ans.)

% (5 1041w (0.7)

(vt Average convective heat transfer coefflclent, j : - f - 54
I -;a..j.f..¢| .' |rn,~,_] e

027327 T PP
=0.864) — =0 |E5H I35 T0LT 0 12,86 Wim®™C (Ans.)

(rage}  Kule of heal rapsfer by convection, i
) Li._'.'.l:l'.': i "!"'l:'r'r.r _I-'-.]

| 285 2 (028 = (LIR) {30 = 200} = 3029 W (A

tix) Intal drag force on the plate, I,

o= Ty % area ol plale an one side wpio GU28 m
= [LOTAT2 = 40258 = 025 = (00119 N {Ans)

e .
291
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(x7  Total mass llow rate through the boundary, m :

(where EI = [} at x = () and EE =datx=0.28 m)

3

= o % L1374 x 3 (0.00626 - 0) = 0.01335 kg/s (Ans.)
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SO Ew ol j» A barge with a rectangular surface 30 m long x 10 m wide is travelling down a

neie 12Bnes With o velocity of 0.6 m/s. A laminar boundary laver exists upto a Reynolds number equivalent

to 5 x 10° and subsequently abrupt transition occurs to turbulent boundary layer. Calculate :

(f) The maximum distance from the leading edge upto which laminar boundary layer persisis
and the maximum boundary layer thickness at that point.

(t7) The total drag force on the flat bottom surface of the barge, and
(iit) The power required to push the bottom surface through water at the given velociny.
For water p = 998 kg/m’ and v = 1 x 107° m%/s.

Solution. Length of the botom surface, L= 30 m
Width of the bottom surface, 8 = llm

-, Area, A=LxB=30x10=300m"
Velocity, U = 0.6 mis
Density of water, p = 998 kg/m*

e viscosity, v= 1% 107%m¥s
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14} oL hatnesisam distance up to which laminar boundary layer persists, & _:
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Iy
(Rl = - = 5w 1°
.-l-‘: 1rl

A

L ) 0.4
Muximum boumdary laver (Laminur) thicknes, &

Sr,  5wiE33

8
IR, g1y

(##y The total drag foree F, -

L DG = 30

— =13xH’
v 1=

Re,

The average coctficient of drag,

i} 455
O, .

Swlifrwy  S=lF =w1=107"

— S RG 10 m

| 570

ERAY - Uogg Rey |
S5

3ROUP OF INSTITUTIONS

- -
1_53

e i.

= 0833 m {Ans)

S0 maim (Ans.)
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CHRE At fficicnt of drag,
C. A3 1
L log Re T Rey
1455 1670

Q02626

gy (1R 107 355 18 107
Drag force on the botom serface of the barge,

Fn'.:' - EI"::: % I.'h,.ﬂl.f_.": = I"]l:'ll[']zf:,..-.]ﬁx % 5 I'-.?:.-I:-']-:":-.,-'!"lll[-].i': ['::'.fl]:

= 1426 N (Ans.)

(iii} 'The power required, P :
The power required to push the bottom surface through water at the given velocity,
P :Fﬂ}:f}: 142.6 % (1.6 = 85.56 W {Ans.)
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The following dimensionless numbers are used for the vsual forced convection problems ;

LU
(i) Nusselt number, Nu = E; (i) Reynalds number, Re = PIJ.”
A
T H ":u'? _ &
(i) Prandil number, Pr= c (ivl Stamion number, 51 = —
k P, [

.
In order W determine the value of convection coefficient h, the following conventional generalised
basic equations are used :

Nu = f, (Re, Pr)= C (Rey™ (Pr)"  St=f, (Re, Pr) = C, (Re)" (Pr)*

The values (numetical] af the consfanis and exponenis arg defermingd Through experimenis.
The properties of the fluid are evaluated on the basis of bulk lemperature {unless stated otherwise ).
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Laminar Flow
LAMINAR FLOW OVER FLAT PLATES AND WALLS

(a) The local value of heat fransfer coefficient 15 given by

fe, X
Nu, = ? =(.332 (Re )4 (Pry®33  __ Blasiug equation

The average value of heat transfer coefficiens is given by

hiL
Nu = — = 0.664 (Re, )% (Pry™*3

k
L £
where, Hl.."'-'l.. = E, REL = E and Pr = I' "
¥ ¥

The above equations are valid for the following :
() All fluids (Pr = 0.6) except liguid metals
el (i) Reynolds number Re = 40000

g . : R+l
{i::@?ﬂf‘ fluid propertics are evaluated at the mean film temperature, 1, = =

3ROUP OF INSTITUTIONS
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e D phe e

(&) Por liquid mefals, the following correlation has been proposed
Nu_ = (.565 (Pe)

where Pe = KRe_.Pr
The above equation is valid for the following
() Pr<0.05

(£}  The fuid properties are evaluated at the film emperature.

Example 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 605°C. Calculate the amount of heat transferred per metre width
Sfrom 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 :

0.117
Nu, = 0.332 (Pr)'” (Re)'? (‘7‘.‘5"]

oty and T, are the absolute temperatures of the plate surface and free stream respectively and
Zega I s.are evaluated at the mean film temperature.
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molutioem. Ciivgn 2 T =15+ 273 =288 K, T =005 = 273 = R7R K, 1 = 350 mum = (L35 m.

A mpuant of heat lrunsferred per unit widih

G015 4 15 Ay
The mean film wmperatere, ¢, = ———— = I

The therma-physical properiles, 23 10°Care s P = D00 kgim™ e = 1046 kIkg °C

£ o= 04595 Wim™C; = 297 = 107" kpims; Pr={ 675

plix GAld xpS w035

Hevnnlds number, He, = : = 47033
(1% e T w107

The Nusselt number s piven ws: 5 T, b
Mu = L3320 03 R\ | =
' A

. TR EE
Ne . ' BIE
@@fﬂ/ 3 = (LA LTS (a2 0F | e =715
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4354 .
Or, h x Or, i, = E.H 71.96 = - Ed; : x 71590 =948 Wim "C

k

= 71.96 5

The average heat transfer coefficient is given by

P | L
ho=— | hodr=2h =2x9.44= 1888 Wim?>C

Heat transfer from both sides of the plate, per metre width,
(0 =2[x A (1—1)]=2[18.88 x{0.35 x 1) (605 - 15)]
= T797.44 W {Ans.)
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INSIDE TUBES

el 116000

. 64
{a} For fully developed flow : J= R_E'
(b)) For uniform heat fluy - Nu = 4,36
(e} For constant wall temperature :
Shug flow Nu =578
Fully developed flow : Nu = 3.66
(il Foraverage Musselt nuomber for flow inside mbes, the following comrelations, have been
developed -
l+ ':J |]4 [fﬂ."LJ RE‘P.I']"

This equation 1s valld
¢y tor constant wall wmperaire and fully developed flow,
wlhen properties are evaluated &t the bulk leanpesatuse,

when L5 < Pr < D).

tube leng tf 35 much greater than dianweiee,
\
wl@gﬂ%ﬁu are caleulated on the basis of pipo diameter & the ength pararmeter.,

301
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INSIDE TUBES

B n iy =k, 14
'] Nu=—-=1.ﬂ-ﬁ[-—ﬁe.f’r] 2.
k L L
This equalion 1s valid [or
'L ¥
(i} short tubes ) = () Re< 2100
(f) D48 < Pr< 16700 {tv) U.Umq-{[wl.lj_]ﬂ':}-_-’ﬁ

(vi  In this equation all propertics except | are evaluated at bulk temperature; |15 evalu-
ated at surface temperature,
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EMPIRICAL CORRELATIONS FOR FORCED COMVECTION

INSIDE TUBES
Example Gasoline at the mean bulk temperature of 27°C flows inside a circular tube of

I9 mm inside diameter, The average bulk velocity is 0.061 m/s and the tbe is 1.5 m long. The flow
starts at the heated tube inlet (no upstream developing section) and the tube swrface temperature is

constant at 38°C.
Determine the average heat transfer co-efficient over 1.5 m length of the tube. Are the tempera-

ture and velocity profiles developing or, developed in the 1.5 m length of the tube ?

Take the following fluid properties :
Bo=5223 x 107 Pas; p, = 5892 x 107 Pas; k, = 0.1591 Wim°C;

p, = 876.6 kg/m'; ¢, = 1757 Mg K: Pr, = 6.5

Use the following formula :

233 0.4+
N = 1.86 lﬂﬂh : F'*'-*T [-”_b}
1.0 0 i
fentry lenpth for felly developed velooity prafiley = Q05 Ke L), anrd

%{v feng ik foor fully developed emperofuree profile) =« Pr,
303
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Date 12/04/2023

Solulion. Criver - = 19 mm =001 m:; U=l mfs b= 1.5m

.~ PAUD _ HTAE % 0061 % 0019
Lt |_|_F ety ll:l_l

T LI T
R T Y n

= |74 (]l Pas= ! M-am’)

17 i T e san N iy
=155 L2042 0.0 Ll = =186 5127 % 1.017 = 9.698
. T PR £ 224 % 10
. hi ool 1591
A= R o, = 55 % 9698 R 0T N, {Ans]

v Ivelacily depth] = QU018 Ref2 =005 » 17204 x 1019 = 1634 m
\ a, temperature depihl = o w0 Pro= Lidd = 0.5 = 10062 m
@ ~  The tabe length £is loss than x_ps well o 1, 50 both depths are developing.
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OVER FLAT PLATE

The local and averuge Nusselt numbers, from Colburn anulogy, are given by
M = 0020 (Re 3" (Pl
Nu =003 (Re, 3 1PA'Y?

where the properties are evaluated at the mean Flm emperature.

W hon the flow lics In the dransitian range,
Wu = 04038 [(Re, )5F— A) (Pr)'

w here A = 18700 when Re =4 = 107

A = 23HN when By =5 x 1417
TURBULENT FLOW |M TUBES

The following correlations for fully developed mrbulent flow in circular twbes have been
proposed :

Mc Adams has proposed the following general correlation on the basis of Nu = (Re, Prifor
@%ﬂﬂ; and cooling of all fuids with some {fmdtations a8 given below
S5

3ROUP OF INSTITUTIONS 305



“lewoen . EMPIRICAL CORRELATIONS FOR FORCED CONVECTION

Reg. Mo. - L-121384/2023
Date 12/04/2023

IN TUBES
Mg 1,073 Iﬁll!.,]l'l'ﬁ I:F-I..:lll
whiere a =104 _.1of heating
=03 .. furcoaling
o ol : :
1) EEE:I'J (T xR 125 10
ey 0.7 = Pr 16l (fvl  Fluid properties are evalunrcd ot the mean belk
IETPETHCG,

2 Colburo suggesied she folkowing correlation |
|lllll.l-J = I:.:Ill..lz:'ll I-REH:Iﬁ ["_:'lr]l_'-:
A = 0023 (Rey ™ (Pry™

Irs wahd Lo the fellowing
b A evilaatest ol The mean bulk lemperitore.
b RBe and Proare evaloated wi the mean film lempenaburne

| %,*ﬁpg 10 0.7 = Pr < 160,

r2

JRUUF UF INDITTUITIUND
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Date 12/04/2023

IM TUBES

3. The Me Adams and Colburn correlations are faely accurate for small w moderale em-
petatnre difference (10°C in caze of liguids and 30°C for gases), For larger temperatare
ditfferences, Hicder and Tate proposed the following correlobon ;

- '-.II'I 14
Nu = 0.023 (Rey™ (pry)? | F
'-.I'I"- .-'I
Phiz egpuatiom s valiad Toer e Gallowing :
E
LE) 0 > 00, Ke = 107, 0.7 = Pr < 16700

ey All flaid propertics except W, are evaluated 21 the mean bulk temperature, i, 15 evalo-
weed wt the sorface mperature.

4,  Desman amd Enoms sugpested the following equalion for very larps temperinore Gilerence
F — ¥ with r

g The equatiaon 1s valdid or the following -

el ol "B s ."

-y ) £ ) | — <y - 1S

lﬂ%ﬁ&]\"k ,':fp" (i upta .55 (7] Rez 10

S > fo

s {{i¢) Re is evaluated at mean film emperature [iv)  Nieand Pr are evaluated ar mean
hulk temperaiure.
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2O NEW DEL E'r'iEan1ple A surface condenser consists of two hundred thin walled circular tubes (each
Reg. No. - L-121384/202 ’ ) s )

oot 120060 15 22.5 mm in diameter and 5 m long) arranged in parallel, through which water flows. If the

mass flow rate of water through the tube bank is 160 kg/s and its inlet and outlet temperatures are

known to be 21°C and 29°C respectively, calculate the average heat transfer coefficient associaled
with flow of water.

Salution. Cirpen - (0= 22 5 mm = 00225 m, = 5m, L= 2000 e = Fxt Ll

Average heat transfer coefficient, Jp

R
The nrean bulk lemmaraiune, g, = 5 = 5

The chermio-phyeical propertics of waner at 23°C are

o= 99055 ke/m U= {802 x 107 kedms:
&k = GA0T W hnt o= 178 klike il

= 23"

. £ - ; 1
Prandtl number,  Pr = Wop DRG0 x (4178 10}

= 5,474
& L& TS
Ihe neass Mo caie o water thimuash each nehe,
@%‘V;‘\T m:ﬂ:ﬂ.ﬁ kgis
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Reg. No. - L-1213342¢83anohls number, Re =
Date 12/04/2023

pLL  pAUD b mid dm

COPYRIGHT CFFICE $

4

3w (LK

mw 00225 % 0.RE2 w 10

Ax Ke w2504, Lherelore, (e natere o ow is imrbpdfent, Since the waler is being healed in
condenser, henee we may use MeAdams correlation

= DIHIRG

Ny = 0023 (Re)"F (Pr)4
= 0,023 (52518.26)"8 (5.924)"4 = 2799

i Nu = % = 2799
h=X 2799 = 299, 9700 = 756227 Wim¥C
D 0.0225
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NEW DELH TURBLULENT FLOW 'E-"‘l'EH CYLINDERS

Reg. Mo. - L-121384/2023
Date 12/04/2023

Therese of single cylinder wa cross flow is identical o
1} The case of cooling of an elecrical cable by forced convectiar by alr flowiing scross i

() The determination o Incal velocities ina Tow Ty Bal were anemainetler which involves the
brezal ramsder Froen a sing e platinum wire mainbsinel 4l g consiant lernpenilure Lo by pEassane a consianl
current thraagh 51 amd cormelating the change in curent (o change in resistmnce) in Row velacily.

I orcker ro enleulate the Reynolds number (Re], the chormctenstic length iken 3o cose of cyhinder
el spheere os well, 35 ity extermal diamerer £,

L0
l'll

whiere, [ = Liniform '|.'E'|IIL'i'.:,' aal Mo s il iI]_:]:T-:'-.IL'|IE'-i thie |.':|-'I'ir||,I|.'r LeiT .~:|_'||'||=r|:;-.

As usunl, Re, =

In case of flow seress cylinder {ur sphere) the critical Revnolds oumber is Be = 2 = L, npioe this
vitlue famimar boundary lever exists and bevanag this boundary layer becomes hirfuless
Empirical correlativns wsed for turbuabent Nosw (cross Mo jover “CyEnders™:

1. The h:-l'ln'u.':lng .rr:':l_;'l:'rl'u w2 carre it 15 widely used For tarbulent fow owver I.':.-'|'i|'|l||:"T'-i -

—_— |'|".1 .
N -‘I-r-- O (Bel” (Pl

Y

‘\
{. :M Zinskants amd isve the valoes as given o he Leble
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- and nare cunstants and luave the values as girsen i the Lahie

S.No R C n
l. {4104 0.58% 0.330
2. 4t <0 J.211 0.385
2, Amd x 1P A8 ENTS
4. Ax 107 todx .193 0.612
3. 4x [ d = 0F 0.0 (&5

2. Churchil! ong Dermsfem have supzested the following comprebensive smprcn! corre-
ivtion which covers the entire runge of Re and wide npe of Pr;

2 . UL
062 (Rei (P {I_l- Re "}
L,

N =03+ = — =
1+ 1047 Py | b

@@m‘bﬁ: L = Re = I-L'I",ﬂm:l e P I'JTE and correlaces very well all availakle
/,/—'-’ =

3ROUP OF INSTITUTIONS
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MNEVY DELHI 3. The Iollowing equation may be used in the mid-range of Kevneldy members,
Reg. Mo, - L-121384/2023
Pate 121042023 e 200000 < Re < 400.000;
e b s, 5 | i \.(‘.‘
e hD 034 0.62(Re)y ™ (Pr) 14 I Re I
; [1+@arp® 7| | 28200,

for 20,000 < Be < 400,000, 20d Be. Pr>0.2
4. The tollowing relazion Is recommended by Nakal and Okazaki for Pe (= Re. Fri <2

Vu=[0.8237-1In (Pe)*™ |
® All praperties, for all the shove Fguations, are evaluated ut the “film tesperamee” (e,

i . . . -
¢ = 4—= where r, ¢ and r_ure film, surface and free solution temperatare (in “C)
2 .

respectively.
5. For hquid metals, Ishiguro of al. recommmended the following relation for keat ransfer
[rome @ single cviinder in cross flow.

Vot = 112K RePr)™ for 1 < Re,Pr < 100

It 1% worth noting that Fgn. heing yuite comprehensive, is alse vahid for figuied
metuly
6. For gases, the following relanon is widely used far cirenlar cylinder in crossflow:

y T n 13 )
R Ve = C.ReY" Pr)

whiere, values of Cand nmare given in table 1
Al fluid properies are taken at fife remperatuce.




