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FOREWORD

Prof. R. Narasimha

Engineering Mechanics Unit
Jawaharlal Nehru Centre for Advanced Scientific Research, Bangalore

This is an important book, especially for students whose first encounter with
aerospace engineering occurs at the Masters level (as it often happens at Indi-
an Institute of Science where there is no undergraduate course on the subject).
In many cases there are courses on the scientific fundamentals of subjects like
aerodynamics, structures, propulsion, control and stability etc. Looking at this
book I couldn’t help recalling my own experience when I joined the Institute
for what is now called the ME course, straight from a BE degree in mechanical
engineering. I found that I was learning the science behind the aircraft with-
out any real feel for the aircraft itself, till I came across a book by A C Kermode
called Flight Mechanics (now in its eleventh edition). That book took me to a
different but fascinating world, and helped make connections with the basic

scientific course.

This book by Prof Mukunda serves a similar purpose but with a 21st century
ring and some very important differences. First of all it handles both air and
space vehicles, which is a welcome improvement as aerospace now has become
a single academic discipline and its graduates can opt for a career in either
aeronautics or space. Secondly, and in my view most appropriately, it has an
appealing Indian flavour as it talks about not only air and space vehicles avail-
able in the interna- tional market but also about the LCA-Tejas and the PSLV
and the GSLV. This gives it an Indian relevance whose value (particularly for

the Indian student) should not be underestimated.

But more than all these is Prof Mukunda’s infectious enthusiasm about 'the
complexity and beauty of the functioning of aeronautical and space vehicles
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with many aspects of aerodynamics, structural components being seamlessly
integrated’. And he has succeeded in his desire ’to share this joy in a rigorous
way’ through a course which he has delivered at IISc several times. The book
provides a lively account of how all those sub-disciplines play essential roles in
designing and manufacturing a full vehicle, often with exciting performance
levels. He has in particular succeeded in presenting aeronautics and space as
sharing many similar-ities while at the same time having some very different
objectives and performance parameters. He has therefore truly written a book
on aerospace vehicles. It would be an excellent book to follow in a mandatory
course on aerospace vehicles in a Bachelor’s or Master’s programme - particu-
larly in India, and possibly elsewhere as well.

So I want to congratulate Prof Mukunda on this wonderful outcome of the
years of hard work he has put into the preparation of this book on a fascinating
subject. I hope every student, and all those potential managers who need to
know some cru-cial truths about a wide variety of disciplines, will find instruc-
tion, understanding and joy in reading this book - without either the pain of too
much mathematics or the frustration of hand-waving arguments.

Enjoy!

Roddam Narasimha

25 April 2017
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PREFACE

Over early years as a faculty member at the Indian Institute of Science, I had
always felt struck by the complexity and beauty of the functioning of aeronau-
tical and space vehicles with many aspects of aerodynamics, structural ele-
ments, propulsive devices and navigational aids for flight control being seam-
lessly integrated. I wanted to share this joy in a rigorous way through a course
to masters and graduate students interested in appreciating the connectivity
amongst all these disciplines in achieving the remarkable performance in air-
craft and missiles. While the first course on this theme with focus on aircraft
was delivered in 1971, due to other commitments, it was not done again for a
long time. Towards 1997, it was felt that the “general knowledge” of students
appearing for their comprehensive examination was deteriorating despite ma-
jor achievements in India - SLV, PSLV having had successful launches and
the light combat aircraft crossing several milestones in a string of rigorous
test programs before induction into the Indian Air Force. I offered a modified
course that puts aircraft and space vehicles into a single package and describe
with minimal mathematical content how much of the disciplines (listed above)
are important for realizing a successful vehicle. This course was delivered to
composite student groups for three years. I truly enjoyed delivering lectures
with an occasional demonstration over three years (1998 - 2000), with assign-
ments that involved groups to study, and describing what they learnt about
select aircraft, missiles or launch vehicles and what they thought about them.
I do not really know if this made a significant impact on their thinking in their
professional lives, even though I hope it has. The baton of lecturing was passed
on subsequently to the department to continue or modify the course as was
thought fit.

