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VISION
* To establish a pedestal for the integral innovation, team spirit, originality and
competence in the students, expose them to face the global challenges and become

technology leaders of Indian vision of modern society.

MISSION
+ To become a model institution in the fields of Engineering, Technology and
Management.
* To impart holistic education to the students to render them as industry ready
engineers.
¢ To ensure synchronization of MRCET ideologies with challenging demands of

International Pioneering Organizations.

QUALITY POLICY

* To implement best practices in Teaching and Learning process for both UG and PG

courses meticulously.
¢ To provide state of art infrastructure and expertise to impart quality education.

+* To groom the students to become intellectually creative and professionally

competitive.

+* To channelize the activities and tune them in heights of commitment and sincerity,

the requisites to claim the never - ending ladder of SUCCESS year after year.

For more information: www.mrcet.ac.in



http://www.mrcet.ac.in/

MALLA REDDY COLLEGE OF ENGINEERING & TECHNOLOGY

(Autonomous Institution — UGC, Govt. of India)
www.mrcet.ac.in
Department of Mechanical Engineering

VISION

To become an innovative knowledge center in mechanical engineering through state-of-

the-art teaching-learning and research practices, promoting creative thinking professionals.

MISSION

The Department of Mechanical Engineering is dedicated for transforming the students into
highly competent Mechanical engineers to meet the needs of the industry, in a changing
and challenging technical environment, by strongly focusing in the fundamentals of

engineering sciences for achieving excellent results in their professional pursuits.
Quality Policy

v' To pursuit global Standards of excellence in all our endeavors namely teaching,
research and continuing education and to remain accountable in our core and
support functions, through processes of self-evaluation and continuous

improvement.

v To create a midst of excellence for imparting state of art education, industry-

oriented training research in the field of technical education.
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10.

11.

PROGRAM OUTCOMES

Engineering Graduates will be able to:

Engineering knowledge: Apply the knowledge of mathematics, science, engineering
fundamentals, and an engineering specialization to the solution of complex engineering
problems.

Problem analysis: Identify, formulate, review research literature, and analyze complex
engineering problems reaching substantiated conclusions wusing first principles of
mathematics, natural sciences, and engineering sciences.

Design/development of solutions: Design solutions for complex engineering problems
and design system components or processes that meet the specified needs with appropriate
consideration for the public health and safety, and the cultural, societal, and environmental
considerations.

Conduct investigations of complex problems: Use research-based knowledge and
research methods including design of experiments, analysis and interpretation of data, and
synthesis of the information to provide valid conclusions.

Modern tool usage: Create, select, and apply appropriate techniques, resources, and
modern engineering and IT tools including prediction and modeling to complex engineering
activities with an understanding of the limitations.
The engineer and society: Apply reasoning informed by the contextual knowledge to
assess societal, health, safety, legal and cultural issues and the consequent responsibilities
relevant to the professional engineering practice.

Environment and sustainability: Understand the impact of the professional engineering
solutions in societal and environmental contexts, and demonstrate the knowledge of, and
need for sustainable development.

Ethics: Apply ethical principles and commit to professional ethics and responsibilities and
norms of the engineering practice.

Individual and teamwork: Function effectively as an individual, and as a member or
leader in diverse teams, and in multidisciplinary settings.

Communication: Communicate effectively on complex engineering activities with the
engineering community and with society at large, such as, being able to comprehend and
write effective reports and design documentation, make effective presentations, and give
and receive clear instructions.

Project management and finance: Demonstrate knowledge and understanding of the
engineering and management principles and apply these to one’s own work, as a member

and leader in a team, to manage projects and in multidisciplinary environments.
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12.Life-long learning: Recognize the need for and have the preparation and ability to engage

in independent and life-long learning in the broadest context of technological change.

PROGRAM SPECIFIC OUTCOMES (PSOs)

PSO1 Ability to analyze, design and develop Mechanical systems to solve the

Engineering problems by integrating thermal, design and manufacturing Domains.

PSO2 Ability to succeed in competitive examinations or to pursue higher studies or
research.
PS03 Ability to apply the learned Mechanical Engineering knowledge for the

Development of society and self.

Program Educational Objectives (PEOs)

The Program Educational Objectives of the program offered by the department are broadly listed
below:

PEO1: PREPARATION

To provide sound foundation in mathematical, scientific and engineering fundamentals necessary

to analyze, formulate and solve engineering problems.
PEO2: CORE COMPETANCE

To provide thorough knowledge in Mechanical Engineering subjects including theoretical
knowledge and practical training for preparing physical models pertaining to Thermodynamics,
Hydraulics, Heat and Mass Transfer, Dynamics of Machinery, Jet Propulsion, Automobile

Engineering, Element Analysis, Production Technology, Mechatronics etc.
PEO3: INVENTION, INNOVATION AND CREATIVITY

To make the students to design, experiment, analyze, interpret in the core field with the help of

other inter disciplinary concepts wherever applicable.
PEO4: CAREER DEVELOPMENT

To inculcate the habit of lifelong learning for career development through successful completion

of advanced degrees, professional development courses, industrial training etc.
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PEO5: PROFESSIONALISM

To impart technical knowledge, ethical values for professional development of the student to solve
complex problems and to work in multi-disciplinary ambience, whose solutions lead to significant

societal benefits.
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Blooms Taxonomy

Bloom’s Taxonomy is a classification of the different objectives and skills that educators set for
their students (learning objectives). The terminology has been updated to include the following
six levels of learning. These 6 levels can be used to structure the learning objectives, lessons, and

assessments of a course.

1. Remembering: Retrieving, recognizing, and recalling relevant knowledge from long- term
memory.

2. Understanding: Constructing meaning from oral, written, and graphic messages through
interpreting, exemplifying, classifying, summarizing, inferring, comparing, and explaining.
Applying: Carrying out or using a procedure for executing or implementing.

4. Analyzing: Breaking material into constituent parts, determining how the parts relate to
one another and to an overall structure or purpose through differentiating, organizing, and
attributing.

5. Evaluating: Making judgments based on criteria and standard through checking and
critiquing.

6. Creating: Putting elements together to form a coherent or functional whole; reorganizing

elements into a new pattern or structure through generating, planning, or producing.
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Produce new or original work
e Design, assemble, construct, conjecture, develop, formulate, author, investigate

Justify a stand or decision
ev a I u ate appraise, argue, defend, judge, select, support, value, critique, weigh

Draw connections among ideas
differentiate, organize, relate, compare, contrast, distinguish, examine,
experiment, question, test

analyze

Use information in new situations

execute, implement, solve, use, demonstrate, interpret, operate,
schedule, sketch

Explain ideas or concepts
classify, describe, discuss, explain, identify, locate, recognize,
report, select, translate

understand

Recall facts and basic concepts
define, duplicate, list, memorize, repeat, state
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(R22A0318) HEAT TRANSFER

*Note: Heat and Mass Transfer data books are permitted
COURSE OBJECTIVES:

1. Students can learn about heat transfer and conduction heat transfer mode.

2. Students can learn types of convection and dimensional analysis.

3. Students can learn the phases of heat transfer

4. Students can learn about heat exchanger performance.

5. Students can learn different laws of radiation and its applications.
UNIT-I
Introduction: Basic modes of heat transfer- Fourier Heat transfer equation— Differential heat
conduction equation in Cartesian and Cylindrical coordinate systems. Steady-state one-
dimensional heat conduction solutions for plain and composite slabs and cylinders, Critical
thickness of insulation.
UNIT-II
Heat conduction through extended surfaces (Fins) -Long Fin, Fin with insulated tip, and Short Fin
- Fin effectiveness and efficiency.
Unsteady state Heat Transfer-Conduction: One Dimensional Transient Conduction Heat Transfer
- Lumped system analysis, and solutions by use of Heisler charts.
UNIT-III
Convection: Dimensional analysis - Buckingham 1t theorem - Application of dimensional analysis
to free and forced convection problems - Dimensionless numbers and Empirical correlations.
Free and Forced convection: Continuity, momentum and energy equations - Boundary layer
theory concept - Approximate solution of the boundary layer equations - Laminar and turbulent
heat transfer correlation
UNIT- IV
Heat Exchangers: Classification of heat exchangers- Parallel flow- Counter flow- Cross flow heat
exchangers- Overall heat transfer coefficient- Fouling factor - Concepts of LMTD and NTU methods
Problems using LMTD and NTU methods - Heat exchangers with phase change.
UNIT-V
Boiling and Condensation: Different regimes of boiling- Pool, Nucleate, Transition and Film
boiling.
Condensation: Film-wise and drop-wise condensation - Nusselt's theory of condensation on a
vertical plate.
Radiation Heat Transfer: Emission characteristics and laws of Black body radiation- Laws of
Kirchhoff, Planck, Wien, Stefan Boltzmann — concepts of shape factor — Radiation shields



TEXT BOOKS:

1. Heat Transfer, by J.P.Holman, Int.Student edition, McGraw Hill Book Company.

2. Fundamentals of Heat and Mass Transfer- Sachdeva, New Age Publications

REFERENCE BOOKS:

1. Heat Transfer by S.P.Sukhatme.
2. Heat transfer by Yunus A Cengel.
3. Heat transfer by Arora and Domakundwar, Dhanpat Rai & sons, New Delhi

COURSE OUTCOMES:

To identify the modes of heat transfer and calculate the conduction in various solids.
To solve the heat transfer rate in convection for various geometric surfaces.
To evaluate the heat transfer rate in a phase change process,

To design heat exchange equipment based on the need that fits to application.

vk wnN e

To learn about the radiation and its use in real life.



COURSE OUTLINE

NO OF LECTURE HOURS:

LECTURE  LECTURE TOPIC

1. Introduction to Basic modes of heat transfer

2. Differential heat conduction equation in Cartesian
3. Cylindrical-coordinate systems

4. Spherical coordinate systems

5. Steady-state one-dimensional heat conduction

solutions for plain and composite slabs

6. Steady-state one-dimensional heat conduction
solutions for cylinders

UNIT-1

KEY ELEMENTS

Definition of heat transfer
Rate equations

Derivation of equation

Derivation of equation

Derivation of equation

Steady-state one-dimensional
heat conduction, plains

cylinders

12

LEARNING OBJECTIVES
(2 to 3 objectives)

Understanding of heat transfer (B2)

Understanding of heat conduction equation.
(B2)

Understanding of heat conduction equation.
(B2)

Understanding of heat conduction equation.
(B2)

Application of heat conduction equation

Application of heat conduction equation
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11.

12,

13

14

15

16

17

18

Steady-state one-dimensional heat conduction
solutions for spheres

Electrical resistance concept -

Critical thickness of insulation

Heat conduction through fins of uniform and
variable cross-section

Fin effectiveness

Fin efficiency

Introduction: Unsteady state Heat Transfer
conduction

Lumped system analysis

Criteria for lumped system analysis
Response time of thermocouple

I-D Transient heat conduction in large plane walls,

when Bi>0.1

I-D Transient heat conduction in long cylinders, when
Bi>0.1

spheres

Electrical analogy

insulation

Heat conduction through fins

effectiveness

efficiency

Unsteady state

Newtonian heating or cooling

Biot Number & Fourier Numbers

Response time, thermocouple,

source temperature, sensitivity

1Dimensional Transient heat
conduction

1Dimensional Transient heat
conduction

Application of heat conduction equation

Analyze the effect of heat transfer

Analyze the effect of heat transfer

Application of HT to fins

Finding effectiveness

Finding efficiency

Understanding unsteady state heat transfer

Analyzing heating & cooling

Understanding dimensionless numbers

Understanding response time

Application of unsteady state heat conduction

equation

Application of unsteady state heat conduction
equation



NO OF LECTURE HOURS:

LECTURE LECTURE TOPIC
1. Convection: Dimensional analysis
2. Continuity, momentum and energy equations
3. Boundary layer theory concept-
4. Free, and Forced convection
5. Approximate solution of the boundary layer equations
6. Laminar and turbulent heat transfer correlation
7. Application of dimensional analysis
8. Dimensionless numbers & Empirical correlations

UNIT -2

KEY ELEMENTS

Rayleigh’s method, Buckingham'’s
pi-theorem

Governing equations
Hydrodynamic & thermal
boundary layer
Empirical correlations
boundary layer equations
Laminar and turbulent

dimensional analysis

Re, Nu, Pr & Gr

12

LEARNING OBJECTIVES
(2 to 3 objectives)
Understanding Dimensional analysis

Application of convective heat transfer

Understanding fundamental laws
Understanding concepts

Understanding correlations

Understanding boundary layer equations
Evaluate the Laminar and turbulent heat transfer
Application

Understanding Dimensionless numbers



10.

11.

12,

Problems

Problems

Problems

Problems

NUMERICAL SOLVED EXAMPLES

NUMERICAL SOLVED EXAMPLES

NUMERICAL SOLVED EXAMPLES

NUMERICAL SOLVED EXAMPLES

ANALYSING & SOLVING Problems

ANALYSING & SOLVING Problems

ANALYSING & SOLVING Problems

ANALYSING & SOLVING Problems



UNIT-3

NO OF LECTURE HOURS:

LECTURE

LECTURE TOPIC KEY ELEMENTS

Boiling: Different regimes of boiling Nucleate, Transition and Film
boiling.

Condensation: Laminar film condensation- Empirical
relations

Condensation on vertical flat plates and horizontal tubes  Flat plate & horizontal tubes

Condensation: Dropwise condensation

Problems Numerical Solved Examples

Problems Numerical Solved Examples

12

LEARNING OBJECTIVES
(2 to 3 objectives)

Understanding regimes of boiling

Evaluate the type of condensation
Analyze condensation
Evaluate the type of condensation

Analysing & Solving Problems

Analysing & Solving Problems



NO OF LECTURE HOURS:

LECTURE LECTURE TOPIC

1. Heat Exchangers: Types of heat exchangers
2. Overall heat transfer coefficient

3. LMTD

4, NTU methods

5. Fouling factor

6. Heat exchangers with phase change

7. Problems

8. Problems

UNIT-4

KEY ELEMENTS

Parallel flow- Counter flow- Cross
flow heat exchangers

Definition & Formula
derivation

derivation

Definition & impact of fouling
factor

Numerical Solved Examples

Numerical Solved Examples

LEARNING OBJECTIVES

(2 to 3 objectives)

Understanding of heat exchangers

Understanding the concept

Evaluate the LMTD

Evaluate the NTU

Understanding fouling factor

Analysing & Solving Problems

Analysing & Solving Problems

12



NO OF LECTURE HOURS:

LECTURE LECTURE TOPIC

1. Radiation: Black body radiation

2. Kirchhoff’s laws

3. Shape factor

4, Stefan Boltzmann equation

5. Heat radiation through absorbing media
6. Radiant heat exchange

7. Radiation shields

8. Problems

9. Problems

UNIT-5

KEY ELEMENTS

Absorptivity, reflectivity &
transmissivity

definition

Algebra, salient features
Total emissive power
Black bodies, gray bodies

parallel and perpendicular surfaces,
long concentric cylinders, small gray
bodies

Infinite parallel planes
Numerical Solved Examples

Numerical Solved Examples

12

LEARNING OBIJECTIVES
(2 to 3 objectives)

Understanding basic definitions

Understanding law
Understanding salient features of
To find out Emissive power
Evaluate the heat loss

Evaluate the heat exchange

Evaluate the heat exchange
Analysing & Solving Problems

Analysing & Solving Problems
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INTRODUCTION




1.1

1.2

Introduction

Heat is fundamentally transported, or “moved,” by a temperature gradient; it flows or
is transferred from a high-temperature region to a low-temperature one. An
understanding of this process and its different mechanisms is required to connect
principles of thermodynamics and fluid flow with those of heat transfer.

Thermodynamics and Heat Transfer

Thermodynamics is concerned with the amount of heat transfer as a system undergoes
a process from one equilibrium state to another, and it gives no indication of how long
the process will take. A thermodynamic analysis simply tells us how much heat must be
transferred to realize a specified change of state to satisfy the conservation of energy
principle.

In practice we are more concerned about the rate of heat transfer (heat transfer per unit
time) than we are with the amount of it. For example, we can determine the amount of
heat transferred from a thermos bottle as the hot coffee inside cools from 90°C to 80°C
by a thermodynamic analysis alone.

But a typical user or designer of a thermos is primarily interested in how long it will be
before the hot coffee inside cools to 80°C, and a thermodynamic analysis cannot answer
this question. Determining the rates of heat transfer to or from a system and thus the
times of cooling or heating, as well as the variation of the temperature, is the subject of
heat transfer (Figure 1.1).

Thermos
bottle

\

\lnsulation
Fig. 1.1 Heat transfer from the thermos

Thermodynamics deals with equilibrium states and changes from one equilibrium state
to another. Heat transfer, on the other hand, deals with systems that lack thermal
equilibrium, and thus it is a nonequilibrium phenomenon. Therefore, thestudy of heat
transfer cannot be based on the principles of thermodynamics alone.

However, the laws of thermodynamics lay the framework for the science of heat
transfer. The first law requires that the rate of energy transfer into a system be equal



to the rate of increase of the energy of that system. The second law requires that heat
be transferred in the direction of decreasing temperature (Figure 1.2).

wilo Gool

environment
20°C

Fig. 1.2 Heat transfer from high temperature to low temperature

1.3 Application Areas of Heat Transfer

— Many ordinary household appliances are designed, in whole or in part, by using the
principles of heat transfer. Some examples:

— Design of the heating and air-conditioning system, the refrigerator and freezer, the
water heater, the iron, and even the computer, the TV, and the VCR

— Energy-efficient homes are designed on the basis of minimizing heat loss in winter and
heat gain in summer.

— Heat transfer plays a major role in the design of many other devices, such as car
radiators, solar collectors, various components of power plants, and even spacecraft.

— The optimal insulation thickness in the walls and roofs of the houses, on hot water or
steam pipes, or on water heaters is again determined on the basis of a heat transfer
analysis with economic consideration (Figure 1.3)

Air-conditioning
systems

Water in

Water out

Car radiators Power plants Refrigeration systems

Fig. 1.3 Application of heat transfer



MODES OF HEAT TRANSFER

Heat transfer is defined as the transfer of heat from one region to
another by virtue of the tempefature difference between them. The devices
for transfer of heat are called heat exchangers. The concept of heat transfer
is necessary for designing heat exchangers like boilers, evaporators,
condensers, heaters and many other cooling and heating systems.

There are three modes of Heat transfer as follows:

1. Conduction
2. Convection
3. Radiation.

1. Conduction

Heat is always transferred by conduction from high temperature
region to low temperature region. The conduction heat transfer is due

O

Fig. 1.1 Heating

to the property of matter and molecular transport of heat between ty,,

regions due to temperature difference.

When one end of a rod gets heated, the atoms in that end get
enlarged and vibrated due to heating. The enlarged, vibrated atoms touch
the adjacent atom and heat is transferred. Similarly, all the atomg are
heated, thereby the heat is transferred to the other end. This type of
heat transfer is called as conduction heat transfer.

.In solids, heat is conducted by

18 Atomic vibration — The faster moving, vibrating atoms in the hot
area transfer heat to the adjacent atoms.

2. By transport of free electrons.

Heat is also conducted in liquid and gases by the following mechanism,

1. The kinetic energy (KE) of a molecule is a function of
temperature. When these molecules’ temperature increases, the K.E. increases,

2. The molecule from the high temperature region collides with
a molecule from the low temperature region and thus heat is transferred.



CONDUCTION

Most of the heat transfer problems involve a combination of all
the three modes of heat transfer. But it will be useful, if we study each
mode of heat transfer one by one. Hence, in the forth coming section,
we can study conduction, convection and radiation separately and in
some cases we can study with combination. :

1.2.1 Fourier’s law of heat conduction

Fourier’s law states that
‘the Conduction heat transfer
through a solid is directly
proportional to

L. The area of section (A) at -
right angle to the direction
of heat flow.

2, The change in temperature
(dT) in between the two | T
faces of the slab and

3. Indirectly proportional to X dx
the thickness of the slab

(dx).

Plane wall ar Slab Fig. 1.2

wheré Q = heat conducted in (Watts) w.

A= surface area of heat flow in mZ. (perpendxcular to the

direction of heat flow)
dT = temperature dlfference between the faces of the slab in °C or g

dx= thickness of the slab in .

dT

Here dT is negative. Because dT=T,—T}. (Change in temp,)
Since T, is less than Ty, dT is negative. -

So we get the equation



(T,-T Ty—1
( 2 1) kA( 1 ,2,)
dx ' - dx |
Here k= Constant of pmpomonahty and is called therma
conductmty of the material.

