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Preface

This book is a unique blend of my passion in fluid mechanics, 40+ years of industry
experience, and nearly a decade of teaching graduate-level courses in turbomachinery and
fluid mechanics at the University of Central Florida (UCF). Fluid mechanics can be the
most beautiful and most enjoyable area of engineering. Its true beauty lies not in its math-
ematical descriptions but in the understanding of its underlying physics—the deeper you
go, the more beautiful it feels. This is one subject that is vividly displayed in all aspects of
nature—a rich source of complex flow visualization. In this book, as a refreshing change,
the mathematics follows the flow physics, not the other way around.

After over 35 years of industry experience in rocket propulsion, thermal and fluid flow
modeling of processes in steel plant engineering, development of physics-based methods
and tools for the design of some of the most advanced gas turbines for aircraft propulsion
and power generation, and extensive application of three-dimensional (3D) computational
fluid dynamics (CFD) technology to the solutions of many design problems, I moved
to Orlando, Florida, in 2006 to work for Siemens Energy. UCF invited me that year to
join the faculty as an adjunct professor and teach the graduate course “EML5402—
Turbomachinery” in the fall semester. I immediately accepted the assignment. It allowed
me to bring my industry experience into the classroom to train a new generation of talent
for the practical, rather than the theoretical, problems facing today’s engineers. The fol-
lowing year, UCF invited me to teach another graduate course, “EML5713—Intermediate
Fluid Mechanics,” in the spring semester. The class size grew each year, from around 15
in 2007 to around 40 by the fall of 2013. In teaching the second course, I struggled to find
an adequate textbook that stressed the fundamental physical harmony of fluid flows as a
prerequisite to formulas and problem solving. Faced with this challenge, I did what any
great engineer would do: I designed one that did.

Most undergraduate engineering programs include only a couple of courses on fluid
mechanics. The students taking these courses are generally exposed to the concepts of
statics and dynamics from prior courses on solid mechanics. As a result, many tend to find
the new concepts of fluid mechanics overwhelming and nonintuitive. Due to a continued
emphasis on mathematical treatment, rather than the physical introduction to the subject,
many students lose sight of the beauty and simplicity of fluid mechanics in favor of simply
committing to memory its mathematical equations, including the difficult Navier-Stokes
equations (which are nonlinear partial differential equations in three coordinate direc-
tions). They soon start treating these undergraduate fluids courses as just another course
in advanced mathematics, developing little understanding of the underlying physical
concepts. The pressure of examinations and grades in these courses only reinforces this
treatment.

As a prerequisite to many advanced graduate courses in the thermofluids stream, many
students are required to take some form of graduate-level intermediate fluid mechanics
as one of their core courses. Students, weary of their undergraduate experiences, are often
immediately frustrated by the prospect of dealing with even more complex mathematics,
at times in tensor notation! Although many can recite complex formulas, when asked to
articulate the difference between the static pressure and total pressure in plain English, and
how to compute the latter in incompressible and compressible flows, they cannot. The dif-
ference between static temperature and total temperature or the concept of adiabatic wall
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temperature is surprisingly hard to articulate in plain English without a fundamental phys-
ical understanding. Adding stationary (inertial) and rotating reference frames only ampli-
fies these hidden issues. Overreliance on the Bernoulli equation is a classic demonstration
of where a mathematics-first approach fails many engineering students. The concept of
choking in one-dimensional compressible flows, for example, can be exceedingly compli-
cated using a mathematics-first approach, but asking students to take a step back to first
visualize the phenomenon in nature and understand the physical concept of Mach number
can lead to a world of difference. Although many students may be conversant with the
equations of Fanno and Rayleigh flows, they find it hard to explain in layman’s terms how
wall friction accelerates a subsonic airflow in a constant-area duct with or without heating.

Many practicing engineers dealing with fluid flows in various industries are, as a result
of the classic academic approach (coupled with dependence on one or more in-house or
commercial codes to perform design calculations), surprisingly weak in their intuitive
understanding of the physics of these flows. When questioned about the accuracy of their
calculations, often an unshaken faith in design tools and their predictions is the answer.
For many in the industry, if they, and their competition, have been doing it in a particular
way for so many years, it must be right!

With the availability of so many user-friendly commercial 3D CFD codes, today’s chal-
lenge in the application of 3D CFD technology to design lies not in high-quality and high-
fidelity grid generation or in obtaining a fully converged solution with the state-of-the-art
numerical schemes and turbulence models but in properly interpreting their computed 3D
CFD results for intended design applications. Only a strong foundation in fluid mechanics
will help the CFD lovers to make good sense of their 3D CFD results.

I strongly believe that this book will benefit not only the graduate and senior under-
graduate students of fluid mechanics pursuing their degree programs in the thermofluids
stream but also many practicing engineers dealing with thermofluids in the design of
commercial and military planes; submarines and cruise ships; automobiles; jet and rocket
propulsion; oil and gas pipelines; gas turbines, steam turbines, and generators; pumps and
compressors; air-conditioning and refrigeration units; heat exchangers; artificial hearts and
valves; dams and irrigation systems; and many other areas of thermofluids engineering.