Several years later after I completed the book “Understanding Aero-space
chemical propulsion”, it occurred to me that it would be important to com-
municate the essentials of what I had learnt and taught on aeronautical and
space vehicles through a book. This book “Understanding Air and Space vehi-
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cles” is the result of that effort. I had to ask myself if this would be different
from similar books by other distinguished scientists: David W. Anderson and
Scott Eberhardt’s book Understanding flight that is widely read and appre-
ciated; Henk Tennekes delightful book The simple science of flight - from in-
sects to Jumbo jets that seeks comparisons between insect and bird flight and
airplanes through “scaling laws” that are truly impressive, E. Torenbeek and
H. Wittenberg’s book Flight physics, essentials of Aeronautical disciplines and
technology with historical notes that provides valuable inputs at more than a
casual level for serious readers, M. J. L. Turner’s book Rocket and spacecraft
propulsion, principles, practice and new developments and Pasquale M Sfor-
za’s book Manned spacecraft design principles are examples of well written

books and very readable on space launch vehicles.

There are a number of books that bring together air-breathing and non-air-
breathing engines into discussion in one book (like what the present author
has attempted). But none that the author is aware of brings together aeronau-
tical and rocket based vehicles together to seek similarities and specialities.
This book is aimed at that. The author has benefited by reading the books
noted above and the style they have followed in communicating their ideas.
While Tennekes' book addresses aerodynamics of birds and alongside discusses
aircraft aerodynamics, the comparison between birds and aircraft is far more
than just aerodynamics. Birds have structural elements that make them light
and let them fly with their flexible wings, they have propulsion coming from
the conversion of food to energy in moving the muscles, and they have naviga-
tional abilities that are truly amazing. The challenging aspects of work in the
aeronautical field have also moved into building bird like machines and learn-
ing from them to build new small systems like micro and nano-air vehicles. It
is important to bring together this knowledge base into a thinking process for a
student or new initiate to let new ideas flower. Thus, this book treats aeronau-
tical and rocket-based vehicles through the known disciplines in eight chapters.

There is one other significant way in which this book differs from others. It
includes the scaling relations that will immediately help understand the way
the vehicle looks and, wherever possible why, these not requiring much algebra

to understand them. These include:
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in aerodynamics, the lift and drag relationships with flight speed and wing
area, lift-to-drag behavior wing geometry for various flight regimes,

in propulsion, the engine thrust obtained as a function of flight speed, al-
titude and geometric features of the system along with the role of heat

release air- breathing and rocket engines,

in structures, bending, torsion and buckling related relations for stat-
ic loading and the dependence of natural frequency and damping on the
mass and material properties; (d) in aircraft performance, the dependence
of range, endurance, take-off and landing lengths and the banking perfor-
mance on coefficients related to aerodynamics, propulsion system and the

structures,

in stability, the static margin for stability and stick force vs. speed and oth-

er pertinent aircraft parameters,

in navigation, the radar range equation expressing the dependence of range
on energy of electromagnetic radiation and the geometry,

the relations of satellite orbits coming from space dynamics are all incredi-
bly beautiful simple relations, the staging of launch vehicles and the simple-
minded logic that has let liquid propulsion based launch vehicles perform
bet- ter than solid propulsion based systems, the contemplation on all of
which will reveal much on why flying vehicles have the form, structure
and power they have. They are all a part of this book. Those who wish to
pursue specific disciplines can and should refer to the books and references
in those disciplines many of which are also cited in this book. Unlike in
the past, internet allows exploration of many reference books, scientific
papers and Wikipedia based information and knowledge store (extensively
referred to in this book) and students have a wide arena for exploring what
they seek to understand. Yet, a consolidated view of many elements can

come only through a book of the kind set out here.

Arranged in the usual sequence, Chapter 1 entitled “The variety of Aero-space

vehicles - what? and why?” describes all the vehicles and the basic consider-

ations for the flight of these vehicles. I would strongly recommend a reading of

this chapter before other chapters since the essence is set out here. Chapter 2

deals with Aerodynamics that spans incompressible to hypersonic flows. Chap-

XV



ter 3 on Propusion systems describes principles and processes of the variety
of propulsive devices both within the atmosphere and outside of it. Chapter 4
deals with Performance of vehicles postponing consideration of structures to
(ratio of structural mass to overall vehicle mass including payload and fuel)
to extract the information on the flight performance of both air vehicles as
well space vehicles. Following this, Chapter 5 considers Stability and Control
of vehicles. This chapter has some mathematical content and can be browsed
without necessarily having to plough through the algebraic relations. Chapter
6 deals with Structures, and their static and dynamic characteristics along
with aero-elastic aspects and Chapter 7 deals with Navigation and Guidance.
Chapters 1, 2, 3, 6 and 7 have sections on birds seeking some relationships
with how air vehicles have functioned equally well or even better in some ways.
Chapter 8 provides an overview of the whole subject discussed in various chap-
ters of this book.