(T, - Ty)
D=k dx
- @Xdx 0 W
So, k= = = — 2
DA T T (A Taixeg) G
dx -

So the unit of k is W/m°C (or) W/mK

1.3 THERMAL CONDUCTIVITY (k)

Thermal conductivity, ¥ of a material is defined as the heat

conducted through a body of unit area and unit thickness in unit time
with unit temperature difference.

1.3.1 Thermal conductivity of solids:

Solids are classified into 4 types

Mct.aliq Alloys Non-Metalic Powder
solids solids and Porous
(Pure metals) _ solids

Thermal Resistance

The heat transfer process is analogous to the flow of electricity.

According to Ohm’s law,

Voltage difference (<V)
Electrical resistance (R)

Current (D=



, kA(Tl.—Tz)
— L
It can be rewritten as
T,-T,
C="Tra

where _k% is called thermal resistance Ry,

L
S0, Ry, = H

The reciprocal of thermal resistance is thermal conductance.

AT
R
AT

So, Q=?

So, Q =

o_.—l
|
O
L,o
bm

|1

Fig.1.8@) " s

R for different .ﬁgures are given in page No: 44, 45, 46 and 47
of HMT data book by CPK




2. Convection

The heat transfer between a surface and the surrounding fluid
which are at different temperatures, is called convection heat transfer.
Convection heat transfer is defined as a process of heat transfer by the
combined action of heat conduction and mixing motion.

Consider a container full of water. Heat is conducted through
container wall.

(1)

First of all, heat is transferred from hot surface of wall to adjacent
fluid purely by conduction.

(i) Then, the hot fluid’s density decreases by increase in temperature.
This hot fluid particles move to top layer - low temperature region

and mix with cold fluid and thus transfer heat by ‘mixing' motion.

If the mixing motion of fluid particles takes place due to density

difference caused by temperature difference, then this convection heat

transfer is called free convection (or) matural convection.

If the motion of fluid particles is due to fan (or) pump (or)

. . : .S
blower (or) any external means, then this convection heat transfer 1
called forced convection.

3. Radiation
Conduction and convection needs a medium for heat transfer, but
radiation heat transfer takes place even in vacuum.

Radiation heat transfer occurs when the hot body and cold body are
separated in space. The space may be filled up by a medium (or) vacuum.

Energy, emitted in the form of electromagnetic waves, by all
bodies due to their temperatures is called thermal radiation.



GENERAL DIFFERENTIAL EQUATION OF HEAT
CONDUCTION - CARTESIAN COORDINATES

Consider an infinitesimal rectangular element of sides dx, dy and
dz as shown in Fig. 1.9.

Q. = Rate of heat flow in x direction through the face ABCD

Q@ + gx = Rate of heat flow in x direction through the face EFGH

oy - Ty -
g, = Heat flux R in x direction through face ABCD

Q

{y +dy) / r
H

—0

D
|
I
|
: I
c ! 8
1 d,
i
= |
; i e
Dy JI_A(,'MIJ = Qa0
Elemenial PR i > E
volome / o =
e
”
P
/ S /
- 31
Of z+0d2) B /

-‘—-d. iy

a Qg =qg dx.dy.dz

y

Fig. 1.9 Elemental volume for three-dimensional heat
conduction analysis - Cartesian coordinates

| Q.+ dx
Tict dy= Heat flux —_A_

in x direction through face EFGH
kx, ky, kz = Thermal conductivities along x, y and z axes

oT — s
— = Temperature gradient in x direction

ox |



iction can be derived based on
first law of Thermodynamig,
to_the control volumg

The differential equation of condt

: he
the law of conservation of energy (or) t

Let us apply the first law of thermodynamics

Fig. 1.9. _
" Quantityof ] [ . Heat | ' Change in
heat conducted gencratcd - Wk doge
tothe from inner enthalpy by
elementary |+ heat source (= 3 element
volume in with in the of element i W d
face ABCD ~ element gﬂ
Oy ; Q.? ] L a : (11)

The work done by an element is small and can be neglected iy

the above equation.
Hence, the above equation can be written as

dh
Q,+ Q=" +Oxsux

L A19)

Now let us see one by one.

Qx: Quantity of heat conducted to the elementary volume

The rate of heat flow in to the element in x direction through
the face ABCD is '

N oT
O,=q,dy dZ=—kx—xdy‘dz

..(1.3)

The rate of heat flow out of the element in x direction through
he face EFGH is ' :

5 Qx+-dx=‘ Qx+aa—x(Qx) dx %@E KJQ}D-

oT
:T—kxa“xdde*-aix —kt-a—Tdydz]dx
. ; x -

orT ) :
Q.\:'l-dx:_k_r*dydz—‘[k oT
- |dxd
ul e RS 1)




Oy — Oy 4 gr gives

T o
Q, Q(t+d\')—-l" B dydz—[ kxa—(lydz— ai

_ oT oT
= \/E dy dz + kxa—xdy dz +a—t[ a—T}dx dy dz
d
=0, — Q(x+dx) —a_[ aT](bcdydz
i 1:5)
a[ . oar’ |
Similarly Q, Qe + dy) = a_y k, 87 dx dy dz (1.6)
a[ or]
Q _Q(z+dz)=a_z kza_z' dx dy dz ‘ a7
Add (1.5) + (1.6) + (1.7)
Total heat conducted | _ 9 [ E. oT
in all direction | ~ gy ] X Jx dxdydz+
o[, or 9 oT
ay[ Y 3y | dx dy dz+a—z[ 2 32 }dxdydc
Total heat conducted into the element from all directions
d oT a oT
K= K 1
[a;[ ax] ay["yay] 3 | | E
...(1.8)

s

Change in enthalpy of the element ( d

We know that,

~

dh
t

Srl,]t?:;%e - Mass ﬁg:f e Rise in
of the PV t={ofthe }x of the X temperature
element element il of element
daT
=mXC p Hm—



oT
= (p xdxdy d2) X Cp X
[[." Mass = Densny X

\Y
[ Change in enthalpy of } e oT or , Olyp,
| the element P o ly dz

Heat generated from inner heat source within the elemep Q

Heat generated within the element is given by

Qg=quxdy dz
(1, 10
Substituting equatlon (1.8), (1.9) and (1.10) in equatiop (12)

d oT |, d or |, d oT
= == b
BRI zazHW

- oT
+ggdxdydz=p Cpa‘td"dydz

ol oarl a[,or] af,dT] . _ ot
k. — =3 =
ax["xax]+ay[kyay] az[ Zaz] %P

‘When the material is isbtropic,
k.= k}, k, —k— constant

’T 9°T 82T - oT
= k + + +qg.=pC
x> ay 07> g P 9t

Divided by k,
~2 2 B ~
arr+aT+aT+g&=ch§1__~..
oxF 9% 92 k ko

2
62T+a T+82T 9, 10T

+-£=
ax? w? 92 k o ot (11D

v2ryde_10T

ko ot | (11

in
It is a general three dimensional heat conduction equation !

cartesian coordinates



: where, &= Thermal dlffusmty o=t
Qx | P
Case (i) | '

When no internal heat generation is present

- ie when g =0, then the equation 1.11 becomes

PT 1 Fr_19T

o e —

+.
x> 9y* 2 o ot

v T’ag—T (Fourier equation)  ---(1.12)

Case (ii) . |
Insteadystatecondmon&metanpaannedoesndcfmgewmmqmmum
Then the conduction lakesp]acemmesteadystatele %—tT—o Hence the equauon
1.11 becomes

VI gk& =0 (Poisson’s equation)

sl 1:13)
Case (iii)

No heat generation; steady state conditions. Then the equation 1.11
becomes,

V2 T= 0 (Laplace equation) : ..(1.14)



Case >iv) |
.. Steady state, one-dimensional heat transfer,

BT iy

F+‘If‘=0 _
x ‘ i L15)

Case (v) .
Steady state, one dimensional, without in-temal heat generation

g
—2___.0 .
Ox ..(1.16)

the rate of heatr transfer per wnit area rhrough a
0°C and

as

Problem 1.1: Find
copper plate 50 mm thick, whose one face is mainrained ar 40
otherface at 75°C. Take thermal conductivity of copper

370 W/m°C. ’
: 0.05
Solution -
: T b T
i : —0.05m;A=1m? 1 2
Given o€ Im m 400°C 75°C

k=370 W/m°C
T, =400 °C; T, =75 °C
o_ _AT |
A R
Refer Pg. 44 of HMT Data book for formula.

L

T kA
__0.05
370 < 1

R=1.351x=<10"% K/W

q_AT_ Ty —75, 400 —75
R R 1.351 < 10— 4

g = 2405.63 kKW/m?>




A stainless steel plate 2 cm thick is maintained at a temperature of 550°C at one face and 50°C on the

other. The thermal conductivity of stainless steel at 300°C is 19.1 W/mK. Compute the heat transferred
through the material per unit area.

()

Fig. Ex. 1.1

Solution
This is the case of a plane wall as shown in Fig. Ex. 1.1. Using Eqn. (1.12).

kA
Q=7 h~1,)

0 k (19.1)(550 - 50) .
or =L =g=—(hh)-T) =" 2 497 5 1w
A RS i

it .

o -
m CONVECTION

For a fluid flowing at a mean temperature T,, over a surface at a tempm

y (Fig_ 1.5
proposed the following heat convection equation: ) Ne“"(ln
q=Q0/A=hT,-T,)=hAT
where ¢ is the heat flux at the wall. The Eqn. (1.14) is called Newton’s law of cooling, The heat “'N’

coefficient & has units W/m?°C or W/m? K when the heat flux ¢ is given in the units of Wiyt transfe'
temperature in °C. gy,
Free stream
Flow T
Ueo
uly) ;
f T
//////////7//////////////1////////////677
all

Fig. 1.5 Convection from a Heated Plate



Example 1.2

A flat plate of length 1 m and width 0.5 m is placed in an air stream at 30°C blowing parallel toif, The
convective heat transfer coefficient is 30 W/m?K. Calculate the heat transfer if the plate is maintained ’
at a temperature of 300°C,

Solution
0 =hA(T,-T,)

= (30) (1.0) (0.5) (300 - 30)
= 4,05 kW.

nTHERMAL RADIATION

According to the Stefan-Boltzmann law, the radiation energy emitted by a body is proportional to the
Jourth power of its absolute temperature.

Q = o AT} (1.16)

where o is called the Stefan-Boltzmann constant with the value of 5.6697 x 1078 W/m?K*, and 7; is
the surface temperature in Kelvin.

Consider a black body (a perfect emitter and perfect absorber) of surface area A, and at an absolute
temperature 7; exchanging radiation with another black body (similar) at a temperature T,. The net heat
exchange is proportional to the difference in 7*.

Q=0AT'-T;) (1.17)

The real surfaces, like a polished metal plate, do not radiate as much energy as a black body. The
‘gray’ nature of real surfaces can be accounted for by introducing a factor & in Eqn. (1.17) called
emissivity which relates radiation between gray and black bodies at the same temperature.

Q=0cA¢ (I'-T;) (1.18)

To account for geometry and orientation of two black surfaces exchanging radiation Eqn. (1.17) is
modified to .

. Q=0A¢g FT'-T,) (1.19)
where the factor F, called view factor, is dependent upon geometry of the two surfaces exchanging
radiation, see Planck (1959).

- Example 1.3

A ‘radiatar’ in a damectic heatino svstem anerates at a surface temnerature nf $5°C Netermina the rata

Example 1.3 | |
A ‘radiator’ in a domestic heating system operates at a surface temperature of 55°C. Determine the rate

.at" which it emits radiant heat per unit area if it behaves as a black body.
fSolutwn

=0T =56697x10™ x (273 + 55)* = 0.66 kW/m®

:>|to




mcomameo MECHANISMS OF HEAT TRANSFER

It is not unusual to observe that the heat transfer is taking place due to two, or perhaps all three,
mechanisms. The most frequently encountered instance is one in which a solid wall (usually plane or
cylindrical) separates two convicting fluids, e.g., the tubes of a heat exchanger. As mentioned earlier, the
steam generating tubes of a boiler receive heat from the products of combustion by all three modes of
heat transfer.

The overall heat transfer by combined modes is usually expressed in terms of an overall conductance
or ‘overall heat transfer coefficient’ U, defined by the relation:

Q = UA (AT) | (1.27)

The overall heat transfer coefficient is a quantity such that the rate of heat flow through a configuration
is given by taking a product of U, the surface area and the overall temperature difference.

P
Ta
Fluid A
Fluid B
I 7 S = i T2 Ts
\ T2 . "{ 'L "1' .
A KA ho A
Q —_—
h k "2
L
T
N =

Eirn 17 Nuorall Haat Tranafer thrniinh a Plane Wall with Recictance Analanu



In the case of a plane wall shown in Fig. 1.7 heated on one side by a hot fluid A and cooled on the
other side by a cold fluid B, the heat transfer rate is given by:

0= hAT,=T) =T~ 1) = AT~ Ty)

from which, TA-T,=£
7 A
0 N
L-T= A
L
Q
Tz - TB = m



Adding these equations we eliminate the unknown temperatures 7; and T, to give the s°lulion

heat flow as L
> TA i TB

. 0= (/i A) + (LIKA) + (1/h,A) (12

remembering that the value (1/h4) is used to represent the convection resistance ang (L/ka)

S the
conduction resistance. In accordance with Eqn. (1.27), the overall heat transfer coefficient js:
_ 1 L
“Un +Lk+1/h, AXR, (12

The overall coefficient depends upon the geometry of the separating wall, its thermal Propert
and the convective coefficients at the two surfaces. The overall heat transfer coefficient is particulay
useful in the case of composite walls, such as in the design of structural walls for boilers, refrigeratory

air-conditioned buildings, etc. Use of overall heat transfer coefficient is also made of in the design f
heat exchangers.



Example 1.4
The inner surface of a combustion chamber wall receives heat from the products of combustion, The

wall is being cooled by a coolant on the outer side. Compute the overall heat transfer coefficient &
draw the equivalent thermal circuit.

—_N
Hot gas - r. B T
Coolant Q, =—| c Twe wg
O o M——O—C/: :}-’_‘
r "‘g: (b)
Te 4 L .
— -



Problem 1.2: A furnace wall is made up of three layers, one is fire
brick, one is insulating layer and one is red brick. The inner and outer

surfaces temperature are at 870°C and 40°C respectively. The respective
conductive heat transfer coefficients of the layers are 1.163, 0.14 and

0.872 W/m°C and the thicknesses are 22 cm, 7.5 cm and 11 cm. Find
the rate of heat loss per sq. meter and the interface temperatures.

Solution
From Pg. 45-CPK-Data book

AT
Q__



Furnace
side




Thermal Resistance R - |

. 1 lq g 1
R for composnte wall =2 [ I + kl J

+
ks 'k
Since we are not ‘considering convective heat transfer, we ca
1 1 1 1
ignore -——and — (i.e., — =0 and — — 0)
’a hb h'(l hb

Also' A = | m2

A kz ks

_1[ 022 +o.07s‘ 0.11
1.163 * 0.14 T 0.872 .

SoR—~[ L2 Lj}

=0.8510 K/W
) —T4 (870 - 40) 830
= = = — = .3 W
Q=—% 08510 ~08510-27°
O 0O 2
= =%=9753 W/m



For Interface Temperature
From Pg. 45, Use AT, = Q x R =9753%R,
(T, — Tp) =975.3 XR, |

a0 1
_0.1892 3 T #
| “-485.5°C
870 = T2 - ; 4 4 . . T2 :
075.3%0.1892=184.5 [ 1.5 hrocc 12
T2 =870 - 184.5
ky=1.163 k,=0.14

=685.5°C

T,=685.5°C



Similarly,
ATZ — T2 s T3
- Q X R2

B by _ 0075 o
4 kAy 0.14x1 .

TZ_T3=Q><R2 _

685.51 — Ty = 975.3 X 0.5357
T;=685.51 — (975.3 X 0.5357)

| | T =163.03° il




1.5 GENERAL DIFFERENTIAL EQUATION OF H TR,

EAT
CONDUCTION - CYLINDRICAL COORD|NATES
The heat conduction equation in cartesian coordinateg

can pe i
. . _ rica] h Y
like rods and pipes, it is convenient to use cylindrical cog,

- Pe
dlnates. Fi 3
COnduc &

for rectangular solids like slabs, cubes, etc. But for cyling

1.10 shows a cylindrical coordinate system for genera]

equation.

Elémental
/volume

i

Q(r + dr)




Q, = Heat conducted to the elemeﬁt in the ‘r’
direction through left face ABCD

Q, = Heat generated with in the element
i Change in ethalpy per unit time

Q, . 4r = Heat conducted out of the element in ‘v

direction through the right face EFGH















i G nposite walls with fluj
1.7.2 - Heat conduction tht oug.h comp ery i bl
(with inside and outside conv

A composite wall is composed of several different layers
having a different thermal conductivity. Consider a COMPposite yyay
up of three parallel layers as shown in Figure 1.14(a). Ty

Since the rate of heat transfer through each layer (slab) is g
we have

. Q o . — .
L, Ly Ly (13
In most of the sc1ence and engineering appllcatlons fluid floy

- on both sides of the composite walls.

Hence, we should consider convection on both sides. 'fhen

k = | : —
Q=hA(T,-T)=2"1" D) kAT, Ty

Ty | I,




(a) Conduction th
©on both sides and (b) equ

Ta
Ty R
a
T2 ;
- Tb
Q k1 kz k3 hb
So— ——
L, i Lz Ls
(a)
Fig. 1.14

nt th

d
rough 5 COmMposite slab with flul
Ivale

Equation a




where, R,

Addmg Eqs from 1. 38 to 1.42, we get
—T,=Q (R, + Ry +R2+R3+Rb)

or.

(T,

(T, -
_ (T3 _

(T, —

QL,
T2) - kl QR 1

w0
I3) = kz_Lz = OR,

T)=25

g
Tb)—jz—QRb

kA OR;

...(1.40)

...(1.40)

..(1.41)

...(1.42)

and R, are the thermal resistance of convectlon

L, —

Q=

Ta—Tb

R,+R, + R, + Ry +R,

...(1.43).



‘For n number of slabs, by
Ta " Tb
n
R,+Ry,+ > R;

i=1

- Q = Heat flow =

__ Overall temperature difference A Ty

. Thermal resistance 2 R LA
[Refer HMT Data book Page 45 for formula]
e A(T,—Tp) AT, —T})
'9=(1+L1+52_+L3+1) (1,1, ek
h, k, ky kz h i o X
- i=1 i
=UA(T,—Tp) ...(1.45)

where U = overall heat transfer coefficient



R, - R;
(Refer page 47 of HMT data book)
(b)

Fig. 1.9. (a) A mix of series and parallel composite walls
and (b) the equivalent thermal resistance circuit




e v

If the heat transfer by convection on the two sides of the composite wall is absent, they
c

D
ha| A hy
C| E
-
s | B F b
hTo I3 Ty
—OR — — AN
o Re Re Rp
o—WA — A AAAA~—4—AAAN—O
T Rg R &
a AN — L b
T T2 T3 Ta

Fig. 3.6 Series and Parallel Composite Wall and its Thermal Circuil

n+l

Ish
Azkn

o=t



L —

Thelctica anlogy method may be wed i sove comple problems involving both seies and

paral}l{eelrzhennal eisances, One such ypiclpoblm with s themal vt shown in Fig 36,

WR=Rt——th4 e
L)
R R fy R R
o



Problem 1.2: A furnace wall is made up of three layers, one is fire
brick, one is insulating layer and one is red brick. The inner and outer

surfaces temperature are at 870°C and 40°C respectively. The respective
conductive heat transfer coefficients of the layers are 1.163, 0.14 and

0.872 W/m°C and the thicknesses are 22 cm, 7.5 cm and 11 cm. Find
the rate of heat loss per sq. meter and the interface temperatures.