= e an-arcplar cylinders :

Reg. Mo. - L-121384/2023

Date 12/04/2023 Fm»

n-<circular cylinder,

at the film temperature,

is applicable (for a verfical plate as well) by defining a
characteristic length, D, and taking the values of Cand n frem table 7.3, All properties to be evaluated

al

SV (roomedry R (. n
: y— O |D 5 % 10° = 14 0.245 0.548
Sousre
2. i— | | o § 3 I - 17 2 NeTS
Squam
3. U Q_IE 5% 107 - 195 x 10 .16 628
LY3=LF =107 U385 0,782
Hexagon
U— < > [D Sx 107 10° 1,153 1,538
Hoxaman
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A, |) — [ TD dxil*=15x10* 0228 7351
Y
Vertical plate
6. y—= ( D t.’D 25%10=1.5 x 11)° 11224 1612
Elfose

7. A== (Q [D Ix 10 LSxI67 O8RS 804

Ellipse
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Example A refrigerated truck is moving on a high way at 90 km/h in a desert area where
the ambient air temperature is 50°C, The body of the truck may be considered as a rectangular box
measuring 10 m (length) x 4 m (width) x 3 m (height). Assume that the boundary layer on the four
walls is turbulent, the heat transfer takes place only from the four surfaces and the wall surface of the
truck 1s maintained at 10°C. Neglecting heal transfer from the front and back and assuming the flow
to be parallel to 10 m long side, calculate the following :

(1) The heat loss from the four surfaces;
(ti) The tonnage of refrigeration;
(iti) The power required to overcome the resistance acting on the four surfaces.

50 + 10
The properties of air (at 1z = e 30°C) are :
o = [.165 kg/m’, c,= 1.005 kl/kg°C, k = 0.02673 W/m?°C, v = 16 x 10°° m*/s, Pr = 0.701.

e

3ROUP OF INSTITUTIONS 315



o e - [ =90 kfh = 0 X 1000 e s = S0°C, ¢ = 10°C, L= 10 m, B = 4m,
Reg. Mo. - L-121384/2023 3{'{”} - &
Cate 1%-‘E4£E£‘ .

{17 The heat koss from the four surfaces

The Revnolds number at the end of the side,

r
Ropm Yl BIXW s pagn gl
v 16x10°®

Evidently the boundary layer is furbulent for which

hL -
Nu = - =0.036 (Re)™ (Pr)t33

R .
o, T = 0036 (15625 x 10°% (0.701)* = 18196.28
' _ 0.02673 E
\ i o= = x18196.28 = 3 18196.28 = 48 64 Wim?*C
@:\; I 10
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new ofleat Togs from the four surfaces,

i dovane Q= jpAA=4364[2(4+3)%10]%(50-10) = 272384 W
= 272384 KW  (Ans.)
(@} The tonnage of refrigeratdon (TK) :
272584 w 56l

Th ling capaci ired = =THTH 1 TR = 14000 k1]
¢ conling capacity require 000 { U K1k

AR AT N

(iii) The power required to overcome the resistance, P :

Averapge skin friction coefbicien:
= .
o I-.|.I.-IF|'?-. - T2 = 262 0
{Rey 177 (15025 % 10"

g it oyl .
[Frag larce, P =L X—pALT
£

| ;
;X L163 = [Z{4 4 2) = [ x 25

= .62 % 107 «
‘ = 13354 M
Cisal P oo Fpxlle 133,58 % 25 = 33385 W
SROUP OF IN = 3. 3385 KW (A1a.) .
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NEWY DELH THEORETICAL QUESTIONS

Reg. Mo. - L-121384/2023

Date 1210412022 3. Dhafime the Follenwing terms -
4] Boursiacy Laver thickness 1@ Dhsplacemenl 1hxkness
(3 Momeniwm thicknozs (vl EBEacrev thicknoss.

I+

Therve mamentum equation for hydmdynamiese bowndary layver owver a Tlat plae.

}. Denve cxpressions for bBoundary laver thickness and locald skin friction coctficient, following the
Blasius mezthod of =clving laminar Boundary laver cquaticns. for flag plate.

4. Drethine Masselr nuwmber and Prandol numibeer.

Derive an energy equation for thermal boundaery loyer over o lat plate

s

., Define the local and average skin friction (drag) coefficients for a flat plae at e nckdence, for
lamirsar floa.

Lstablisle the folkywing relations for haninar boundary Leyer over i Tl plage -

; 2 Tl . _ 1664

(i1 Local skin friction cocfficient. e = "RT

il E |

(el Awermape skin friction (drag) coefficient. E_l" = ]II-;E:H

w UL

i
Take | L
s 1-|.-Ti—l_"
F. @Mhﬂh Yon-KRarman roomenbum iivtezral equation for the flow past a flat place Ly the form -
L d @ uf

T, =pLc — — 1 dy
i FI r-_l--ll J'l 318

— 1
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- e EXIFEID, boundary layer concept and define clearly hydrodynamic and thermal boundary layer thickness
o=tz 1290AEH fluid is flowing over the plate.

» Write the significance of following numbers.
i) Reynold Number
iil) Prandtl Number
iii) Peclet Number.

« Air (Ta = 30°C) flowing over the flat square plate 300mm x 300mm is size, at a velocity of 4m/s. The plate
surface is maintained at a temperature of 56°C.

Calculate :

i) Boundary layer thickness at 300mm from leading edge.

ii) Local and average heat transfer coefficient.

iif) Local and average coefficient of friction.

iv) Total heat transported from the plate.

v) Total drag force on the plate.

« Air at a pressure of 6 kN/m2 and a temperature of 300°C flows with a velocity of 10m/s over a flat plate
0.6m long. Estimate the cooling rate per unit width of the plate needed to maintain it at a surface
reizesfa] srature of 0°C.

QYL
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HEAT TRANSFER BY CONVECTION
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HERL, FRANSFER BY CONVECTION

Date 12/04/2023

CONDUCTION

Mechanism of heat transfer through a solid or fluid 1n the
absence any fluid motion.

CONVECTION

Mechanism of heat transfer through a fluid 1in the presence of
bulk fluid motion

Natural (free) Convection
Forced Convection

‘1~9ending on how the fluid motion i1s 1nitiated)

Dzl
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HEAL, TRANSFER BY CONVECTION

:.: D

We%‘fé;?ﬁ%)neda garlier that there are three basic mechanisms of heat

transfer: conduction, convection, and radiation. Conduction and
convection are similar in that both mechanisms require the presence
of a material medium. But they are different in that convection requires
the presence of fluid motion. Heat transfer through a solid is always by
conduction, since the molecules of a solid remain at relatively fixed
positions. Heat transfer through a liquid or gas, however, can be by
conduction or convection, depending on the presence of any bulk fluid
motion. Heat transfer through a fluid is by convection in the presence
of bulk fluid motion and by conduction in the absence of it. Therefore,
conduction in a fluid can be viewed as the limiting case of convection,
corresponding to the case of quiescent fluid

Convection is the mechanism of heat transfer through a fluid in the
presence of bulk fluid motion. Convection is classified as natural (or
free) and forced convection depending on how the fluid motion is
initiated. In natural convection, any fluid motion is caused by natural

h as the buoyancy effect, i.e. the rise of warmer fluid and
_' "!_L:J:' er fluid. Whereas in forced convection, the fluid is forced to
iEtY sy %r in a tube by external means such as a pump or

—— AIR '
—_— Q
— 50°C
[I% [ l / ]

Warmer air

rising
AlIR /+ 0 ;\
B ¥ t - A

(H) Free convection

No convection

Q
AIR currents

L J

(¢) Conduction

Heat vranster rom 2 Bt surfoce o the
svaundiog Tuid by coovession and
canducsinn,
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ziea”|  NATURAL CONVECTION

What is natural and forced convection?

In natural convection, any fluid motion is caused
by natural means such as the buoyancy effect, i.e. the rise of
warmer fluid and fall the cooler fluid. Whereas in forced
convection, the fluid is forced to flow over a surface or in a
tube by external means such as a pump or fan.

AN

Cold Alr

RN
I"*,.;rl 1& I':,:‘ Hot Air

'\.
o

RAISONI GROUP OF INSTITUTIONS
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=EONVECTIVE HEAT TRANSFER COEFFICIENT

Coefficient of volume expansion

. 3
Grashof humber mg CT )L
U2

\ . .
Viscosity
Rayleigh number Ra, = Gr, Pr
Prandtl number
Nu = ML _ CRa" |
k

Table 20-1
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i :‘;..E-quzizeeq"fﬂfﬁb'|ectives of Natural Convection Heat Transfer

* Understand the physical mechanism of natural convection

» Derive the governing equations of natural convection, and obtain the

dimensionless Grashof number by nondimensionalizing them

« Evaluate the Nusselt number for natural convection associated with vertical,

horizontal, and inclined plates as well as cylinders and spheres

':& alyzgpatural convection inside enclosures such as double-pane windows
1B ol

T
13*.:1,_..1;»
o
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“rewoen | PHYSICAL MECHANISM OF NATURAL CONVECTION

Reg. Mo. -L-121384/2023
Date 12/04/2023

Viany familiar heat transfer applications involve natural convection as the primary mechanism of heat transfer.
Examples?

Natural convection in gases is usually accompanied by radiation of comparable magnitude except for low-
emissivity surfaces.

The motion that results from the continual replacement of the heated air in the vicinity of the egg by the cooler
air nearby is called a natural convection current, and the heat transfer that is enhanced as a result of this

current is called natural convection heat transfer.

Warnm
alr e ——————— .‘/
AN\ D, [
\.\:’*v‘- \:'Q: g +." v/
ll(‘i‘l .‘ ". ‘ y .v' *
n“mc.fer v *.' [
* Heat ¥ “
) 1
» lransicr ‘ :
| ‘ L )
. | ¥ Cold | v
The warming up of a v s « |
L | S Bl
cold drink in a warmer l" et |
environment by natgral f l % 4 'l'
convection. Mgy ] S —— N
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(Genceral Considerations

and a body force that 1s proportional to density.

bady force 1s gravitational.

» Stable and Uinseable Temperanwe Gradients

P
—]T -
| " \
‘p y Unsiable |
\ / flusd |
b | circuation A
' '\\T i -« ,(
| \
j— =

@%@\\T f .:u > 0, :ﬁ) <0

()

-

I'ree convection refers to fluid motion mduced by buoyancy forces.

#y L B
/
v T
f o ia) Stable
l/‘. I
_.l "...
/: i
“.T O. . =0
wr oAx
(h)

Bueyancy forces may arisc m a fluid for which there arc density gradients

In heat wanster, density gradients are due 10 temnperature gradients and the

What is buoyancy force ?

=The upward force exerted by a fluid
on a body completely or partially
immersed in it in a gravitational field.
=The magnitude of the buoyancy
force is equal to the weight of the
fluid displaced by the body.

"rrhu-r-'_-'anq::.-' — Fuid -:Euhnrl'_-.'
328
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H@gygﬁ{gﬁﬁgﬂg&e: The upward force exerted by a fluid on a body completely or partially immersed in it in a
cgeadfigtisnal field. The magnitude of the buoyancy force is equal to the weight of the fluid displaced by the

body.
""111u-r-:='anq::r' = Mo B i""llh‘.--:l'_u'
The net vertical force acting on a body

F = W - F"'i.ll.'-_'rilzll-':l

ol B |

= Frody B I""'II-_-:I'_L' — Mluig B I"’Ihm:l'_n'

e L.r-"-‘-c:-ﬁ}- — Phvial 8 I'“"Ill'-L'-LI;-'

SIS FEFEETFSREEOEEEOATEEEEEDS

3y

Archimedes’ principle: A body immersed in a
fluid will experience a “weight loss” in an
amount equal to the weight of the fluid it
displaces.

The “chimney effect” that induces the upward
FIGURE 20-3

It is the buovancy forcee that Keeps
the ships alloal in water (W =
F vuovancy TOT floating objects).

VLI
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neo e B E s Bpundary Flows
Date 12/04/2023

> Occur 1n an extensive (1n principle. infinite). quiescent (motionless
at locations far from the source of buoyancy) fluid.

» Plumes and Buovant Jets:

t P < P
Plume T> 7 P
7 /S pP< p. Buovyant
‘ S jet
Huirg 1 ‘; .‘: ‘;- c T
.I- a"o'o".\‘l‘ /’
- - l.'
| . T - Tys
.. - ‘ -
\." . il" l / e

1 . /'/
“ - - —le
g t e
y L . '.

| ' )

44 e :
! )
! \
\_,"'. "l.tl
\ /
- Fl‘ee C‘ \R/ - Mool \Mu'./ B

3oundary layer flow on a heated or cooled surface (7, = 7_) induced
2% @%‘f@fancy forces.
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NEW DELHI
Red. No. - L-121334/2023
Dage 12/04/2023
|
'_ : !
| |
___________|
il g e ke
1o kEPa (RN hl’
I I"-F | ;.__-ir
Lerd A suobstance with a larse 3
' |'-|'-.-" |
|
1
Pt ————
A |
207 21°C
100 KiPa 100 K Pa
| bogs | kg

“th
ratu

Tatance with a simall 8
. ient of volume expansion is a

Volume expansion coefficient: Variation of the density of a
fluid with temperature at constant pressure.

5= —# % = —ﬁ 'I:c : {: {al constant M)
g, — p=pHT—T.) | al constant M)

3 - 1 i ideal gas

Hideal gas T (P = pRT)

The larger the temperature difference between the
fluid adjacent to a hot (or cold) surface and the
fluid away from it, the /arger the buoyancy force
and the stronger the natural convection currents,
and thus the higher the heat transfer rate.

ge in volume of a substance

constant pressure.
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neg. LJEWs-atural convection, no blowers are used, and therefore the flow rate

e 12t Eannot be controlled externally.

The flow rate in this case is established by the dynamic balance of

buoyancy and friction.

An interferometer produces a map of
interference fringes, which can be
interpreted as lines of constant
temperature.

The smooth and parallel lines in (a)
indicate that the flow is laminar, whereas
the eddies and irregularities in (b) indicate
that the flow is turbulent.

The lines are closest near the surface,
indicating a higher temperature gradient.

{2 Lamimmar tlow 1H) Turshulent flk

Isotherms in natural convection over a hot
plate in air.

A
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NEW DELH EQUATION OF MOTION AND THE GRASHOF NUMBER

Reg. Mo. -L-121384/2023
Date 12/04/2023

T \
Temiperatore
profilc

e lociy

|:|::-|_||-.-:

Horirndary

Statioramry
dloed
al T

The thickness of the boundary layer increases in the
flow direction.

Unlike forced convection, the fluid velocity is zero at
the outer edge of the velocity boundary layer as well as
at the surface of the plate.

At the surface, the fluid temperature is equal to the
plate temperature, and gradually decreases to the
temperature of the surrounding fluid at a distance
sufficiently far from the surface.

In the case of cold surfaces, the shape of the velocity
and temperature profiles remains the same but their
direction is reversed.

Typical velocity and temperature profiles for
natural convection flow over a hot vertical
plate at temperature T, inserted in a fluid at

temperature T_.
333
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%gl}@'{?ﬁﬁg@mp the equation of ami e, = F, g du __ dudr | du u"l'-' ey O
Dete s overns the Bt = pladx.ay-1y &t ax gy dv oy = cky

natural convection flow in {ﬁ.. ; (.,”r: :
laminar boundary layer Fe=\ow "r"}'rh St oE ey 1= pglanrdy 1)
" atu i~
= pp— ——— — pg | ldx+ dy 1)
" A L
: ( o o AwY _ @ ap
e i 2 M i Al v |'|""ﬁ A A
i
it P ALf A

- -" = — ¥, LF ST Vi T _ —_ — (. — o)

:-- v -: ox e (” o + v i A + (P — pl8
c |y e i pu— p = pBIT — T.)

| 0 I oy

: l‘ ; Fh e it a2 . :

V-t _ 1 e gr=— = p—a 4 3T I b

[ | Y Ty
T .
This is the equation that governs the fluid motion in the boundary
| ling on a differential volume layer due to the effect of buoyancy. The momentum equation
' th 1ral convection involves the temperature, and thus the momentum and energy
Iayerﬁvé”rJa""'vertical flat plate. equations must be solved simultaneously.
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HEE'I: " eRiiplefe set of conservation equations, continuity (Eg. 6—-39), momenf[um (Eq.
p=te§2:0%8922and energy (Eq. 6—41) that govern natural convection flow over vertical

isothermal plates are:

fliy s

Clonlimuily: — =k = [
oy iy
iy chri T ] ’ Y
Momentun: Mt =+ g0 — T,)
oA A A
%
al AT a-T
Encrgy: H— 4+ W = ¥

a |

o oy oy
with the following boundary conditions {sce Fig. 9-0H]:

Alv = 0Lk aero, L) = A0, ey, Oy = () M )= T,

AL v —= 22 pef o, 90 —= [}, 25, 55} —= {h, ffx o= — T

1S r@ﬂﬂhbe solved along with their transformed boundary condltlons numerically.
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“The goéverning-equations of natural convection and the boundary conditions
can be nondimensionalized by dividing all dependent and independent variables
by suitable constant quantities:

B — I'_ i — _.L irE — 'I_'l - p— [I ' -| T-:: - _i!___ TI_I}'-_
A I A & It T [ ¥ Hipls T T
Substituting them into the momentum equation and simplifying give
- F SjreE r 5 o = Gl | X e aq F =
i et i du® elHqT, _ J',_Jn'\il | 'j " I e
ax® iy L 1 Re; Rep ay®
. Grashof number: Represents the natural
) T, — T . . .
Cir, = : = convection effects in momentum equation

III

- . . "

g = gravilational aceeleration, m's-
= = coefficient of volume expansion. YK (5 = YT for ideal gases)
I = lemperature of Lthe surdace, °C
- -

— *rmperabture of the fluid sufficiently tar from the surface, ™C
haractenste lengilh of the geometry, m

Woﬁ 1.-]-}r:1_1=--1l:'-r ol the Muid. mfs
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Bt L%@ﬁracshof number provides the main criterion in determining whether the fluid flow is laminar or

Cete 12ig1BElent in natural convection.
- For vertical plates, the critical Grashof number is observed to be about 109°.