Who do I think will benefit by reading this book? Engineers beginning their
career in the aerospace industry needing a good understanding of the underly-
ing principles of aeronautical and space vehicles can benefit considerably from
reading this book. Engineers who have turned managers wanting to move up
and shoulder greater responsibilities, overseeing more than one group, should
revisit the ideas on the commonalities between vehicle systems from which
they would have alienated themselves for a decade or more working hard at
specific tasks. Their understanding would be considerably enhanced and they
might even enjoy reading some sections since they have probably had practical
insight into some systems in greater detail. There may also be interest for oth-
ers outside the professional circle who want to read parts of this book to gain
insight into certain finer comparative aspects of these vehicles.

In writing this book that may have taken the equivalent of 2 years of work
in a total period of 10 years, I have benefited from extensively reading some
material over several months and extended contemplation with derivation of
relations from multiple points of view on the gross as well as subtle aspects.
The only realization I have had is that the there is much more to know about
many things I had known, enormously more to know about the subjects that I
read up seriously only during this period. These refer to structures and mate-
rial science, stability and control as well guidance and navigation.
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This book has been read by several of my former colleagues and I have bene-
fited greatly from their criticism and advice. Prof. B. N. Raghunandan provid-
ed detailed criticism and raised questions on several pieces of writing. These
led to significant revision of some parts. Dr. Debasis Chakraborty of DRDL,
Hyderabad provided an early criticism of the book and suggested changes all of
which were incorporated. Prof. B. Dattaguru read several parts and provided
valuable inputs on paragraphing and other technical aspects of some chapters.
Prof. P. R. Mahapatra provided valuable criticism on several parts of the book
and they have largely got incorporated. Prof. M. S. Bhat and Dr. Srinath Ku-
mar (formerly of NAL) provided very useful criticism on select parts of the book.
Prof. Yogendra Simha of Mechanical engineering department offered to read
this script and provide his observations. This he did at remarkable speed and

I have used his varied suggestions in making some changes.

My grateful thanks are due to Prof. Roddam Narasimha, my teacher during my
formal education in the masters course at the Indian Institute of Science and
subsequently as well in informal ways, for having read many parts of this book
including the preface and providing significant corrections and suggestions.

The graphics in this book has been the devoted and careful work of Ms Gayath-
ri and Mr. Indranil Kundu. Grateful thanks to them for being patient with my
de- mands. While most data and figures obtained from the literature have been
cited for their source, those from Wikipedia and other open sources have also

received appropriate acknowledgement.

Finally, none of this would have been possible without the support of my wife

Indira, who has been an incredible source of encouragement.
Prof. H. S. Mukunda

CGPL, Department of Aerospace Engineering
Indian Institute of Science, Bangalore
May 2017

Xvii






1

The Variety of Aero-space
Vehicles - What? and Why?






Table 1.1.: Principal notations

Term Meaning

AR Aspect ratio = b%A

ALA, Area of the wing and tail = b¢ (m?)
b Span (m)

c Chord (m)

c Mean chord in a wing with varying chord (m)
cg Center of gravity

Cp, CL Coefficient of drag and lift

CL,a dc, /dax

CM Coefficient of moment

CMeg CL, dCpreq/ ey,

CA,B dc,/oB;A=c,,C, ,etc, B=a, V,etc

CMC, PMC, MMC
CFRP, GFRP, AFRP
E, UTS YS

EI

F

GTO, GSTO, GSYO
HEO, MEO, LEO, SSO
h

J

ch

L, D,L/D

M

ma,i

Ta, Ty

NP

b, p T

P

R

e

t/c

SUERSEE R TR

Ceramic, Polymer and Metal Matrix Composite

Carbon fiber, glass fiber, and aramid fiber reinforced composites
Elastic modulus, Ultimate Tensile and Yield Strength (N/m?)
Flexural rigidity (Nm?)