Solution
From Pg. 45-CPK-Data book
_AT
R



Thermal Resistance R

y 7 B
R for composite wall =l 1 + : + 2 S + 1

Since we are not considering convective heat tran

I

sfer, we ca

i 1 1- . 1 1
ignore E—andh—b (i.e., 8 = 0 and oz = 0)

Also' A =1 m?2



L, L
SoR—~[k1 J

A kz ks

022+007S 0.11
1 1.163  0.14 0872

= 0.8510 K/W
I —-T, (870 - 40) 830
= = == — 9753 W
C="% 08510 ~08510->"°

_Q0_0 2

For Interface Temperature

Fron] Pg 45, USC ATl = Q X Rl = 975.3 le
(Tl = Tz) =975.3 X R,



RiZra, 163 x1 0.22m 0.075m | -
 -0.1892 ‘
. ' 12—185 5°C %T":

870 = T2 = : 4 L | = .
975.3 % 0.1892 = 184.5 T1‘= #3700(3 7 - 4

T2 =870 —184.5 :

k,=1.163 k,=0.14
=685:5°C 1 | 2
Tz - 685.5 o C
Similarly,
AT, =T, - T;
L, 0075

Ry=——o= —.0.5357
27 kA, 0.14x1 _

T,-T3=0QXRy

685.51 — T3 = 975.3 % 0.5357
T3=685.51 —(975.3 X 0.5357)

T3 =163.03° C




Problem 1.3: A composite wall is made of 15 mm thick of steel plate
lined inside with Silica brick-200 mm thick and on the outside magnesite
brick-250 mm thick. The inner and outer surface temperature are

750°C and 100°C respectively. The k for silica, steelplate and magnesite

Y
brick are 8 _W_. 68 i and 20—— respectively. Determine heat flux,
m°C m°C m°C
interface temperatures. : g
Solution
_9_
Heat ﬂux A

From Pg 45 of CPK



R

Q

——

i [ s 5
T,=750°C 15 r: T, 100“2
[ o (2) (3) |
Silica Brick Steel Magnesite
‘ plate Brick
k,= 68 kg= 20
k=8 2
- 02m —10.0156m [=—— 0.25 ——=

L, L
1+L2Jr 3

A

ki

k

ks

|

0.2 @ 0.015 a 0.25

|

8

| 68 = 20
— (AT)overall |

[ :

] = 0.03772 KIW




(AT)overall |

C="kr
(T} —Ty) 750100 _
T B a0mmE.
Q=17232 W

To Find Interface Temperatures

To find T,
Ty - T,= 17232 X R,

R —l-Ll]

I ey B
Al & sy =l
1
=5 082] 0.025 = K/W

= 17232 % 0.025



T, =750— (17232 % 0.025) = 319.2°C

T2=319.2°C. 51

To ﬁnd-r;; L
) T, —T,=Q xR,

L, 0015 I
Ry=ak, ~1x68

319.2 - T, = 17232 x 2.205 x 10”4

Ty=319.2 - (172322205 x 10~ %) = =315.4°C




Alternate Method : To find T,
‘ n-1;
"R +R,

Q

17232 = —
0.025+2205%10

> %

17232 (0.025 + 2.205 x 107 %) =750 — T

T3 =750 — [ 17232(0.025 +2.205 X 10~ )]
=3154°C. .



To find T,

0.25
R.= -0.0125 |
[ 3. 1% 20 ] '
.Tz‘T4.

2= Ry+ Ry

T, - 100
12205107 4+00125
- 17232(2.205 X 10° 4y 0.0125)=T,~ 100

17232 =

—4 |

- 319.19C.




froblem 1.4: The temperature distribution through %
4: , -

consisting of ﬁre'brick, block insulatz?n. and steel pl.ate is given, be;w
Determine heat flux, thermal .conductivity of block insulatioy, ang X

plate, heat transfer _coefficient for gas side and air_side. Sleq

.

Solution
Note |
From hot gas side to. fire brick, heat is transferred by Conve,
_ _ L
So . - = —
: .3 € | Qconvection — haA (Ta Tl)
', T,=758°C T,=727°C T5=68.5"C T, ,-684s¢
P | 1 :
| I
: Fire Brick Block Insulator Steel
T _=760°C | |plate |1 =265
S k=113 |~ k, el
Hot (1) ER - i (3) :
gas - . -
- Kq | airside
 63.5mm 127mm _|6.35mm




SRS S e

Hot
gas
side

T1=758
. e

e

T2=727

: ) y l
where R for co - ==
mposite -wall N> + f + kTE T h,

| o e -
Fire Brick | Black insulator | Steel
. plate
Ty
0.0635 0.127m 0.00635m
. — | —-— . =] airside
(1) (2) (3)
R‘ R, R, Ry,

1 Ly

L,

|

+

A=1m? (not given)

+

|




Ly  0.0635

- - P .= 0.0562 K/W
o kiA;  1.13x1 _
V=T, ysgigay ' 2
T Ry 1 . 00562, = 551.6535 W/m'
To find %,
Tz‘Té
0=—
2
551.65 = 127 — 068>
R

R, =1.1937 K/W

L

Rz = kA,




Ly 0.127

L _ =0.1064 |
2" RoAy 119371 Wimk
- To find k4
Q= R.
3, |
68.5 — 68.48
551.65 = ——
3 .
R3;=3.625x10"%.
k3A3
ey = RLZ =208 s s Wimk
| 33 3.625x107%x1 -

So k3 =k for steel = 175.15 W/m K.



To find A,
L "B _
; chnduct_ion = ,Qcénvection from gas side to fire brick

=551.65 W
| -Qcon_vect'i_qn = .haA (T, - )

55165 Ry X 1% (760 — 758)

5 L _551.65
. 7 a -
| 760 — 758
hy=275.83 Winlec,
To find h, |

' Qconvection from -stee] plate to ajr = hy, %A X (T4 Tp) |

S51.65 = hy x 1 x (68.48 — 26

by =13.141 Wm*C.



= v ¥ —

; (o 6 mm thick glass sheets separate ,
Un;
e room is -20°C and the ambient gy ey iy
ol 1S to be 23.26 W ety
ing the heal transfer coeffici bet#ee gla;s and;: lect convectio /m 5 det "mne
Assuming (" + e oo per UL 12 of the door. N¢g f Cffects i he . &
(he heat leaking I by =0 75 W/mK i Ra,.

kair = 002 W/mK
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Problem 1.5: A composite wall is made of a 2.5 cm copper plate
(k=355 W/mK), a 3.2 mm layer of asbestos (k=0.110 W/mK) and a
" 5 cm layer of fiber plate (k=0.049 W/mK). The wall is subjected to
an é\’efall temperature difference of 560°C on the Cu. plate side and
0°C on the fiber plate side. Estimate the heat flux through this composite

- wall_and interface temperature between asbestos and fiber plate. (FAQ)

«Given:

Thickness of-Cu plate © . Li=25cm=0.025m
Thickness of asbestos L,=3.2mm=0.0032 m
Thickness of fiber plate Ly=5cm=0.05m

‘Thermal conductivity of Cu plate &y =355 W/mK

Thermal conductivity of asbestos k,=0.110 W/mK
Thermal conductivity of fiber plate #;=0.49 W/mK

Overall temperature difference, AT =560°C



From HMT DB page 44.
Heat flux | | Cu

.1
o_ AT o |
AL L L o - / fibe/r/

T3
560 N / T,=0C
| A7 AT

~0.025 , 00032 005
7355 © 0.110 ' 0.049

asbhestos

= 533.55 W/m> , . .
: _ B 2.5¢m (39 5em
L 0y L, =3
533 g5 =3
005,
0.049

Interface temperature between asbestos and fiber plate
Ty=544.43°C |



Problem "1-94 A composite wall is made up of three layers 15 cm, 10
cm and 12 cm of thickness. The first layer is made up of material with
k=145 Wim°C for 60% of area and rest of the material with

W .
k=25 —oC The second layer is made with material of k=12.5 W/m°C

for 50% of the area and the rest of the material ~ with
k=185 W/m°C. The third layer is of single material with

k=0.76 W/m°C. The composite slab is exposed to warm air at 26°C
and cold air of —20°C on the other side. The inner and outer heat

transfer coefficients are 15 W/mz‘?C and 20 W/m*°C. Determine heat flux

rate and int_g@ce temperatures. . : " (FAQ) |
Solution e = /| L
R. =Equivalent R R B o * YA
eg | KB |
1 — l -+ 1 % ol Q— & = g
Req 'R ; Rb ; A R |



' ' 1 -Ra + Rb. RaRb .
R or Req = -
> eq R b Ra +Rb




Assiime A =1 m? (Since surface area is not gj
' o ey

Refer Pg 47 of CPK - Data book
To find Ry '
' L 0.15
o= = 0.
Ro=% A, 145%06 17241 Kiw
g | "
b 0.15 _ 015K

R - —
b= kA, 25%04

RRy __'0.17241.x0,1'5 I
R +R, 0.17241+0.15 0.080213 Ky

R1=

'R, =0.080213K/W.



. - L . | 10 l ) . | -.
Tofind Ry p _ ~c _ . 01 _,0ckmw
e AL g sxas e O

. Ry Ld.z' 0.1
4 ksA; 185%0.5

=0.01081 K/W

R, = g . 0.016 x0.01081 — 6.4513 X 1073
R.+R; 0.016+0.01081
R,=6.4513x 10" 3 K/'W
To find R,
; Rs= d == O. 12 £ '
3 kA, 076 % 1 0.15789 K/'W
R .. D 1 1
for convection inner = £4;; = hA. = e = 0.06667 K/W
I FASS
Reor convection outer = K., = L%
) co hOAO |
. 1 g

—_
—

20.x 1‘ = .0.05 K/W



To find O |
R=Rci'+R1 +R2+R3+Réo

— 0.06667 + 0.080213 + 6.4513 x 107> +0.15789 + 0.0
= 0.36122 K/W.

(AT)overa]l | Ti it TO

R R

—Q-==
A9

26-(=20)° 46 _
T R i

g =127.345 Win'. I |




To find Interface Temperatures
To find T

Qconducted Qconvectea Under steady state COI‘ldlthI‘l

SQsmvection = 127.345 = hA (T; — Tl). ..
127.345 = 15 X 1 X (26 — T;)

26 —T; = 12’1 5345 = 8.4896

T, =26 — 8.4896 = 17.51°C

T,=17 S51°C.
To ﬁnd T,
Q="
T, —T,=0R,

T,=T;— OR;
T, = 17.51 — (127.345 % 0. 080213) = 7.295°C

Nz, =7.205°c.]



To find Ty

1~ T3 =%
T3=T,~ Ok,

r,=7295 - (127345 X 6.4513 X 107 %) = 6.47379¢

T3 — 6.4737°C. l




To find T4 |
Qconvected — 127.345 = hoA (T4 - 1)

127.345 = 20 x 1 X (T, — (— 20))

T, +20= '12;'345_ = 6.36725

rT4=—13.6327°C |



1.5 GENERAL DIFFERENTIAL EQUATION OF HEAT\
CONDUCTION - CYLINDRICAL COORDINATEg

The heat conduction equation in cartesian Coordinateg |,

Ca
for rectangular solids like slabs, cubes, etc. But for Cyh“drncr;lb Uy
Ina g
1.10 shows a cylindrical coordinate system for genera] dtes, Biy

cong,
equation. - Cligy

like rods and pipes, it is convenient to use cylindrica] Coordj



G Q
(f+df)
/

Elemental
volume




O, = Heat conducted to the element in the ‘7’
direction through left face ABCD

Q, = Heat generated with in the element

dh
dt

Q, 4+ ar = Heat Conducted out of the element in ‘7’

= Change in ethalpy per unit time

direction through the right face EFGH



By applying I law of thermodynamics,
dh

Ort Q="+ Criar (1.17)
Qr=qrA__kA£_k(r do - dz) — = '
or | or ...(1.18)
Where A =area of elemé\l;t—r do - dz & A &ﬁ,
T et q -
Qp =g, (dr-rdf - dz) 3 - .(1.19)

g =00 6. (4.dgd)ds

= mass of the element X s ec:ﬁc heat X change in -

dt T
- P, C? ‘\d‘v (\; -“t\emperature of the element in time df
- -0
dh oT |
— =[pdr-rd¢-d)]xec,x— . . |
d il ..(1.20)

e T er o e
Qr+dr—qrA+[ar(qr.A‘)]dr kAar ar( kAarJd (121)



where

k = thermal conductivity of the material in the r — direction
AT/or = temperature gradient in the r — direction
= heat flux in the r — direction at r,

e at left face, i.e. at ABCD (W/mz)
;= internal energy generated per unit time and per unit volume

W[m3

p = density of the material (kg/m3)‘ Q ‘l’&% a\_?: 4 @

N

 Substituting Eqs. (1.18), (1.9), (1.20) and (1.21) in Eq. (1.17) we get

—kAa—T+q8Adr pc, Adra—T— kAa—T a(kAa—T)er

H&h

(9T/9r) dr = change in temperature through distance dr

or ot ar Or or

RivOacy



k (d(p ~dr - dz) — ¢ [

k

A s,

aT\.{_ () (]¢ (IZ dl') P -
o Qg \7 " Cx " Cp dZ ‘dy . d J7
; = o &
. X O
.Q_Z -?I T q; V=P e ra~T
’a) or P
2T laT-+f{g____pcpaT*
o? ror k ko
\ >
19 or +z&=p% &
r a’ ‘ar, , k .1k at Y |



~ --l‘,}

Equation (1 22) 1is the one—dimensional cylindrical coordma[e
time-dependent equation for heat conduetion’ with ’ mtema] heat generatiq,

This Equatlon (1.22) can be reduced to, dlfferent cases as follows |

Case 1: Steady state, one-dimensional heat transfer with internal heat generaio,

ror|{ Or k -.(1.22 (a))

Case 2: Steady state, One-dimensional, without internal beat generation
| 19( or S =

== e | =.0) 3 .

r or or , ...(1.22 (b))

Case 3: Unsteady state, one-dimensional, ‘without heat generation -

10 f oT)  1aT" | |
rorl “or | o o1 (1.220)

The three dimensional general heat conduction equation I

cylindrical coordinates is given as

2 2 2 s
8T+iaT+13T+8T Qg =1 OT
o T or ;2342 2

Tk T or - (22 |



1.8 HEAT CONDUCTION THROUGH A HOLLOW CYLIND:
| 'Figure 1.16 shows a long hollow C)’linder et INDER;
having constant thermal conductivity and insulated at both “ l:aterial
inner and outer radii are ry and r,, respectively. The lehgT:'ZfTﬂe'
| : the

cylinder is L.

(a)

| T1 . Tz'
eI ——
Q ' —Q Fig 1.16

" (b)

Fig. 1.16 (a) Conduction through a hollow cylinder without fluid flowing
inside and outside the cylinder
(b) Equivalent thermal resistance circuit
a . regsa1 coordinates 1S



(b) Equivalcin s . ———

neral heat conducuon equatlon in cylindrical coordinates 15

. The ge
~ given by
82T+ 19T, L 82T T gﬂ____&_)g‘_ |
PV ar ‘ r a¢ az k 0.0t .(1.49)
Assumpﬁons:
Steady state: %%1—0

No heat generation: qg=0



19%r *r
D e RS
r° 0o _. 0z

One dimension:

~ Substitute these assurﬁptions’ ih Eq. '('1.49),. we have

PT 197 'Td( dr o™
9rr ror rdr -
"ar

r

Intégrating Eq. (1.50) twice 'wé get

r'-a-"I—C ordT—'Ci
dr. V7 dre

| 1=n rC].+ C2

-where C; and C, are arbitrary constants =~

: d( dT)=O,.sincel¢O

(1.50)

1% el S



indary conditions

At r= oy T T2
| Substltutmg these boundary condmons in Eq. (1. 51) o ( .Yz
Y My

'T =Inr C1+Cé | 9& C
F 3
T2 lnr2C1+C2

(

Solvmg the abé)ve two e equatlons, we have

- ,-T, T-T
G rl )
In— In—
b) Iy
(T,—T;)Inr
Cp=Ty=Cyinn =T, - 2 L
T
In—

Substituting C; and C, in Eq. (1.51), we get



: Tz"'Tl : _lnr 1
T=Inr " Tl_'(Tz‘,Tl) —1
| 2 ‘ vy WD
In— In—=
. 1 r
T__;Tf (lnr—lnr1)+Tl
2
In—
Ty
T"‘Tl rl
T,~ Tl. Ll

(15
Equation (1.52) gives the tempelature dlStI’lbuthH in a holloy

cylinder. The heat flow rate through the cylinder over the surface arey
A is given by FOUI'ICI' s conduction equatlon

B PONPESIO



dar
dr

Substituting dT/dr from Eq. (1.51) into the above equation

0= kA when (r ——_-“rl-i).

- (when r=__rl)
(T,-T K1 L(Ty=Ts)
\ Qz_kA(zrl).xrl= 1 (1 AZ)Xrl e o,
- - = .
ity T P LI L
i g 1 ry

e 3 ...(1.53) A=2nrl)

Or-Q=TTl— = i s

e = &5 | _ ' . i
Ry = Thermal resistance for conduction heat transfef



.9. HEAT CONDUCTION THROUGH COMPOSITE
(COAXIAL) CYLINDERS WITH CONVECTION

Consider the rate of heat transfer through .a composite cylinder as
yown in Figure 1.17 (a) and its equivalent thermal resistance in Figure

17 (b)

Surrounding

(b) R R, R, Ry,
Fig. 1.17 (a) Conduction through a composite cylinder with fluid flowing

inside and outside the cylinder ; ’
(b) Equivalent thermal resistance circuit




Ty, T,, Ty = Temperature at inlet surface, between first and

second cylinders and outer surface, respectively
L = Length of the cylinder

h, by = Convective heat transfer coefficients at inside and

outside the composite cylinder respectively

| f Tb = Temperature of the fluid ﬂowmg inside and ‘
outside the composite cylinder

ky, ky = Thermal conductivity of the first and
second material, respectively

The rate of heat transfer is glven by Eq. (1. 53)

BLE ey 2m L(T; -

k2 21 L (T, — T5)
2 |
In =

r, X oy
“ e gl B .(L55)

=hy2mr3 L(T3— Ty)



'Arrangmg Eq (1. 55) we get !

T, T) =2 -0xR,

h2n1L

S - 0
T,-T,) =
| _( Ar & k2nL

In (rz/r'l)

ATy Ty = s aiR
- T=pm0xr,

In ("3/"2) -

(T3 Tb)— Q =QXRb. |

hb 2nry L |
- Adding Egs. from_l.56 to 1.59, we get

(T,=Tp)=Q (R, +R,+Ry+Ry)

_Q R,

.(1.56)
(157)

.(1.58)

(159

(180



(- r e 2 3
- lnr—.2 ln-ré 1 ‘
=Q + L2y
\ ha2nLr) k 2nl  Lky2m IzbZRLr3j,(1_61)
or Q= o= 1) 0%,

10 Inra/ry - Inr/rs.
bl T kR W RS
ha rl . kl k2 : hb r3 ks ...(1.62)




2.1 Summary - Conlposite Cyliiidér'

r = radius.in m
L= length, m

Fig. 1.18

Refer from Pg 46 of HMT Data book - CPK.

1 13 1 [ 72 1 r3 1 T4 1
R= +—1In| =2 |[+=—mIn| = |+ In| = |+5—
an[harl kl ("1) k2 .(7’2 ]Cj 7'3 hbr4
___(Anovcrall
R

T; or T, = Inner temperature; 7, or T, = Outer temperature

|



.