-

Hor

surface When a surface is subjected to external flow, the
i A problem involves both natural and forced convection.
- A Frivtion The relative importance of each mode of heat transfer is
 TOree Cold determined by the value of the coefficient Gr/Re?:
4| l{ Huid - Natural convection effects are negligible if Gr/Re? <<
- 1.
. l1||:"|"il.l'l:l'l: _ _ _
A ik * Free convection dominates and the forced convection
5 :___,e/r effects are negligible if Gr/Re? >> 1.
: [ » Both effects are significant and must be considered if
oo wanaey Gr/Re? ~ 1 (mixed convection).

Fiarcae

The (Grachof number Gr is a measure of the
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Dafe1§|.u4l.2£?3ft‘i'ﬁl,lll Dimensionless Parametrers

& Grashol Number:
gB8(T. —T.) Buovyancy Force

i Wiscols Force

Cre, =

L — characteristic length of surface
5 — thenual expansion cocflicient (a thermodynamic property of the fTuid)

-
J{T -ll;_-.|' |l. ET .'__._l
Liquids: & — Tables A5 AG
Perfect Gas: 8=1/T(K)

- Ratio of buoyancy forces and thermal and momentum diffusivities.
Favleigh Number:
gh(T, -1\

Sy

@%ﬂ/ﬁ\mjii = iy Pr=
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* In fluid mechanics, the Rayleigh number for a fluid is a dimensionless

number associated with buoyancy driven flow (also known as free

convection or natural convection).

« When the Rayleigh number is below the critical value for that fluid, heat

transfer is primarily in the form of conduction; when it exceeds the critical

value, heat transfer is primarily in the form of convection.

 The Rayleigh number is defined as the product of the Grashof number, which
describes the relationship between buoyancy and viscosity within a fluid, and

the Prandtl number, which describes the relationship between momentum

el asivity and thermal diffusivity.

f.& ce‘the'Rayleigh number itself may also be viewed as the ratio of buoyancy

cru viscosity forces times the ratio of momentum and thermal diffusivities.°


http://en.wikipedia.org/wiki/Fluid_mechanics
http://en.wikipedia.org/wiki/Dimensionless_number
http://en.wikipedia.org/wiki/Free_convection
http://en.wikipedia.org/wiki/Heat_conduction
http://en.wikipedia.org/wiki/Convection
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* When analyzing potentially mixed convection, a parameter called
the Archimedes number(Ar) parametrizes the relative strength of free
and forced convection.

* The Archimedes number is the ratio of Grashof number and the square
of Reynolds number, which represents the ratio of buoyancy force and
inertia force, and which stands in for the contribution of natural
convection.

* When Ar >> 1, natural convection dominates and when Ar << 1, forced
convection dominates.

340


http://en.wikipedia.org/wiki/Archimedes_number
http://en.wikipedia.org/wiki/Grashof_number
http://en.wikipedia.org/wiki/Reynolds_number
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(¢} Mixed convection (Gry / Rej = 1)

FIGURE 20-9

The relative importance of
convection heat transter regimes tor
flow near a hot sphere.

[m] 3% [m]

341



" \ew oeihe role of Grashoff number is the same in free convection as that of Reynolds number in forced

Reg. Mo. - L-121384/2023

Det= 1EQASCTION,

The criticat Grashoff number for the flow of air over a flat plate has been observed to be 4 x [0
(approximately).

In peneral, N = f(Gr, Pri= C(GH® (Pr)*
In several cases, the above relation simplifies to the form
Nu = C(Gr Pry®

Hence, a new dimensionless group 15 often used called Rayleigh number viz.,

Ra = Gr. Pr
The product 15 also a criteon of laminar or terbulent charcoer of the flow as determined by 1ts
values, Thus
109 = Gr Pro< 10 e foor fuptinar flow

s e e 101 f{_‘.l_l" mr.ﬁ'ﬂl-:?ﬂff?{?w
el ¢
S —

el By | R, o
RIS alues of Grand Proare evalwated af the mean film temperature [r:" o 2 ]




COPYRIGHT CFFICE
MENVY DELHI
Reg. Mo, - L-121384/2023
Date 12/04/2023

TRANSITION AND TURBULENCE IN FREE CONVECTION

A transition from laminar to turbulent condition in both forced and free convection is cansed by
thermal and hydrodynamic instabilities. It has been observed that the transiion in free convection

boundary laver occurs when the value of Rayleigh number approaches 107, Thus

3
Ra. . = Gr, Pr=gB(f§ ) X =10’
Vo

The analysis of turbulent free convection 18 very complex. However, the results obtained from
varlous experiments have been used to obtain the pertinent empirical relations,

RAISONI GROUP OF INSTITUTIONS
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The following dimensionless nmumbers apply for the usual free convection problems:

3
(i} Musselt number Ny = ':L_L-. (i} Grashoff number Gr = L Efﬂr

1_I

ke,

(izr)  Prandt]l pnmber Fr =

VERTICAL PLATES AND CYLINDERS

The commonly used correlations are:
Laminar flow: Ny, =059 (Gr. Pr)I%  for (10% < Gr. Pr< 10%)
wagnm rbulent flow: Ny, = 0.10 (CGir . Pr)17? for (107 < GGr. Pr< 10'%)

RAISONI GROUP OF INSTITUTIONS
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EMPIRICAL CORRELATIONS FOR FREE CONVECTION

VERTICAL PLATES AND CYLINDERS

f o+ 1.
All the fluid properties are evaluated at the mean film temperature [E'f = W .
4

Churchill and Chu have recommended the following correlations:
0.67 (Gr . Pr)"?

(0.492

g6 T
Pr ]

N, =I[)68 =

Nu, = |0.825 +

1|\

0,387 (Gr . Pr::”“‘

[

0.492
PF

RAISONI GROUP OF INSTITUTIONS

J_,_-r”ﬁ }E." 17

92

2

for (Gr . Pr< 10°)

for (Gr ., Pr= 109
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HORIZONTAL PLATES

In case of an irregular plate, the characteristic length is defined as the surface area divided by
the perimeter of the plate.

(1) The upper surface heated or the lower surface comled:

Laminar flow: EL =054 (Gr. P for (10°< Gr. Pr<2x 107
Turbulent flow: Nu, =014 (Gr. Pr)'?  for (2x 107 < Gr. Pr<3 x 10')

(ir) The lower surface heated or upper surface cooled.
Laminar fTow: E_,_ =027 (Gr. Pr'"  for (3x 10° < Gr, Pr<3 x 10
] 'w%!%f;}%ﬁ“m lﬁ;_ = 0,107 (Gr. PAY for (7= 10%< Gr, Pr=11 = 10'Y

> —

RAISONI GROUP OF INSTITUTIONS
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HORIZONTAL CYLINDERS

For such a case, the outyide dinmeter 15 wyed as the charactensie dimension.
Mc Adams has recommencled the [ollowing correlations:
Laminar flow: Ng =053 (Gr. PO for (104 Gr. Pr< 10
Turbulent flow: Nu =10.13 (Gr. Pri'  for (10° < Gr, Pr= 10"

The following general correlation has been suggested by Churchill and Chu for use over a wide
range of &r. Pr.

— 0.387 (Gr . Pr)"'®
Ny = 0.6 = - .__.".,-_.I!_J.-i._._j.l.-.l‘

TEil for i 1073 < Gr. Pr< 1013
{1 + (0.5597 pry*") iU

foad properties, 1n all preceding eguations, are delermmined at the mean hilm tempeniiore

‘ R N
@ =TS )

RAISONI GROUP OF INSTITUTIONS
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IMCLINED FLATES

For this case multiply Grasholf number by cos 8, where 8 is the angle of inclination from the
vertical and use vertical plate constants,

SPHERES

Yuge (1959) has recommended the following correlation for free convection from a sphere of
diameter D

Nu =2 +0.43 (Gr. Pr)'#
for (1< Gr.Pr<10°)and Pr=1)

RAISONI GROUP OF INSTITUTIONS
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ENCLOSED SPACES

In thie iterature, several correlatons for heat trans-

fer between surfaces at different temperatures sepa-
rated by enclosed MNuids are available, In this sec-

tion, some correlations are presented that are perti-
nent o the most commaon geometries.

() WVertical spaces
Iacob has suggesied the following correlations
for vertical enclosed air spaces shown in Fig, 8.2,

s =]y
I;: o .HL | H
(i _":Hﬂ'_—'—ﬂ.lﬂiﬁr] {_]
K i A
Foar { 20000 t'}.r <210 (R4%)

- " 10
e H=E—DDE4[DL}'”(—]

K
@% 0% < Gr, < 11 % 10%

R N LTI RNV e g |

t f
: 4 y

Bounding  / ;‘
wall T /
/ /

7 0| >t

7 -

Q—» 7 i
/ /
ﬁ :
/ #
/ :
7 /

/ A
— L P

STITUTIONS

Frazs comyvecriom in verical enclosure
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CES

] - -
where, k= Lffecrtive thermal condactivity, % .lt_ﬂ:[ ' ; "-W
H = Height of the air space, and |

f. = Thickness of the air apace.
Gir is bazed on thickness of alr space, f.

{#) Horizontal spaces
The following correlation has been suggested by Jacob tor korizontal enclosed air spaces:

Y ﬁL_ v ylid

(i)

for (10° < Gr, < 4 x 10°)

= 0068 (Gn)"™  for (4 x 10 < Gr,)

RAISONI GROUP OF INSTITUTIONS
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CES

In the case of lgwids contained in horizental spaces, Globe and Dropkin have proposed the
rollowing commelation:

o |I1-L . - g ¥ 1
Nu = = 0.06% (Gr )7 (Pry " P
-
for (3 = 10° < Gr _ Pre7 = 117 14,
: s
COMNCENTRIC CYLINDERS SPACES . |
1 b
Ruithby and Hollands hieve recommende:sd the folloaing ; '._ :
correlatinons (or fong aormzaniad concerivie cylirder: ’ : '
k [ Pe ) \
= =0),386 | r {Ro ) ) '
s |..|-'|.$|‘_I'|+.|'".l'__| - (i
GETINEY *L"I' o L
A . where, Hu, =10r. Pr), = — b I”'f ”_r"l R,
P - 107 2 By L0 Lo 4o . "
@@ﬁ .- and & _is related as P
= i Io—f
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CONCENTRIC SPHERES SPACES

Eiathby imad HaollemaEs kave recomamended the folkoaing corrclations:

Q=kr{DDJL)1—1])

and, k_Is expressed as

144
j| [ Ecr_...]ll '

I HEI_

74 [ d
k 0.861 + Pr

where, Ra, = (Gr . Pr), ={

The above equations are valid for (10° < Ra, = 10%).

RAISONI GROUP OF INSTITUTIONS
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SIMPLIFIED FREE CONVECTION RELATIONS FOR AIR

The simplified relation for the heat transfer coefficient from different surfaces to air at atmo-
spheric pressure, in general, is given by

ec[2
L

where C and m are constants depending on geometry and flow conditions; the significant length L 1s
also a function of geometry and flow. Table 8.1 lists the values suggested by Mc Adams for various
seometries, orientations and flow conditions indicated by the magnitude of product (Gr . Pr).

RAISONI GROUP OF INSTITUTIONS
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SIMPLIFIED FREE CONVECTION RELATIONS FOR AIR

HMestien] ~urbave Sscing up

Heawed suclace Zacusg
down

v Sphenes

i —1.22

‘3_
I X
l']5 = {ir. Pr s 2% 17

1'4
AT

5 ’
(Bx 107 <Gr. Praidx 09

}-l =150

f o [2 40,392 (Gr) -"]-'5-

(1« CGire 107

S-No. | Surface and its ovientation L.aminar Turbulent
\. i
L. | Vertical plice or cxlinder l4’| 5= 1.32anhs
0 < Gr P) l("} (107 < Gr., Pr= 1013
[ A N |
2. | Herizonwl evlinder = 132 T | 5 =125 a0
(1 < €or. Pr< 105 110% < CGir . Pr< 1013
1, Heorizontl plate:

& = LET (an"

Ax 1V <Gr. Pr<ix 0




COMBINED FREE AND FORCED CONVECTION
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vection effects are negligible when Gr << ﬁ':.‘, al the other extreme, free conveclion

. 1 [ ] 1 ]
dominates when Gr >> K. There are certain situations where the free as well as the forced convec-

tion are of comparable magmitude. One such case is when air is flowing over a heated surface at a
low velociry, Adimensionless group [Gr.fRE:] 15 used o delineate the convection regimes, The various
flow regimes are characterised as follows:

(Crrf H’E ) =1 ... Pure free convection
[Crrf .I"-L'i ) =1 o Mixed (free and forced) convedtion
(G -I"'Iff. ) =1 .. Pure forced convection.

EXTERMAL FLOWS

The local Nusselt number Vu_ Tor mived convection on verfical plates 15 given by
Nu, = 0.332 (Re )2 (PR if (Gr/ R, )< A

and, Nu, = 0.508 (Pr)"2 (0.952 + Pry "™ (Gr )™ if (Gr /R, ) > A
where, A = 0.6 for Pr< 10
fiyaaml  and, A = 1.0 for Pr= 100
:.q. "

A

[ W plates when [EFJIH:":"";I = UUES the following equabon for Foreed convestion
4F:

|l|il_'-|l_ = [I'HHE .r|r|:-|-l.ll- Prl_ﬂ
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COMBINED FREE AND FORCED CONVECTION

fed Tor mixel consection 1o lamdnar o, Beawn and Gaevin recomimended a coreelatiomn of the

[ as - ¢ " (.14
Nu = 1.'1'5 [—h | |EE + Dm: {EE Grl.‘ﬁ:ﬁ-‘lll.ﬁ
H, )
where, (r; = Qraelr number = B2 PriVL)
and, [y 1, = Viscosities of the fluid at the bulk mean temperature and surface

temperature respectively.

(1i) Por mixed convection with turbulent flow in horizontal tubes, Metais and Eckert (1966)
sugest

Nu = 4.69 (Re)"H (Pr)2 (GA"MT (DyL)"

RAISONI GROUP OF INSTITUTIONS



 New §§|§Ilcﬁfl A vertical eylinder 1.5 m high and 180 mm in diameter is mainteined at 100°C in
Reg. No. - L-121384/2023 , ATRIRE :
paiigoadseosphere environment of 20°C. Calculate heat loss by free convection from the surface of the

cylinder. Assume properties of air at mean temperature as, p = 1.06 kg/m’, v = 18.97 x 107° m*/s,
c, = 1.004 kl/kg°C and k = 0.1042 kJ/mh°C.

Soluthon, Giver: L= 15m; 2= 130 mm =1LT8m, 7, = 100°C;
ro= 20°C; p= 106 kgim?, v = 1897 x 10°% ms;
¢, = 1004 kg C k=1 1042 kIim h*C.
Heul loss by [ree convectinn, £ :
ho=pv=L06x (1857 = 107 = 36007 = 007239 kpfmhb
| ] ] . -
i T = me o 00 + m“l B

I-._ = -

—— I'epae

2
¥
. i
_ LAY %981 1003 x r:][H] - 2 _ .
(12T % 10 %y
\ Lo 007239 = | .00d
e Pr=—=_— = (LOYTS
@ e [ 1042

GrFr=2208 % 107" % 06075 = | 54 = 10"
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15 value of Gr Pr {lubulent range),

— kL
Nur. = _!F = 0.10 (Gr.Pr)'”  (for 10° < GePr < 10'3)

= 0.10 {1.54 x 10!%)!% = 248,79

h=X 24870 {1.:[:11 x 24879 = 17.283 kJfh m2eC

L
Rate of heat loss, Q= hA (1, — 1)

= 17283 x(mx 018 = 1.5) x (100 - 20
= 11728 kJ/h  (Ans.)

RAISONI GROUP OF INSTITUTIONS



COPYRIGHT OFFICE xample A cvlindrical body of 300 mm diometer and 1.6 m height 2 marntained at a
MEW DELH! cvsmyfemnt femperaiure of 36.3°C. The swrroanding fempreratare oy F3.57°C. Find oud the ameosoet of feat

Reg. Mo. - L-121384/202

Date 1210412022 02 D6 gemerated by the body per howr if p = 1025 kgim™, o, = 0.96 kikg°Ci v = 15.06 x 10 mfs;

i

k= Q082 Llim-h-"Cand |§ = 208 K ' Assione Nu = 0.12 (Gr . Pri'® (the symbols have their usual

meenings).

