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Fundamentals of Transport Processes

The study of transport phenomena is an essential part of chemical engineering,
as well as other disciplines concerned with material transformations such as
biomedical engineering, mechanical engineering and materials engineering. Material
transformations require the motion of constituents relative to each other, the transfer
of heat across materials and fluid flow.

This lucid textbook introduces the student to the fundamentals and applications
of transport phenomena in a single volume, and explains how the outcomes
of transformation processes depend on fluid flow and heat/mass transfer.
It demonstrates the progression from physical concepts to the mathematical
formulation, followed by the solution techniques for predicting outcomes in industrial
applications. The ordering of the topics, gradual build-up of complexity and easy
to read language make it a vital resource for anyone looking for an introduction to
the domain. It also provides a foundation for advanced courses in fluid mechanics,
multiphase flows and turbulence. The author explains the book in a series of video
lectures in the supplements package.

V. Kumaran is Professor in the Department of Chemical Engineering, Indian
Institute of Science, Bangalore. He received his B. Tech from the Indian Institute
of Technology Madras in 1987, and his PhD from Cornell University in 1992. His
research is in the areas of statistical mechanics, fluid mechanics and the dynamics
of complex fluids. He has received the Bhatnagar Prize for Engineering Science in
2000, the The World Academy of Sciences (TWAS) Prize for Engineering Sciences
in 2014, and the Infosys Prize for Engineering and Computer Science in 2016.

© in this web service Cambridge University Press & Assessment www.cambridge.org



www.cambridge.org/9781009005333
www.cambridge.org

Cambridge University Press & Assessment

978-1-009-00533-3 — Fundamentals of Transport Processes with Applications
V. Kumaran

Frontmatter

More Information

CAMBRIDGE-IISc SERIES
Cambridge—1ISc Series aims to publish the best research and scholarly work in different areas of
science and technology with emphasis on cutting-edge research.

The books aim at a wide audience including students, researchers, academicians and professionals
and are being published under three categories: research monographs, centenary lectures and lecture
notes.

The editorial board has been constituted with experts from a range of disciplines in diverse fields
of engineering, science and technology from the Indian Institute of Science, Bangalore.

IISc Press Editorial Board:

Amaresh Chakrabarti, Professor, Centre for Product Design and Manufacturing
Diptiman Sen, Professor, Centre for High Energy Physics

Prabal Kumar Maiti, Professor, Department of Physics

S. P. Arun, Associate Professor, Centre for Neuroscience

Titles in this series:
o Noncommutative Mathematics for Quantum Systems by Uwe Franz and Adam Skalski
o Mechanics, Waves and Thermodynamics by Sudhir Ranjan Jain
e Finite Elements: Theory and Algorithms by Sashikumaar Ganesan and Lutz Tobiska

e Ordinary Differential Equations: Principles and Applications by A. K. Nandakumaran, P. S.
Datti and Raju K. George

e Lectures on von Neumann Algebras, 2nd Edition by Serban Valentin Stiatilla and Lészlé Zsidé
e Biomaterials Science and Tissue Engineering: Principles and Methods by Bikramjit Basu

e Knowledge Driven Development: Bridging Waterfall and Agile Methodologies by Manoj Kumar
Lal

e Partial Differential Equations: Classical Theory with a Modern Touch by A. K. Nandakumaran
and P. S. Datti

e Modular Theory in Operator Algebras, 2nd Edition by Serban Valentin Stratilla

e Notes on the Brown-Douglas-Fillmore Theorem by Sameer Chavan and Gadadhar Misra

© in this web service Cambridge University Press & Assessment www.cambridge.org



www.cambridge.org/9781009005333
www.cambridge.org

Cambridge University Press & Assessment

978-1-009-00533-3 — Fundamentals of Transport Processes with Applications
V. Kumaran

Frontmatter

More Information

Cambridge IISc Series

Fundamentals of Transport
Processes

V. Kumaran

53 CAMBRIDGE
') UNIVERSITY PRESS

© in this web service Cambridge University Press & Assessment www.cambridge.org



www.cambridge.org/9781009005333
www.cambridge.org

Cambridge University Press & Assessment

978-1-009-00533-3 — Fundamentals of Transport Processes with Applications
V. Kumaran

Frontmatter

More Information

CAMBRIDGE

UNIVERSITY PRESS

University Printing House, Cambridge CB2 8BS, United Kingdom

One Liberty Plaza, 20th Floor, New York, NY 10006, USA

477 Williamstown Road, Port Melbourne, vic 3207, Australia

314 to 321, 3rd Floor, Plot No. 3, Splendor Forum, Jasola District Centre, New Delhi 110025, India

103 Penang Road, #05-06/07, Visioncrest Commercial, Singapore 238467

Cambridge University Press is part of the University of Cambridge.