' 5.08 cm ID —_
Problem 1.11: A steel tube of C;'Izick LTS whioD 'lsc\ove,
with 2.5 - cne af

; —0' o . Asbeg,

{ksteel =43.26 W/m°K ; kasbeStOS R 0'208 W/m C The nside Su'ﬁ
. % :

receives heat from hot gases at 316°C with heat transfer c"eﬁ?ciem

' urface is exposed to ai ;
284 W/mZ2°C whereas outer Sl face g air at 38°C iy, h,

2 ' 2
transfer coefficient " 8 W W/m“C. Determt_ne (1) heat loss for 3

length. ( FAS
Solution
k asbestos = 0.208
k steel =43.26
h, =284
h =17 : G
o . T, T,=38%




1 g, 1 ¥y | I3 1
= +==In —
2nL[ hir; k& ( J+ ky ln( ) hots ]

. 1 P , (0.0381
2n X3 284 %0.0254  43.26 \0.0254
1
"0208 " | 00381 | " 17%0063

 =0.05305 0. 1386 +9.37 x 10~ 3 +2426+O9372]
= 0.18599 K/W

oo T)overall 316-38
R~ 018599

0 =1494.665 W

=1494.665 W.



oblem 1.12: A steel tube of 50 mm ID and 80 mm OD is covered
' y 30 mm thick of asbestos. The thermal conductzvzty of steel, asbestos
,q, 45 W/m K, 0.2 W/m K. The tube receives heat from hot gases at

S 3

0.025 m
75=0.04 m .
F.=0.07m 7l
=T, =30°C

15 W/m?°C

1 =300 W/m2°C
T,;=400°C

>
S
Il




> = 9

11 1, (n) LB 1

- l +=di | = (==
- 2nL| hyry k1 n[ 1) k|7 hbr3

T onx1| 300%0025 45| 25 "02" w0 | 0w

=—1-[3.894]=0.61'97K/W |
2m - |

(AD)oyerali . Lo~ Ty o (400 —30)
o e - R 0.6197

=59TW




“To find Interface temperatures
To find Ty |
0= haA (T, Tl) 300 % (21trl x L) (400 — Tl)

597 =47. 12(400 Tl)

e 507\
T‘_4O-Q (4712) ~

=387.331°C

T, =387.33°C. |

To find T,

¢ "o

':_- 1111 m| i ' 1 P .. | |
Ri= il == | 40\1. 3




 '387.33-T,.
0= > =597
| 166229><10_ -

597 x 1.66229 X 104 3 = (387 33 —T,)
 Ty= 387 33 — (597 x 1 66229 x10"3) = 386. 34°c
| T,= 386. 34°(; '

To find Ty | '
0 =hA -(f3 =Ty -
597 =15 '><'(2nr3_L) (T3-30)

1597 = 15 % (21 % 0.07 x 1) (T3 -30)

(T3 - 30) 90 49 -

| T3-9o 49+30— 120.491°C
T3=120.491°C. °



prt ol
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Problem 1.13 A steel tube of 5 ecm ID 7.6 .cm OD and
— 15 W/mK is covered with an insulation of thickness 2 cm and

'thefmal conductivity 0.2 W/m.K. A hot gas ‘ar 330°C and
h.’;-i%i400 W/m?K flows inside the tube. The outer s'urface of the insulation

;_g'-expofed to cold air at 30°C with h =60 W/m? K. Assuming a ‘tube
lengbth of 10 m, find the heat loss from the tube to the air. Also find,
,across which layer the largest temperature drop occurs. (FAQ)

2V

IR

leen

<

3
T,=330°C T,=30°C




ry = 2.5 cm=0.025 m, k ='15’W/mK g me
ry=3.8 cm= 0.038. m, k2= O.ZW/mK . '
r, = 0,038 +0.02=0.058 m .
Inside teﬁlperaturé, T,-V ='330°C

' =400 W/m°K
Outside temperature, Td# 30°C

‘ hy =60 W/m’K

Tube length; L=10m
. Heat loss from tube to-air (HMT DB pg No. 46)



0= Ir r In (r=/75) 1
S 1 +n(r2/1)+ 302)

—

Rar; ki v ks hors
| | 2 1t % 10 (300)
= SO In (0.038/0.025) In (0.058/0.038) 1
: 4= g —cec
400x 0025 - 15 = 02 60 x 0.058

T 0.1+0.0279 +2.114 + 0.287

To find largest temperature drop

Gl

In (rz/rl) : In (r3/r2)
kq - 5
451.77 27 x 10X A Ty AT 33°C
ke f..ln(o.ms —% ] =3
0.025 :
. 21Tt X 10X A T2 |
7451.77 = f

Te(00580.058). e 0T gC

102

Largest temperature drop occurs in outer layer.



Il UNIT

Transient Heat Conduction



Solid

E..=Q

out — Coms

T e E'y

Fig. 6.1. Solid suddenly exposed to convection
environment at T_

The initial temperature of solid T, (Fig. 6.1) is
creater than ambient fluid temperature, T_, the
eqn. (6.1) leads to,



When the heat energy is being added or removed to or
from a body, its energy content (internal energy)
changes, resulting into change in its temperature at each
point within the body over the time. During this
transient period, the temperature becomes function of
time as well as direction in the body. The conduction

occurred during this period is called transient (unsteady
state) conduction. Therefore, in unsteady state

T=7flx t)
= Function of direction and time

During transient heat conduction, the energy
balance on a body yields to

The net rate of heat transfer with the body

= Net rate of internal energy
change of the body.



6.1.1. Systems with Negligible Internal Resistance :
Lumped System Analysis

If the physical size of the body is very small, the
temperature gradient exists in the body i1s negligible.
The small body can be assumed at uniform temperature
throughout at any time. The analysis of the unsteady
heat transfer with negligible temperature gradients is
called the lumped system analysis.

Consider a solid of volume V, surface area A
thermal conductivity %, density p, specific heat C and
mitially at uniform temperature T. 1s suddenly
immersed in a well stirred flid, kept at uniform
temperature T . The heat is dissipated by convection into
a fluid from 1ts surface, with convection coefficient /.



In absence of any temperature gradient in solid, or
the energy balance for element is :

The rate of heat flow out the solid through the
boundary surface(s)

= The rate of decrease of internal

energy of the solid

' or
or RA(T-T, )=-mC % ..(6.1)
where, m = pV, mass of the body
and T = fit), a function of time. or

T-T, hA _t

= exp ¢ —

T, - T, pVC



Solid

E..=Q

out — Coms

T e E'y

Fig. 6.1. Solid suddenly exposed to convection
environment at T_

The initial temperature of solid T, (Fig. 6.1) is
creater than ambient fluid temperature, T_, the
eqn. (6.1) leads to,



ho
?J Biot number, a dimensionless

number.

Bi

ot
a_g:-

number.

Fo =

Fourier number, a dimensionless

GF = AGS , Geometrical factor, a dimensionless

quantity.



The geometrical factor GF is considered to be
unity for calculation of characteristic length o of the solid
as

v
A

L]

o= ..(6.9)

Then the temperature distribution eqn. (6.3)
within the solid can be expressed as

T-T. = ex -— ht (6.10)
T.-T. P 55 B

For certain common body shapes, and their

rharartemetie lanoth A 12 chown 1 Tahle A 1



Biot Number

It 15 defined as ratio of internal resistance of the
solid to heat flow to convection resistance at the surfaces.

. Internal resistance to heat flow
1= . :
Convection resistance to heat flow

= i X h—A:@ (616)
RA 1 k

It can also be interpreted as the ratio of heat
transfer coefficient to the internal specific conductance
of the solid. The Biot number 1s required to determine
the validity of the lumped heat capacity approach. The
lumped system analysis can only be applied when

Bi<0.1

This criteria mdicates that the internal resistance
of the solid to heat flow is very small in comparison to
convection resistance to heat flow at the surfaces.

Fourier Number

It signifies the degree of penetration of heating
or cooling effect through the solid. It 1s defined as the
ratio of the rate of heat conduction to the rate of the
thermal energy storage in the solid. It 1s denoted by Fo
and expressed as

g CRANTI  RA k t

"% VAT A 03§
L6.17)
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Example 5.2 . R i
A 40 x 40 cm copper slab 5 mm thick at a uniform tel.nperatme o C suddenly s
0°C. Find the time at which the slab temperature beComessgrface

0°c.

temperature lowered at 3 3
p = 9000 kg/m’, ¢ =0.38 kI/kgK, &k = 370 W/mK and i =90 W/m“K.

Solution
A=2x04x04=032m" (two sides)
V =04x04x0.005=8x10"*m’

L =%=L=2.5x10‘3m

c

hL. (90) (2.5%107%)
Bi = C: = - 6. i
; = 1x10%< 0.1
Using Eqn. (5.5), |
s hA (90) (0.32)
-l = —— =0.0105
. (9000) (380) (8 x 10™*)

Fal - 5
= exp| —

M‘z £~0.01051
250 — 30

ﬂ s e—0.0105t
220

or o :
3.67 = 001051

H
ence f=123.83 ¢

[ RS



4 Example 5.3
A stainless steel rod of outer diameter ]
a liquid at 120°C for which the convectv
required for the rod to reach a temperar

e originally at a temperature of 320°Cs Suddeny My
o heat transfer coefficient is 100 W/m’K. Def ermmeml i

e of 200°C.

Solution
hL
B=

i
ok



g g e

Taking 1 metre length of wire

T T
V = ZDZ L= z(0.01)2 =7.854 %107 m?

A =7DL = 7(0.01) X1 = 0.0314 m?2

[ =2 _©on
4 4

=2.5%x103

For stainless steel, take p = 7800 kg/m?, ¢ = 460 J/kg K, k = 40 W/mK

hl. -3
Since B=—% = (100) (2.5%107°)
k 40
the lumped capacity analysis is applicable. It follows that:

=6.25x10> << 0.1,

T —-T, hA
— =exp| — -t
1o — T, [ (pcV J ]
Here 7 = 200°C
T, = 320°C
T.,=120°C
hA 4h : 4 %100

= = = 0.01115/s
pcV  pcD 7800 x 460 x 0.01

200 —120 _ 80 _ _ootiis:'
320 —120 200

.01115¢
or . 2.5 = e-H)Ol

Hence t=82.18s.



An a.luminiuzn sphere weighi.ng 5.5 kg and nitially at a temperature of 290°C s suddenly immersed in
a fluid at 15 Q..The convecttve heat transfer coefficient is 58 WimK . Etimate the time required fo
cool the aluminium to 95°C, using the lumped capacity method of analysis. %

Solution
Taking the properties of aluminium s (from Appendix A-])

0= 2100 ke/m’
c=900Tke K
k=205 Wik

pod o M i
3 p 2100




R = (3V/4r)'” =0.0786 m

=% _00262m

3
Using Eqn. (5.4)
T — hA ]
= =exp|— I
TO - Too pCV
We have |
T =95°C
T_=15°C \
Ty =290°C
RN C - 2 L2 = 9.1x107/s
| pcV  pcR 2700 x 900 x 0.0786
it S exp(=9.1x 1077
- 290—15. 275
or . < 3.4375 = exp(9.1 x10¢)

Hence t=1357 s. ¥4 —



Example 6.1. In a quenching process, a copper plate of
3 mm thick is heated upto 350°C and then suddenly, it
is dropped into a water bath at 25°C. Calculate the time
required for the plate to reach the temperature of 50°C.
The heat transfer coefficient on the surface of the plate is
28 W/ m? K. The plate dimensions may be taken as length
40 cm and width 30 cm.

Also calculate the time required for infinite long
plate to cool to 50°C. Other parameters remain same.

Take the properties of copper as
C =380J/kg. K p=38800kg/m?,
k=385 W/mK (J.N.T.U., May 2004)

Solution
Given : The quenching of a copper plate in water

bath.

Size =40 em x 30 em, L=3 mm,
T. = 350°C, T = 25°C,



T. = 350°C, T = 25°C,
T = 50°C, h =28 Wm-=2K,
C = 380 J/kg.K, p = 8800 kg/m?,

=385 Wm.K.

20 o -
/ Water

—
T T, =25°C
—
5| | T.=3850°C | h=28 W/m".K
3 ”

/

—>| E e

o

Fig. 6.8. Schematic of plate in example 6.1



To find : Time required to cool the plate to 50°C, if
(1) Finite long plate size 40 cm x 30 cm,

(z1) Infinite long plate.

Assumptions :

1. The effect of edges of plate for cooling.

2. Internal temperature gradients are negligible.
3. No radiation heat exchange.

4. Constant properties.

Analysis : (i) The characteristic length of finite
long plate (as shown in Fig. 6.8)

Volume of plate

o=

Exposed area of plate
| 0.4 x 0.3 x 0.003

- (2x04+2x03)x0.003+2x0.3x04
=1.474 x 102 m




~ . -3
oo B8 _28x1474x107° o
2 385

which i1s much smaller than 0.1, thus the lumped system
analysis can be applied with reasonable accuracy. Using

eqn. (6.10) :
T-T. hit
= exp— ——
T.-T, pCo
Using numerical values.
50 - 25

= exp —
350 — 23 8800 x 380 x 1.474 x 10

88{}{} x 380 x1.474 x107°
28

= 451.5 s =7.52 min. Ans.

or

:u:ln[

325



— Lt L m N LS T EFEE AALLLALLTF A EE A

(i1) Characteristic length of infinite long plate
eqn. (6.11)

J = —0{]01.3 m

|::~..a|r'

s ~28x00015

TR 385
which 1s much less than 0.1, therefore, using lumped
system analysis.

-109x107*

50 - 25 i 98¢ |
350 — 25 8800 x 380 x 0.0015

or t =4595s=7.60 min. Ans.




Example 6.2. A solid steel ball 5 cm in diameter and
initially at 450°C is quenched in a controlled
environment at 90°C with convection coefficient of
115 W/m?. K. Determine the time taken by centre to reach
a temperature of 150°C. Take thermophysical properties
as

C=420J/kg K, p=38000"kg/m?

k=46 Wim.K. (P.U., May 2002)



Solution
Given : A solid steel ball quenching with

T = 150°C, T_=90°C,
T. = 450°C, h =115 Wm2K,
C =420 J/ke K, p = 8000 kg/m?,
k=46 Wm.K, D=5cm=0.05m.
— — =
D=5cm
- Steel ball -

Fig. 6.9. Schematic for example 6.2
To find : Time required by steel ball to reach 150°C.



To find : Time required by steel ball to reach 150°C.
Assumptions :

1. Internal temperature gradients are negligible.
2. No radiation heat exchange.

3. Constant properties.
Analysis : The characteristic length of the steel ball

Vv D 0.05 (0.{)5
d = — — m = m
A. 6 6 6

The Biot 11L1111buer
hd _ .(115 W/m?.K) 9 [{}.05
E (46 Wm.K) 6

which is less than 0.1, hence the lumped heat capacity
system analysis may be applied.

Bi= 111] = 0.0208



Using eqn. (6.10) for temperature distribution

T-T Cht
—exXp{———=
T.-T. 08C

Substituting the values

150 - 90 [ 115x6t
$50-90 1 { 3000 x 0.05 x 420}

or In (60/360) =- (690/168000)t

or t=440.35 s = 7.34 min. Ans.




Example 6.3. A titanium alloy blade of an axial
compressor for which k = 25 W/im.K, p = 4500 kg/m? and
C=520J/kg Kisinitially at 60°C. The effective thickness
of the blade is 10 mm and it is exposed to gas stream at
600°C, the blade experiences a heat transfer coefficient
of 500 Wim?.K. Use low Biot number approximation to
estimate the temperature of blade after 1, 5, 20 and 100 s.

(N.M.U., May 2002)

Solution

Given : A titanium alloy blade of compressor with
k=25 Wm.K, p = 4500 kg/m?,
C =520 J/keg K, h = 500 W/m=>K,



T. = 60°C, T = 600°C,
L =10 mm, t =1, 5, 20 and 100 s.

To find : Temperature attained by compressor
blade after 1, 5, 20 and 100 seconds.

Assumptions: 1. Compressor blade as an infinite
wall.

2. Negligible internal temperature gradient
3. No. radiation heat exchange.

4. Constant properties.

Analvysis : The characteristic length of blade




L
Hence it is possible to use the low Biot number
approximation

T-T. = exp | - ht
Ti -T_ poC
After 1 s
T - 600 500 x 1
=exp | — —
60 — 600 4500 x5 x 10 ° x 520
or T =600 + (= 540) x exp (- 0.0427)

= 600 — 540 x 0.9581 = 82.6°C. Ans.

similarly the temperature after

t T
Ds 163.9°C
20 s 370.3°C

100 s 592.5°C. Ans.



Heisler Charts
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Location Temp. Chart Infintie Plate—Temperature—Time History at any Position
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The procedure is as follows: For a given slab and time specification and specification of

nrroundineos Fourier nuamber and Riof numbers are caleulated The centre temneratiuire chart
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A slab of aluminium 10 cm thick is originally in a temperature of 500°C. It is suddenly immersed in a
liquid at 100°C resulting in a heat transfer coefficient of 1200 W/m2K . Determine the temperature at
the centreline a.nd the surface 1 minute after the immersion. Also calculate the total thermal energy
removed per anit area of the:slab during this period. The properties of aluminium for the given conditions
are

*=84x10"m?/s; k=215WmK; (o =500C -

p=2700kg/m®;  c=09kikgK. g =100C
Solution ' '
The Heisler charts of Figs 5.7 to 5.9 may be used for solving this problem.
Here '  2L=10cm, L=5cm, t=1min=60s
" s
ot _ (8.4x10 2 (60) —2016
s (0.05) j

1 k 215

= —= =3
B, hL (1200) (0.05)

From Fig. 5.7 the centre line temperature is given by

T_(_—_O’ f) o Too = -e—c = 0.68
hh—-T. 6 ~ |
6, =Ty ,, — T..= 0.68(500 —100) = 272

=272 + 100 = 372°C

or . , o
For the temperature at the surface
=10

L



From Fig. 5.8 at x/L = 1.0 and for k/hL = 3.583
72.\'. ) Too

= (0.880
T(O. O T,

T, = (0.88) (372 — 100) + 100 = 339.36°C
To calculate the energy loss
hPot _ (1200)% (8.4 x 107°) (60)

_ = =0.157
k2 (215)
p= ML _ (1200 0.05) _
k 215
From Fig. 5.9, '
i =0.32
UO
. U VIT,-T
For unit area AO = P¢ ('1: =) _ pPcRL) (T, - T.)

= (2700) (900) (0.1) (400) = 97.2 x 10° J/m?
Heat removed per unit surface area is

U
= =.0.32 X97.2x10°=31.1x10° J/m?



Example 6.9: A slab of thickness 15 em mitially at 30°C 15 exposed on one side to gases at
600°C with  convective heat transfer coefficient of 65Wim?K. The other side is insulated. Using
the following property values determine the temperatures at both surfaces and the centre plane
after 20 minutes, density: 3550 Ag/m3 sp. heat = 586 JIkgK, conductivity = 19.5 WimK. Also
caleulate the heat flow upto the time into the solid.

Solution: The data 1s presented in Fig. 6.13(c). The slah model with the centre plane at zero

and thickness 0.15m 18 used. Asinside 13 msulated this can be considered as half slah with
1= 0 at nsulated face.



The quantities Bi and Fo are calculated using

65%0.15
Bi= =05
SETY:
Foe— 20X 60015 X 01520
T s

The procedure of obtaining temperature 1s illustrated with skeleton charts in Fig, 6.13
(b) and (c). The centre temperature 1s obtained by entering the chart as shown in Fig. 6.13 (b).
The excess temperature ratio at the centre 1s obtained as 0.864.



e T I N et N,

p = 3550 kg/m”
c =586 J/kkg K
Insulated | K = 19 5 W/mK

30°C

-\/\/\/\/

[€— 0.15m —»|

Fig. 6.13 (a) Model.

T

0,7

=

7, - 600
30 -600

=1,

o0

=(.864

65 W/m K

600°C

To.—T Read‘
T.-T, [0.864 Bi=05
Enter
A
05
Fo
Fig. 6.13 (b)

=(.864, after 20 minutes

T _=107.52°C



To obtain the surface and mid plane temperatures, the location chart 1s entered at
Bi = 0.5 as schematically shown in Fig. 6.13 (¢) and the values at /L = 1 and 0.5 are read as
0.792 and 0.948.

The surface temperature 1s given hy

TLT - Too
L 20,792 X 0.864
L.-T,
T. . —600
& = (.6843
30 - 600

" Surface temperature T; = 210°C
The mid plane temperature:

T, - 600

30~ 600

T=133.13°C

=0.864 x 0.948



The heat flow 1s determined using the heat flow chart as shown schematically in Fig.
6.13(d). First the parameter 1s calculated:

104
A Bi=05
)
0.948 ‘;\,
0.792 A\ il
\0.5 Q |,033
QO
o
n 10
LT, 1 s
>
05 B 0125 Kok’
Fig. 6.13 (c) Fig. 6.13 (d)

h*at 65X 65x19.5% 20X 60
k2 3550 X 568 x 19.5°

=0.125



Entering the chart at this point and finding the meeting of point with Bi = 0.5, the ratio
Q/Q 1sread as 0.33.

Q=0.33 x 3350 x 586 x 0.15 x 1(600 - 30)
=55.39 x 108 J/m?’

Arough check can he made by using an average temperature increase and finding the
change In Internal energy. The average temperature rise 15 (107.52 + 210 + 133.13)/3 - 30 =
120.22°C.