Solation. Given

D=300mm=03m L=16m.r,=365C;1_= 13.5°C;
p = 1025 kgim?; o = 0.96 kMkg Cs v = 15.06 x 107" m¥s;

| ;
kA = 00892 klm-h- C; ﬂ‘-‘ ’ﬁ N '; Ne=0.12{(Gr. pr]l.'J

The amount of heat to be gencerated ¢

Grashoff number.

Prandtl number,

Nusselt nurnber,

on
/ A

ngﬁ (rj’ =7y '.nc}

Gr =
) B « 1 ~
(1.6)" x9.81 x| e | % {36.5 - 13.9
- \298S = 1.3674 x 10'"
{1506 % 10 %)*
pp_ Hep _ PY, 1025 x (15.06 % 107° x 3600) % 0.96 AT g]
13 & D.OR92 . P
Nu = % =012 {Gr. P’
= 0.12(1.36742 x 10" x },598) " = 241.75
b = ;lx 241.75 = %x 241.75 = 13478 kJ/h m*°C
- A

%st\ﬁ})st from the surface by nataral convection,
A

Q=rAL-1)
= 3478 x{(mx 053 x 1.6} (3.5 - 153.5)=*%307.5 kJ/h (Ans.)

* This is the amount of heat to be pencerated.



corrRSH SEsample A kot plate 1.2 m wide, 0,35 in high and at 115°C is exposed to the ambient still
fea Mo g (., Calculate the following:

(0) Maximum velocity af 180 mm from the leading edge of the plate;

(&) The boundary layer thickness at 180 mm from the leading edge of the plate;
(1) Local heat transfer coefficient at 180 mm from the leading edge of the plate;
(rv) Average heat transfer coefficient over the surface of the plate;

{v) Total mass flow through the boundary,
ivap  Haed foss from tlee plade;

[eirk Rise m femperatre of M gir passier froueh sie fopedary.
Lige the approximale saiinog,

Salution.  Giver ;¢ = 1130, 0 = 257, r= 1BO mm = 0. 18 m

2 [, +1 115 + 25 B
The nrean flm temperanre, .= g : w ; = T

"
-l

p = 1029 ket & = 0029w/ v = 20002 = 105 mds

[Efe¥asim]  o-physical propeibes of ae &l TN e

Ll | ! I !
B | ProUgifo - - . . pggols
*“ﬁ sl e 1 B Emog e :
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(0LRF % 981k 0002915 {115 - 25)
(2002 % 10
0357

and, Gr, = 3,745 107" x| el
L

— 3745 % 10°

= 27,532 = 10°

(1) Maximum velocity at 180 mm from the leading edge of the plate, u__:

[ Ll] 1§13 [Hﬁ I::{ _ r--l-‘ll'l s
i =0.766 v| 0952 + = . (x)

LI | L

981 0002915 (115 —
(20.02 x 10°%)?

251 "
= 018y

¥
by m's (Ans.) (' Fr= =F 0.6%4 ._.as given above)

= 0,766 = 20,02 » 10°° (0.952 + 0.694) 1 x [

RAISONI GROUP OF INSTITUTIONS
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T

v layer thickness at 180 num from the ]tadiug:.;:-ﬂg-: of the plate, &:

0 : .
— = 549300052 + P (Gr) M PR
A

= 3593 (0032 4+ .60 (3,745 = [0 0.ES4Y = 0 DeE3
0= ekl < L8 =001228 m = 1222 mm [Ans.}
{iii )} Local hent transler coelficient at 1390 mm (rem the leading edge of the plate, i :

'!:_-, - . : 2x
o= == =508 (PP 0052 + P (G = —

Eoo9x %% 200964 ;
fio = g — 4823 Wim?eC |
TR 0.0 1235 1A

(el Average heal transfer coelficdent vver the surface of the plate, &

- Iﬂ_— :
h = E [T -I_.i"'."l'"z 952 + Py 1M I'ﬁrl,__}"q|

29

Bl = 1% MLATT O0n0d 112 0982 + DA%y 19 {27,532 = 1079

vl & ey 1) Y
e SAEAC (Ans.

i i O
T
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Date 12/04/2023 Totul mass Mow through the boundary, g

Total mass flow through the boundary can be calenlated from the followdng fonnuala

5 Cirp 1
m, = 1.7 p :
{0 (Pr + 0952 |

27,532 % 1

= 1.7 1029 % 2002 = 10 :
| (D644 (U693 + 0,552) |

(i, m, = LINKTH kgls  (Ans.)
Lvi] Heat loss From the plate, £ :
Heat lost from the plate w1l be from both the sades, hence

=25 A0 1)
= 254 w035 w L2115 - 25 1=41053 W {Ans.)
[ ] Rise in temperature of the air passdng through the boundary, A
Hear lost, 4 =m, ¢ Af
ur, 4105 = 000478 » (1005 % 107 « At
410.5

A= = /5. 45 [.'L'I]E-]
000478 % (1.005 = 10

RAISONI GROUP OF INSTITUTIONS
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Natural convection heat transfer on a surface depends on the geometry of the surface as well as its
orientation, the variation of temperature on the surface and the thermophysical properties of the fluid
involved.

With the exception of some simple cases, heat transfer relations in natural convection are based on
experimental studies.

||I|'||L- N . . .
i = ———= i Pi)™ = 8 R
& N Clonsiant
. . : coetticient
" 2T, ..  Rayleigh
Fa, = Grp Pr = — 3 Fr  qnumber J Constant
¥ Nu = CRa} As? exponenl
The constants C and n depend on the geometry of ,f »&
the surface and the flow regime, which is - ,
. : ussel Rayleigzh
characterized by the range of the Rayleigh number.
numbhber number

The value of n is usually 1/4 for laminar flow and 1/3
for turbulent flow.

" ““operties are to be evaluated at the film

Natural convection heat transfer correlations
are usually expressed in terms of the Rayleigh
number raised to a constant n multiplied by
another constant C, both of which are
determined experimentally.

ANl A1t

o (W) 364
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» General correlations for vertical plate

hi
Nu; = o = C Ra;® 2> Eq.(9.24)

where,
Laminar 10% < Ra, £10° C=0.59 n=1/4

Turbulent 10° < Ra <108 C=0.10 n=1/3

* For wide range and more accurate solution, use correlation Churchill and Chu
- Eq. (20.21)

~ All Conditions:

[+

.~ -

L 1/6
Nuz =<0.825+ 0.387 Ray !

; 8/27
G (1+(0.492/Pr)”"™ |

365
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hi..
1) Niu = el S ¢ (’i‘-l I*r ) = CR “;._' *C & n is depend on the geometry of the surface and
& ' v flow regime.

n=1/4 - laminar flow
n-=1/3 -2 turbulent flow

- ST, — T2 . 2T, — T)I3
2) Ra, = Gr, Pr= e pr = 287
| ’_ | 1ee

ar

T. What is the difference between Re, and Ra, 7
2. What is the transition range in a free convection

boundary ?
10% = Ra = 107 (Laminar)
10° = Ra = 10'F (Turbulent)

3) '()cunx - ,‘/\,\(..,.\ — I)

*All the properties are evaluated at the film temperature, T=(T,+T,)/2 366
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2g. Mo, - L-121384/20 Eii
<

2upitasapacorrelalions ior Lhe geeraza Nusseli namber lor nalurzl cenveclion over surlaces
Characterisic
Gaameatry length 1. Range of Ra Nu
e - & 1102 Nu = N.53Ral* (20 19)
2L 104104 Nu = 0.1Re}® 120-20)
L ? 0 FYTRA S 2
g L Crilite range Ny — {o.szs + Sty Q,,,_m.,} [20-21)
% [1 = (0A92Pr)™'™
= A [Canmyes Dol moee accuarale)
Encliresd plale Use vortizal plate oquations for the upper
))\ curtace ot a ccld plat2 and the jower
/ surface of & hol plats
I Replace Z by £ cosh 1o O =1 < 8
()
\%//
Honzontal plate 10f 107 Nu — D.59Ral* [20-22)
(Surface area A and pecimeler ) T 100 P s 120-23)
() Upper surface af = hol plale UE =T Nu = 0.15Ra}®
(e lawer surface af a cald plake)
[Tat sarfoce 7’y
I o
v 4aEEESRS
Ao
facer of 2 bt plzfe
':;r.r@@u’f platz)
[FIII W//W'}?//-’/'
e, T 1U°-10% Ny — U.Z/Ral* 120-24)
<
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E.tg WMMHHEMEMM A vertical cylinder can be treated as a

-
te 12/04/2023 T 7" vartical plate when
L
L D= =5L
l— Grp™

Horizontal cylinder 7 0.387Rak"® }:

e D Ra, = 10t NU = {0.6+
i . = { (1 + (0.559/Pr)¥ie)aar

Sphere o - 1 - = 0589.Ra}..“ 7AW
Rag, = 10 Nu L (1 4 (O.460/Pyy™is]em

D (Pr = 0.7)

Vertical Plates (7, = constant)

For a vertical flat plate, the characteristic length is the plate height L. In Table
» give three relations for the average Nusselt number for an isothermal
- | plate. The first two relations are very simple. Despite its complexity,
ing the third one (Eq. 9—21) recommended by Churchill and

,c,@?éguﬂ[ﬁ
etk 97 )/ﬁflca it is applicable over the entire range of Ravleigh number.
v e . lation is most accurate in the range of 107! << Ra; << 10°. 368
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- VarlGatRlatgs (g, = constant)

Date 12/04/2023

The relations for isothermal plates in the table can also be used for plates subjected to uniform heat flux,

provided that the plate midpoint temperature T, ,, is used for T, in the evaluation of the film temperature,
Rayleigh number, and the Nusselt number.

. er I . :
1} 'I'IEL 7 T.'_,.-JI:- — 2= gd,
Inclined Plates
Hou In a hot plate in a cooler environment for the lower
£ frate surface of a hot plate, the convection currents are
.T : weaker, and the rate of heat transfer is lower relative to
N f v A the vertical plate case.
¢ AN Boundary  op the ypper surface of a hot plate, the thickness of the
\ laver How i
Moo il s boundary layer and thus the resistance to heat transfer
= s 1= ” decreases, and the rate of heat transfer increases
S }\,, - relative to the vertical orientation.
St In the case of a cold plate in a warmer environment, the
l 2 opposite occurs.
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rHeorlZbhital Plates

Natural
canyechion

currenls
g

a ' "" A

e

//‘\\//'\ //‘

S\, 7 N /I

/ Ha
Natural ',.-"'

conveotion

plate

carreni s

Natural convection flows on the upper
and lower surfaces of a horizontal hot
plate.

For a hot surface in a cooler environment, the net force
acts upward, forcing the heated fluid to rise.

If the hot surface is facing upward, the heated fluid rises
freely, inducing strong natural convection currents and
thus effective heat transfer.

But if the hot surface is facing downward, the plate blocks
the heated fluid that tends to rise, impeding heat transfer.

The opposite is true for a cold plate in a warmer
environment since the net force (weight minus buoyancy
force) in this case acts downward, and the cooled fluid
near the plate tends to descend.

A,  Characteristic length
L. = p
@ v L. = al4 for a horizontal square surface of length a

L. = D/4 for a horizontal circular surface of diameter D
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reergBzontal Cylinders and Spheres

R i The boundary layer over a hot horizontal cylinder starts to

o W T T develop at the bottom, increasing in thickness along the
e J.-" ‘:x:“-m circumference, and forming a rising plume at the top.

_;’ff;*' T, Therefore, the local Nusselt number is highest at the bottom,

: and lowest at the top of the cylinder when the boundary layer

| flow remains laminar.

;f" The opposite is true in the case of a cold horizontal cylinder in
o = o a warmer medium, and the boundary layer in this case starts
to develop at the top of the cylinder and ending with a

Natural convection flow overa  descending plume at the bottom.
horizontal hot cylinder.
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g e .| NATURAL CONVECTION INSIDE ENCLOSURES

Date 12/04/2023

Enciosures are frequently encountered in practice, and heat transfer through them is of practical interest. In a vertical
enclosure, the fluid adjacent to the hotter surface rises and the fluid adjacent to the cooler one falls, setting off a
rotationary motion within the enclosure that enhances heat transfer through the enclosure.

T T F L. charecteristic length: the distance between the hot and cold surfaces
Ba, —— —— P T, and T,: the temperatures of the hot and cold surfaces
Cold Pr—— Ho Ra > 1708, natural convection rasht e Nu =1 il He
surface || P N0 L~Turface | cUrrents e
o Ra > 3x105, turbulent fluid ML W
motion = %
Vielovily f—lf-.::l'.'1.- Fluicd . Cold
P e Fluid properties at )
. o |"j|'-'| n 'j'-:l . (ex ) Hae plide ar the to)
. . Heavy Fluid e
Convective currents ina == % == | o ~
horizontal enclosure with (a) el M= :."’f'”"ﬁ_f'-:.,'.: "‘;I:s )
- hot plate at the top and (b) il AL T I v
e cl#penty in a vertical hot plate at the bottom. iy

i1 Hot plate at the baoctom



Efeehus Trlermal Conductivity

Date 12/04/2023

: . . o fy & - e
L= hALT, — T30 = kNuA, —— o= KNul, Qeona = KA, —5
Wy = 1 X = EM effective thermal
Hot &  Cold Hot kg=3k Cold ‘ conductivity
g i v (= S The fluid in an enclosure behaves like a fluid whose
I'Ff " thermal conductivity is
t ||" 11_ kNu as a result of convection currents.
(0= 10W !‘ 2 = 20w Nu=1,the effective thermal conductivity of the
—— _H_t_.. enclosure is equal to the conductivity of the fluid.
(N1 1 This case corresponds to pure conduction.
o acen b III, l
1' A ‘-"' ‘.1—'"‘ Numerous correlations for the Nusselt number exist.
e Simple power-law type relations in the form of Nu =

Matnral
Iy l'_'-i.'|.'ili =Tl

Fhare

s Ay ladm

. ;umber of 3 for an enclosure indicates that

ar t%g{khth_e enclosure by natural
is t imes that by pure conduction.

CRa", where C and n are constants, are sufficiently
accurate, but they are usually applicable to a narrow
range of Prandtl and Rayleigh numbers and aspect
ratios.
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Date 12/04/2023 . . .
= For horizontal enclosures that contain air,

1 =y, 144 I P 45 .
Mu = 0.1 5Ray T® < Ray == 4 > 10" 1pee6 relations can also be used for other
Nu = 0.068Ra}" 4% 10° = Ra, = (o7 99seswith0.5<Pr<z
Mu = DOG0OR 4 15 Pyl 3 ove TS < B = T e 100 For water, silicone oil, and
: : = 2 & mercury
[ 1708 |t [ Ra ) F* . []* only positive values
— ~L R —_— = i
™ ! | .4 | I Ea, 4 | 1= ! Fa, 1) 0 be used

Based on experiments with air. It may be used for liquids with moderate Prandtl
numbers for Ra;, < 10°.

When the hotter plate is at
Ty the top, Nu = 1.

A horizontal rectangular
1, enclosure with isothermal
surfaces. 374
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NEW DELH Inclined Rectangular Enclosures

Reg. Mo. - L-121384/2023
Date 12/04/2023

- ’ ! . 3 - ) 1 4 . y /3 '
S i il "’“I" 1708 ] (l ~ 1708(sin 1.860) )+ [(Rag cos MV |]
|

Ra, cos Ra; cos () ' I8
Ra, = 10% 0 =< 8 =< 70° and H/L = |2

N . e, A
Nu = Nu, Wul—:—'-x—r) (sin f), )" 0 -=0-=06_, HL-= 12 [

_ o
Nu = Nu, o gl sin )" ., = € = 90° any H/L

7y

Nu — | + (Nu, —wp — l)sin#} QO == 1) == 1807, uny H/L

TABLE 20-2
Critica: angles for inclined

rectanguiar enc.osures
Aspecl ratio, Critical angle,

HiL Q..

- -

25°
53°
60°
6;: An inclined rectangular enclosure with

% isothermal surfaces. 375
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neg. o L tiGA

.29
Date 12434/202 lar Nu 0.18 (“ ,)P_:_ Pr RuL) any Prandt] number
Rectangt . Ra; Pr/i0.2 + Pr) = 10

Enclosures
, Pr \O2B g\ - M e~ H/L < 10
Nu = 0.22 (() 5 + Pr Ru,) (L) any Prandtl number
R | Ra, <= 10
-Ir'l Jr-::
I() ~ AL << 40

—-0.3
‘, Nu = 0.42Rua ;" Pr“”"( ) =~ Pr = 2 X 109
104 = Ra, < 107

| == H/I. <= 40

Mu = ﬂ_-—lﬁF:ﬂ}_"'! | =< Pr = 20
10° <2 Ra, < 10?

TJ:J-TE

Again, all fluid properties are to be
evaluated at the average temperature

(T,+T,)/2.

A vertical rectangular enclosure
with isothermal surfaces.




—CBREsNIE Cylinders

Date 12/04/2023

The rate of heat transfer through the annular space : g L
between the cylinders by natural convection per ) (T — T.) (Wi
unit length N 3,503 )
o ' Fr e
i . - J11
Characteristic length i (. A5E I:___|:'J_:-'..!.|!'5,| | ]-_-,.;I (FopRay

[, = (D, — D)2

~ Outer cvhinder

‘L_Iﬂ:'} -7 T—"[' == 'f!ll:-.HHﬁl Al Ir-l':l = !-_L'-.-'E.';I'II_ = J”_.