It furthers the University’s mission by disseminating knowledge in the pursuit of education, learning and
research at the highest international levels of excellence.

www.cambridge.org

Information on this title: www.cambridge.org/9781009005333

© V. Kumaran 2022

This publication is in copyright. Subject to statutory exception and to the provisions of relevant collective
licensing agreements, no reproduction of any part may take place without the written permission of
Cambridge University Press.

First published 2022
Printed in India
A catalogue record for this publication is available from the British Library

ISBN 978-1-009-00533-3 Paperback

Cambridge University Press has no responsibility for the persistence or accuracy of URLs for external or
third-party internet websites referred to in the is publication,and does not guarantee that any content on

such websites is, or will remain,accurate or appropriate.

© in this web service Cambridge University Press & Assessment www.cambridge.org



www.cambridge.org/9781009005333
www.cambridge.org

CAMBRIDGE

Cambridge University Press & Assessment

978-1-009-00533-3 — Fundamentals of Transport Processes with Applications
V. Kumaran

Frontmatter

More Information

Dedicated to the memory of my father,
whose belief in my abilities was the ‘driving force’

that ‘transported’ me to where I am.

© in this web service Cambridge University Press & Assessment www.cambridge.org



www.cambridge.org/9781009005333
www.cambridge.org

Cambridge University Press & Assessment
978-1-009-00533-3 — Fundamentals of Transport Processes with Applications

V. Kumaran
Frontmatter
More Information

Contents

Preface

1. Introduction and Dimensional Analysis

1.1  Significance of Transport Processes . . . . . . . . . . . . . ..
1.1.1 Stirred-tank Reactor with Solid Catalyst . . . . . . . .
1.1.2 Heat Exchanger . . . . . . . . ... ... ... ...
1.1.3 Spray Drier . . . . . . . . . . ... ...
1.2 Unit Operation . . . . . . . . . . . . oo
1.3 Methodology . . . . . . . . . .. .o
1.3.1 Governing Equations . . . . . . . . .. .00 L.
1.3.2 Solution Procedure . . . . . . . . . . .. ...
14 Outline . . . . . . . . . Lo
1.5 Dimensions and Units . . . . . . . . . . . . ..o
1.5.1 Dimension of an Equation . . . . . . . . .. .. ...
1.6  Dimensional Analysis . . . . . . . . . . . . ... ...
1.6.1 Sphere Settling in a Fluid . . . . . . . .. ... ...
1.6.2 Mass Transfer to a Suspended Particle . . . . . . . ..
1.6.3 Heat Transfer in a Heat Exchanger . . . . . . . . . ..

2. Dimensionless Groups and Correlations

2.1  Dimensionless Groups . . . . . . . . . . ..o 00w
2.1.1 Convective Flux . . . . . . . . . .. . ... .. ...
2.1.2 Diffusive Flux . . . . . . . . . . ... ...
2.1.3 Dimensionless Flux . . . . . . . ... ... .. ...
2.1.4 Independent Dimensionless Groups . . . . . . . . . ..
2.1.5 Other Dimensionless Groups . . . . . . . . . . . . ..
2.2 Momentum Transfer . . . . . . . .. . ..o
2.2.1 Flow Characteristics . . . . . . . . . . . . . .. ...
2.2.2 Flow through a Pipe . . . . . . . . . . ... ... ..
2.2.3 Flow past a Flat Plate . . . . . . . . . . .. .. ...
2.2.4 Flow past a Sphere . . . . . . . . . ... ... ...

vii

K.