Q=3350x 0.15 x 586 x 120.22 = 37,51 x 10°

This 15 of the same order of magnitude and hence checks,
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CONVECTION



The process of heat transfer hetween a surface and a fluid flowing in contact
with 1t 1s called convection, If the flow 1s caused by an external deviee like a pump or
blower, 1t 15 termed as forced convection. Ifthe flow s caused by the huoyant forees generated
by heatmg or coolmg of the fhuid the process s called as natural o free convection,

In the previous chapters the heat fhux by convection was determined usimg equation
g=h([-T) 1]
q1sthe heatflux n W, T i the surfacetemperatuve and T 1sthe fid temperature of the

free strean, the umt heing °C or K Hence the wnit of convective heat transfer coefficient 1 W/
m* K or W/n*C hoth being tdentically the same.



CLASSIFICATION OF CONVECTION

The convection heat transfer 1s classified as natural (or
free) or forced convection, depending on how the fluid
motion 1s initiated. The natural or free convection 1s a

process, iIn which the fluid motion results from heat
transfer. When a fluid 1s heated or cooled, its density
changes and the buoyancy effects produce a natural
circulation in the affected region, which causes itself
the rise of warmer fluid and the fall of colder fluid :
Therefore, energy transfers from hotter region to colder
region and such process is repeated as long as the
temperature difference in the fluid exists.



In the forced convection, the fluid 1s foreced to flow
over a surface or in a duct by external means such as a
pump or a fan. A large number of heat transfer
applications utilize forced convection, because the heat
transfer rate is much faster than that in free convection.
Air
S

20°C
—

5m/s
e

Heated
plate at 70°C

UEAEAAATATATATAAAEAEATARAREEARRRRRRRR AR

(a) Forced convection

—h.




Wam
air rising

o ~ Heated
- *I’-"}

(b) Natural convection

Stagnant Q Mo convection
air current
Heated
plate

ARG TASATAAASEEHEEAAA SRS R E RS

(c) In absence of fluid motion, heat transfer in the
fluid is by conduction only

Fig. 7.1. The heat transfer from a hot surface
to the surrounding fluid



Velocity Boundary Layer

Consider the flow of fluid over a flat plate as shown in
Fig. 7.5. The fluid approaches the plate in x direction
with a uniform velocity u_. The fluid particles in the
fluid layer adjacent to the surface get zero velocity. This
motionless layer acts to retard the motion of particles
in the adjoining fluid layer as a result of friction between
the particles of these two adjoining fluid layers at two
different velocities. This fluid layer then acts to retard
the motion of particles of next fluid layer and so on,
until a distance y = 0 from the surface reaches, where
these effects become negligible and the fluid velocity u«
reaches the free stream velocity u_. As a result of
frictional effects between the fluid layers, the local
fluid velocity u will vary fromx =0,y = 0 to y = 0.



Velocity
Boundary
layer

Velocity profile
u(x, y)

Fig. 7.5. Velocity boundary layer on a tlat plate

The region of the flow over the surface bounded
by o in which the effects of viscous shearing forces caused
by fluid viscosity are observed, is called the velocity
boundary layer or hydrodynamic boundary layer
or simply the boundary layer. The thickness of
boundary layer o is generally defined as a distance from
the surface at which local velocity u = 0.99 of free stream
velocity u_.



1.9.1. Laminar Boundary Layer

The velocity boundary layer starts at the leading edge
of the plate as a laminar houndary layer, in which the
fluid motion 1s highly ordered and it is possible to identify
the stream lines along which particles move. The fluid
motion along a stream line is characterized by the
velocity components u and v in both x and y directions

and 1t influences the momentum and energy transfer
through the boundary layer. The velocity profile in

laminar boundary layer i1s approximately parabolic.



1.5.2. Turbulent Boundary Layer

The fluid motion in the turbulent boundary layer has
very large disturbances and 1s characterized by velocity

fluctuations. The fluctuations mcrease the momentum
and heat transfer. Due to fluid mixing, the turbulent

boundary layer thickness 1s larger and velocity profiles
are flatter with the sharp drop near the surface.



Laminar boundary , Transition Turbulent boundary

e layer  _lg region lg layer Turbulent

Boundary u, layer

layer u(x,y) |, -

y thickness \ ’ «

A (X a5 .,4 E*?_ _

e e T

- Xor 5{1} Buffer :
ok Boumay  ler Ve

oy layer thickness y

Fig. 7.8. Boundary layer concept for flow along a flat plate



ira1 20°C 15 TIOWINg Along a heateq fl,
(5m wide. Calculate the thickness of th

40 cm from the leading edge of the
1506 X 10—6 m2/s.

tplate at ]340C at ;
avelo .
¢ hydrodynamic bou Y orImis. The plateis 2y long and

ndary layer and the skin fricti i
] —— niriction coefficient
plate. The kinemaic viscosity of air at 20°C may be taken at

Solution

Al Jr=40°"‘;R‘3x=u"i=—(3)(0'4)~=79x10“<5x105
o oV 1506x100
g the boundary layer is laminar, Its thickness js calculated from Eqn. (7.13),

5= __ )04 \#

” Q. —
e, - GoxighyE =00 m=1
The local skin friction coefficient s iyep by Eqn. (7.14)

o 0684 o6p A2

. = =236%107.
| " ke, 19x10)

nrnmn'ﬂ q ’




For the flow system in Example 7.1 calculate the local that transfer coefficient at x = 0.4 m and the heat
transferred from the first 40 cm of the plate.

Solution

134+20 _ 7700

The film temperature, T, =

The physical properties of air at 77°C are
~ p=0998 kef, C,=1009 KIAg'C, v =20.76x 10" 'l

k =003 WinK, Pr=0697

x=04m

PR S L P4
Sy 07610







The average value of the heat transfer coefficient is twice this value or

h=(2)(53)=106 Win'K

The heat flow is

0=hAT-T.)
= (10.6) (0.4) (15) (134 =200 =T25 W
The heat flow from the both sides of the plate = (2) (729) = 1450 W.
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Solution

The film temperature, T, = %(T, +T.)

250+ 78
Ty

-

The physical properties of air at (437 K, p = | atm) are
p=308x 100 ms, k=364x10" W/mK,
Pr=10.69
C,=1018 kikg’C
The properties of air such as &, # and P, do not change much with pressure but the density o

does change a lot. Using the perfect gas equation
p=plRT,

= 164°C = 437 K



b . . . . . v
the Kinematic viscosity, y = £ il vary with pressures as — = h (at constant emperature)
p h P |

Hence the kinematic viscosity of air at 437 K and p =8 kN/m" would be

j
= 308x104x 2 XJO =390x 10" m*/s
§x10
for the given plate
L ULy TS

v 39x10™

Hence the flow is laminar over the entire length of the plate.
Using Eqn. (7.40)

h=2h= 0.662(%]&'[2 prt°



(0.662) (364 x 107 (208 10 x (0.69)"
()

=30
Since the plate has two surfaces from which heat is to be removed, the rate of heat removal

0=2A(T,-T)
=[O0 [0)03)(250-)=3B7W
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Due o turbulizing grid, the flow on the plate becomes turhuen right from ts leading edge and
v S0 ver the entire plate. The turbylep boundary layer at the trailing edge x= L can be calculateq
o Eqn. (7.54)

'.E. f""' .
\ N
A

.

§=0381 LRg)" = U0 (61)”5
(565x10f)"

The mean value of the Nusselt number is given by Eqn (7.60)
Ni 1=0037Re," /"

=001M0m=170 e

=(0.037) (5.65x10°)*% (0.72)" = 8363



=Ny, - -i-= L) 1(0'025) =209 W'k,

Example 7.7
Anair stream at 0°C is flowing along a heated plate at 90°C at a speed of 75 mys, The plate 4
My

and 60 cm wide, Assuming the transition of boundary layer to take place at Re, .=5x1(f o,
average values of friction coefficient and heat transfer coefficient for the full length of 4, pla: ‘
calculate the rate of energy dissipation from the plate. oy
Solution

Film temperature, I;= 29-;—9- =45°C,

The properties of air at 45°C are
k=28x10"WmK, v=1745x10°m*/s, Pr=0698



Now Re. =22 —5x10°
y

X C

. (5x10°) (17.45x10°°)
‘ (75)

=0116m=1l5cm



So laminar flow exists up to a length of 11.6 cm and the turbulent flow thereaiey

Rey= 208 gaxief
(1745 x10°)
The average value of the friction coefficient is given by Eqn. (7.59) as
— 0074 1740
by = == "
(Re; ) Re
L AT - =409 10°-09x10
(1.93x10°)" 1.93x10
=319x10°

The average heat transfer coefficient can be calculated from Fan. (7.58) as



Nuy = (0037 Re;” - 870) P
=[ (0037 193x10°" - 870] (0.658)"
=1

- 102
e (273) 82;; AL S

The rate of energy dissipation from the plate,
’ 0 2hAT,-T.)
= (2) (170) (045) (0.6) (90) = 8262 W =82624W



Assuming that s man can be represented by a cylinder 30 cm in diamefer and | 7 high v

temperature of 30°C, calculate the heat he would lose while standing in a 36 kot Wind o e

Solution

The fim temperaur, T, = 30%@ 00

P
The physical propertis of ar at 20°C re:
=259X10* Wik, v=1500x107mk; Pr=0707

36 x1000 )
3600

The speed of wind = 10 ms

g



2
L U1CE (g H

v 1500107

Employing Eqn. (7.65)

NuszlkB=C(ReD)" (7 A

where C = 0.027 and n = 0.805 (from Table 7. 2)
The Nusselt number is then

W= (0.027) (2 x 1% (0.707)%% = 4447



b 059510 »
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> D B0x10%)

The raeof heat los by he man hA(T gl

ks N

il (3839)(7r><30><10 1) W- 10)=12302W



ng“ 7;7 o movingat 0.3 misacrossa 100 W electric bulb at 127°C I the bulb is approximated

Qi g 1 diamete sphere, estimate the heat transfer rate lnd the percentage of power lost due to

\f

' 60m A/
.

?g’ﬂ\'fcﬂon' /
»

g’ RVEY .
in gt T =~ =17

e

eph)'SicaI propertes of air al 77°C are

L ;
p=208%10° mPhs, k=003 WK, Pr=0697
uD  (03) (60x 107 -
Rep=—7= = 8653 ,
LAY TR -

s T Ty | My (e | RO



gives the Nusselt number as

Nuy =037 Rel® = ]z?D

equation (769)

I = %(0.37) (Rep)™ ==

0.6
_ (0.3 (0.(3)70)6(865.3) F——

The heat transfer rate is given by

0=hAT,-T.) = (10.7)(7) (0.06)* (127 = 27) = 1210 W




The percentage of heat lost by forced convection is therefore

= L X100 =12.10%.

100



Dimensional Analysis

Dimensional analysis is used to interpolate the
experimental laboratory results (prototype models) to full
scale system.

Two criteria must be fulfilled to perform such an
objective:

- Dimensional similarity, in which all dimensions of the prototype
to full scale system must be in the same ratio.

Ll Dynamic similarity, in which relevant dimensionless groups are
the same between prototype model and full scale system.
The convective heat transfer coefficient is a function of
the thermal properties of the fluid, the geometric
configuration, flow velocities, and driving forces.



 Dimensional analysis is a mathematical method
that makes use of the study of the dimensions
for solving several engineering problems.

* This method can be applied to all types of fluid
resistances, heat flow problems, and many other

problems in fluid mechanics and
thermodynamics.

* In dimensional analysis, the various physical
guantities used in fluid phenomena can be
expressed in terms of fundamental quantities.
These fundamental quantities are mass (M),
length (L), time (T), and temperature (0 or t)



Similarly

For example

Force (F) = (Mass) (Acceleration)
F=(M)(Lf¢)=mr?

Viscosity = (Shear stress)/(du/dy)
= (Force/area)/( Velocity/length)

_(uu)/ ()

(Lir)/(L)




Table 6.1 Some Physical Quantities and their Dimensions

Quantity Synibol Dimensiong
Mass m M
Length L,x L

Time t !
Velocity U Lt™!
Acceleration a L
Force F MLt
Work /4 M
Energy heat E QO ML
Power P ML
Density p ML
Pressure, Stress p,o MLt
Viscosity U ML
Kinematic viscosity v 12!
‘Specific heat c 12727
Thermal conductivity k ML T
Thermal diffusivity o 12!
Heat Transfer coefficient h M T
Coefficient of thermal Ji] T
Expansion



Buctinghan 7 Theorem. This theorem i used a8 4 rule of thumb for determining e i
independent dimensioness roups ha can be obtined from  Set of varabe, By endr:[
dimensionless groups e mean those groups outof st which cannot be derved by (ambipy, [;;:
of the groups in any manner, whatsoever,

Buckingham’s - theorem states that the number of independent dimensionless zroups
formed from a set of i variables having r basic dimensions i (1 - r)

For example, et 4,4y, Ay, A, 4 and &, be the relevant variables i & problem gng y ey
variabls be expressed in terms of four basic dimensions, (1£ L, T, ). The number of ey
dimensionles groups representing this phenomenon would then, according f Buckingn's gy

be 6 4= . The relatonship btween these imensionless groups can b expressed ag

il () be



| rocedure for obtaining the dimeng; ’ 1( s 7r2) i (6.96
e 1onles '

in th: ]fol[;OW'mg subsections. > Broups for forced and free convection will be outline
l

59.1 pimensional Analysis Applied to Forgeq Convection

of Us OW consider the case of a fluid flowip

: : g across : , ,
this problem along with their symbols and dj a heated tube. The various variables pertinent tc

mensions are given in Table 6.2.

Table 6.2 Pertinent Variables in Forced Convection Heat Transfer

Tube dlam.etc.:r D )
(Characteristic length)
Fluid density 0 -
Fluid velocity U = .
Fluid viscosity " - ;
Specific heat 0 (207 |
> .
Thermal conductivity k ML ’
Heat transfer coefficient h Mt=3T! '
- i




—

There are seven variables and four basic dimensions, so three independent dimensionless parameter:
would be required to correlate the experimental data.

The three dimensionless groups will be symbolised by 7, 7, and 7; and may be obtained by a se
procedure. Each dimensionless parameter will be formed by combining a core group of r variables witt
one of the remaining variables not in the core. The core will include any four (in this case) of the
variables which among them, include all of the basic dimensions. We may, arbitrarily choost
D,p, it and k as the core. The groups to be formed are now represented as the following 7 groups

m=D"p" @ B2 U
m=D" p’ uf k' C,
=D p' u" k" h
Since these groups are to be dimensionless, so the variables are raised to certain exponents
4b,c,...,m, n. Starting with 7, we write dimensionally as

070m0,0 _ 1 _ aﬂbﬂcﬂdé
weere-i-or() (2] (5] (7]

EqUaﬁng the sum of the exponents of each basic dimension to zero, we get the following set o:
- Squationg

For RS '»'AM;'0=_b+c+.d »
' ‘ L, 0=a-3b+d+1l-c

t, O=-c=-3d-1



Solving these equations, we get

d=0
¢c=-1
h=1
a=1l
giving = pubn _ = Re,) (Reynolds number)
=
Similarly for x,
(MY (MY (ML)
| = (L) (E- |
for M; O=f+g+]l
L, 0=



from these we find that i = -1, g=1,f=0,e=0; giving

C
m,= -pk—” = Pr (Prandtl Number)

By following a similar procedure, we can obtain

my= hTD = Nu (Nusselt Number)

We may now express Eqn. (6.96)
| F(m,m,,m,)as
 Nu= d(Re,Pr) 128
[t is worthwhile to point out here that we chose the core variables quite arbitrarily. Had wectese

a different core group in our dimensional analysis, viz., D, p, 11, C, the 7 group obtained would bz

been Re, Pr and a non-dimensional form of heat transfer coefﬁcnm which is designated as Sus
number St, and is expressed as



Nu h

RePr pucC,

S0 another form of correlating heat transfer data is »
§t=g(Re, P #

Dimensional analysis has thus shown us a way to reduce the seven significan arabks ton_“

i imenc : - oedor oGl
convection o three dimensionless parameters, We must now have experimentaldatanor®
the functional relationship among these parameters,

St




A30cm long glass plate is hung vertically in the air at 27°C while its temperatyre i ma
Calculate the boundary layer thickness at the trailing edge of the plate.

Ifa similar plate is placed in a wind tunnel and air is blown over it at a velocity
boundary layer thickness at it trailing edge.

OF 4 ms,eging, b

Solution
Film temperature T, = (77 +27)/2 = 52°C

The properties of air at 52°C are; k = 28.15x 10™ W/mK
v=1841x10"°m’fs, Pr=07, f=307x 107 K"

(i) Free Convection

N (1841x107)?

=12x10?

o - 880 LL 98D 307x10%) (717 - ) (037
h=



gt Ry=G1 Pr=8ax1y

'1"hi5 e of e Ray;elgh numbe; aC(fO.r(.iing 1o Eqn, (8.42), indicates a laminar boundary layer
9 +fthe boundary layer atthe trailing edge is obtained from Eqn. (8.35) by putting x = 0.3

fi I | -1
6,= X393 P (0952 + Pr)™ 1My

= 03393007 (0952407 1.2x 10849
=0.0152 m=1.52 cm



L
=22 e
b (1841x10%)

o e oundary layer i laminar. The boundry layer thickness at he trailing edge is given by Eqp.
13

5L
5L= ..l -00058 0.58 cm=5.8 mm
,/Re (65 x10°)

Thas the boundary layer thickness in forced convection is less than that in free convection.
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HEAT EXCHANGERS



HEAT EXCHANGERS

A heat exchanger is a system used to transfer heat
oetween two or more fluids.

Heat exchangers are used in both cooling and
neating processes.

The fluids may be separated by a solid wall to
prevent mixing or they may be in direct contact.

They are widely used in space
heating, refrigeration, air conditioning, power
stations, chemical plants, petrochemical

plants, petroleum refineries, natural gas processing,
and sewage treatment.
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EREEEd YVEnALL HEATL TRANSFER COEFFICIEN |

The thermal design of a heat exchanger involves the calculation of the necessary surface area requireq
to transfer heat at a given rate for given flow rates and fluid temperatures. The concept of overal] heat
transfer coefficient, U, introduced in Section 1 .9, is of great significance in the heat exchanger ca]culations_

As defined in Eqn. (1.27)
: (12.1)

Q =UA AY—;n

where A7, is an average effective temperature difference for the entire heat exchanger.
l_._/__..l

hy

(a) (b)

Fig. 12.5 Heat Exchanger Walls: (a) Cylindrical, (b) Plane

Recall from Eqn. (1.29) that the overall heat transfer coefficient is defined in terms of the total
resistance. For the common configurations, plane and cylindrical walls of Fig. 12.5, this coefficient is of

the form
1
11: U = 2.2
Plee v 1/h, + LIk + 1/1, M
. . 1 =

Cylindrical wall: w U= (12.3)
1 7, r r 1
—+-2In| -2 |+]| = | —

_ i (12.4)

or UI
L,ag() (z)L
Il,- k I; ]‘o ]10.

where 7/ and o represent the inside and outside surfaces of the wall, respectively.
Since the surface areas for heat transfer on the inner and outer surfaces are not the same, so we have
two overall coefficients as defined above. However, for the sake of compatibility



12.1
prample
yater heated 10 80° C flows through a 2.54 ¢m 1.D. and 2.88 cm O.D. steel (k = 50 W/mK) tube. The

ube 18 exposed to an environment which is known to provide an average convection coefficient of

= -130800 w/m2K on the out side of the tube. The water velocity is 50 cm/s. Calculate the overall
heat transfer coefficient, based on the outer area of the pipe.

Solution
The properties of water at the bulk temperature of 80°C are
p =974 kg/m’, v=0364x10"°m?/s
k = 668.7x10° W/mK, Pr=220
The Reynolds number is
UD _ (0.50) (0.0254)

v 0364x107
Accordingly, the flow is turbulent and the convective coefficient may be calculated from Eqn. (7.108)
Nup = 0.023 Rep” Pr®*
= (0.023) (34890)*® (2.20)*
= 135319

Hence h,= Nup k.
: D

i

= 34890

Rep, =

=3
_(135.79) (6687 X107) _ s v
0.0254)

A Pmeperes 8 e



h, (given) = 30800 W/m*K
The overall heat transfer coefficient may now be computed by Eqn. (12.3)

_ 1
Lonplel]2lL
h ko \n) \n)h

T 00144 (288) (288) 1
¥ In|== |+
G0800) 50 254 | 254 )| 3575

=2591.9 W/m*K.