Thrust (N, kN, MN)

Geo-Transfer, Geo-STationary and Geo-SYnchronous Orbit
High Earth, Middle Earth, Low Earth and Sun-Synchronous Orbit
Altitude

Polar moment of inertia (m?)

Fracture toughness (MPa,/m)

Lift, Drag (N, kN, MN), Lift-to-drag ratio

Mach number

Mass of aircraft/vehicle (kg, t)

Mass flow rate of air, propellant

Neutral point

Pressure (atm, N/m?), density (kg/m?) and temperature (°C, K)
Load on a structure (N)

Radius of earth (6371 km)

Thickness-to-chord ratio

distance of aerodynamic center from nose

distance of center of gravity from nose

Angle of attack

Glide angle

Angle of sweep back

Torque (N-m)

Flight speed (km/h), Velocity (m/s)

Stress (N/m?, MPa)
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1.1. Introduction

World has witnessed over the last hundred years, the development and appli-
cation of a variety of aeronautical, military and space vehicles for civil and
military applications. There are several that started with the intent of sports,
but expanded into military applications.

Paper planes and kites are made and flown largely for fun by people. Hang glid-
ers and microlights are meant for sports; their building requires more exper-
tise and is handled by special individuals and organizations. Their operation
requires more infrastructure. Kites and hang gliders create very little noise
and are also used innovatively in military applications. Piston-engine aircraft
and helicopters operate at low altitudes and speeds. Jet aircraft can operate at
higher altitudes and speeds. Flight beyond atmosphere is accomplished with
rocket engines that have to carry their own oxidizer unlike aeronautical vehi-
cles that have engines using atmospheric air for the oxidizer. Satellites operate
beyond atmosphere and missiles can also function beyond atmosphere. Fur-
ther, quite often, the look of a vehicle, the plan view or elevation can reveal the
broad objectives of the vehicle. In order to do this, it is essential to understand
the fundamental principles of flight vehicles. Most aeronautical movement
takes place at altitudes below 12 km for civil aircraft and below 25 km for
military aircraft; space launches traverse the atmosphere as soon as feasible;
satellites are usually located around 400 km for the international space sta-
tion, 800 km for sun-synchronous function, 20000 km for global positioning ap-
plications and at 36000 km for geo-synchronous function. Ballistic missiles go
up to 70 to 90 km at which altitude the payload is launched for ballistic flight.
It is important that we must become familiar with is the atmosphere in which
the aerospace activities take place. Figure 1.1 shows the spectrum of air and
space flight regimes around earth.

1.1.1. The atmosphere

Earth is a near-sphere with an average diameter of 12742 km. The atmosphere
is largely below an altitude of 40 km and is composed of 20.9 % oxygen, 78.1 %
nitro-gen, 0.93 % argon, 0.03 % carbon dioxide (and the rest some trace gases)
by volume on dry basis all through (even up to 90 km). For most thermodynam-
ic calculations a good approximation is 21 % oxygen and 79 % nitrogen. The

entire plant world survives because of the carbon dioxide of the atmosphere
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36000 km — Geo-Sync-Satellites “

A‘\_/ _

I

21000 km = Geo-Nav-Satellites

el &= _

500 km =— Sun-Sync-Satellites

F layer -
150 km =
E layes -4~ Thermosphere
80 km ——
D layer Mesosphere

50 km ——

Stratosphere ﬁ : 'i!
15 km=—f— Military aircraft
Civil aircraft e
A

Figure 1.1.: The operational range of air and space flight vehicles in the air and space
environment on the earth

(through photosynthetic reactions between carbon dioxide, water vapor in the
presence of sunlight).

Between 60 and 900 km, there is ionization of the gases due to low pressure
and impingement of high energy radiation from the sun. This zone is segment-
ed into D, E and F layers (from altitudes of 60 - 90 km, 90 to 150 km and 150 to
more than 500 km respectively) depending on the degree of ionization is useful
to aviation for shortwave radio transmission even though not-so-relevant in
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24
Altitude
(km)
Tropical
18 —
tropopause
12

-33 °C
-13°C

Polar tropopause

6 —
-7°C
-27 0\
0 | | L\
90 60 30 0 30 60 90
Northern hemisphere Latitude Southern hemisphere
winter summer

Figure 1.2.: The atmosphere, adopted from Torenbeek and Wittenberg, 2009

view of satellite communication in more recent times. Since the radiation from
sun is responsible for these phenomena, there will be differences between day
and night behavior with the disappearance of D and E layers and weak F lay-
ers at night.