0 00 N Ut kN =

S O Ut Ol Ol Ot Ot R R R B W W NN N e e
OISO RIRS SRS S B S Yoo B =N = NI <) o N U R SRNGy SGy JU R SR

© in this web service Cambridge University Press & Assessment

www.cambridge.org



www.cambridge.org/9781009005333
www.cambridge.org

Cambridge University Press & Assessment

978-1-009-00533-3 — Fundamentals of Transport Processes with Applications
V. Kumaran

Frontmatter

More Information

viii Contents

2.2.5 Flow past a Bubble . . . . . . ... . ... .....
226 Packed Column . . . . . . .. ... ..o
2.2.7 Mixing . . . . . . .. oo
2.3 Heat/Mass Transfer . . . . . . . . . . ... ... ... ...
2.3.1 Equivalence of Mass and Heat Transfer . . . . . . . . .
2.3.2  Surface Conditions . . . . . . . . .. ..o
2.3.3 Low Peclet number Heat/Mass Transfer . . . . . . . .
2.3.4  High Peclet number Heat/Mass Transfer . . . . . . . .

2.4  Natural Convection . . . . . . . . . . . . . . ... ...

3. Diffusion and Dispersion

3.1 Diffusion . . .. ..o oL Lo
3.1.1 Mass Diffusion . . . . . . . .00 00000
3.1.2 Thermal Diffusion . . . . . . . . . . .. ... ...
3.1.3 Momentum Diffusion . . . . . . . . ... 0000
3.2 Dispersion . . . . . .. ..o L0 e e e e e
3.2.1 Turbulent Dispersion . . . . . . . . . . . . .. ...
3.2.2 Dispersion in a Packed Column . . . . . . . . . . . ..

3.2.3 Taylor Dispersion . . . . . . . . . . . .. ... ...

4. Unidirectional Transport: Cartesian Co-ordinates

4.1  Conservation Equation . . . . . . . . . . . . ... ...
4.1.1 Mass Transfer . . . . . . . . . . . . ... oo
4.1.2 Heat Transfer . . . . . . . . . . .. ... ... ...
4.1.3 Momentum Transfer . . . . . . . . . . . ... ...
4.2  Steady Solutions . . . . . . . . .00 Lo
4.2.1 Constant Diffusivity . . . . . . . . . . . . ... ...
4.2.2 Varying Diffusivity . . . . . . . . . ... ...
4.3 Binary Diffusion . . . . . . . .. ..o 0oL oL
4.4  Transport into an Infinite Medium . . . . . . . . . . . . . ..
4.4.1 Steady Diffusion into a Falling Film . . . . . . . . ..
45 DecayofaPulse . . . . . . . . ..o 0000
4.6  Time-dependent Length Scale . . . . . . . . . .. ... ...
4.7 Domain of Finite Extent . . . . . . . . . . . . . ...
4.8  Correlations in Balance Equations . . . . . . . . . . . . . ..
4.8.1 Transport by Diffusion . . . . . . . . . . .. ... ..
4.8.2 Forced Convection . . . . . . . . . . . .. ... ...
4.8.3 Natural Convection . . . . . . . . . . . . ... ...
4.8.4 Packed Column . . . . . . . . ..o 0000

4.A  Gaussian and Error Functions . . . . . . . . . . . . ... ..

© in this web service Cambridge University Press & Assessment

www.cambridge.org



www.cambridge.org/9781009005333
www.cambridge.org

Cambridge University Press & Assessment

978-1-009-00533-3 — Fundamentals of Transport Processes with Applications
V. Kumaran

Frontmatter

More Information

Contents

4.B  Orthogonality Relation . . . . . . . . . . . . . .. ... ...

5. Unidirectional Transport: Curvilinear Co-ordinates

5.1  Cylindrical Co-ordinates . . . . . . . . . . . . . . .. . ...
5.1.1 Conservation Equation . . . . . . . . . ... .. ...
5.1.2 Steady Solution . . . . . . ... ..o
5.1.3 Heat Conduction from a Wire . . . . . . . . . . . ..
5.14 Unsteady Heat Conduction into a Cylinder . . . . . . .
5.2 Spherical Co-ordinates . . . . . . . . . . .. ... ... ...
5.2.1 Conservation Equation . . . . . . . . . .. ... ...
5.2.2 Steady Solution . . . . . . . . . .. L.
5.2.3 Conduction in a Spherical Shell . . . . . . . . . . ..
5.2.4 Unsteady Conduction in a Sphere . . . . . . . . . ..
5.A  Orthogonality Relation in Cylindrical Co-ordinates . . . . . . .