[T, ]

/ al 7., T LD+ B
/R TR Y the geometric factor for concentric
{7\ 7T cylinders
LIE ) ) D, £2 e )

\ ..:i\./"' \:\ 1‘ .
\---_./_, ______________ =l For F,,Ra, <100, natural convection currents are
. negligible and thus k. = k.

'_..::f Inner cyvhinder
ol iy Al

Note that k.4 cannot be less than k, and thus we
should set k4 = kif k/k < 1.

sen izontal isothermal cylinders. The fluid properties are evaluated at the average

temperature of (T, + T,)/2.



S Concentric Spheres

Reg. Mo. - L-121384/2023
Date 12/04/2023

Characteristic length
.= (D, — D)2

. Tid 12 :
£ — K.g T (=0 (W)

bt _ .74 = L Rap™
k TN\ 0.861 + Pr ph L
0.70 = Pr = 4200 and 10° = F_,Ra, = |0

_ L.
(O DX (D7 4 e

'P'=|'|h

If k.« /k <1, we should set k4 = k.
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=oF Rekpaligde A sheet metal air duct carries air-conditioned air at an average temperature of
IS auct size s 320 mm x 200 mm and length of the duct exposed to the surrounding air at
J0°Cis 153 m long. Find the heat gain by the air in the duct. Assume 200 mm side is vertical and top
surface of the duct is insulated. Use the following properties :

Nu = 0.6 (Gr.Pr)®% for vertical surface.
Nu = 0.27 (Gr.Pr)*® for horizontal surface.
Take the properties of the air at mean temperature of (30 + 10)2 = 20°C as given below :
c, = 100 Jikg K; p = 1.204 kg/m’; B = 18.2 x 107° N-s/m?;
vw=151x 10 m%s; k = 0.256 W/m K and Pr = 0.71.

Solution. S T A.iTm;?:mw
There will be two vertical surfaces and = o
one horizontal surface from which the heat %, "“’-».,‘__
will be gained by natural convection. There s % A
o e hagt transfer from the top surface as it o “‘-' v

Ml ated

e ]
e

Sw ow w | #- 200 0m

I~ = 320 M 1
RAISONI GROUP OF INSTITUTIONS
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Date 12/04/2023
Mow, (Gr), HEHJ Lt
1-"‘

981 x [ ] ]:-::123 % (30 — 107
273+ 20

(15.1 x 107%y*
=2.35 x 107
(GrPr), =235 x 1072 0.71 = 16.68 x 10°

Lo
(R, = h‘T = L6 (1668 < 10" = 38 34

—Eﬂx.;w.:m = 4907 WimeC

Air-conditioned

v - & air

— .\
- —
p— ——
\ - -
- P i
- . e -
S 0/ -
.~ ~ - -
= o —
. v (/ N
—— —
- -
“\ —
< o T
LTS S S SO, L S N
|

* Y Y H=200mm

€= 120 mmel B

081 % ¥ (0,327 % (30 = 10)

(273 + 20)
(15.1 % 107"

(Gr}, = = 0,62 % 10’

(GrPr), =9.61x 107 x 0,71 = 6.83 x 107

RAISONI GROUP OF INSTITUTIONS



EDF'&EE“ CFFICE Arrr-conditioned
Reg. Mo L121aa4zuza - - & air

Date 12/04/2023 h N 2
K, w0 B . B B
(], = a2 = D2T e =10 ] o 24,54 t - —- 9
k & S y =,
=4 o =~
~ ’I/ _—A
¢ X ¥ N

A ()25 . - = -
h = = 5] = "= 1454 = 19.a % Wihn o s Y

H_ ':.:lj-l | . - - .

® w W H=200mm

- 320 mmel B

Q= xA % (A= 19.03 x (15 % 0.32) % (30 - 10) = 18845 W

. Total heat gain, Q = Q + Q, =5888.4 + 1884.5=77729 W (Ans.)

RAISONI GROUP OF INSTITUTIONS
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e, I L 12cEAE ample Air flows through long rectangular healing duct of widih ard height of 0.75 m and
Dste 1204202013 m mespectively. The outer surface temperature of the duct is maintained at 45°C. If the duct is

exposed to air at 15°C in a cramp-space bencath a home, what is the hears loss from the duct per
meltre length 7

Use the following correlations .
(1) Top surface :

Take L = g- = 0.375m _

Nuy = 054 (Ra, 2% if 10° < Ra, < 10°

= 0.15 (Ra, "+ if 107 < Ra, < 10"
(i) Borom surface :

Take L‘. = —g- =0.375m

Ny =0.27 (Ra, %2, 10° < Ra, = 17"
{ee) Sides of the duct

0.67 (Ray f**

(25T
\ Pr

Ué%'a'w Ty/ah‘aumg properiies of air .
AR v =162 x 10° mfs, ax=22.9 x I0% m'/s

k = 0.0265 Wrm K, B = 0.0033 K-' and Pr=0.71.
RAISONI GROUP OF INSTITUTIONS

Nup = 0.68 +




configuration of the duct 15 shown in Fig.
Reg. Mo. - L-121384/2023
Cate 12/04/2023

Fﬁﬁﬁﬁﬁﬁﬁﬂ

R — 182 Duer
eBir -0y L 1, = 15°C +
My = —— - 3 {a
oy Adrflow —
insids the —3»
(T3 —
RO @S -1 E
- 9 I-I'ul -IEI T -._-|-"i-I 'L "'IEIE..E 'I'I I'Il"rI —’
P& = 0™ s (162 & 10 3 \
For L inf \ H r‘3
rr LA NIEES T =\sim
X | ¥
L =H=03m \l
. {, = 45"C
Ra, = 2.62 = 107 ((L3)7 = 7.07 = 117
67 (7.07 T :
Nu,_rD-t:E+DE'” 07 = 107) fﬂ-f:E+':'Hq=4?.94

@Gﬂ:\ I ( l- - )

RAISONI GROUP OF INSTITUTIONS
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TP R RARLEED | (=15 Dt

SR I e D
B - 4704 ! Ao
¢ R —r g T
>/ Vi S
! 0.0265 % 4794 > iy o
o, by =—x 4194 = = 423 Win'°C . X G

LL' 0.3 \ \| f.’-:Jl.Rn /s ,9:-(

For top surface :
Nu, = % =0.15 (Ra, )™ =0.15(7.07x10")** =584

'H.I = .E.}.;_ﬁ.ﬂ,..q. = M: 4 127 \'l,.’,l'nﬁ“{:'
L 0.375
['I' =f:-=&1§={':|3?5m]

RAISONI GROUP OF INSTITUTIONS
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MEW DELHI v L
Reg. Mo. - L-121384/2023 "at_b' » -
Date 12/04/2023 |
- v

For bottom surface :

ML =2 .IITri-kL.:' — U-E? ['H”L ]'3.25 S {]1? {T-[:IT W -II:-I-.":ID.ES = ?4_?:3_

6 ,
b= X w2476 = 20253 5496 = 1.75 Wim2eC
i 0.375

The rate of heat loss per unit length of the duct is given by,

O=0+0+0
=[2xh %03 1)+h xi0T5=h+h = (075=1)]0(t -1}
= 2423 33 +4 12T 0751 + LTS5 2075 % 1] (45 — 15)

GRel . = 2084Wm  (Ans.)

RAISONI GROUP OF INSTITUTIONS
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Condensation

RAISONI GROUP OF INSTITUTIONS
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Condensation

What is Condensation?

Condensation is the process where water vapor becomes liquid. It is
the reverse of evaporation, where liquid water becomes a
vapor. Condensation happens one of two ways: Either the air is cooled
to its dew point or it becomes so saturated with water vapor that it
cannot hold any more water.

RAISONI GROUP OF INSTITUTIONS

1 el ™
-'s-'l:

- Condensation

- the process by wiich water tbe
d&dnwzmm e
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NEW DELH Film wise and Drop wise condensation

Reg. Mo. - L-121384/2023
Date 12/04/2023

Condensation occurs when the temperature of a
vapor is reduced below its saturation temperature j
corresponding to the vapor pressure.” |

« This is usually done by bringing the vapor into contact with j ;
a solid surface whose temperature, Ts is below the a
saturation temperature Tsat of the vapor.

« The latent energy of the vapor is released, heat is
transferred to the surface, and the condensate is formed.
 The condensation can also occur on the free surface of a
liquid or even in a gas when the temperature of the liquid or

the gas to which the vapor is exposed is below Tsat.

* In this study we will consider surface condensation only.

« Depending upon the behavior of condensate upon the Film
cooled surface, the condensation process has been

ed into two distinct modes: (A) Film wise

. ation and (B) Drop wise condensation.

2 o
(@J« 2
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e L T 202 Film wise condensation

Date 12/04/2023

The liquid condensate wets the solid surface, spread
out and forms a continuous film over the entire
surface.

The liquid flows down the cooling surface under the
action of gravity and the layer continuously grows in
thickness because of newly condensing vapors.

The continuous film offers resistance and restricts
further transfer of heat between the vapor and the
surface.

Film condensation only occurs when a vapor relatively

frnn fo~~impurities, is allowed to condense on a clean

\\
ansmﬁ generally a characteristic of

In film wise condensation, the surface over which
the steam condenses is wet-able and hence, as the
steam condenses, a film of condensate is formed.
Generally, film wise condensation results in low heat
transfer rates as the film of condensate impedes the
heat transfer.

o lu. ~~untaminated surfaces RAISONI GROUP OF INSTITUTIONS
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« The condensed vapor forms droplet on the surface instead of
continuous film. ... FILMWISE CONDENSATION
« The condensate tends to wet the surface and thereby forms a liquid film.

* The liquid flows down the cooling surface under the action of gravity.

RAISONI GROUP OF INSTITUTIONS
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9. However such coatings gradually lose their effectiveness due to oxidation, fouling or outright removal and film

?—‘-: Mo. - L-121384/2023
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NEW DELH Drop wise condensation

e 12042023

Dropwise—condensation occurs when a vapor condenses on a surface not wetted by the condensate. For
nonmetal vapors, drop wise The liquid condensate collects in droplets and does not wet the solid cooling
surface.

. The droplets develop in cracks, pits and cavities on the surface, grow in size, break away from the surface,

knock-off other droplets and eventually run-off the surface without forming a film.

A part of the condensation surface is directly exposed to the vapor without an insulating film of condensate liquid.
Evidently there is no film barrier to heat flow and higher heat transfer rates are experienced.

Drop wise condensation has been observed to occur either on highly polished surfaces, or on surfaces
contaminated with impurities like fatty acids and organic compounds.

Drop wise condensation gives co-efficient of heat transfer generally 5 to 10 times larger than with film
condensation.

It is therefore common practice to use surface coatings that inhibit wetting, and hence simulate drop wise
condensation.

Silicon, Teflon and an assortment of waxes and fatty acids are often used for this purpose.

condensation eventually occurs.

10. Although it is desirable to achieve drop wise condensation in industrial applications, it is often difficult to maintain

. on.
‘.; " design calculations are often based on the assumption of film condensation.
5€ (< qpnsatlon gives much higher heat transfer coefficients than those found with

nsation.
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~ DBoiling 13 the convective heat transfer process that tnvoives a phase change from liguid to

vapour state. Boiling 15 also defined a8 evaporation ar a sofid-fiquid surface. This 15 possible only
when the temperare of the surface () exceeds the saturation temperature corresponding to the
liquid pressure (7). Heat is transferred [rom the solid surface 1o the liquid according (o the law

U=k Agi-t =nd At
where, Al = I_Jj_— EM] v krvarm 5% @ ers e,

The baillieg process Dusds appdecaiiay it the lowing cascs
[} Steam praduction (for generalion ol power and o indestrial processes and space heat-
ing) i sledn and poclearn power plants;
pip o Heait ahsorpdion in refriggrstion ancd s0r conditioning systems;
(e Dhstillwbon and refining of Tguids;
il Concentration, dehydraton and drving of foods and matcrials,
Cooling the machises like nuelicar reactors and eocket motars wheee the large quantioes of
tare released L relatively small volume (dissigation rates are ag high as 0% Wing; the
. el heear transfer race Ln nvodern botler 1s about 2 = 107 Wine).

RAISONI GROUP OF INSTITUTIONS
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ahsfer phefgmerar muy ocour in the foilowing forms:

L. Fool boring | 3. Sub-copled or local botling :

Iri this caze the figuid abnye the hel : o .
s L Lo e In this case the liquid temperature is
surface is essentially stagnant and 13

miation near the surface 1= doe 1o free pelow the saturation temperature and

comvection and mixing induced hy

Bubble arowih and detachiment.

The poal Balling occur's in &leam
builers mivelving Rofwral convesiion.

huhbles are formed in the vicinity of heat surface. These bubbles after travelling a short path get
condensed o the liquid which Bas A temperatuge less than the bodling poil,

4, Saturared boiling |

Here, the qu_uirl temperature exceeds the saturaton tem perature. The VAQOUT hubthles formed at

e solid surlace (houd-sehd mtecface) are then propelled through e lquid by buovancy
cffeets and eventually escape from a free surface (Hguid-vapour interface).

2. Foreed comvection botling

Tlhis refers woa silualion where (he
(luad motion 15 iduced by external
eteans fand alse by (e conveciion
and kubhle induced mixing), The

rpc@%w{}ng CRUCUTS LN WAt From page no. 557 onwards
cilers-mvolving forced con-

| B RAISONI GROUP OF INSTITUTIONS
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Unit No.5
Radiation Heat Transfer
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Subject - Heat Transfer

HEAT TRANSFER BY RADIATION

RAISONI GROUP OF INSTITUTIONS
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. R Subject - Heat Transfer

What is HEAT TRANSFER BY RADIATION

Heat transfer by thermal radiation is transfer of heat by
electromagnetic waves. It is different from conduction and
convection as it requires no matter or medium to be present. The
radiative energy will pass perfectly through vacuum as well as clear
air.

» Heat transfer by radiation occurs when microwaves,
infrared radiation, visible light, or another form of
electromagnetic  radiation is emitted or absorbed. An

Rl sious example is the warming of the Earth by the Sun. A less
".t=+"' ;
::J'f& no@/@@mple is thermal radiation from the human body.

RAISONI GROUP OF INSTITUTIONS



Subject - Heat Transfer

HEAT TRANSFER BY RADIATION

Radiation: heattransferin the form of
electromagnetic waves, including light.

Shevol thes NG00
Radiant heat

L, Y HOT
o COOLER
Rafacts WQST Saiation Anzotts NOST Radation &

Emis as Mo Eravgy

® =aat tarsiar by radiaien 15 invisile 10 the aye sad nct
afactad by air *iow

4

Radiant Heat Transfer

RAISONI GROUP OF INSTITUTIONS




Subject - Heat Transfer

Figure 2--Conduction, Convection, and Radiation

Conduction
Energy is transferred by direct contact.

Convection

Energy is transferred by the mass motion
of molecules,

Radiation
Energy is transferred by electromagnetic

radiation.
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ADIATIVE HEAT TRANSFER

Thermal radiation is the electromagnetic radiation emitted by a
body as a result of its temperature.

There are many types of electromagnetic radiation; thermal is only
one of them.

It propagated at the speed of light, 3x108 m/s.

The wavelength of thermal radiation lies in the range from 0.1 to
100 pm,
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e BRTIATIVE HEAT TRANSFER (2)

The sun with an effective surface temperature of 5760 K

emits most of its at the extreme lower end of the spectrum 0.1 to 4
um (um = 10° m).

The radiations from a lamp filament are in the range of 1 to 10 um.

Most solids and liquids have a continuous spectrum; they emit
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Ei?ifuwﬁﬁtt'um of Electromagnetic Wave
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o BAUTATIVE HEAT TRANSFER (3)

Gases and vapours radiate energy only at certain bands of
wavelength and hence are called selective emitters.

The emission of thermal radiation depends upon the nature,
temperature and state of the emitting surface.

However with gases the dependence is also upon the thickness of
the emitting layer and the gas pressure.




Reflectivity and Transmissivity

Date 12/04/2022

The total radiant energy (Q,) impinging upon a body be

(1) partially or totally absorbed by it (Q,), 2, N

i jﬁ-’
(2) reflected from its surface (Q,) or H“”L“_ T GG
(3) transmitted through it (Q,) S g, PR

in accordance with the characteristics of the body.
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Reflectance
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Reflectivity and Transmissivity
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Reflectivity and Transmissivity

(i-mm thick

clewr glass a — absorptivity

p = reflectivity

Incideni
solar
radranion

1005

T = transmissivity

Lransmuited

Vil In general:

“Ahsorbed X+ pPOp+T= 1

12%

Outward trunsler Inwurd transfer ol
C) of absazbad of ahsached Op aque material:
AR

=adinhion racdhation

85t 4% X+ p= 1




corReRrisarptivity, Reflectivity and Transmissivity (contd.)
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QJ _I_Q _I_Q :@ a absorptivity

Qa 4 Q 4 Q —1 p reflectivity

Q) Q) Q) T transmissivity
a+p+7=1

—.— 'S of these quantities depend upon the nature of the surface of the bodies, its
e = ire and wavelength of incident rays.

SN
ER .
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Feg. Mo. - 2384/ 302

For black body,
a =1 p=0, 17=0

Snow is nearly black to thermal radiations. a = 0.985

The absorptivity of surfaces can be increased to 90-95% by coating their surfaces with lamp
black or dark range paint.
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BODY

A gray body has the absorptivity less than unity,

Absorptivity remains constant over the range of temperature  and
wavelength of incident radiation.

For a real body, it does not satisfy the condition of constant.