To distinguish between air and space, the edge of atmosphere is taken at an
altitude of 100 km and this level is often called Karman line (see Sforza, 2016).
The variation of temperature, density and pressure with altitude is set out in
Figure 1.4. The temperature decreases with altitude which is typically mea-
sured over the mean sea level as 5 to 10 K per km (lapse rate). It reaches a
low at an altitude called tropopause. There is also a variation of atmospheric
properties over latitudes. Figure 1.2 shows the variation of atmospheric tem-
peratures over the globe. As can be noted, tropopause occurs at an altitude of
17 km in the equatorial zone (latitudes of + 30°) and about 10 km in the polar
region. Since the exploitation of atmospheric flights largely occurred in the
west (Europe and the USA), efforts to standardize the atmospheric character-
istics took place there largely. This resulted in the adoption of international
standard atmosphere in the design process of air-craft and the engines. The
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120
= 80
Indian
X \
= ISRO Stardard
o \
60 —~_ —
US 1976 |
Standard D
40 ]
/' /,
/
20 —_—
[ ———)
220 240 260 280 300 320 T(K) 340

Figure 1.3.: Atmospheric temperature with altitude for International standard atmo-
sphere, Indian standard atmosphere and international tropical reference atmosphere

nature of variation of thermodynamic properties with altitude is different in
equatorial zone and this calls for the consideration of what may be more ap-
propriate standards in the equatorial zone. Much work has been done in this
area. Ananthasayanam and Narasimha (1979) consolidated the data from sev-
eral sources including many early ones from India and created first a Indian
Standard Tropical Atmosphere (ISTA) and later extended it to International
Tropical Reference Atmosphere (IRTA) in 1985. The early work on this subject
was also taken up by Indian Space Research Organization (ISRO) to adopt it to
space vehicle design (Sasi and Sengupta, 1979). All the three standards are set
out in Figure 1.3. There are significant points to note: consistent with the fact
that temperatures in the tropical region are higher than in temperate climate,
the standard chosen for Indian standards is 300 K as different from ISA set at
288 K. The lapse rate is about the same (-6.5 K/km) up to 10 km. In the case
of ISA, tropopause is reached and the temperature remains same at 216.6 K
up to 20 km. Beyond this, the temperature increases. In the case of ITRA, the
tropopause is at 16 km and so the atmospheric temperature goes down to 195.6
K (-78°C) and increases beyond that altitude. While ISA is adopted for all con-
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The 1976 U.S. Standard Atmosphere

100 100 100
80 80 80
€ € €
=60 <60 =60
(0] () ()
o el el
= 2 =
2 40 = 40 = 40
20 20 20
0 - S 0 . 0 ’
100 200 300 0 1 2 0 50 100
Temperature (K) Density (kg/m®) Pressure (kPa)

Figure 1.4.: Temperature, density and pressure with altitude, adopted from Chapman
et al (1985)

tractual definitions on performance for aeronautical and aero-space products
marketed from the west, the position adopted for procurements for tropical op-
erations in India is to specify ISA+ 15°C as the reference temperature. Indian
Air force has adopted the ITRA for the Indian operational transactions. Re-
gions beyond a few hundred kilometers above the earth are largely beset with
solar activity and these are extensively studied and documented (Chapman et
at, 1985). The variation of various properties for ISA are set out in Figure 1.4.
Density and pressure fall off rapidly with altitude.