U




BEZH FouLING FACTORS

Equation (12.2) through Eqn. (12.4) are, in fact, valid only for clean surfaces. However, it is a well-
known fact that\the surfaces of a heat exchanger do not remain clean after it has been in use for some
time. The surfaces become fouled with scalings or deposits which are formed due to impurities in the
fluid, chemical reaction between the fluid and the wall material, rust formation, etc. The effect of these
deposits is felt in terms of greatly increased surface resistance affecting the value of U. This effect is

taken care of by introducing an additional thermal resistance called the fouling resistance Ry - R; must

be determined experimentally by testing the heat exchanger in both clean and dirty conditions, being
defined by

—

1 _ R+ 1
Ufoul U

(12.6)

clean

Denoting the fouling resistance by R and R, at the inner and outer surfaces, respectively, Eqns.
(12.3) and (12.4) stand modified to

1 .
g = 1 (12.7)
of o £’-+r—°Rf_+r_01
hy Tk oA\n)\n)" \n)h
1 .

Some typical values of Ry are given in Table 12.2



I I. 43 A
STamnio ¢/
HUIC 14 L

Detem;ine the overal heat transfer coeffcient U/ based on the outer surface of a 2.54 cm 0.0, 2286 ¢
LD. heat exchanger tube (k =102 WinK), ifthe heat transfer coefficients at the inside and outside o



2
be are = 5500 W/m"K and h, = 3800 W/m*K respectively and the fouling factors are
=000 KV

e |
R~

soluto" .
e (12.7), the overall heat transfer coefficient based on the outside area of the tube becomes

1

U0=T N
ho ok rl rz l r, h[

) 1

T (0.0127) (2.54) 254\ (254\( 1
——+0.0002 In + (0. M P o

3800 102 2.286 (0002)(2.286)+(2.86)(5000)

=1110 W/m*K.




‘ MLMTDMETHODOFHEATEXCHANGERANALYSIS

Thethermal analysts of any heat exchanger involves variables like nlet and outlet fluid temperatures, the
overal heat transfer coefficient, total surface area for heat transfer and the total heat transfer rate. Since
e hot fluid is transferring a part of its energy to the cold fluid, there will be an increase in enthalpy of
e cold fluid and a corresponding decrease in enthalpy of the hot fluid. This may be expressed as

Q = mh Ch (Th,i B Th,o) “29’
ad Q=mcCC(TC,0-YL,i) (12.10)

where 7 = mass flow rate

¢ = constant pressure specific heat,

The subscripts ¢ and / indicate the cold and hot fluids, whereas the subscripts i and o refer to the
Midinlet and outlet conditions, respectively.
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If we denote the temperature difference between the hot and cold fluids by
AT=T-T, (14
since AT s varying with position in the heat e.xchanger, the actual rate equation for heattransfer b;
Eqn. (12.1)
| 0=UAAT, (1)

where AT is a suitable mean temperafure difference across the heat exchanger. This average or meay

m

value must be determined before use can be made of Eqn. (12.1). We shall now present a method for th
determination of the mean temperature difference. Since the final expression obtained by this mefhod
will be in the form of  logarithmic relation, this method is referred to as Logarithmic Mean Temperatie

Difference (LMID) method of analysis.
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[f we denote the temperature difference between the hot and cold fluids by
AT:Th_Tc | (1201

sinoe AT is varying with position in the heat e.xchanger, the actual rate equation for heat trangfer i
Eqn. (12.1)

(0 =UAAT, (121

where AT is a suitable mean temperature difference across the heat exchanger. This average or meay

m

value must be determined before use can be made of Eqn. (12.1). We shall now present a method for th
determination of the mean temperature difference. Since the final expression obtained by this mefho
will be in the form of a logarithmic relation, this method is referred to as Logarithmic Mean Temperate

Difference (LMID) method of analysis.



12.5.1 Parallel Flow Heat Exchanger

Let us first consider a parallel flow heat exchanger as depicted in Fig. 12.6. Assuming that:

Hot fluid
7% ’
Cold fluid o — Cold fluid
Tc, i ‘—{_—> S ’ Tc, o
Hot fluid
7-h, o
T A
Th, i "‘F
ir a7y
4 7-h, o
ATy AT V AT,
e s s
e
- R
1 X
X — —-— X 2

Fig. 12.6 Temperature Distribution for a Parallel Flow Heat Exchanger



AT, AT,

‘ = UA (12.17
. 0= anan )
where AL =T, ;-T,; (from Fig. 12.6) (12.18)

AT2_ Th,o— Tc,o

On comparing this result with Bqn. (12.1), we see that the appropriate average temperature differene
is a log mean temperature difference.

LMTD, AT,,,. So we may write
Q=UAAT, (12.19

where AT, = AL - AT,
In (AT,/AT)

_AT-AT,

or AT,
In (AT /AT,)

m




1252 Counter Flow Heat Exchanger

A counter flow heat exchanger, where the fluids, move in parallel but opposite directions, is showp i
Fig. 12.7. The change in temperature difference between the two fluids is greatest t the enrance of
parallel flow heat exchanger but it may not be so in a counter flow arrangement.

The analysis of a counter flow heat exchanger can be done exactly in the same manner as outfineg
in the previous section for a parallel flow exchanger. Eqns. (12.1), (12.9) and (12.10) are, in fact, vali
for any heat exchanger. By taking a differential area element for a counter flow exchanger (Fig 127
and proceeding as before it can be easily shown that Eqns. (12.19) and (12.20) are valid in this case too,

AT, - AT
Hence . Q=UAATL =TA—L2
| In (AT,/AT,)

(1021

where =T, ;- L

AT2= Th,o B Tc,i



Referring to Fig. 12.7

AT,=T, ,-T,,=80-43.8 =362

c,0

AT,=T, ,-T,;=50-25=25
Using Eqn. (12.17)
_ AT, - AT,
O=UA4 (AT,/AT,)

where

Q R (2095)(80-50) = 174583.33 W
3600

. In ( _25_)
A= 0 In (AT,/AT)) _ 174583.33 36.2
U AT, - AT 300 (25-36.2)

=19.23 m?.

'FUNUANMEN I ALD Ur ENUINEERING NEAT AND MA



Example 12.4 .
Hot oil with a capacity rate of 2500 W/K flows through a double pipe heat exchanger. It enters at 36(°¢

and leaves at 300°C. Cold fluid enters at 30°C and leaves at 200°C. If the overall heat transfer coefficiens

is 800 W/m*K, determine the heat exchanger area required for
(a) parallel flow and (b) counter flow. -

Solution
The heat transfer from the oil is
0 = C, AT = 2500360 — 300) = 150kW

(a) The temperature distribution in a parallel flow heat exchanger is as shown in Fi 1g. 12.6. The LMTD

is given by Eqn. (12.20).
T = AT, - AT,
In (AT, /AT,)
AT =T, ;- C,i=360— 30 = 330°C
AT, =T, ,- T, ,=300 - 200 = 100°C

_ 330-100
" In (330/100) .

The heat exchanger area may be calculated from Eqn. ( 12.19).

Q _  (150000)
UAT,,  (800)(192.64)

Im

for which

=192.64°C I

A= =0.973 m?2

(b) Figure 12.7 is a qualitative representation of the temperature distribution in a counter ﬂow casE.. "%

Here AT =T, ;- /i -—360 200 = 160°C

AT =T, ,~ T, ;=300 - 30 = 270°C



fen: =

Bquation (12.20) yields

ATlm = 160 - 270 = 210220C
In (160270)
Equation (12.19) gives
0 __ (150000) _ gy 2

TUAT (800) (21022)

Thus we see that for the same terminal temperatures of fluids, the surface area required for a count
flow arangement is less than that in a paralle] flow arrangement.



12.5.3 Condensers and Evaporators

Two special forms of heat exchangers, namely condensers and evaporators, are employed in many
industrial applications. One of the fluids flowing through these exchangers changes phase. The temperatyre
distributions in these exchangers are shown in Fig. 12.8. In the case of a cor}denser, the hot fluid wi|
remain at a constant temperature, provided its pressure does not change, while the temperature of the

cold fluid increases. This is possible only when C, > C,, in fact, Cj — c°. In the case of an evaporator
C, < C, or C.— oo, the cold fluid temperature remains uniform and it undergoes a phase change.

Yi yi

C; s 00 .
= A = ‘ Th o Th,l
hi ATo ’
/,TCIO
ATq
ATy 1 ‘

Ry
TCI

(a) - (b)

Fig. 12.8 Temperature Distribution of Fluids in (a) Condenser (b) Evaporator
% i
Itis interestir?; to note thaﬁn a phase change process it is immaterial whether we have parallel flow,
counter flow or cross flow arrangements. Use of Eqn. ( 12.21) can still be made of in these exchangers.



= --mlbyl J.

Example 12.6 .
Saturated steam af 120°C is condensing on the outer tube surface of single pass heat exchanger, Ty

heat transfer coefficent s U/, = 1800 W/n’K. Determine the surface areg of a heat exchanger caps
of heating 1000 ke/h of water from 20°C to 90°C. Also compute the rate of condensation of steap

= 2200 Kkg

Solution
The temperature distribution in a condenser is show iy F g. 128 ()

i, - 0 m <T,,, T,)

" (AT /AT, M (T, -




_ (120 -20) - (120 - 90)
In [(120 - 20)/(120 — 90)]

_100-30 _ 70
In (1053) ~ 120 = 38-14°C

—

The rate of heat transfer
Q = rhc C. (Tc,o — Tc,i)
1000
=|—— |(4186)(90 — 2
(3600)( ) (90 - 20)
=813944 W
/

Also O = UAAT,,

Ao Q 813944 .0
U AT, (1800)(58.14) .

L. 813944 _ 037 kg/s

(1000) (2200)

_1332ke/h. <



1954 Multiple-pass and Cross Flow Heat Exchangers

The flow conditions in multiple-pass and cross flow heat exchangers are much more complicated than
those in concentric tube, single pass heat exchangers. For these complex situations, the determination of

the mean effective temperature difference is so difficult that the usual practice is to modify Eqn. (12.19)

by a correction factor, F, giving
Q = UA (FAT,,) (12.24)
Wherein AT, is the LMTD for a counter flow double pipe arrangement with the same hot and cold
fluid temperatures as in the more complex design. Expressions for the correction factor, F, for various
ross flow and shell-and-tube designs have been developed (see STEM 4: 1978; Kern; 1957; Jakob:
1957). A more convenient way of representing these correction factors is the chart or graphical form.
Cortection factors for several different types of heat exchangers are given in Figs. 12.9 through 12.12,
teording to Incropera and Dewitt (1981). In these figures, the notation (7, ¢) has been used to specify
l luid temperature, ¢ being used for the tube fluid and T for the shell fluid. The two temperature ratios,

Pand R are defined as

_1-T,
= oy
_ L=k
T, -
& d R such that the value of Fis always

' A good design should involve the selection of parameters Pan
g eater than 0.75.
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Fig. 12.9 Correction Factor Plot for a Shell-and-Tube Heat Exchanger
with One Shell Pass and Two, Four or Multiple Tube Passes
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-Fig. 12.10 Correction Factor Plot for a Shell-and-Tube Heat Exchanger
with Two Shell Passes and Four, Eight or any Multiple of Four Tube Passes
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Example 12.7 -
Saturated steam at 100°C is condensing on the shell side of a shell-and-tube heat exchanger, The cooliy

water enters the tubes at 30°C and leaves at 70°C. Calculate the effective log mean temperature differeHCe
if the arrangement is (/) counter flow, (ii) parallel flow and (iii) cross flow. L
Solution ':ﬁ

(1) Counter flow
AT, — AT, _ (100 — 70) — (100 — 30)

Al = 1y T, /ATy) In (70/30)
0= e
In (3/7)

(1) Parallel flow
AT, — AT, _ (100 —30) — (100 —70)

™= Tn (AT, /AT,) In (70/30)
=70-30_ 472°c
In (773)

(iif) Cross flow
Referring to Fig. 12.12 for a single pass cross flow exchanger, one fluid mixed and the other unmixed,
the value of the correction factor, F can be read off for the following values of P and R:
R=7}—7}) =100—100=O
ot 70-30
Lh—t _ 70-30
T,—t, 100 -30

& = 0.571
7

We observe that F =1.0

- FAT,, = 47.2°C

Thus we see that when one of the fluids in a heat exchanger, changes phase, (at constant temperature),
it is immaterial whether we have parallel flow, counter flow or cross flow arrangements. The rate of
heat transfer in all these modes will remain the same.



Example 12.8

Ina food processing plant water i to be cooled from 18°C to 6.5°C by using brine soluion entering
an inlet temperature of -1,1°C and leaving at 2.9°C. What area is required when using a shell-and-ute
heat exchanger with the water making one shel pass and the brine making two tube passes? Assue
average overall he[t transfer coefficien; of §5) Wi’ | dadegign heat load {)f 6000 W,
Solution A © Capf (- @O ) 9 Sl 4 Tl il

The inlet andfqutlert temperatu\;},es of the tube and shell fluids are:

A

Shell side: T, =18°C, T =65C " (Note; I' = outlet temperature)

0 : (L
Tubeside: £, =-LI'C, t =29°C -



HEA' .. e
LMTD for a counterflow arrangement would be given by Eqns. (12.20) and (12. 22)

- AT, -AT, _ (18-29)-(6.5+1.1)
In (AT /ATZ) In [(18 - 2.9)/(6.5 + 1.1)]

oo 15 =1092°C 7
In o 06865
76 _
The parameter P and R are evaluated as "T ) lr\O(‘
i = B ¥
_29+11_ 40 0209 o dd
T-—t S 18411 191 — P -
R = -1, 18-63 115_2875

L~ T 29+11 40

Then the correction factor, from Fig. 12.9, for the above values of P and Ris 0.97. = = O+ 93
The required heat transfer area is determined from Eqn. (12.24). -

. Q _ 6000
T U(FAT,) (850)(0.97)(10.92)
- 0.67 m”. 0-4%

A 60



BPRA
romple 129 0
et Exemple 12.8 for two shell passes and four tube passes.

Solution'
Tevalies of Rand P are the same as in the last example, but Fig. 12.10 must now be used to obtain F,

Hich s ~ 0,985,

6000
(850)(0.985)(10.92)

A=

- (656 m".



1] EFFECTIVENESS—NTU METHOD OF HEAT EXCHANGER ANALYSIS

e ermal analyss of various type of heat exchangers by the LMTD method, an equation of the type
Eﬂ“ (1224) has been used. This equation is pretty simple and can be used in the design of heat
hagers when of he terminl temperatures are known or are easily determined. The difficulty arises

U empertures of the luids leaving the exchanger are not known. This type of situation is encountered
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in the selection of a heat exchanger or when the exchanger is to be run at off design conditiong
Although the outlet temperature and heat flow rates can still be found with the help of the chané
described earlier yet it would be possible only through  tedious trial and error procedure. In such cages
it is preferable to utilise an altogether different method known as the Effectiveness=NTU method. |

The effectiveness method is based on the effectiveness of a heat exchanger in transferring a given
amount of heat. To obtain an expression for the rate of heat transfer without involving any of the outle
temperatures let us first introduce the term effectiveness, €, as

Actual heat transfer
Maximum possible heat transer

or €= £ (12.25)
: Qmax
The actual rate of heat transfer, 0, can be determined by either Eqns. (12.9) or (12.10). 0, isthe

rate of heat transfer that a counterflow heat exchanger of infinite area would transfer with given inlet
temperatures, flow rates and specific heats. Also we recognise that the maximum possible heat transfer
would be obtained if one of the fluids was to undergo a temperature change equal to the maximum
temperature difference present in the exchanger. We consider two distinct cases to illustrate this point.

Effectiveness =



Th,o =Tc,i

VA

—_— X

(b)
Fig. 12.13 Temperature Distribution in a Counter Flow Heat Exchanger of Infinitely Large Area

@ ¢,>cC,

For th'is type of exchanger, with no external heat losses, the outlet temperature of the cold fluid will
equal the mle.t te'mpc?ratm:e of the hot fluid (since the area available for heat transfer is infinite). The
temperature distributions in the fluids are shown in Fig. 12.13 (). The maximum rate of heat transfer is

then given by
Qmax = Cc (Tc,o - Tc,i)

But Tc o= Th i

Orax=C. (T, ;- T.;) (12.26)

Also _ | 0=C (I ,~T,) (12.10)
(i) c,<cC,

In this case the outlet temperature of the hot fluid would equal i
t Id
fuid. as shown in Fig, 12.13 (8) So qual the inlet temperature of the co
Qmax = Ch (Th,i - Th,o)




EXURE

HEA
" T}I. 0 = Tc,i
y
B Qmax = Ch (T;;'i . T;',') i (1227)
» 0=C,(T,,;~T,,) (12.9)
fooking at Eqns. (12.26) and (12.27) Wemay write the general expression
Qe = Copa (T i~ T ) (12.28)

rete Cos is the smaller of C, and C,,. Using Eqn. (12.25) as the definition of effectiveness, it follows
W min

i
¥ Ch (Th i~ Th o)
&= — (12.29)
Cmin (Th.i - Tc,i)
Cc (Tc o~ Tc i)
= o (12.30)
o Cmin (Th,i_n,i)

once the effectiveness for a heat exchanger is known, its actual rate of heat transfer can be

determined by
Q=€ Cy (T, - T.,0) (12.31a)

Q=€0,. (12.31b)
Equation (12.31) is very significant because it expresses the actual rate of heat transfer by a heat
exchanger in terms of its effectiveness, Cpy, and the difference between the inlet temperatures of the

wwofluids. It does not refer to the outlet fluid temperatures and can replace the LMTD analysis effectively.
Aswill be shown in the following subsections, effectiveness for any heat exchanger can be expressed



€=¢ U\A %
Cmin’c (1

max

()

()

(S ]
| e

where ~2 = — or — (depending upon heir relative magnitudes).
Cx C C

1 c

UA
The group C

is called the number of transfer units, NTU,
min :

Thus NTU =

(12.33)
min
NTU is a dimensionless parameter. It is a measure of the heat transfer size.of .thc? exchangef. The
larger the value of NTU, the closer the heat exchanger reaches its thermodynamic limit of operation.

126.1 Effectiveness for a Parallel-Flow Heat Exchanger

Let us now determine the specific form of the effectiveness. NTU relation for a parallel flow heat

30) is
eXChanger first‘ Assuming Cmin — Cc N= from Eqn- (]2 3 )

Tlv,o_TC.l
o S

_ (12.34)
Th,f - Tc'i

€



From Eqns. (12.9) and (12.10) we get

Cmin _ ’ilc Co _ 71/1,1' == T;r,r)
Cmax 7 I Cp 7:', o Tc, i
Rearranging Eqn. (12.16) in the form
— o C .
In 25 = In Tro = oo =0 1+ —min a1
AY} ’ T}z,i - T;:. i Cmin Cmax
or from Eqn. (12.33) ,
7, ,—T. ..
e 90 _ exp | -NTU 1+—£M—] (1
T}z,i - T;',i C'max

The left side of Eqn. (12.36) can be rearranged as
7;10_ c o z;r,a_Tc,i_l-T;:,i_]Tc,o
Th,i“T-' Tne— I3

c i c i

which on substitution of the value of 7, , from Eqn. (12.35) becomes

C. .
len (T'c,o— 7-;',i) - (T'c,o_ n,i)

max

7;1,1'_7::,1‘ Y;I,i_T

CeXi ]

C._. '
=sl—-|2 e _e=1—-¢ ]+ﬁ
Cnax Crax

Going back to Eqn. (12.36) we get

1—e |1+ Emnin =exp |-NTU |1+ Cmin
Crnax

_ 1—exp {—-NTU {1+ (it ICnx )] -

[1+ (Coin /Cpna)) &
Notice that the expression for € contains U, 4 and the heat capacities only. Also had we started
Chin = C;,, we would have obtained the same expression for .