So Gray body is a concept only.
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=k zesSPecular body and absolutely white body

A body that reflects all the incident thermal radiations is called a specular body (if
reflection is regular)

or an absolutely white body (if the reflection is diffused).

For such bodies,

o=1, a=0, 1=0
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Reflections

Diffuse Reflection
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sparent or Diathermaneous.

A body that allows all the incident radiations to pass through it is called transparent or
diathermaneous.

For such bodies, p =0, a=0, 1T =1

Transmissivity varies with wavelength of incident radiation.
A material may be transparent for certain wavelengths and non-transparent for other wavelengths.

A thin glass plate transmits most of the thermal radiations from sun, but absorbs in equally great measure
the thermal radiations emitted from the low temperature interior of a building.
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Dete 1210412022 SURFACE EMISSION PROPERTIES

Tha rivle ol wanission of mdision by o body depends vpon che tolkewing Fclors:
14 The temperature of the surface.
(i) The nature of the surtuce, and
i The wavclength or freguency of radiatian.

The parameters which deal with the surface emission properties are given below :

(i} Total emissive power (E). The “emissive power” 15 defined as the total amount of radiation
emitied by a body per unit area and fime. It is expressed in Wim®, The emissive power af
a black body, according to Stefan-Boltzmann, is proportional 1o absolute temperature fo
the fourth power,

E. = aT Win’
Et =agA T W
where, @ = Stefiun-Bolirmenm constmi = 5.67 x 1075 Wip® K9

RAISONI GROUP OF INSTITUTIONS
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Dete 1210412022 SURFACE EMISSION PROPERTIES

(fi} Monochromatic (spectral) emissive power (£, ). Il is often necessary o determine the
spectral distribution of the energy radiated by a surface. At any given temperature the
amount of radiation emitted per unit wavelength varies at different wavelengths. For this
purpose the mongefromaltic emassive power B, of the surface is used. It 15 defined as the

rate af energy radigted per wnil area of the surface per wnit wavelengih,
The wtal emissive power is given by,

T E B oh Wi’ wavelength (40

ot

() Eoskesion from real surface-endsslvity. The coissive power from & real surtace s given
b

E=roATW
witere, £ = Emissivity of the maerial,

RAISONI GROUP OF INSTITUTIONS
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SURFACE EMISSION PROPERTIES

Emissivity (£). It is defined as the ability of the surface of a body to radiate heat. 1L is also
defined as the ratip of the emissive power of any body fo the emissive power of a black

E
body of equal temperafure (ie., E = = 3 Its values varies [or different substances ranging

from U to 1, For a black body e= 1. for a whitc body surface £ = 0 and for gray bodies 1t
lics between () and 1. It may vary with temperature or wavelength.

Intensity of radiation.
Radiation density and pressure.
Radiosity (J}. It refers o all of the radiant energy leaving a surface.

fearas) Interrelationship between surface emission and irradiation properties.

RAISONI GROUP OF INSTITUTIONS
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=G LACK BODY RADIATION

The energy emitted by a black surface varies with

(i) wavelength,

(ii) temperature and

(iii) surface characteristics of a body.

For a given wavelength, the body radiates more energy at elevated temperatures.

Based on experimental evidence, Planck suggested the following law for the spectral
distribution of emissive power for a fixed temperature.

* Blackbody — a perfect emitter & absorber of radiation
* Emits radiation uniformly in all directions — no directional distribution — it’s diffuse

- l~c~nh Stefan (1879)- total radiation emission per unit time & area over all

L

#2220 lengths and in all directions:
S el b, =oT* (sz)




COPYRIGHT CFFICE

fan- Boltzman Law
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The total emissive power E of a surface is defined as the total radiant energy
emitted by the surface in all directions over the entire wavelength range per unit
surface area per unit time.

The amount of radiant energy emitted per unit time from unit area of black
surface is proportional to the fourth power of its absolute temperature.

E, =opT™

E, = Emissive power of a black body, and
& = stefan-Boltzmann constant

= 5.67 x 10°° W/m?* K4,




COPYRIGHT CFFICE
MENVY DELHI
Feg. Ma. - 1; 384/2023
Date 12/04282

k ‘s Law
5

/2/_ S
exg{ ki;f —1

(Eﬂ, )b — 27f2h><

where

h = Planck’s constant, 6.6256x10-34 J-s

C = Velocity of light in vacuum, 2.998x108 m/s
& man constant, 1.3805x1022 J/K

7wty ength of r_adiation waves, m

ute témperature of black body, K




S F&implification

Date 1240

Equation (1) may be written as

C, = 2nc’h = 3,742 x 10* W.pm*/m?;

ch

C, = T 1.4388 x 10° wmk
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2.0 ECTRAL ENERGY DISTRIBUTION

(E,), denotes monochromatic (single wavelength) emissive
power and is defined as the energy emitted by the black surface
(in all directions) at a given wavelength per unit wavelength
interval around A.

The rate of energy emission in the interval 50
i B, = [ (B, d\

Tha varigtion of distribution of monochromatic emission power with

7y ngth is called the spectral energy distribution.
Syl .
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neg.uﬂFlﬁﬁ%E@ZE‘RAL ENERGY DISTRIBUTION
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Graph
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s of Spectral Energy Distribution

The monochromatic emissive power varies across the wavelength spectrum, the distribution is
continuous, but non-uniform.

The emitted radiation is practically zero at zero wavelength. With increase in wavelength, the
monochromatic emissive power increases and attains a certain maximum value.

With further increase in wavelength, the emissive power drops again to almost zero value at
infinite wavelength.

At any wavelength the magnitude of the emitted radiation increases with increasing
temperature

The wavelength at which the monochromatic emissive power is maximum shifts in the
direction of shorter wavelengths as the temperature increases.
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s aoibted TAL EMISSIVE POWER

At any temperature, the rate of total radiant energy emitted by a black body

Eb :]!(E/l )bcm
0

The above integral measures the total area under the monochromatic emissive power versus
... Nngth curve for the black body, and it represents the total emissive power per unit area
[ energy flux density) radiated from a black body.




VWien’s Displacement Law.

In 1893 Wien established a relationship between the temperatore of a black body and the
wavelenpth at which the maximum value of monochromatic emissive power occurs. A peak
monochromartic emissive power occurs at a particolar wavelength, Wien’s displacement law sfares
that the product of A and T is constant, i.e.,

For shorter wavelength,

(&)
ﬁ is very large and exp%_, >>1

Then Planck’s law reduces to

-5
(Eﬂ, )b — C/l which is called Wien’s law.

AT = 2898 umK



.. = ELMaximum Emission

2
g G 1438810

_ 8 D (m
1065 1065 2.89&10° =0002! mK

;l{na) — denotes the wavelength at which emissive power is maximum

Statement of Wein’s Displacement law

The product of the absolute temperature and the wavelength, at which the emissive power is
maximum, is constant.

displacement law finds application in the prediction of a very high
"a rough measurement of wavelength.




-ayigigh-Jean’s Law
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For longer wavelengths
. |
ﬁ Is very small and hence we can write

ATl Al 2

So, Planck’s distribution law becomes

aA>s

exlécz j—1+9+ 1 (Cz

2
/’tT)+

G

T

| l—l—c/%ﬂ"—l_@ A
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E DERIVATION

and as



oS SNAE DERIVATION, contd.

VT2 Co

J 5 eXI(y) l]sz
= Cé Iy lexity)—1]"dy

— Cg I V3 [eXI(— y)+€XI(—2y)+€XI(_3y)+ °°°°°°°°°°° ]d g
expanding [ex;(y)—l}l

il r-:l' .
G
/J_,_.f“ A

Ey» =—Ci




EDERIVATION, contd. 2

MNEWY DELH

!
Iy” lexptayly=—"r
cm*‘3v 3 3 B
— —+ o et L
b= | gt T3 :
16
_GTY  cag 374XI0TC | cagg

G (La389102)

Orer=0n1}* —T3)

1> Y1Vl Uy



mum Monochromatic Emissive Power for
a Black Body

Combining Planck’s law and Wien’s displacement law

=1.28510°7°

 037410"5x(2898103/7)°
wmm exl 4388107 /280%10° |1
T el W/Ap emetrev aveleng
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Black surface Non-black surface

2o
Heatexchange between black and non- black surfaces
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~ o Rirehoff’s Law

The surfaces are arranged parallel and so close to each other so that the radiations from one
fall totally on the other.

Let E be the radiant emitted by non-black surface and gets fully absorbed.
E, is emitted by the black surface and strikes non-black surface.

If the non-black surface has absorptivity a, it will absorb oE,

and the remainder (1-a)E, will be reflected back for full absorption at the black surface.

Radiant interchange for the non-black surface equals (E - oE,).
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Off’S LaW contd.

Then, E-aE, =0 or, E — E'b
(94

The relationship can be extended by considering different surfaces in turn as

s 2 R T
rennreen = =Fp = f(T)
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Date 12/04{262 SIVIty

The ratio of the emissive power E to absorptivity a is same for all bodies and is equal to the
emissive power of a black body at the same temperature.

The ratio of the emissive power of a certain non-black body E to the emissive power black body E,, both
being at the same temperature, is called the emissivity of the body.

Emissivity of a body is a function of its physical and chemical properties and the state of its surface, rough or
smooth.

— & (emissivity)
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o o ment of Kirchoff’s Law

Also, we have,

CE=O

The emissivity and absorptivity of a real surface are equal for radiation with identical temperatures

st a] relengths.




| on Various Laws of Radiation

Example The effective temperature of a body having an area of 0.12 m* is 527°C.
Calculate the following:

(i) The total rate of energy emission,
(i1) The intensity of normal radiation, and
(i) The wavelength of maximum monochromatic emissive power,

Solution, Giver: A=0.12m%: T=527+273=800 K

(i) The tedal rate of energy emission, E,:
E, = 6 AT' W (watts) [Eqn. (11.2a)]
800

4
= 567 x 1078 % 0,12 x (800)* = 5.67 x 0,12 x (ﬁ] = 27869 W (Ans.)

RAISONI GROUP OF INSTITUTIONS
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() The intensity of normal radiation, I,
I =—, whereE, isin Wim*K* ..(Egn, 11.23)

5.67 ¥ [@

)4
4
Ly W0/ _ 73925 Wim? sr (Ans.)

I I

(iif) The wavelength of maximum monochromatic emissive power, [ :

From Wien's displacement Law,
AT = 12898 umkK [Egn. (11.18)]
_ 2B9R 289

=3.622lm (Ans.)
T

T, lmu

RAISONI GROUP OF INSTITUTIONS
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- Eiagﬂ:ﬂil. . Calculate the following for an industrial furnace in the form of @ black body and
D=i= 12030RRING radiation at 2500°C :

(i) Monochromatic emissive power at 1,2 Wm length,
(ci) Wavelength at which the emission is maximum,
(ite) Maximum emissive power,
(iv) Toial emissive power, and

(v} Total emissive power of the furnace if it is assumed as a real surface with emissivity equal 1o
0.9.

Solution. Given : T=2500+ 273 =2773K; A= 1.2 Um, =09
(i) Monochromatic emissive power at 1.2 |Lm length, (E,), :
According to Planck’s law,
CL

E)y = —Te N
.
w5)-

RAISONI GROUP OF INSTITUTIONS
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G

742 % 1P Wousain- = 003742 = 100 Womlin=, and

(., = LA3BH = 10 mK

=

substivating the walues, we oor
03742 %10 P wil2=10 "7 1.5x10"
|43sgxin? ) 74,48
LR E07" % 2773

(Ey )y, = = 014 = 10" Wim- {Ans.)

(iiy Wavelength at which the emission is maximom, & :
Accodrding o Wien's displacement law,

- IBUE _ JH9B
i r 2773
(fii) Maximuom emissive power, (E, Jmax:
(E) = 1.285 % 107 T° Wi/m* per metre length [Eqn. (11.19]
= 1.285 = 107° = (2773)% = 2.1 x 10" W/m* per metre length (Ans.)

= L045 im {Ans.)

g otes AL high temperature the difference between (E), and (£, ) is very small]. |

RAISONI GROUP OF INSTITUTIONS
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(iv} Total emissive power, E,

773
E =al*=567x10%(2773) = 5.157[%) = 3,352 x 10° W/m?2. (Ans.)

(¥} Total emissive power, E with emissivity () = 0.9 :
2773
100

d
E=ecT*=09x567 [ ] = 3.017 » 10° Wm?. (Ans.)

RAISONI GROUP OF INSTITUTIONS
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Wf@m Assuming the sun (diameter = 1.4 x 10° m) as a black body having a surface

Date 12/04/202

tTemperature of 5150 K and at a mean distance of 15 x 10'° m from the earth (diameter = 12.8 x 10° m),
estimaie the following:

(i) The total energy emitted by the sun,
(ii) The emission received per m* just outside the atmosphere of the earth,

(iti) The total energy received by the earth if no radiation is blocked by the atmosphere of the
earth, and

(tv) The energy received by a 1.6 m x 1.6 m solar collector whose normal is inclined at 50° to
the sun. The energy loss through the atmosphere is 42 percent and diffuse radiation is
22 percent of direct radiation.

1.4 = 100 ;
Solution: Radioz of the sun, ¥ = ; =07 = 10" m

Blcam distvmee of the sun trom the cact,
B=15=10"m

i |25 = 10
© ol The eanh r= ; = 6d %10 m

A @A\\T < i
i e fempenure of the sum, 1= 5750 K

RAISONI GROUP OF INSTITUTIONS




"Ly i btal energy emitted by the son, £,
e 2ioa20zs E, = AT = 567 x 10 % xdm e 2w (57500

~d4

fﬁ'.'ﬁ-:ﬁl

= 507 x4 = (L7 = 10%° %
' Ty

= 3816 x 109 W (Ans.)

(ir]  ‘The emission received per s
|'Fiee sum My b I'eg:'arrlul.l A% [II'I:II'II ol ree oA distanee all ﬁa!'.'[lm i Prorms thie et b, Fhie meecee
e _ju:;;l rnal sicle the e b’y ::I1r|||:-;|_1l'||:1'-|: aver which the mndistion will 3l s
=drR-=4xx(15x 10" m*
. The arpis=ion received ontside the sirth's wirmpsphere

ARG 10™
= dme 18w 2 = 13900 Win® (Ans.)
(iii)  'The total energy received by the earth:
Assuming the earth a spherical body, the energy received by it will be proportional 1o the
perpendicular projected area, i.e., that of a circle (= ® rf].
. Energy received by the earth = 134960 x m = (6.4 = 1%
fi = 1.736 x 10" W (Ans.)

RAISONI GROUP OF INSTITUTIONS
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(ir) The energy received by the solar collector:
The direct energy reaching the earth = (1 = 0.42) x 1349.6 = 78277 Wim*
The diffuse radiation = 0.22 » 782,77 = 172.21 W/m?
-~ Total radiation reaching the collector = 782,77 + 172.21 = 955 Wim*
The projected area = 4 cos 8= 1.6 % 1.6 x cos 40° = 1961 m?
.. Energy received by the solar collector

=055 x 1.961 = 1872.7 W {Ans.)

RAISONI GROUP OF INSTITUTIONS
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p S

HIGHLIGHTS

‘Wadiadiion” fead rrensier 15 defined gy “the mnsfer of enerpy icmoss o system beansary by
meepms: of dn elecromagnedic mechanism whick 15 caused solely by o temperature difference.
The emizsive power 1L 15 defined gs the toral emoune of radiarion cmitoed by o body per unat
itreiy peT nnit 1imes it is expressed in Wim'®,
Ewezpivdty (€1 15 defined as the abllity of the surfece of a Body o radiate beat. Tt is also
deflned as the rate of the emissive power of any body to the emisslve power of a black body

i £
of egpaaal Fermperature \\l-t'-. e [

L,
A aek Doy 13 onc which seither redlosis nor ransmits any partof the eident rediaton but
absorhs all of i
A gray Loy 12 onc whase absarptiviey of a surface does not vary wich icmperatare and
wavelength of the ineident radiarion [ = {nily = constant].
The Srefan-Bolizwann law srates that the emigsive power of a biack bady 15 directly
progortonal e the foorth pewer of s ahsaluote winperatre,
Le., E =T
where, E, = Bmizzive power of a black body, and
@\h' g = Scfan-Boltzmann constant = 5.67 = 10 * Win® K!

AR

RAISONI GROUP OF INSTITUTIONS
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MEW DELHI

Reg. No. - L-121agaRgipuivity m is constant For all substances which are in thermal equilibrium with thelr
Date 12/04/2023 I

sJF

ninenl.
M. Plancet's fow 1% given by

where, C, o= 2me® ho= 3,742 = 10% Wpm'fm-

ch
¢, = 5 =14368 167 pmK

[C = velocity of light in vacoum =3 x 10% m/s; i « Planck's constant = 6.625 x 107" Js;
% = Bollzmann constant = 13803 x 10 K]
9. Wien"c displacement Jaw states thust the prodoct of ?.,m, cund T is vonstant 1o,
A, T = constant {= 2900 u m K)
A cumbination ol Phnck's haw omd Wien's displicement law yields the condition for the
maximum monochromatic emissive power for o black body.
By 0w = 1285 3 1077 TF Wim? per metre Jength,

0. The intensire of rodiation (1) s defined as the rate of energy leiving a space In 2 given
dircetion per uanidt solid angle per wntt arca of the emiting surface normal 1o the mean
lirection in space.