6. Pressure-driven Flow

6.1 Potential Flow: The Bernoulli Equation . . . . . . . . . . . ..
6.1.1 Venturi Meter . . . . . . . . . .. ..o ...
6.1.2 Flow overa Weir . . . . . . . . . . ... ... ...
6.1.3 Macroscopic Momentum Balance . . . . . . . . . . ..
6.1.4 Rotating Liquids . . . . . . . . . . . .. ... L.
6.2 Laminar Flowina Pipe . . . . . . . . ... ... ... ...
6.3 Turbulent Flow ina Pipe. . . . . . . . . . . . . .. ... ..
6.4 Oscillatory Flowina Pipe . . . . . . . .. . ... ... ...
6.4.1 Low Reynolds number Limit . . . . . . . . . . . . ..
6.4.2 High Reynolds number Limit . . . . . . . . . . . . ..

7. Conservation Equations

7.1  Cartesian Co-ordinate System . . . . . . . . . . . . . . ...
7.1.1 Mass Conservation Equation . . . . . . . . . . . ...
7.1.2 Energy Conservation Equation . . . . . . . . . . . ..
7.2 Spherical Co-ordinate System . . . . . . . . . .. ... ...
7.3  Navier-Stokes Equations . . . . . . . . . . . . .. ... ...
7.3.1 Mass Conservation . . . . . . . . . . . ... ... ..
7.3.2 Stress Tensor . . . . . . . . . . ...
7.3.3 Rate of Deformation Tensor . . . . . . . . . . . . ..
7.34 Constitutive Relation . . . . . . . . . . . ... ...
7.3.5 Potential Flow . . . . . . . . . . .. . ... .
7TA Gradient . . . . . .. ..o
7.B Divergence . . . . . . . . . o000 0o e e
7.C Curl . . . ..o

ix

© in this web service Cambridge University Press & Assessment

www.cambridge.org



www.cambridge.org/9781009005333
www.cambridge.org

Cambridge University Press & Assessment
978-1-009-00533-3 — Fundamentals of Transport Processes with Applications

V. Kumaran
Frontmatter

More Information

X Contents
8. Diffusion Equation 373
8.1 Cartesian Co-ordinates . . . . . . . . . . . . . . ..o e e e e 374
8.2  Spherical Co-ordinates . . . . . . . . . . ..o oo o 380
8.2.1 Effective Conductivity of a Composite . . . . . . . . . . . . . . .. 380
8.2.2 Non-axisymmetric Temperature Fields . . . . . . . . . . . .. . .. 387
8.3  Multipole Expansions . . . . . . . . . .00 0oL s s e e 392
8.3.1 Point Source . . . . .. 0oL L oL 392
8.3.2 Point Dipole . . . . . . .. ..o Lo 395
8.3.3 Point Quadrupole . . . . . . . . . L Lo oL 398
8.4 Distributed Source . . . . . . . . L Lo Lo e e 403
8.4.1 Method of Images . . . . . . . . . . ..o o000 407
8.4.2 Green’s Function Method . . . . . . . . . . . . ... 409
8.A Legendre Polynomials . . . . . . . . . . . . ... o000 418
9. Forced Convection 421
9.1 Flow past a Rigid Surface . . . . . . . . . . . ..., 423
9.1.1 Flow Past a Heated Surface . . . . . . . . . . . ... ... ... 423
9.1.2 FlowinaPipe. . . . . . . . . o 000 433
9.1.3 Diffusion from a Solid Particle . . . . . . . . . . . ... .. ... 436
9.1.4 General Flow Fields . . . . . . . . . . . ... .00, 443
9.2 Flow past a Mobile Surface . . . . . . . . . . . ... ..o 0oL 446
9.2.1 Diffusion from a Gas Bubble . . . . . . . . . .. ... .00 446
9.2.2 General Flow Fields . . . . . . . . . . ... 000 451
9.3  Flow through a Packed Column . . . . . . . . . . . .. ... .. ..... 456
9.4  Taylor Dispersion . . . . . . . . . . . L Lo 0 o e e e e e e e e 458
9.A Gamma Function . . . . . . . . .. .00 469
9.B Imntegrating Factor . . . . . . . . .. . ..o oL oo 470
10. Natural Convection 471
10.1 Boussinesq Equations . . . . . . . .. 0oL 0oL Lo 472
10.2 High Grashof Number Limit . . . . . . . . . . . . ... ... .. ... 476
10.3 Low and High Prandtl Number . . . . . . . . . . . . . . . .. ..o .. 483
10.3.1 Low Prandtl number . . . . . . . . . . . ..o o o000 483
10.3.2 High Prandtl number . . . . . . . . . .00 o000 485
Bibliography 491
Index 493