7;1 s (T}l,i—]::,i)_
, 0

co

or €

o e e e — -~



1262 Effectiveness for a Counter Flow Heat Exchanger and other
Configurations

From an analysis like that made in the preceding section, the following rel
counter flow heat exchanger can be obtained

L -exp {-NTU[1-(C_./IC_)])
1= (G G ) {exp = NTUTL- (C IC_ )

ation for effectiveness in a

E=

1239



Relation

Double pipe:

parallel Flow

Counter Flow

Cross Flow:

Both Fluids unmixed

Both Fluids mixed

Cnax mixed, C,;, unmixed
Conax Unmixed, C, . mixed

Shell-and-Tube:

One shel| pass, 2, 4, 6 tube passes

T
WO shell pass, any multiple of 4 tubes

c_l-ep[-N1+0)]
1+C

_ 1—exp [—-N (I—C)]
1-Cexp[-N (1-0)]

C
e=1—exp {; [exp (—NCn) — 1]}, where n= N2

1 . c 1 T
€= + o
l1—exp(-N) 1—-exp(—NC) N

e=wo) {t-ep[Cc(1-c™ )

=1—exp {l/C [1 — exp (—NC)]}

L+exp[-NQ+ CZ)""] -
1- e.\p[—N 1+ Cz)m]

€ = 2{1 +C+a+CH"

e T
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Fig. 12.15 Effectiveness for Counter Flow Heat Exchanger



“h 23263 D
prample 12.13 |

Water enters a counter flow, double pipe heat exchan

heated by oil (€, =2000 J/kgK) flowing at the rate of 550 kg/h from the inlet temperature of 94°C,
Foran area of 1 m* and an overall heat transfer coefficient of
nansfer and the outlet temperatures of water and ojl.

ger at 15°C, flowing at the rate of 1300 kg/h. It is

1075 W/m?K, determine the total heat

Solution |
Taking the specific heat of water as 4186 J/kg K the heat capacity rates are

water: C=mC = (1300) (4186) =1511.61 W/K
PN (3600)
. _ (500)(2000) |
oil: = = =305.55 W/K
C,=m, C, (3600
i Which case E
C... = C,=305.55 WK
and Cuin _ 305.55 ~02
C.x 151161



UA _ (1075)() _ 4 5,

also NTU = C " 30555
From Fig. 12.15 the heat exchanger effectiveness is
e =094

Onax = Coin @ i = T, ;) = (305.55) (94 - 15) = 241385 W

Actual heat transfer Q =e Q__ =22690.2 W

max

Then by energy balance,
Outlet temperature of water I, ,= Cg +T,
. 1?521?9601 Fl=30c
Outlet temperature of oil, Li,=T,,; - C%
22690

=04 = =19.74°C.

305.55



Water entersa cross flow heat exchanger (both fluids ummixed) at 5°C and flows at the rate of 4()) kefh
to.cool 4000 ke/h of ai thatis initially at 40°C. Assume the U value to be 130 W/m’K. Foran exchangg

surface area of 25 m?, calculate the exit temperature of air and water.

Solution
Taking the specific heats of water and air to be constant at 4180 J/kgK and 1010 J/kgK respectively

we have

Arr m, C, = IS =112222 WK
3600
Water: m, C,= st/ 534111 WK
3600
in which case

€. =C=11222 WK



C. 1
w 122
C Ll

max

and

NTU = UA =(150)(25)=‘3.34
Cr 112209
From Fig. 12.18 the effectiveness is then
€=092

The heat transfer rate, 0, is given by
{=c Cmin (Th,i - Tc,,)

=(0.92) (1122.22) (40 - 5) = 361355 W
Then by energy balance,



outlet temperature of water,

outlet temperature of air,

; ,__Cg+T 01359

“ (534L.1))
=118C

G 1122.2
= ‘7.80C

T,,=T, -2 2 g 361355
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Boiling and Condensation



Boiling Heat Transfer Phenomenon

* Boilingis a liquid-to-vapor change process just
like evaporation.

* Boiling is a phenomenon that occurs at a solid-
liquid interface when a liquid is brought in
contact with a surface maintained at a
temperature sufficiently above the saturation
temperature of the liquid.

* As the heat is conducted to the liquid-vapor
interface, bubbles are created by the
expansion of entrapped gas or vapor at small
cavities in the surface.



 The bubbles grow to a certain size, depending
on the surface tension at the liquid-vapor
interface and temperature and pressure.

* Boiling heat transfer is heat transferred by the
boiling of water.

* HeatTransfer,Q=h(T,-T,)
where T_, is the saturation temperature of the

liquid. gr,jiszh

Water
Baling 1Q0°C
ey Y

N go .

Heating




Classification of Boiling

Pool Boiling

Flow Boiling

Sub cooled Boiling
Saturated Boiling



* Pool Boiling:

v’ Boiling is called pool boiling when bulk fluid
motion is absence.

v Fluid motion is due to natural convection and
bubble-induced mixing.

* Flow Boiling:

v’ Boiling in the presence of bulk fluid motion is
called flow boiling (Forced Convection Boiling).

v Fluid motion is induced by external means such
as pump, as well as by bubble-induced mixing.




Sub cooled Boiling:

‘*When the temperature of the liquid is below
the saturation temperature.

‘*The term sub cooling refers to a liquid existing
at a temperature below its normal boiling
point.

Saturated Boiling:

*When the temperature of the liquid is equal
to the saturation temperature.

» Sub cooled and saturated boiling can exist in
both nucleate and film boiling.




Pool éoﬂn;g-

* Boiling 1s called pool
boiling 1n the absence
of bulk fluid flow.

* Any motion of the fluid
1s due to natural
convection currents and

the motion of the
bubbles

under the

influence

of buoyancy.

TTTTTTT

Heating



Flow Boiling

Boiling 1s called flow
boiling 1n the presence
of bulk fluid flow.

In flow boiling. the fluid
1s forced to move 1n a
heated pipe | '
Or over a
surface by
external

means such

as a pump. | 1 _
H

e

AT



Subcooled Boiling Saturated Boiling

» When the temperature ~ * When the temperature
of the mam body of the of the liquid 1s equal to

liquid 1s below the the saturation
saturation temperature. temperature.
P=1 atm P=1|atm
Subcooled 80°C[|  [[Saturated 100°C
RERRRRLECRARRRR

Heating Heating



The Boiling Curve

* |n atypical boiling curve, four different boiling
regimes are observed: natural convection
boiling, nucleate boiling, transition boiling,
and film boiling depending on the excess
temperature ATexcess=Ts-Tsat.



Natural convection Nucleate Transition Film

boiling boiling boiling boiling
, .If : " e .
ﬁ : Maximum :
=( ke : (critical) :
‘ heat flux, ¢
I l * Dnax |
10° 'L‘;‘ umJ C/———-T“h
| | |
i TTITTTT /8 |
i v :
= . plxe|l | | | |
Al o o e G i |
‘? Heatng l B l |
z | | | |
7 e ] |
10* - | | Jets and |

Al | Columns | l
lIso!ated= { :
| Bubbles) | "ﬂms |
| | | |
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Natural Convection Boiling (to Point A)

» The liquid is slightly superheated in this case
(a metastable condition) and evaporates when
it rises to the free surface.

» Liguid motion is due to natural convection.
»In region 1 called the free convection zone,
the excess temperature is very small.

»Here the liquid near the surface is
superheated slightly, the convection currents
circulate the liguid and evaporation takes place
at the liquid surface.



Nucleate Boiling (between Points A and C)
‘Bubbles start forming at point A and increases
number of nucleation sites as we move towards
point C.

‘Region A—-B — isolated bubbles are formed and
heat flux rise sharply with increasing ATexcess.
This region is the beginning of nucleate bolling.
‘Region B—C — Increasing number of nucleation
sites causes bubble interactions and coalescence
into jets and column. Heat flux increases

at lower rate and maximum at point C. The
maximum heat flux known as critical heat flux
occurs at point C.



* Critical Heat Flux - CHF, (ATe =302C) —
Maximum attainable heat flux in nucleate
boiling.

"'~ 1MW/m for water at atmospheric
pressure.

* Point C on the boiling curve is also called
the burnout point, and the heat flux at this
point the burnout heat flux.



ransition Boiling(between Points C and D)
When ATexcess Increases past point C, heat
flux decreases because a large fraction of the
heater surface Is covered by a vapor film,
which acts as an insulation.

*The transition boiling regime, which is also
called the unstable film bolling regime.



Film Boiling (beyond Point D)

‘At point D, where the heat flux reaches a
minimum Is called the Leidenfrost point.
‘Heat transfer Is by conduction and radiation
across the vapor blanket, therefore, heat
transfer rate increases with increasing excess
temperature.

The Leidenfrost effect Is a physical
phenomenon Iin which a liquid, close to a
surface that Is significantly hotter than the
liquid's bolling point.



* The phenomenon of stable film boiling can be
observed when a drop of water falls on a red
hot stove. The drop does not evaporate

immediately but moves a few times on the
stove.



Condensation

* The process of condensation is the reverse of
boiling.

 Condensation occurs when the temperature
of a vapor is reduced below its saturation
temperature.

Two forms of condensation:
 — Film condensation,

 — Drop wise condensation.



Film condensation

The condensate wets the

surface and forms a liquid
film.

The surface 1s blanketed by
a Iiguid film which serves
as a resisftance to heat
transfer.

S0°C

Liquid film



* Film-wise condensation generally occurs on
clean uncontaminated surfaces.

* |n this type of condensation, the film covering
the entire surface grows in thickness as it
moves down the surface by gravity.

* There exists a thermal gradient in the film and
so it acts as a resistance to heat transfer.



* Res=dy,pV/ (W

* d, = Hydraulic diameter
 p =density of liquid

* V =average velocity of flow
* W =viscosity of fluid



Re =0

Laminar
(wave-free)

e_

Re = 30
& Laminar
(wavy)

Re = 1800
< Turbulent



Dropwise condensation

The condensed vapor forms
droplets on the surface.

The droplets slide down
when they reach a certain
s1ze.

No liquid film to resist heat
transfer.

As a result, heat . C//

transfer rates that L
are more than 10
times larger than with L ot

film condensation /)
can be achieved. Droplets




* In drop-wise condensation the vapor
condenses into small liquid droplets of various
sizes which fall down the surface in a random
fashion.

* A large portion of the plate is directly exposed
to the vapor, making heat transfer rates much
larger than those in film condensation (5 to 10
times).



Y apor

Drops




* Drop-wise condensation is achieved
by Adding a promoting chemical into
the vapor.
* Treating the surface with a promoter chemical,

Coating the surface with a polymer such as
Teflon or a noble metal such as Au, Ag, Rh, Pd, Pt



Comparison between film condensation and
dropwise condensation

1. In film condensation, the

condensate  wets the
surface and forms a
liquid film on the surface
that slides down under
the influence of gravity.

In dropwise
condensation, the
condensed vapour
forms countless
droplets of varying
diameters on the
surface instead of a
continuous film.

Relatively less heat-
transfer coefficients are

associated with film
condensation.

Higher heat-transfer
coefficients (about

5.10 times greater
than those in film
condensation) can
be achieved.




3.

On a rusty or etched
plate, the vapour is
condensed in a
continuous film over the
entire wall

3:

With a polished
surface, the
condensate is
formed in drops

which rapidly grow
in size (up to 3 mm
in diameter) and roll
down the surface.

The condensate itself
forms a film (layer) on
the  surface  which
imposes  some  extra
thermal resistance.

Droplets provide
very little thermal
resistance.
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Radiation



Thermal radiation is an electromagnetic
phenomenon generated by the thermal
motion of particles in matter.

All matter with a temperature greater
than absolute zero emits thermal radiation.

All bodies emit radiation to their surroundings
through electromagnetic waves due to the
conversion of the internal energy of the body
into radiation.

Particle motion results in the charge
acceleration which produces electromagnetic
radiation.



Since electromagnetic waves can also travel
through a vacuum hence, in contrast to the
conduction and convection heat transfer, it
can take place through a perfect vacuum.

Thus, when no medium is present, radiation
becomes the only mode of heat transfer.

Common examples are the solar radiation
reaching the earth and the heat dissipation
from the filament of an incandescent lamp.

Thus, heatis transferred between two bodies
over a great distance.



()
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gree
yellow

Infrared

()

I
I
|
)
. Microwave >
I
I
I

Thermal radiation >

Gamma rays|

| ] | | | | | | |
10° 10" 10° 10° 10" 10° 10" 10°* 10° 10°
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Electromagnetic spectrum.



Type of rays

Wavelength A, um

Cosmic rays

up to 4 X 1077

Gamma rays

4x 10701 x10*

X-rays I X107 to2 X% 107
Ultraviolet rays I X 107 to 0.38
Visible (light) 0.38-0.78

Infrared rays

Near 0.78-25

Far 25-1000

Thermal radiation

0.1-1000

Radar, television and radio

1 X 10° to 2 x 10"

Spectrum of

electromagnetic radiation



 Waves falling in the range of 0.1 to 100um
wave length are called thermal radiation.

e According to the quantum theory, the thermal
radiation propagates in the form of discrete
guanta, each quantum having an energy of

E=hv
Where h = Planck’s constant = 6.625*1073* J-s

v = Frequency of quantum



Reflection, Absorption, and
Transmission of Radiation

* When radiation falls on a body, a part of it may
be absorbed, a part may be reflected and the
remaining may pass through the body.

e The fraction of the incident radiation

absorbed by the body is transformed into
heat.



When radiation energy is incident on a body, it is partially reflected, partially trans-

mitted and partially absorbed as shown in Fig, 7.3, The reflectivity p is defined as the
fraction of the incident radiation reflected from the surface of the body.

Incident Reflected
ndiston i indnﬁol

‘W Absorbed

Reflection, transmission and absorption of radiation.




Q=0A+0r+0r

Dividing both sides of the equation by O, we get

Oa Or Or
A ER L ET
0 0 0

The first fraction in the equation s known as absorptivity ., second 1s reflectivity
p, and the third fraction 1s transmissivity 7. Hence,

o+ p+1=1



The reflectivity is defined as the fraction of
incident radiation reflected from the surface
of the body.

The transmissivity is defined as the fraction of
the incident radiation transmitted through the
body.

The absorptivity is defined as the fraction of
incident radiation absorbed by the body.

Bodies that do not transmit radiation are
called opaque.



If the transmussivity 7 of a body 1 equal to one, the absorptivity and reflectivity
are equal to zero and whole of the icident radiation would pass through the body,
Such a body 15 termed as absolutely transparent or diathermanous. The only
substance found to be perfectly diathermanous 1 crystalline pieces of rock salt. Aur
has nearly zero absorptivity and reflectivity. However, polyatomic gases, such as
carbon dioxide, methane, and water vapour are capable of absorbing heat radiation.

* A body with reflectivity of unity will reflect
the whole of the incident radiation and is
termed a white body.



Concept of a Black body

If the entire incident radiation is absorbed by the body, the absorptivity « = 1.
Such a body 1s termed as a blackbody. Only a few surfaces, such as carbon black,
platinum black, and gold black, approach the absorption capability of a blackbody.

[t 15 to be noted t
surface appearing
light.

hat the blackbody derives its name from the observation that

lack to the eye is normally good absorber of incident visible



No actual body is perfectly black, the concept of a
black body is an idealization with which the
radiation characteristics of real bodies can be
conveniently compared.

Real bodies do not emit as much energy as the
black body and hence their emissivity is less than
one.

A black body plays a role in thermal radiation
similar to the idealized Carnot cycle in
thermodynamics with which real cycles are
compared.

A black body is regarded as a perfect absorber of
incident radiation.



The total radiation emitted by a black body is
a function of temperature.

The emissivity of a substance is a measure of

its ability to emit radiation in comparison with
a black body.

A black body is a perfect emitter.

Intensity of radiation is defined as the
radiation emitted in any direction.

The radiation intensity of a surface is defined
as the rate of heat flux emitted by it per unit
area.



Laws of Radiation

1. Planck’s Law:

* Electromagnetic radiation consists of flow of quanta or
particles and the energy content (E) of each quantum is
proportional to the frequency.

* |tis given by the following equation:

e E=hv
Where, E = Energy content
h = Planck’s constant = 6.625 x 1034 J.s
v = Frequency

* |t is clear that the greater the frequency, the shorter the
wavelength and the greater the energy content of the
guantum. In other words, the shorter the wavelength
greater is the energy of the quantum. Therefore, quanta of
ultraviolet light are more energetic than are quanta of red
light.



2. Kirchoff’s Law:

e Kirchoff law states that the absorptivity (a) of a
substance for radiation of a specific wavelength is
equal to its emissivity for the same wavelength
and is given by the following equation:

a (A) =e(A)
* Any grey object (other than a perfect black body)

which receives radiation, disposes of a part of it
in reflection and transmission.

* The absorptivity, reflectivity, and
transmissivity are each less than or equal to
unity.



Kirchhoff’s Law

The law states that at any temperature the ratio of emissive power E to the
absorptivity o 1s a constant for all bodies and equals the emissive power of a
blackbody at the same temperature, 1.e.,

E E, E *
== o =B =£(T)

Since the ratio of the emissive power of a gray body to that of a blackbody at the
same temperature 1s defined as emissivity, hence

— ==&, =0 =8



For monochromatic radiation, the law states that the ratio of the emissive power
at a certain wavelength to the absorptivity at the same wavelength is the same for all
bodies and 1s a function of wavelength and temperature, 1.e.,

s Monochromatic radiations are such radiations that

are characterized by a single frequency.
"In practice, radiation of a very small range of
frequencies can be described by stating a single

frequency.



Wien's Displacement Law

* When the temperature of a blackbody
radiator increases, the overall radiated energy
increases, and the peak of the radiation curve
moves to shorter wavelengths.

e When the maximum is evaluated from the
Planck radiation formula, the product of the
peak wavelength and the temperature is
found to be a constant.
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Wien established a relationship between the temperature of  black body and the
wavelength at which the maximum value of monochromatic emissive power occurs, A peak!
monochromatic emissive power occurs at a particular wavelength, Wien's displacement law s
that the prodictof h_and T s constan, e,




* Wavelength (A, .,) of maximum intensity of
emission (W) = b/T

Where,

* A, isthe wavelength at which maximum

radiation is emitted. It decreases as the
temperature increases.

b is constant = 2897
T is the temperature of the surface in Kelvin
Hence, A, (1) = 2897 T



_ 2897 (1°K)

Maximum wavelength (Aga) for sun
6000 (°K)

= 0483 tor 0.5y

_ W97(°K)

Maximum wavelength (Aqq, ) for earth
300(°K)

=9.66 4t or 10.04



* The temperature of the sun is 6000 °K for
which the value of maximum wavelength is
0.5y, and that of the earth the average
temperature is 300 °K for which the value of
maximum wavelength is 10y.

e QOut of the total energy emitted by the sun, 7
percent is with a wavelength less than 0.4y, 44
percent is with a wavelength ranging from 0.4
— 0.7u and 49 percent is having wavelength
greater than 0.7.



Stefan-Boltzmann Law:

This law states that the intensity of radiation
emitted by a radiating body is proportional to
the fourth power of the absolute temperature of
that body.

Radiation Heat Transfer, Q = EoT*

Where,

o = Stefan-Boltzmann constant =6.25*10-34 Js

€ = Emissivity of a body (0 < s> 1.0)

T = Absolute temperature of the surface in °K.



LAMBERT'S COSINE LAW

The law states that the total emissive power E, from a radiating plane surface in any direction is
directly proportional o the cosine of the angle of emission. The angle of emission  is the angle
subtended by the normal to the radiating surface and the direction vector of emission of the receiving
surface. If E_be the total emissive power of the radiating surface in the direction of its normal, then

E,=E cosb
The above equation 1s true only for diffuse radiation surface. The radiation emanating from a

pointona surface is termed diffused if the intensity, /, is constant. This law is also known as Lambert's
law of diffuse radiation.



Radiation Shape Factor

* Radiation shape factor is defined as the fraction of
radiant energy that is diffused from one surface
element and strikes the other surface directly with
no intervening reflections.

* |tis also called view factor or configuration factor.

* If A1l is the total area of radiating surface of body-1
naving shape factor F12F12 w.r.t. receiver body-2
then the total radiant energy leaving surface-1 and
directly intercepted by surface-2 is =A1F12




The shape factor of a radiant body depends on the
1. Geometrical dimensions i.e. surface area

2. Configuration of radiating surface
concerning receiver & Inter-spatial
instance of the radiant body concerning
receiver.



 The shape factor of a radiating body is inversely

proportional to its surface area emitting radiant
energy i.e.

Shape factor o< 1/Surface area of emitter

 The shape factor of a radiating body is directly

proportional to the surface area of receiving body
l.e.

Shape factor « Surface area of receiver

 The shape factor of a radiating body is inversely

proportional to inter-spatial distance between
emitter and receiver bodies i.e.