This book will come to many senior undergraduate and graduate-level students, and
practicing engineers, as a breath of fresh air. Empowered by the knowledge gained from
this book, these students and engineers will develop a unique insight into various fluid
flow phenomena and will fall in love with the subject like never before. With focus on a
clear understanding of the key fundamental concepts (which are amply illustrated by a
number of worked-out real-world examples), this book will help readers develop a variety
of problem-solving skills to handle practical fluids engineering problems. For example,
they will master the techniques of control volume analysis of mass, linear momentum,
angular momentum, and energy in both inertial and non-inertial reference frames. They
will also develop an unprecedented intuitive understanding of one-dimensional com-
pressible flows, including Fanno flows, Rayleigh flows, isothermal flows, normal shocks,
oblique shocks, and isentropic Prandtl-Meyer expansion flows. By eliminating most of the
key conceptual gaps for senior undergraduate and graduate-level students, the book will
help them transition to learning new topics in advanced graduate courses in thermofluids.

The book also includes two value-added chapters on special topics that reflect the state-
of-the-art in design applications of fluid mechanics. Chapter 9 deals with the key details
of physics-based modeling of both incompressible and compressible flow networks. These
details, notwithstanding the current reality that a number of commercial flow network
codes are used in many industries, are not found in any leading contemporary book on
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fluid mechanics. Chapter 10 focuses on the applications of CFD technology to practical
industrial design problems, often in concert with related flow network solutions, rather
than presenting the mathematical details of CFD numerical formulations and solution
methods. Additionally, this chapter includes a physics-based methodology to post-process
3D CFD results to generate section-averaged values for their useful interpretations and
design applications.

The book is deemed to be an indispensable companion to all students and practicing
engineers engaged in various designs, both new and upgrades, involving fluid flow and
heat transfer. Chapters 1 through 4 form the core course in fluid mechanics. To develop a
solid foundation in this subject, all engineers dealing with thermofluids, both in industries
and in universities, must master the material presented in the first four chapters.

At universities around the world, at least three distinct graduate or senior undergradu-
ate courses in fluid mechanics can be taught using this textbook. The following syllabi are
suggested for these courses; instructors, however, are free to fine-tune these syllabi and
reinforce them with their notes and/or additional reference material to meet their specific
instructional needs:

1. Intermediate fluid mechanics—a graduate-level core course in fluid mechanics for
senior undergraduate and graduate students pursuing MS and PhD programs in
the thermofluids stream (fluid mechanics, heat transfer, propulsion, turbomachin-
ery aerodynamics, combustion, etc.): fluids core course (Chapters 1 through 4) and
selected topics from Chapters 5 through 8.

2. Compressible flows or gas dynamics—a senior-level undergraduate course
on compressible flows or gas dynamics: selected topics from fluids core course
(Chapters 1 through 4) and Chapter 5.

3. Industrial fluid mechanics—an elective graduate-level course primarily targeted
at practicing engineers in various industries dealing with fluids engineering: flu-
ids core course (Chapters 1 through 4) and selected topics from Chapters 5, 9, and
10 and Appendix G.

Overall, this textbook will serve as an effective prerequisite for advanced courses on
turbulent shear flows, CFD, turbulence modeling, and so on. The major highlights of this
textbook include the following:

* Mathematical treatment follows flow physics, not the other way around.
¢ Over 60 systematically worked-out real-world examples.

¢ Opver 100 chapter-end problems for which the Solutions Manual is available to all
instructors who adopt this textbook for teaching their university courses in fluid
mechanics.

e Over 250 figures.

* Clearly explained key thermofluids concepts: rothalpy, stream thrust, impulse
pressure, forced/free vortices, windage, vorticity, and circulation.

e Control volume analysis of linear momentum and angular momentum in both
inertial and non-inertial reference frames.

e Enhanced intuitive understanding of internal compressible flows through the use
of various flow functions: total- and static-pressure mass flow functions, total-and
static-pressure impulse functions, and normal shock function.
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* Physics-based modeling of compressible flow over all Mach numbers in a
variable-area duct with friction, heat transfer, and rotation with internal choking
and normal shock formation.

* Compressible and incompressible flow network modeling (Chapter 9).

* Strengths and weaknesses of state-of-the-art turbulent flow CFD predictions,
including physics-based post-processing of 3D CFD results for design applications
(Chapter 10).

¢ Compressible flow tables with equations used to generate the tabular values
(Appendix A).

* Closed-form analytical solution of the coupled heat transfer and work transfer in
a rotating duct flow (Appendix B).

* Systematically derived equations to compute pressure and temperature changes
in isentropic free and forced vortices (Appendix C).

* Systematically derived equations to transfer stagnation (total) flow properties

from a stationary reference frame to a rotating reference frame and vice versa
(Appendix D).

Dr. Bijay (BJ) Sultanian
Founder & Managing Member, Takaniki Communications LLC
Adjunct Professor, The University of Central Florida
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