© in this web service Cambridge University Press & Assessment

www.cambridge.org



www.cambridge.org/9781009005333
www.cambridge.org

Cambridge University Press & Assessment

978-1-009-00533-3 — Fundamentals of Transport Processes with Applications
V. Kumaran

Frontmatter

More Information

Preface

An anecdote about Prof. P. K. Kelkar, founding director of II'T Kanpur and former
director of II'T Bombay, was narrated to me by Prof. M. S. Ananth, my teacher
and former director of IIT Madras. A distraught young assistant professor at IIT
Kanpur approached the director and complained that ‘the syllabus for the course is
too long, and I am will not be able to cover everything’. Prof. Kelkar replied, ‘You
do not have to cover everything, you should try to uncover a few things.” In this
book, my objective is to uncover a few things regarding transport processes.

The classic books on transport processes, notably the standard text Transport
Phenomena by Bird, Stewart and Lightfoot written about 60 years ago, provided a
comprehensive overview of the subject organised into different subject areas. At that
time, engineers were required to do design calculations and modeling for different
unit operations, and for the sequencing of these operations in process design. This
required expertise in laboratory and pilot scale experiments on unit operations
and scaling up of these operations using correlations. Proficiency in developing,
understanding and using design handbooks and correlations was also needed. In
this context, the study of transport processes at the microscopic level, and its
implications for design for unit operations, was a pioneering advance that has since
become an essential part of the chemical engineering curriculum.

In the last half century, sophisticated computational tools have been developed
for detailed flow modeling within unit operations, and for the selection and
concatenation of unit operations for achieving the required material transformations.
The ease of search for information and data today was inconceivable half a century
ago. Routine calculations have been automated, and there is little need for routine
tasks such as unit conversion, graphical construction and interpreting engineering
tables. There is now a greater need for understanding physical phenomena and
processes and their mathematical description.

Using a rigorous understanding of transport processes, an engineer usually
contributes to process design in one of two ways. The first is the development
and enhancement of models and computational tools for modeling of flows

xi

© in this web service Cambridge University Press & Assessment www.cambridge.org



www.cambridge.org/9781009005333
www.cambridge.org

Cambridge University Press & Assessment

978-1-009-00533-3 — Fundamentals of Transport Processes with Applications
V. Kumaran

Frontmatter

More Information

xii Preface

and transformations in unit operations; these result in higher resolution, better
representation of the essential physics and inclusion of new phenomena. The second
is the use of these tools for design of unit operations, and the coupling between
them. In the present context, the objective of this text is to assist the student in
internalising some common conceptual frameworks for transport processes.

(1) At the level of unit operations, the use of dimensional analysis is enhanced
to provide a physical understanding of the dimensionless groups for common
internal and external flows in chapters 1-2. Justification is provided for the
forms of the correlations in different parameter regimes.

(2) The interplay between convective and diffusive transport is one of the central
ideas. This is emphasised in chapter 2, and the molecular origins of diffusion
are discussed in chapter 3. Approximate methods for estimating diffusion
coefficients in gases and liquids are developed.

(3) The progression from the balance condition for a differential volume,
the inclusion of the constitutive relation for transport across surfaces,
to the derivation of the partial differential equation for the densities of
mass/momentum/energy is shown in chapter 4 for a Cartesian co-ordinate
system and chapter 5 for curvilinear co-ordinate systems. This demonstrates
how the mathematical formulation arises from the physical description.

(4) The procedure for deriving conservation equations for a general co-ordinate
system is the subject of chapter 7. A compact representation in terms of vector
differential operators is obtained, and the operators are determined for different
co-ordinate systems. This enables a student to comprehend the meaning of the
vector notation, and the form of the vector operators in different co-ordinate
systems.

(5) The use of physical insight in reducing partial differential equations to one or
more ordinary differential equations is demonstrated in chapters 4 and 5 for
unidirectional transport. Two procedures are emphasised, similarity transforms
and separation of variables.