We first concern ourselves with the behavior till an altitude of 20 km. The
behavior can be derived by noting that the pressure gradient is caused by the

weight of air above a certain location. Thus,

dp

- = P9

dh (L.1)
Now the equation of state, p = p/RT is used to replace the density. Experi-
mentally, it is known that atmospheric temperature decreases linearly with
height. This is given by T = Tref - L,, where T, is the reference mean sea level
temperature (288.16 K) and L, is the lapse rate - rate at which temperature
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decreases with height measured as 6.51 K /km up to a height of 10 km, the

tropopause. The above equation can be recast as

p  RAT T (1.2)

which can be integrated to lead to

D [ T ]g/(RLzr)
T?"ef

pref (1 3)

If we now introduce the values, g = 9.81 m/s?, R = 287.0 m%s* K, L, = 0.00651
K/m, we get

D B |: T :| 5.256
T

Pref ref (1.4)

One can deduce the density after the pressure is obtained. The data are listed

below in Table 1.2. From 11 km onwards, the temperature is constant up to an

altitude of 20 km. The equation (1.1) can be used to obtain the pressure from

11 to 20 km from the following equation.

P = prikmexp[—1.735(h/10 — 1)] (1.5)

where A is in km. These data are also presented in Table 1.2 as corresponding
to ISA. The data on ITRA is also set out in the table. There are differences be-
tween the two standards in the data up to 20 km, but they are minor.

1.1.2. Molecular and kinematic viscosity, and Reynolds number

One of the fluid properties that makes an impact on aerodynamics and pro-
pulsion is the viscosity. Molecular viscosity, i is a property of the fluids that
decreases with temperature for liquids and increases with temperature for
gases. Its fundamental characteristic is to transfer momentum from regions
with higher value to those with lower value; it is an equalizer of momentum.
In steady flow streams with differing velocities (like say a stream of jet in air)
its absence implies that the stream will continue to move with the different
velocities. In practice however, this is not the case. The fact that the fluid has

viscosity leads to smoothening of the gradients.
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Table 1.2.: The properties of international standard atmosphere,h, p, T, p, a =
altitude, static pressure, temperature and density and local acoustic speed;
1 atm. =101.325 kPa

ISA ITRA

h p T p a p T p a
km atm. K kg/m? m/s atm. K kg/m? m/s
0.0 1.000 288.16 1.225 340.3 1.005 300.15 1.166 347.3
1.0 0.887 281.65 1.112 336.4 0.896 294.15 1.061 343.8
2.0 0.785 275.15 1.007 332.5 0.793 288.15  0.963 340.3
3.0 0.692 268.66  0.909 328.6 0.704 282.15  0.873 336.7
4.0 0.608 262.17  0.819 324.6 0.623 276.15  0.789 333.1
5.0 0.533 255.68  0.736 320.5 0.550 27015  0.712 329.5
6.0 0.466 24919  0.660 316.4 0.484 264.15  0.641 325.8
7.0 0.406 242.70  0.590 312.3 0.425 257.65 0.577 321.8
8.0 0.352 236.21  0.526 308.1 0.371 251.15 0.517 317.7
9.0 0.304 229.73  0.467 303.8 0.324 244.65  0.463 313.6
10.0 0.261 223.25 0413 299.5 0.281 23815  0.413 309.4
11.0 0.224 216.77  0.365 295.1 0.243 231.65  0.367 305.1
12.0 0.191 216.65  0.312 295.1 0.209 22515  0.325 300.8
13.0 0.164 216.65  0.267 295.1 0.179 218.65  0.287 296.4
14.0 0.140 216.65  0.228 295.1 0.153 21215  0.253 292.0
15.0 0.120 216.65  0.195 295.1 0.130 205.65  0.221 287.5
16.0 0.102 216.65  0.166 295.1 0.111 199.15  0.193 282.9
17.0 0.087 216.65  0.142 295.1 0.093 201.65  0.161 284.7
18.0 0.075 216.65  0.121 295.1 0.078 204.15  0.134 286.4
19.0 0.064 216.65  0.104 295.1 0.066 206.65  0.112 288.2
20.0 0.054 216.65  0.089 295.1 0.056 209.15  0.094 289.9
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Viscosity appears in fluid flow analysis through the Newton’s linear stress
-strain rate relationship given by T = udu/dy where 7 is the tangential stress,
u, the stream velocity and y, the distance coordinate normal to the direction
of the stream flow. The quantity, du /dy constitutes a strain rate and viscosity
can be thought of as the ratio of stress to strain rate (this is similar to elastic
modulus in stress-strain relationship in elastic materials).