Shape factor o< 1 / Inter-spatial distance



* For steady state condition of radiation heat
transfer,

Rate of radiant energy lost by body-1 = rate of
radiant energy received by body-2

* A1F12=A2F21






Thank you
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PART - A (25 Marks)

1. (a) State Fourier's law of heat conduction. Why negative sign is used? (2M)

(b) What is lumped heat capacity method? Explain. (3M)

(c) Differentiate between natural and forced convection (2M)

(d) What is the significance of non dimensional numbers (3M)

(e) State Stefan Boltzmann’s law (2M)

(f)) What are the various radiation properties (3M)

(9) What is NTU method of a heat exchanger. (2M)

(h) What are the differences between film wise and drop wise condensation. (3M)

(i) List some industrial and day-to-day applications of mass transfer (2M)

() State Fick’s law of diffusion. What are its limitations? (3M)

PART - B (50 Marks)

SECTION -1
2. A furnace wall is built up of two layers laid of fireclay 12cm thick and red brick 25 cm
thick while the annular space between the two is filled with diatomite brick (15cm).
What should be the thickness of the red brick layer if the wall is to be constructed
without diatomite brick, so that the heat flow through the wall remains constant? The
thermal conductivities of fireclay, diatomite and red brick being 0.929, 0.129 and 0.699
W/m%c respectively. (10M)
(OR)
3. Derive the general heat conduction equation in Spherical coordinates. (10M)
SECTION — 11

4. Determine the heat transfer rate by free convection from a plate 0.3m x 0.3m for which
one surface is insulated and the other surface is maintained at 110°C and exposed to
atmosphere air at 30°C for the following arrangements:

a) The plate is vertical

b) The plate is horizontal with the heating surface facing up

c) The plate is horizontal with the heating surface facing down. (10 M)
(OR)
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5. Derive the expression for boundary layer thickness for free convection heat transfer on
a vertical flat plate. (10M)
SECTION — 111
6. (a). Explain what do you mean by absorptivity, reflectivity and transmissivity (5M)
|(b). Obtain the expression for blackbody radiation (5M)

(OR)

7. Two parallel plate 3m x 2m are spaced at 1m apart one plate is maintained at 500°C
and other at 200°C. The emissivity of the plates are 0.3 and 0.5. The plates are located
in a large room and room walls are maintained at 40°C. If the plates exchange heat
with each other and with the room, find the heat lost by the hotter plate. (10M)

SECTION -1V

8. (a) Derive an expression for effectiveness of counter flow heat exchanger. (5M)
(b) Explain about the Regime’s of boiling with a neat sketch. (5M)
(OR)
9. (a) Derive the expression for LMTD in a parallel flow double pipe heat exchanger
(5M)
(b) A hot fluid enters a heat exchanger at a temperature of 200°C at a flow rate of
2.8 kg/sec (sp. heat 2.0 kJ/kg-K) it is cooled by another fluid with a mass flow rate
of 0.7 kg/sec (Sp. heat 0.4 kJ/kg-K). The overall heat transfer coefficient based on
outside area of 20 m2 is 250 W/m?-K_.Calculate the exit temperature of hot fluid when
fluids are in parallel flow.(5M)

SECTION -V
10. (a) Derive the equation for mass transfer coefficient. (5M)
(b) Derive an expression for Fick's law of diffusion. (5M)
(OR)
11. (a) Explain the various modes of mass transfer (5M)
(b) Define various concentrations, velocities and fluxes in mass trasnfer (5M)
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PART - A (25 Marks)
1. (a) Describe the mechanism of heat transfer by convection (2M)
(b) A metallic plate of 3 cm thick is maintained at 400 °C on one side and 100 °C on the
other. How much heat is transferred through the plate per unit area? If thermal conductivity
of the plate is (K) = 370 W/mK (3M)
(c) Distinguish between laminar and turbulent flow (2M)
(d) Explain about hydro thermal boundary layer concept (3M)
(e) State Stefan Boltzmann’s law (2M)
(f) what is a black body? How does it differ from a grey body? (3M)
(9) How are the heat exchangers classified? (2M)
(h) What are fouling factors? Explain their effect in heat exchanger design. (3M)
(i) Explain briefly the term mass transfer. (2M)
() List the various modes of mas transfer and briefly explain about any one type of mass
transfer. (3M)

PART - B (50 Marks)

SECTION — |
2. What is the critical thickness of insulation on a small diameter wire or pipe? Explain
its physical significance and derive an expression for the same. (10M)
(OR)
3. Derive the equation for a heat transfer through a composite wall as Q= AT/3 R in
which AT is the temperature difference and is the ) R total resistance (10M)
SECTION — 11

4. An air stream at 0 °C is flowing along a heated plate at 90 °C at a speed of 75 m/sec
the plate is 45 cm long and 60 cm wide. Assuming the transition of the boundary layer
to take place at Recx = 5X10° calculate the average values of friction coefficient and
heat transfer coefficient for the full length of the plate. Hence calculate the rate of
energy dissipation from the plate (10M)

(OR)

5. Air stream at 27 °C is moving at 0.3m/sec across a 100 W electric bulb at 127 °C. if the
bulb is approximated by a 60 mm diameter sphere, estimate the heat transfer rate and
the percentage of power loss due to convection (10M)

SECTION — 111

6. Two parallel plates of size 1.0 mX1.0 m spaced 0.5 m apart are located in a large room,
the walls of which are maintained at a temperature of 27 °C. One plate is maintained at
a temperature of 900 °C and the other at 400 °C and their emissivities
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10.

11.

are 0.2 and 0.5 respectively. If the plates exchange heat between themselves and
surroundings, find the net heat transferred to each plate and the room. Consider only
the plate surfaces facing each other. (10M)

(OR)
Calculate the net radiant heat exchange per m? area for two large parallel plates at
temperature of 427 °C and 27 °C respectively. ¢ (hot plate) = 0.9 and &(cold plate ) =
0.6. If a polished aluminum shield is placed between them, find the percentage
reduction in the heat transfer, ¢ (shied) = 0.4. (10M)

SECTION -1V

Hot oil with a capacity rate of 2500 W/K flows through a double pipe heat exchanger.
It enters at 360 °C and leaves at 300 °C. Cold fluid enters at 30 °C and leaves at 200 °C.
If the overall heat transfer coefficient is 800W/m?K. Determine the heat exchanger area
required for a) parallel flow and b) counter flow.(10M)

(OR)
Distinguish between film wise and drop wise condensation. Which of the two gives a
higher heat transfer heat transfer coefficient? Why? (10M)

SECTION -V

.Derive the general mass transfer equation in Cartesian coordinates. (10M)

(OR)
The molecular weights of the two components A and B of the gas mixture are 24 and
28 respectively. The molecular weight of gas mixture found to be 30. If the mass
concentration of the mixture is 1.2 kgm?, determine the following. i). Molar fractions,
if).mass fractions and iii). Total pressure if the temperature of the mixture is 290K.
(10m)
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PART - A (25 Marks)

1. (a) Describe the mechanism of heat transfer by conduction (2M)

(b) What are the assumptions for lumped capacity analysis? (3M)

(c) Distinguish between laminar and turbulent flow (2M)

(d) Explain about thermal boundary layer concept (3M)

(e) State Stefan Boltzmann’s law (2M)

(f)) State and prove the Kirchoff’s law oa=¢ (3M)

(9) Sketch the temperature variations in parallel flow and counter flow heat

exchangers. (2M)

(h) What are fouling factors? Explain their effect in heat exchanger design. (3M)

(i) Enumerate applications of mass transfer (2M)

(J) State Fick’s law of diffusion. What are its limitations? (3M)

PART - B (50 Marks)
SECTION - |

2. (a) What are Biot and Fourier Numbers? Explain their physical significance. (3M)

(b) A door of a cold storage plant is made from 6mm thick glass sheet separated by a
uniform air gap of 2mm. The temperature of the air inside the room is -20° C and the
ambient air temperature is 30 °C. Assuming that the heat transfer coefficient between
glass and the air 23.26 W/m?K. Determine the rate of heat leaking in the room per unit
area of the door. Neglect the convection effects in the air gap. Kgass = 0.75 W/mK, Kair
= 0.02W/mK. (7M).

(OR)
3. Derive the general heat conduction equation in Cartesian coordinates. (10M)

SECTION — 11
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4.

Assuming that the man can be represented by a cylinder 30 cm in diameter and 1.7 m
high with the surface temperature of 30 °C, Calculate the heat he would lose while
standing in a 36 Kmph wind at 10 °C. (10 M)

(OR)

5. Air stream at 27 °C is moving at 0.3 m/sec across a 100 W electric bulb at 127 °C. If the
bulb is approximated by a 60 mm diameter sphere, estimate the heat transfer rate and the
percentage of power loss due to convection (10M)

6.

7.

SECTION — 111

(a). Explain the concept of black body and gray body (5M)
|(b). Write a short notes on radiation shields (5M)
(OR)

The radiation shape factor of the circular surface of a thin hollow cylinder of 10 cm

diameter and 10 cm length is 0.1716. What is the shape factor of the curved surface of the
cylinder with respect to itself? (10M)

10.

11.

SECTION -1V

(@) Why a counter flow heat exchanger is more effective than a parallel flow heat
exchanger.(4M)

(b) Write a short notes on Regime’s of boiling with a neat sketch. (6M)

(OR)
In a counter flow double pipe heat exchanger; water is heated from 25 °C to 65 °C by
oil with a specific heat of 1.45 kJ/kg K and mass flow rate of 0.9kg/sec. the oil is cooled
from 230 °C to 160 °C. if the overall heat transfer coefficient is 420 W/m?K, calculate
i) the rate of heat transfer ii) mass flow rate of water iii) the surface area of heat
exchanger. (10M)

SECTION -V

(a) Derive the equation for mass transfer coefficient. (6M)
(b) Write a short notes on Equi molal diffusion and Isothermal equimass. (4M)
(OR)

A vessel contains a binary mixture of 02 and n2 with partial pressures in the ratio of
0.21 and 0.79 at 15C. The total pressure of the mixture is 1.1 bar. Calculate the
following 1). Molar concentrations, ii) .Mass densities, iii). Mass fractions, iv). Molar
fractions of each species. (10M)
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estion paper contains two parts A and B.
[ ulsory which carries 25 marks. Answer all questions in Part A. Part B

R16

Max. Marks: 75

con . Answer any one full question from each unit. Each question carries
10 marksf@n have a, b, ¢ as sub questions.
PART - A
(25 Marks)
Define Newton's law ng. [2]
Explain the term boundary condiiio [3]
Discuss the physical interpre s% ermal diffusivity. [2]
How does the fin efficiency differ from fim effectiveness? [3]
What is the difference between lo erage convection heat transfer? [2]
Draw a neat sketch showing laminar anditur t regions of the boundary layer during
flow over a flat plate. [3]
Define Reynolds analogy. [2]
List out the assumptions made during derivatio pression for LMTD. [3]
State and explain the Wien — Displacement La [2]
Differentiate between film wise and drop wise co [3]
PART -B
(50 Marks)

2.a) What is meant by thermal resistance? Explain the electrical analogy for % heat transfer

b)

3.2)

b)

problem.

A mild steel tank of wall thickness 10mm contains water at 90°C. Calculate ate of

heat loss per m? of tank surface area when the atmospheric temperature [
thermal conductivity of mild steel is 50 W/m K and the heat transfer co-&f
inside and outside the tank is 2800 and 11 W/m?K respectively. Calculate

temperature of the outside surface of the tank.

OR

What is the critical thickness of insulation on a small diameter wire or pipe. Explain its
physical significance and derive the expression for same.
The wall of a cold room is composed of three layers. The outer layer is brick 30cm thick.
The middle layer is cork 20 cm thick, the inside layer is cement 15 cm thick. The
temperatures of the outside air is 25°C and on the inside air is -20°C. The film co- efficient
for outside air and brick is 55.4 W/m?2K. Film co-efficient for inside air and cement is 17
W/m?2K. Find heat flow rate.

Assume

k for brick

k for cork

k for cement

=25 W/mK
=0.05 W/imK
=0.28 W/mK

[5+5]



4, A 12 cm diameter cylindrical bar initially at a uniform temperature of 40°C is placed in
a medium at 650°C with a convective heat transfer coefficient of 22 w/m? K. Determine
the time required for centre to reach 255°C. Also calculate the temp of the surface. Take
k=0.2 w/mK; P =580 kg/m?, C, = 1050 kJ/Kkg. [10]
OR
Deyelop an expression for temperature distribution in a slab made of single material.

ets of brass and steel, each of thickness 1cm, are placed in contact. The outer surface
f brasgis kept at 100°C and the outer surface of steel is kept at 0°C. What is the

in the ratigfof 2:1. [5+5]
6.a) Explaint eigh’s method of dimensional analysis giving an example.
b) Howdoy rasshof number? State its physical significance. [5+5]

7.a) What do you undetstandgdy
reference to flow oveg @ d flat plate. How is the boundary layer thickness defined?
b) A water heater is fabriatedsy a resistance wire wound uniformly over a 10 mm diameter
and 4m long tube. The resistan ent maintains a uniform heat flux of 1000W/m?.
The mass flow rate of water 4 r and its inlet temperature is 10°C. Estimate the
surface temperature of tube at the exit. [5+5]

8.a) Discuss how the geometric parameter

th , physical properties of the fluid and
its velocity influence the heat transfer the fluid flow in a pipe.
b)  Water at 30°C is flowing through a pipe of 2 er diameter at a rate of 1 m3/hr.

Find the heat transfer coefficient in water if the oPthe pipe is 50 cm. The thermal
conductivity, density and kinematic viscosity ofWater’ar W/m°K, 980 Kg/m?, and
0.6 x 10 ~° m?/s respectively. [5+5]
OR
9. In a heat exchanger, water flows through a 0.02 m inner diameter ¢ tube at a velocity
of 1.5 m/s. The water entering the tube at 15°C is heated by ste%densing at 100°C
ef

is to leave the pipe at 45°C? The physical properties of water at the
30°C are as follows. Thermal conductivity is 0.6172 W/(m.K)

Kinematic Viscosity 0.805 x10® m?/s S
Density 995 kg/m?®.

Specific heat 4171 J/(kg.K).

on the outside surface of the tube. What would be heat transfer fici or water if it
k temperature

0

10.a) A black body is kept at a temperature of 1000k. Determine the fraction of thermal radlati&
emitted by the surface in the wavelength band 1.0 to 6.0p. ;
b) Estimate the rate of solar radiation on a plate normal to the sun rays. Assume the sun to
be a black body at a temperature of 5527°C. The diameter of the sun is 1.39 x 10%km and
its distance from the earth is 1.5 x 108 km. [5+5] &
OR
11.a) Define the terms
1) Absorptivity
ii) Reflectivity and
iii) Transmissivity.
b) Differentiate between specular and diffuse reactions.
c) Derive Stefan-Boltzmann's law from Plank's law. [10]
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1.a)

b)

o

w

>

b)

Answer any five questions
All questions carry equal marks

Deriv ral heat conduction equation in radial coordinates and state the assumption
made.
A pipe car
is 7.5 mm. Thef€on

m &g, 250 °C has an internal diameter of 12 cm and the pipe thickness
ity of the pipe material is 49 W/m K the convective heat transfer
coefficient on th W/m? K. The pipe is insulated by two layers of insulation
one of 5 cm thickne§s onductivity 0.15 W/m K and over it another 5 cm thickness
of conductivity 0.48 . Thegautside is exposed to air at 35 °C with a convection
coefficient of 18 W/m? K. Dmthe heat loss for 5 m length. Also determine the
interface temperatures and | heat transfer coefficient based on inside and
outside areas. [8+7]

A truncated cone like solid has its cif€u ial surface insulated. The base is at
300 °C and the area along the flow directi iven by A =1.3 (1 —1.5x). Where x
is measured from the base in the direction of fl and A is in m2. If the thermal
conductivity is 2.6 W/m K and the plane at x =@: is maintained at 100 °C, determine
the heat flow and also the temperature at x = 0.
at the three sections.

[15]

Derive an expression for heat dissipation in a straight triang@larsin [15]

A cylinder of radius 0.2 m generates heat uniformly at 2 x 106 W/

conductivity of the material has a value of 200 W/m K, deter, aximum
temperature gradient. Also find the centre temperature if the surface is What
is the value of heat flux at the surface and heat flux per m length? 15]

Air flows over a flat plate of 80 m x 0.5 m at a velocity of 2 m/s. The tempe e ofrair
is 50 °C, calculate i) the boundary layer thickness, ii) the drag coefficient bot
distance of 0.8 m from the leading edge of the plate, and iii) the drag force on the plate
over the entire length. Take p = 1.003 kg/m? and a=17.95 x 10 m 2 /s for air at 50 °C.
Define (i) boundary layer thickness, (ii) velocity and momentum displacement thickness,
and (iii) enthalpy and conduction thicknesses. [8+7]

Wind blows at 20 kmph parallel to the wall of adjacent rooms. The first room extends to
10 m and the next one to 5 m. The wall is 3.2 m high. The room inside is at 20 °C and
the ambient air is at 40 °C. The walls are 25 cm thick and the conductivity or the material
is 1.2 W/m K. On the inside convection coefficient has a value of 6 W/m? K. Determine
the heat gain through the walls of each room. [15]



7.3)
b)

Derive equation of LMTD for counter flow heat exchanger.

A cross flow heat exchanger with both fluids unmixed is used to heat water flowing at a
rate of 20 kg/s from 25 °C to 75 °C using gases available at 300 °C to be cooled to
180 °C. The overall heat transfer coefficient has a value of 95 W/m? K. Determine the
area required. For gas Cp = 1005 J/kg K. [8+7]

vertical tube, 1.2 m long and having 50 mm outer diameter is exposed to steam at
1.2 baIf the tube surface is maintained at 85 °C by flowing cooling water through it,

det rate of heat transfer to the cooling water and the rate of condensation of
ste is held in horizontal position, estimate the condensation rate. [15]
---00000---
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Answer any five questions
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1. Q@ylindrical rod of radius 5 cm and K = 10 W/m K contains radio active material
C
C

erates heat uniformly with in the cylinder at a constant rate of 3 MW/m?. The
Y convection from its cylindrical surface into ambient air at 50°C with heat
ficient of 60 W/m? K. Calculate the temperature at the centre and outer
surface of'the ¢ ical rod. [15]

wide double pane window consists of two 3 mm thick layers

Determine the rate of
surface, when the ro
coefficients on the inside and
respectively.

sfer through this window and the temperature of the inner
iatained at 24°C. Take the convective heat transfer
‘ tside surfaces of the window as 15 and 50 W/m?K
[15]

4

3. An thin copper rod (K=95W/m K) is 1
150 mm apart. Air flows over the pl f
equal to 50 W/m? K. If the surface tempe
by 45°C, calculate excess temperature at m
heat loss from the rod.

in diameter and spans between two plates
idiNg the convective heat transfer coefficient

e plates exceeds the air temperature
ngtly of the rod over that of air and the
\ [15]

4. State and explain Buckingham Pi theorem and apply th€’s r natural convection heat

transfer. j [15]

5.a) What is the significance of Reynolds number and Nusselt nu &forced convection
heat transfer? Explain.

b) Air at 2 bar and 40°C is heated as it flows through a 30 mm diameter elocity of

10 m/sec. If the wall temperature is maintained at 100°C all along the,le

make calculations for the heat transfer per unit length of the tube.

6. Draw the velocity profile on vertical flat plate for natural convection and dlﬂss th
importance in evaluating the heat transfer coefficient. [157

7. In a counter flow double pipe heat exchanger water is heated from 25°C to 65°C by oil
with a specific heat of 1.45 kJ/kg K and the mean flow rate of 0.9 kg/s. The oil is cooled

from 23°C to 16°C. If the overall heat transfer coefficient is 420 W/m? K. Calculate a)

rate of heat transfer, b) mean flow rate of water and c) surface area of the heat exchanger.

[15]

8.a) A square room 4 m x 4 m and height 3 m has all its walls perfectly insulated. The floor
and ceiling are maintained at 300 K and 280 K respectively. Assuming an emissivity
value 0.75 for all surfaces, determine the wall temperature and the net heat interchange
between the floor and the ceiling. Take floor to ceiling shape factor as 0.28.

b)  What is the need of radiation shields? Explain the significance and their applications.
[7+8]
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