‘F Ambert’s cosine fw states 1hat the total emissive power £, from & radlating plane surface
nd o a@;@?rﬁa&liun s directly progurtionl 1o the cosine ol the angle ol emission.,
"

”Ee = E oos 6 w (e only Tor dilluse radialion suriade)
where £ 15 the ol emissive power of the radiating surtace i the direction of its normal,
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1. Define ‘radiation heat transfer’.
2. Enumerate the faciors on which the rate of emission of radiation by a body depend.
3. Define the following terms:
(f)  Total emissive power (£) (/) Monochromatic emissive power (£ ),
(i1)  Emissivity, and (iv)  Intensity of radiation.

a

Define the terms absorptivity, reflectivity and transmittivity of radiation.
What is a "black body™? How does it differ from a gray body?

iry
n

6.  State and prove Kirchhoff's law of radiation,
7. atate Planck’s law.

8. State Stefan-Bolizmann law.

9. Sate and explain Wien's displacement law.
16. What 15 ‘Intensity of radiation'?

RAISONI GROUP OF INSTITUTIONS
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Radiation
Exchange
Between Surfaces
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Ei;q;.ﬂ- 21354-‘2 8 tiOn Shields

One way of reducing radiant heat transfer between two particular surfaces is
to use materials which are highly reflective.

An alternative method is to use radiation shields between the hear exchange
surfaces.

The shields do not deliver or remove any heat from the overall system.

They only place another resistance in the heat flow path, so that the
overall heat transfer is retarded.




Hfi‘é?ﬁﬁiﬁgle Radiation Shield
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Consider two parallel infinite planes with and without shield.

M.
e
Wfﬁ
A —
——
\ > : z <
Without Shield With Shield

Sinre the shield does not deliver or remove heat from the system, the heat transfer between plate 1 and




Hfi‘é?ﬁﬁiﬁgle Radiation Shield

Date 12/04/2023

In certain situations it is required to reduce the overall heat transfer between two radiating
surfaces. This is done by either wying malerials which are highly reflecrive or by using radiation
shields between the heat exchanging surfaces. The radiation shields reduce the radiation heat
transfer by effectively increasing the surface resistances withour actually removing any heat from
the overall system. Thin sheets of plastic coated with highly reflecting metallic films on both sides
serve as very effective radiation shields, These are used for the insulation of eryogenic storage tanks.
A familiar application of radiation shiclds 15 in the measurement of the temperature of a fluid by a
thermometer or a thermocouple which is shielded 1o reduce the effects of radiation.
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Radiation
shicld

3
iy 4, 4, K. I A o
A O A YA — O ——— O
l -2, | -2 l -g, [ | —&,
Ay 5 A B A,y Ay gy dy Py 3 Az,
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Wl = "3 7
g
S

Il Lhe 1.'r|'.i.=:-.'i1.':|l:|.' ol Lthe sadiaticom shield s £
between =urtaces 1, 3 ami 3, 4,

g W Lin use s equation Lo find hestl eachiange

ot
_aei -1 >
{EIE ar o |' : '|'
+ — =1
3 £y £ &l
| Am(T -1
and. Wik, = I.1 & (@ | 1@
£ £,

: - . ]
aince the radiackon shield does not deliver or remaeve heat from the sysicm. therefore,

({2, ner = (A et
; Al - Aoy -
@%ﬂﬂf i|L_] L-|L_1
S o £ Ty s
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S . 1 &3

r: =

Substitating the value of T, in the left hand zide of eqn.
w2 4
¢ Ac (' -T2
{Elz}mr — ] ] ] |
— 4 — =]+ + - ]
E B3 L
[Fviding egn. we 2el .
I I |
L S Ep  Eq
- -
b : - | ] ] 1
\ H:-I.'-' mJ!.'ul.lh-.ll.lr-.Fl.l.m.g:l [ + _]]_|_|/ £, _1]
@ v B, & B By
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Aol =T}

{Elzjm = 1

g |
—+—+EE——'{H+1}
'El"l 'I':l"_" 1=1 EJI.I

| Radiation
sineldd

l,'s}as'-’.- (Q;!:'u ’
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1
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-
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RAISONI GROUP OF INSTITUTIONS



COPYRIGHT CFFICE

e Jé‘”ﬁ?@@;*: Transfer with shield

Date 12/04/

The only unknown in equation (9) is the temperature of the shield T.

If the emissivity of all three surfaces are same, i.e., ¢, = &, =g, then
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e e i‘ Transfer with shield -2

1
oy = T +T13
The heat transfer is given by

g _ 1o\t —15)
A 2 1 1 1
g &3

3= &, , the heat flow is just one-half of that which would be experienced if there is no shield present.
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Consider n number of shields

Assume the emissivity of all the surfaces are same.

All the surface resistances will be same as the emissivity are same.

There will be two of these resistances for each shield and one for each heat transfer surface.

There will be (n+1) space resistances and these would all be unity since the radiation shape
factors are unity for infinite parallel planes.
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Reg. No.- I\ I2 84720 i Radiation ShiEId

Therefore, the total resistance in the network is

The total resistance with no shield present

So, the resistance with shield is (n + 1) times the resistance without shield.

zthshzelds n_l_l A withoushoe [
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aTnplc Calculate the net radiant heat exchange per m* area for two large paralle!

pat= 12042500 0ES (F lemperaiures of 4277 C and 277 C respectively. € (hot plate) = 0.9 and € {cold plate) = 0.0,

If a polished aluminium shield s placed between them, find the percentage reduction in the

hwat transfer, € (shield) = 0.4.

Solathon. Given s T, =427 + 273 =T00 K. T, =17
+ 3275 = 200 K g (hoo platey =14, £, (cold plate) =

(1.6, £, (shicld}= 11.4.

Net radiant heat exchange per m’ area:

In the absence of radiation shicld the keat flow
hetween plates T and 2 is given by

8 4
Q)= T Equ220)
i)
9' F-J
oyt oy
B EEEN
- S PSR
X | T
N | K (X
@%ﬂf\i ‘

“H3154,
o= 7 = 7402.0 W, (Ans.)

JNI GROUP OF INSTITUTIONS

Hat
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Wiren @ shield s placed between the plawes | and 2, then

Ll = Wlaa

Agih -1 Aa(l -1

A oA L ARPEE S
AT L3 &
T4, ol e (o R U T LT B
L ) _[:u[ul ) |-|||n | _lui::-.-
o, | | R |
- - | s
na 04 04 06
‘Bl-L 0 A -8B
L, 1TE+25 -1 25+167 -1
_ ; e By oy
o, W01 -7* = oo (-1} = 05782 = (v -¥])
197622 = 24802 - x'=12534
" |
el . ¥ = ﬁ = (125351 =505 0r T, = 595 K

RAISONI GROUP OF INSTITUTIONS

|

whien x = ——
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sor (20 - (2]
1 i vy TR L0 '._J.|:|':-.|J

Wishe =77 1 I T 1
TR R iy
A 9 04
T
_ B2 e w
25,11

Reoduction m heatl Aow due 1o shicld
= EQ:E}“”— {l'_'}:_jjm= 4026 =-259.1=7143.5W

T143.5

‘Hon = # 100 = 9.5
or, Percentage reduction A0 6 96.5% (Ans.)

RAISONI GROUP OF INSTITUTIONS
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oo v oeExample Determine the radiant heat exchanger in Wim* between two large parallel steel
S’ issivities 0.8 and 0.5 held at temperatures of 1000 K and 500 K respectively, if a thin

copper plate of emissivity (1.1 is introduced as a radiation shield between the two plates. Use
6=35.67x 10 Wim® K*,

Solution. Given : T\ = 1000 K g, =08, 7, =500K: e, =0.3,&,=0.1,
Copper plare

i : / 2
Steel plote
\ / Steel plate

& 5l g O
-0.8 -1 =05
R 1000 K 500 K
S ~

RAISONI GROUP OF INSTITUTIONS
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S
eatexchangein W/m?, (05, N
4 |
We know that, {Q:Z:Iue:= ] ]A:I{T] :?Il} ] | Eqn.(
'_+_ ']] + _'I'__l] “03 e
B & 1y €,
For A=1m", we have -8
4 4
() (o)
\
Qb =7 1.1
[ + —1] J{ frael]
08 0.1 ] L0005 ]
5.67 (10000 - 625)
¢ = 2501.5 Wim* (Ans.)

125410 = 1)+ {10+ 2 -1)

RAISONI GROUP OF INSTITUTIONS
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ce e FrEoamp) Two large parallel plates with € = (1.5 each, are maintained at different
Date 12/04/2023 . . ' " ' '

s and are exchanging heat only by radiation. Two equally large radiation shields
with surface emissivity 0.05 are introduced in parallel to the plates. Find the percentage reduction
in net radiative heat transfer.

Solution. Given: £= (L3 g =0.05

Consider all resistances per unit surface area,

(1) When shields are not used;
Tedintion
Males _-_.-.--” ameles
- “‘s\ R -~ — .
/ = -
- - "
4 Z | Z
N T, = = | g
' iz = G, G A4 %
- i |
- Z 2
= = %
= = g
4G Z Z g
Z z 2
- - -
Z =z 2
= =z
ERel . 7
-~ " l‘c} (4}

RAISONI GROUP OF INSTITUTIONS
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For More Question on
Radiation Shield
Kindly Refer, Heat Transfer
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Equivalent circuit

-‘-'_,-I T . L b L T E s
Eﬁ".;:—_,_.._..n"-..-'-.ﬁ-.-'-'l. < AU sy MMuL_ﬂb_-m-mL_i_ﬁmuL—u—-m‘u‘-“L—ﬂ o
| — & ! =Gy |y, 1 -2
] Fin € 5 e Fag ==

When the emissivity of all surfaces are different, the overall heat transfer may be calculated most easily by
using a series radiation network with appropriate number of elements as shown in the figure.
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oz IRADIATION AMONG SURFACES IN A NON-

PARTICIPATING MEDIUM

For any two given surfaces, the orientation between them affects the fraction of
radiation energy leaving one surface and that strikes the other.

To take into account this, the concept of view factor/ shape factor/ configuration
factor is introduced.

The physical significance of the view factor between two surfaces is that it
represents the fraction of the radiative energy leaving one surface that strikes
the other surface directly.
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Angle and Solid Angle

The plane angle (o) is defined by a region by the rays of a circle. The solid angle (®) is defined by a region by
the rays of a sphere.

T tH
e 1. . o
_I_,_.--""'_-JF - [‘. g A"""‘
__‘_.--'-j:-_.pt._ 3 P o g L i
T e e a—
e L - | A
= ' -;;.

Solid Angle
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= e PEFtie*Angle and Solid Angle

A, Aco¥
7 7

A. . projection of the incident surface normal to the line of projection

(I—

0: angle between the normal to the incident surface and the line of propagation.

length of the line of propagation between the radiating and the incident surfaces
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Consider two elemental areas dA, and dA, on body 1 and 2 respectively.
Let do,, be the solid angle under which an observer at dA, sees the surface element dA, and

|, be the intensity of radiation leaving the surface element diffusely in all directions in
hemispherical space.
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o oA %a ctor

Therefore, the rate of radiative energy dQ, leaving dA, and strikes dA, is

A =dAh coLGdca> - (3)

where solid angle dw,, is given by
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o oA %a ctor

Combining (3) and (4), we get

coYd co¥hdA
dQ>=dAl -

r

Now, the intensity of normal radiation is given by
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S.dQo = o1 j J'cosﬂ codb dACZL&

r

directadiatidmonsurfacaeciderminsurface = O»>

Sttt

totatadiatidimonemittimgmrfack op AT
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_ 1 J-A[cosﬂ coh dACZL& —©
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The amount of radiant energy leaving A, and striking A, may be written as

Similarly, the energy leaving A, and arriving A, is
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o= z0sii@d iaNt Heat Transfer Between Two Bodies (2)

So, net energy exchange from A, to A, is

(OB2)e.=AFop T — A F o T3

When the surfaces are maintained at the same temperatures, T, = T,, there cannot be any heat exchange
between them.

AF>=AF> = (7)

Chaze \ﬂgocity theorem
S —
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s piBt*Heat transfer

(Q 2)net = A1IM20% W —15 )ZAQB 1065 Qﬁ —13* J

- (8
The evaluation of the integral of equation (6) for the determination of shape factor for complex geometries
Is rather complex and cumbersome.

Results have been obtained and presented in graphical form for the geometries normally encountered in
engineering practice.
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FACTOR FOR ALLIGNED PARALLEL

PLATES
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. - SHAPE FACTOR FOR PERPENDICULAR RECTANGLES
=W COMMON BASE
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PLATES
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- SHAPE FACTOR ALGEBRA

The shape factors for complex geometries can be derived in terms of known
shape factors for other geometries.

For that the complex shape is divided into sections for which the shape factor is
either known or can be readily evaluated.

The unknown configuration factor is worked out by adding and subtracting
known factors of related geometries.