Viscosity expresses itself in the fluid flow by causing zero difference in velocity
between the fluid and the body. This implies that for a stationary body in a
flowing stream, the fluid velocity at the surface is 0. For a flying vehicle, the
velocity of the fluid at the surface equals the speed of flight. The fluid velocity
changes between the surface and the free stream in a distance that is small
~millimeters (compared to the size of the flying object - meters). This is called
boundary layer, the layer that is most influenced by viscosity.

It was recognized long ago that the flow behavior is captured by a dimen-
sion-less number called Reynolds number (due to Osborne Reynolds, the Brit-
ish Physicist at the University of Manchester who discovered it in 1883). Re is
defined as Re = pV [/u where V and [ refer to the characteristic velocity and
length scale and constitutes the ratio of inertial to viscous forces because it
can also be represented as [pV?/2]/[uV/l]. The numerator represents iner-
tial component and the denomina-tor viscous stress. The quantity, /, in the
expression for Reynolds number is taken as the wing chord for flying vehicles,
diameter in the case of spherical or cylindrical objects. The quantity v=xu/pis
referred to as kinematic viscosity. Its role becomes significant when comparing
the momentum transfer with those of heat and species. Like v, heat transfer
is characterised by thermal diffusivity, o defined by o =%/ pe, where £ and c,
refer to conductivity and constant pressure specific heat respectively. Similar-
ly, species transport in flows with multiple species is characterized by mass
diffusivity, D. A conventional approximation made in many analysis aimed at
capturing essential behavior is v = o« = D. Like viscous boundary layer, one may
have thermal boundary layer and species boundary layer. It is useful to recog-
nize that all the three transport mechanisms are caused by random motion of
molecules producing effects in a fluid stream with velocity, temperature and
species concentration gradients. Fluid flow, combustion and propulsion are all
influenced by them.

32



Introduction

U(m/s)
General aviation
1000 . Jet
Wind aircrafts
turbines
100
10
gliders Airships
1 Human
Powered
0.1
Model airplanes
Dust Log(Re)
0.01
0 1 2 3 4 5 6 7 8 9

Figure 1.5.: The flight range of flying objects - natural and man made on speed vs.
log10 Re plot, adopted from Lissaman, 1983

It may be useful to estimate the value of Re for select cases. For a Boeing 747
aircraft with a mean wing chord of 5 m flying at 250 m/s (900 km/h) at an alti-
tude of 10 km (p = 0.4 kg/m3 and x = 1.5 x 10-° kg/m.s = 1.5 x 10™* N s/m?), we
get Re = 3.3 x 10”. For an insect with wing size of 20 mm flying at 1 m/s near
ground, Re works out to 1600. This range from a thousand to tens of millions
constitutes the range in Reynolds number in flying objects - both natural and
man-made.

Figure 1.5 shows on a speed of flight vs. Reynolds number, the operational
domain of most flying objects. Reynolds number is used to distinguish the na-
ture of flow over bodies (or through them, as well). When the flow properties,
implying velocity and pressure, say, have little fluctuations, the flow is termed
laminar. When these quantities have fluctuations that are random with the
energy in the fluctuations having a wide spectrum (range of frequencies not
related to any geometric features of the object), the flow is termed turbulent.

Laminar flows are observed at low Re. As Re increases, disturbances natu-
rally present in the flow get amplified linearly first, nonlinearly later, become
three-dimensional and break down into a flow with chaotic distribution of fluc-
tuations. There is also a process of transition from laminar to turbulent flow
that occurs over a Re range depending on the smoothness of the geometry and
resident free stream turbulence. The role of Re in aircraft dynamics is that the
lift distribution is little affected by it, but the drag is influenced significantly.
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Table 1.3.: Aerospace vehicles, purpose and importance of disciplines
involved; edu = education, C = Civil, M = Military, Ae = Aerodynamics, St =
Structures, Pr = Propulsion, Co = Controls, Av = Avionics; El = Electronics;
UAVs = Unmanned air vehicles, MAVs = Mini and micro air vehicles

The aero vehicle Purpose Important Alt. Speed
Disciplines km km/h

1 Paper planes, Fun, edu. Ae and Stability  0.01 <10

Walk-wing gliders
2 Kites, Gliders Sport, C, M Ae, St, Co, Av 1 <300
3 Hang-gliders, Wing-suit diving Sport, C, M Ae, St, Co <5 < 150
4 Micro-lights, home-builts Sport, C, M Ae, Pr, St, Co <5 < 200
5 UAVs and MAVs C,M Co, Av, St, Ae <5 <100
6 Civil transport, Executive, Short C,M Ae, St, Pr, Co, Av 5to 12 900