(6) The similarity transform procedure is then developed into the concept of
a boundary layer in chapter 9 for forced convection, and chapter 10 for
natural convection. This is an important conceptual basis for transport under
strong convection, and it provides a means for understanding the form of the
correlations for laminar flows.

(7) The separation of variables procedure is used for solving the diffusion equation
in Cartesian and spherical co-ordinates in chapter 8. This is further developed
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to the spherical harmonic analysis in a spherical co-ordinate system, and the
resulting fields are interpreted in terms of sources and sinks.

(8) The role of pressure in momentum transport is the subject of chapter 6.
After examining potential flows, the laminar and turbulent flows in a pipe
are discussed in detail. The discussion of a turbulent flow is more detailed
than that in most courses on the same subject, because it is important for
a student to have a physical picture of the structure of a turbulent flow. The
Navier—Stokes equations for a Newtonian fluid are presented without derivation
in chapter 7, along with reasonably advanced treatments of the stress and rate
of deformation tensor in a fluid.

Some important topics that do not fit into the set of common frameworks listed
above are not included in this study. Multicomponent diffusion is discussed at a very
basic level in chapter 4, only for binary mixtures. The derivation of the diffusion flux
using non-equilibrium thermodynamics is a specialised topic which is not discussed
here. Radiation heat transfer is also not examined here, since it is not possible to
do justice to this without a basic coverage of electromagnetic waves.

Computational methods are also not covered in this course. There have been
significant advances in computational methods in the last few decades, and one or
more specialised courses are required to cover this area to a reasonable extent.

Some of the content in the book requires only a rudimentary knowledge of
mathematics, while there is more advanced material requiring calculus, special
functions and solution procedures for ordinary differential equations. All of the
course material is suitable for students who have taken undergraduate courses
in calculus, linear algebra and ordinary differential equations. Where necessary,
additional background for the mathematical formulation has been provided in the
appendices.

For students without adequate exposure to mathematical methods, an elementary
course could be designed by selecting topics from chapters 1, 2, 3, 4.1-4.3, 4.8,
5.1.1-5.1.2, 5.2.1-5.2.3 and 6.1-6.3. The remaining chapters and sections could
constitute an advanced course which requires proficiency in advanced mathematical
techniques at the undergraduate level.

The important concepts in each section are emphasised in the summary at the
end of the section. The important equations in the section are enclosed in boxes, and
these are also highlighted in the summary section. There are numerical examples
throughout the text, which enable the students to acquire a feel for the numbers
and magnitudes involved in practical situations. An adequate number of exercise
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problems are provided at the end of each chapter, which can be solved using
procedures discussed in the respective chapter.

At the end of the course, it is hoped that the conceptual understanding provided
here enables the prospective engineer to develop a ‘feel’ for the phenomena involved
when faced with a new problem, assess the dominant forces and the flow regime
from dimensionless groups, and carry out quick estimates of the magnitudes of
the transport rates which can be used to evaluate feasibility. These estimates can
also be used to check the consistency of solutions from more rigorous analytical
or numerical procedures. When using computational tools, it is important to know
the operating flow regimes so that the appropriate models can be used, and to
validate the consistency of the numerical scheme with known analytical solutions in
limiting parameter regimes. An understanding of the meaning of the conservation
equations in vector notation, and their representation as partial differential equations
in different co-ordinate systems, is essential for those using computational tools
to determine the field variables within unit operations. The book is also a
useful starting point for prospective researchers who will develop models for new
phenomena, incorporate transport processes into novel applications and develop
better analytical/numerical solution procedures for the transport equations.

I learnt the subject of transport processes as a student at IIT Madras and at
Cornell University, but I began to understand the subject only after teaching for
many years, and after research discussions with students who often had a better
understanding than me. For that, I am grateful to the generations of students who
have helped me in this journey from learning to understanding.

I would like to thank Prof. Kesava Rao for his detailed review and critical
comments on the section on binary diffusion. My colleagues in the Department
of Chemical Engineering at the Indian Institute of Science welcomed me into this
department many years ago, and guided and supported me as I progressed in my
career. They provided a congenial atmosphere and freedom to think and explore,
and they did not burden me with even a fair share of administrative responsibilities.
To them, and to the administrative staff who have assisted me many times beyond
the call of duty, I am grateful. I would like to thank my family, Nandini, Radha and
Sudha, for their support and patience while I was writing the book, and it appeared
the process would never end.
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