The method is based on the definition of shape factor, the reciprocity principle

~~~ *he energy conservation law.
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Features of Shape Factor

The value of the shape factor depends only on the geometry and
orientation of surfaces with respect to each other. Once the shape factor
between two surfaces is known, it can be used for the calculating heat
exchange between two surfaces at any temperature.

All the radiation coming out from a convex surface 1 is intercepted by
the enclosing surface 2. The shape factor of convex surface with respect to
the enclosure (F,,) is unity.

The radiant energy emitted by a concave surface is intercepted by
another part of the same surface. A concave surface has a shape factor with
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o res of Shape Factor

If one of the two surfaces (say A) is divided into sub-areas A, A, ...., A, then
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= s deegtures of Shape Factor

In Fig 1, Al =Ak, +AF,

Hence
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SR res of Shape Factor

For Fig. 2,
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e Factor Algebra

Any radiating surface will have finite area and therefore will be enclosed by many surfaces.

The total radiation being emitted by the radiating surface will be received and absorbed by each of
the confining surfaces.

Since shape factor is the fraction of total radiation leaving the radiating surface and falling upon a
particular receiving surface
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Receiving 4.
surface A,

\\.. Fia

Receiving
surface

surface . e \ 14

N\ Ay \\ Radiating
\\ ), surface 4,

RAISONI GROUP OF INSTITUTIONS
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e Factor Algebra

If the interior surface of a complete enclosed space has been subdivided in n parts having finite
area A, A, .... A, then

Fi BByt by, =1

Byl Pyt it B, =1

71
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o iLAT EXCHANGE BETWEEN NON-BLACK
BODIES

The black bodies absorb the entire incident radiation and this aspect makes the calculation procedure of
heat exchange between black bodies rather simple.

One has to only determine the shape factor.

However, the real surfaces do not absorb the whole of the incident radiation: a part is reflected back to the
radiating surface.

Also the absorptivity and emissivity are not uniform in all directions and for all wavelengths.
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==Jfifinite parallel planes

Assumptions

(i) Surfaces are arranged at small distance from each other and are of equal areas so that

practically all radiation emitted by one surface falls on the other. The shape factor of either
surface is therefore unity.

(i) Surfaces are diffuse and uniform in temperature, and that the reflected and emissive
properties are constant over all the surface.

(ili) The surfaces are separated by a non-absorbing medium as air.




| corifiniate parallel planes
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parallel planes
The amount of radiant energy which left surface 1 per uni time is
QA =5 —a(l—x)E +a(l—a \1-a P B +ai(l—a P (1—c P B +——————— |
= 5 —a(1—a0)5 |1+ (1—eq 1w )+ (1 - P (1= F +————— J

SEEG(EaE|EpEpE—— e p=(l—a)l-o)

1 p is less than unity

1—p

| up tor=
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Similarly, the amount of heat which leaves surface 2

Therefore, the net heat flow from surface 1 to surface 2 per unit time is given by




ek e ?k Surface
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Now, for the black surfaces,

B =ao1! E, =a,o,1;

where f,, is called the interchange
factor for the radiation from surface
1 to surface 2 and is given by.
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~+jfifterchange Factor
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Small bodies signify that their sizes are very small compared to the distance between them.

The radiant energy emitted by surface 1 would be partly absorbed by surface 2 and the unabsorbed
reflected portion will be lost in space.

It will not be reflected back to surface 1 because of its small size and large distance between the two
surfaces.
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= eoigaicd|ations for Small Gray Bodies

Energy emitted by body 1 = 1416'10[9 21

Energy incident on by body 2 = EAE;IOZ 21

" =s55AR0T o
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ations for Small Gray Bodies (2)

Similarly, energy transfer from surface 2 to 1 is

Net energy exchange

A,=0 -0 =gsAFRGT"—g&AF T
AlEz :AzFil

Interchange factor , _
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=&Mall Body in large Enclosure

The large gray enclosure acts like a black body.

It absorbs practically all radiation incident upon it and reflects negligibly small energy back to the
small gray body.

The entire radiation emitted by the small body would be intercepted by the outer large enclosure.
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Ciate 1240 2 tion Ca|CUIati0nS

Energy emitted by small body 1 and absorbed by large

enclosure 2= 1415,‘1079714

Energy emitted by enclosure = 14282019 2 >

Energy incident upon small body = 511%82079 22

Energy absorbed

e N
& ange'oreneoy - Q. =0 AT —&6AFc,T
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rchange Factor

IfT,=T,, Q,, =0 and we get

A =Ash,
°.°Q2 :‘%14102(714 _T;) (80, 1, = &)
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Radiosity (J) indicates the total radiant energy leaving a surface per unit time per unit surface
area. It comprises the original emittance from the surface plus the reflected portion of any
radiation incident upon it.

Irradiation (G) denotes the total radiant energy incident upon a surface per unit time per unit
area; some of it may be reflected to become a part of the radiosity of the surface.



?ag
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S )sity and Irradiation Relation

The total radiant energy (J) leaving the surface is the sum of its original emittance (E) and the
energy reflected (pG) by it out of the irradiation (G) impinging on it.

Hence J=E + pG
= ¢k, + pG (1)
E, is the emissive power of black body at the same temperature
o+ p =1 (opaque body)
p=1-a
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From equ.(1) we get,

J=¢E +(1-a) G . G_

Now

)sity and Irradiation Relation

J=&
|

Q1€t_J G J_J ‘il; (E(E9 J)

1— |

-~ (3)
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==g4ectrical Network Analogy

The above equation (3) can be represented as electrical network as shown below

Rusfa —¥

is called surface resistance to radiation heat transfer.
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s sniadt [ransfer Between Non-Black Bodies

Heat transfer between two non-black surfaces is given by
(Qqo)net = J1AF 1 = AR,
J, and J, are the radiosities of surfaces 1 and 2.

Also, A,F,, = AF,.

"Jis called space resistance.
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=nfjectrical Analogy Circuit

The final electrical analogy circuit for heat transfer between two non-black surfaces is drawn considering both
surface resistance and space resistance as

- ) --";1 - | E
) £
Eb..L __ l M >
. 1...&.“.- B e ) ) -
- -y . o - ey




“=Net Heat Transfer

Reg. Mo. - L
Date 12/04/2023
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y body factor

(F )I — ) 1 - ) Called Gray body
g/12 ﬁ—a)+i —|—(1_(%)Xé factor
g h & A

For radiant heat exchange between two black surfaces, the surface resistance becomes zero as

g =& =1

And Fg becomes F,,, the shape factor only.So for black surfaces

A =AFo ' —13})
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Two Infinite Parallel Planes:

Here, F,, = F,,=1and also A, = A,

(7). — (= 6‘1)
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Concentric Cylinders or Spheres

If the inner surface is surface 1, then F,, =1

A _ml _d

Now, for concentric cylinders of equal length,

A bl 4,
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==ziizgmiall body in a large enclosure:

F,=1A<<A, soA/A, 0 —

+1

(F;)lz :(_1—51-1)




Subject - Heat Transfer

Unit No.6

Introduction to
Heat Exchangers
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Heat Exchanger

* Heat exchangers can be described as:
* It include all devices that are designed for exchanging heat.

* Only heat exchangers that are meant to exchange heat between two fluids
are taken into account.

* These fluids can be gasses as well as liquids. It is still difficult to have an
overview, and a classification needs to be made. It is possible to classify heat
exchangers in a number of ways.
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What are heat exchangers for?

Date 12/04/2023

* Heat exchangers are practical devices used to transfer energy from one fluid to
another

* To get fluid streams to the right temperature for the next process reactions often
require feeds at high temp.

* To condense vapours

* To evaporate liquids

* To recover heat to use elsewhere
* To reject low-grade heat

drive a power cycle

s WIS
(@J« 2
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Classification of heat exchangers depending on the basic of the fluid
paths through the heat exchanger.

Difference is made between :
e Parallel flow,
e Counter flow

* Cross flow.
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Classification

This 1s a heat exchangers that 1s
found on the top buildings

and 1s for instance needed for
air conditioning inside. Here a
fluid 1s leaded between the
plates

at the top of the heat exchanger
and flows horizontally. Air 1s
blown vertically against the
plates to cool the fluid inside.
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Parallel flow heat exchanger.
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Counter-flow heat exchanger
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Classification

Cross-flow heat exchangers
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Classification

The second classification made, is depending on the state of the media in the heat exchanger.

Liquid-to-liquid exchangers are those in which two liquids interact. Also gas-to-gas heat exchangers like air
preheaters in steam plants and helium-cooled reactor gas turbine plants have to be mentioned. These
devices operate with heat transfer coefficients that are between ten and one hundred times lower than the
coefficients of liquid-to-liquid exchangers. Gas to gas exchangers are general much larger and heavier if a
same amount of transferred heat is demanded.

The third type is the liquid-to-gas heat exchanger (or vice versa), usually water and air are used, for
instance in automotive radiators. Because of the lower heat transfer coefficients on the gas-side there are
usually fines placed on the exchanging surfaces.
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Classification

The third classification method is based the purpose of heat
exchanger.

The last classification is actually the most important choice of the

designer of a heat exchanging system. This is the choice what kind of
construction he is going to use.
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Classification
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Regenerative Heat Exchangers

* The regenerator represents class of heat exchangers in
which heat is alternately stored and removed from a
surface

* This heat transfer surface is usually referred to as the
matrix of the regenerator.

* For continuous operation, the matrix must be moved into
and out of the fixed hot and cold fluid streams. In this case,
the regenerator is called a rotary regenerator.

* If on the other hand, the hot and cold fluid streams are
switched into and out of the matrix, the the regenerator is
referred to as a fixed matrix regenerator.




COPYRIGHT CFFICE
MENVY DELHI
Reg. Mo, - L-121384/2023
Date 12/04/2023

i

(72

11— | |

Lot Cond

- - -
I 1% I

S 17, Hepaeerviors: i imesey |B) fxac-matr i, and el fetasing hoeot

Fgure 13, twdid! roLiey rogenertors of oot wwls,




COPYRIGHT CFFICE
MENVY DELHI

Reg. Mo. - L-121384/2023 Application: Power CYCle

Date 12/04/2023

Steam Turbine

: Condenser
Boiler Feed water

Heater




Main Categories Of Exchanger

Date 12/04/2023

Heat exchangers

) ! 3

Recuperators Regenerators
Wall separating streams Direct contact

(dMost heat exchangers have two streams, hot and cold, but
some have more than two

2 o
(@J« 2
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SR Recuperators/Regenerators

JRecuperative:

Has separate flow paths for each fluid

———
|
which flow simultaneously through the

exchanger transferring heat between
the streams

JRegenerative —

Has a single flow path which the hot

and cold fluids alternately pass through.

==
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Compactness

(dCan be measured by the heat-transfer area per unit
volume or by channel size

dConventional exchangers (shell and tube) have channel size
of 10 to 30 mm giving about 100m?/m?3

dPlate-type exchangers have typically 5mm channel size
with more than 200m?2/m?3

(dMore compact types available



Double Pipe

Reg. Mo. - L-121384/2023
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dSimplest type has one tube inside another - inner tube may
have longitudinal fins on the outside

1 However, most have a number of tubes
in the outer tube - can have very many
tubes thus becoming a shell-and-tube
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 Typical shell and tube exchanger as used in the process
industry

I1
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oL i
iy

ok L

ol s
[
-
"E

(dMade up of flat plates (parting sheets) and corrugated sheets
which form fins

%i JéB“r"azed by heating in vacuum furnace
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* How is the heat transfer?

* Mechanism of Convection

* Applications.

* Mean fluid Velocity and Boundary and their effect on the rate of heat transfer.
* Fundamental equation of heat transfer

* Logarithmic-mean temperature difference.

* Heat transfer Coefficients.

* Heat flux and Nusselt correlation

.':ﬁ'.r.:l::'! .
t}::_}& lation program for Heat Exchanger
-

s 'U'l.' §
(@J« 2
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ME
Reg. Mo

Cate 12/0

e Heat can transfer between the surface of a solid conductor and the
surrounding medium whenever temperature gradient exists.

Conduction
Convection
Natural convection
Forced Convection
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nd forced Convection

»Natural convection occurs whenever heat flows between a solid and fluid, or
between fluid layers.

» As a result of heat exchange

Change in density of effective fluid layers taken place, which causes upward flow of
heated fluid.

If this motion is associated with heat transfer mechanism only, then it is called Natural
Convection

Forced Convection

»If this motion is associated by mechanical means such as pumps, gravity or fans, the
movement of the fluid is enforced.

mis n this case, we then speak of Forced convection.

2 o
(@J« 2
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* A device whose primary purpose is the transfer of
energy between two fluids is named a Heat Exchanger.
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* One example of this type is the Double pipe exchanger.

|

* In this type, the hot and cold fluid streams do not come into direct
contact with each other. They are separated by a tube wall or flat
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Overall heat transfer coefficient

[ Internal and external thermal resistances in
series

1 —— 1 N ——_¢ 1 N
UA (UAL (UA,
1_ 1 K 1 . R,

UA AL AL Al T mA)

[ A is wall total surface area on hot or cold
side

O R”,is fouling factor (m*K/W)

. 3770{)\1\38 overall surface efficiency (if finned)
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Heat Transfer Considerations

(contd...):
Fouling factor

Material deposits on the surfaces of the heat exchanger
tube may add further resistance to heat transfer in addition
to those listed above. Such deposits are termed fouling
and may significantly affect heat exchanger performance.

1 Scaling is the most common form of fouling and is
associated with inverse solubility salts. Examples of such
salts are CaCO,, CaSO,, Ca,;(PO,),, CaSiO,;, Ca(OH),,
Mg(OH),, MgSi0,, Na,SO,, LiSO,, and L1,CO;.

[ Corrosion fouling is classified as a chemical reaction

which involves the heat exchanger tubes. Many metals,

., _copper and aluminum being specific examples, form

Q@é’dherent oxide coatings which serve to passivity the surface
and prevent further corrosion.
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Heat Transfer Considerations
(contd...):

1 Chemical reaction fouling involves chemical reactions in
the process stream which results in deposition of material on
the heat exchanger tubes. When food products are involved
this may be termed scorching but a wide range of organic
materials are subject to similar problems.

1 Freezing fouling is said to occur when a portion of the hot
stream 1s cooled to near the freezing point for one of its
components. This 1s most notable in refineries where
paraffin frequently solidifies from petroleum products at
various stages in the refining process, obstructing both flow
and heat transfer.

> ;@I,Biological fouling 1s common where untreated water 1is
~used as a coolant stream. Problems range from algae or other

microbes to barnacles.
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For dcsiguing or predicting the performance of a haat exchanger i1 18 necessary that the total heat
transter may be related with its govermng parameters @ 12) U {overall heat transter coellicient) due 10
various modes of heat transter, (i0) A wolzl surface area of the heat ranstes, and (&0 1, 7, (he inlez and
outler Nuid temperatures ). Fig. 10L8 shows the averall energy halance in @ heat exchanger.

Let, i = Mass flow rate, XKg/s,
¢, = Specific heat of fluid at constant pressure, kg °C.

I = Temperature ol Nuid, "C, and
A = Temperaiure drop or rise oF 4 Nuid across the heal exclanger.

~— Heal exchangel

Yy
a T& —_— Hot fluid > =?»‘> ‘a
Q-
9, \\ 9:
v ¢ A &
L —L§ > Caled T - - - b L

sl rars vr anest
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Subscripts & and ¢ refer o the hot and cold fluids respectively; subseripes 1 and 2 correspond o
the inlet and ourler conditions respectively.

Assuning that there is ne heat loss 10 the surreandings and polennal and Kineiic energy chianges
are nezlizible, from the ener2y balance in a1 heit exchanger, we bave ;

Heat given up by the hor fluid, @ =M e, 1, -1
H el [l'nL'I-L:-:l g I'.-'rn.' Hhe ool T, {4 = m r‘h I'.I:3 - |!_._.._|
Total heat transfer rute In the heat exchanper, 2 = WA D

where, [F = Dwverall hean wanster cocfficlent between the two fluids,

A = BEffeclive hesl lrimsler areid, and

B = Appropriane g KalHeE -::fr.-.u.-.!,r?ummae difference oF logarirthinie mean
ferperanere differeace (LWTO).
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T difference (LMTD)

mathad )
Logarithmic mean emperature difference (LMTIN & defined o hat iemperatere difference
which, if constund, would pive the same rale of heal tronsfer ax aotvally ocours under variable
condiiions of temnerature differenca,

In order o denve expresaion for LMTD) for various rypes of heat exchangers, the following
nssumplions are Made |

l. The overall keat transfer coelllelant [T 15 congiant,
2. The tlow conditions are sicady.

. The specific heats and miass flow rates of both fuds are constand

4. There is 09 1053 of heat o e sumonndings, dog o he heat exchanger being perfectly
Lnswlated,

5. There1s no chanoe of phase aither of the fuld duriog the Leat wansfar,

B

~ Axial conduction along the tubes of the heat exchanger 1= negligible,

The changes in potential and Kinetic snerries are nezlicible,
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Log mean temperature

difference (LMTD)
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. Log mean temperature difference

(LMTD) method

Energy balance (counter flow) on element
shown

dQ=-macdl,=—mcdl, ()
m=masslowrateifluid
c=speciftieeat
RateEquation

dQ=UdAT,-T,) 2)

Nowronil) dT =;;CQ dzzgchcQ
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e T Log mean temperature difference

(LMTD) method
Subtraderonﬁz) ’

dl,-T)_f 1 _ 1 4

7;1_]; mc. mg,
Integrate>2
k{nz—zzj:w{ 11 )

1, —1; mec, mg,
Totaheat trafearate
@@j’%ch (7;11 _Ez) andQ=mc, (7;1 _722)
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difference (LMTD)

o method
Substitufenm. andput
AL =T, 1, END
AL =T,-1, ENI2

L an-ar
Q‘U{m(ATz/ATl)}
Q=UALMTD

LMTB LogMeafl'emperatidifferen

e Remember — 1 and 2 are ends, not fluids

We,formula for parallel flow (but AT’s are different)
e / A

*Counterflow has highest LMTD, for given T’s therefore smallest area for Q.
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A “heat exchanger' may be defined as an equipment which transfers the energy from a hot
fluid to a cold fluid, with maximum rate and minimunt investment and running costs.

Logarithmic mean temperature difference (LMTD) is defined as “that temperature difference
which, if constant, would give the same rate of heat transfer as actually occurs under variable
conditions of temperature difference”.

IMTD (6 ) for paralle] flow as well as counter-flow 15 given by :
B = HI % E'E
in
In (6,/8,)
0 for a counter-flow unit is always greater than that for parallel flow unit, hence counter-
(low heat exchanger can transfer more heat than parallel flow one; in other words a counter-
flow heat exchanger needs a smaller heating surface for the same rate of heat transfer, For

this reason, the counter-flow arraneement 1s usually used.
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Fouling or Scaling : The phennmenon oof rust formaton and cleposition aof flusd imperines in
e tbes of @ heat exchanger, duriog its normnal operation, is callel fouling.
The recipracal of scule beat transfec caefficient, & is called the fouling factor, R,

R, = — m™*CIW ~oAF)
i
| !

R, - - wolid
4 7 iy r Chean (“)

The heat trunsder, considering the thermal resistance due o scale formnation, 18 given by
> f -~ 4) (i)

] 1 1 i 1

In(r/r) +

- - -+
Ak~ Ah, 2mLK Aoy ALK,

1he overadl heat ranster coctlicients, U based on the Innes and outer surfages of the Inacr
tube are given by

U = ...(h')
hail % 1
e Rt L In{r.fre)=12x/t R.+(rnf e
i, sty R IR =15ln) R+ (nin,) i,
U, = ] lr ] V)
(r, /%) " (r1n) Rt ; In o drd s Reo Y
U. = ] : woneglecling fouling Gactor L L(vr)
(r £ == 4 = I (y 53 +
h kK
AT,
s Z | . When the tube is thin walled and thermal resistance
k hk, Ao 1o be wall thickness and scale formed arc neglecial,
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In a heat exchanger in which two fuids are separated by a plane wall as shown in the Fig.,
the overall heat transfer coefficient 15 given by

Plane wall

1
1= |  F{TEN
| L | Rlm
R, kb
0 R 1 R, ¢ &, i
>N AN e AN °
1 L ]

@ v A kA h.A
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How wilkxistingdl.Ex.perforrorgiver
inletconditiofls

EE— =

Defineffectivess &= Zeua - —

Ohax
wher€), .isfomninfinitellong. Ex. b e
OndWidAT AT, =T, T

max C,in

andsinc @=(rir, AT, =(ri, AT, AT,
=GAT, =GAl \"

theronly tHuidwitliesseofC,, G {F\*a. .
heatapacitpte arhave\T, T

max L

AN LS . .
(g%ﬂ/ - . J sjgst I
~ el S 'ty




Effectiveness-NTU

— M@thOCqb(COIltd )
ie.Q . =C AT ande=— Q |
Qm qnlA . (:mir(]:l‘nn _T;.in )

Or, ngqnir@nn _1;.111)
Wanexpressibare w hicttoesioic ontaiautlet's
SubstitubackntoQ=UALMTD.........

_exb” U 1—Canin
8 16"{(;?{ CMH ]
Cain -UA G,
Cnaxex% C;n‘:( Cman]J
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VU o aNTYG

* NTU, . can be obtained from figures in textbooks/handbooks

First, however, we must determine which fluid has C_.
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The heat exchanger effectiveness (£) 15 defined as the ratio of actual heat wansfer w the

maximum possible heat transfer. Thus
i Actual heat transfer ()

~ Maximum possible heat transfer (Q,, )

| —exp[- NTU {1+ R)]
{E:Ip-unr.'frf fivom e 1 4+ R

l—exp[- NTU (1- R}

LE) — flow
ceunier = fln | - Rexp[- NTL (1 - R}

e
where, R = {capacity ratio) = {.m i
KLY

NTL = Number of transfer units.

NI 15 a measure of effectiveness of the heat exchanger.

Wl )

i)
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