& Long range passenger & cargo 5to 12 900
7 Military a/c sub- & supersonic M Ae, St, Pr, Co, Av 5 to 20 3000
8 Air cushion vehicle C,M Ae, St, Pr, Co <5 <200
9 Gyrocopter, helicopter C,M Ae, St, Pr, Co <5 < 300
10 Tactical Missiles (A-A/S-A/S-S) M Pr, Co, St, Ae, E1 5to 20 3000
11 Long range missiles, strategic M Pr, Co, St, Ae, E1 <500 20000
12 Launch vehicles C Pr, Co, St, Ae, E1 Space 20000
13 Spacecraft C,M Co, Pr, St, El Space 100000
14 Reusable launch vehicle (RLV) C,M Ae, Pr, St, Co Space -

Also local flow behavior - between fuselage and wing joint region, flows in the
tail region are strongly affected by viscous effects. This is why, in actual design,
occasional small changes in the geometry lead to avoidance of buffet or vibra-
tions that were otherwise caused due to disturbed flow interactions with the
body. Also, under certain circumstances, trubulent flows become laminar, a
phenomenon known as reverse transition. These create new features that need
to be understood for better flow management.

1.2. The Variety of Aerospace Vehicles

The vehicles described in Table 1.3 cover a wide range of altitudes and speeds
with some of them flying outside the atmosphere. It should be noted that the
values of maximum altitude and speed presented in Table 1.3 can be taken as

indicative.
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Glider Hang Glider

Sl
Para Glider Wing suit Glider

Figure 1.6.: Various types of gliders: The large standard glider, hang-glider, paraglider
and wingsuit glider

1.2.1. Paper planes, Walk-along gliders

Paper planes and walk-along gliders have been discussed in a large number of
sites on the internet (Wikipedial, 2011). Just shaping a paper into the right
form and shooting it at the right angle provides the momentum for the plane
to fly around. If it is not rightly shaped, the glider may tumble.

A walk-along glider is made from paper or plastic like Styrofoam of an appro-
priate shape and is kept flying by upward force (technically called lift) produced
by a sheet held behind the moving plane by a person who walks along with the
paper plane as it flies. Just presenting hands or even the forehead behind the
flying object will do even if it requires some technique to accomplish this. Sev-
eral of these designs have names like air surfer, wind-rider, tumble-wing and
follow-foil.

1.2.2. Kites

Kites have a rich history connected with the east - China, Indonesia and India
going back to 3000 years used for both fun and military applications. Silk fab-
ric and bamboo were used to make the kite and fine silk thread (fine materials
have high strength - see section 6.5.2 in Chapter 6) was used for the flying line.
Apart from applications for sport, China appears to have used it for measuring
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distances, testing the wind, lifting men, signalling, sending messages for res-
cue missions and communication for military operations. Kites have also been
used to demonstrate that lightning implies electrical discharge. The entry of
kites into Europe appears to have been from the east in the sixteenth century.
NASA Langley center maintains a very good site on scientific and related as-
pects of kites [Kites, 2011].

1.2.3. Gliders, hang-gliders and wingsuit diving

Figure 1.6 shows the four types of gliders (see Wikipedia2, 2011). While the
top left is the standard glider that has the largest gliding capability (implying
that it remains flying with the lowest sink rate), other variants got developed

largely due to sporting interests, but also have had uses in other spheres.

Glider is essentially a flight vehicle without any engine. It is a product of aero-
dynamics which guides the shape and size, stability that is affected by shape
as well as control surfaces, some fixed and some variable and structures that
allow the creation of a light, but strong physical entity. The most crucial part
is the wing which helps lift the body because of forces on the wing due to wind
against which it must fly. If there is no wind, it cannot fly. To lift it, the glider is
pulled by a rope- winch arrangement through a speed range at which the glider
is lifted and carried to a comfortable height (50 to 100 m) at which stage the
rope link is released and the glider can be autonomous in its flight. Once reach-
ing an altitude, the glider moves up when there is an upward current and sinks
when there is none. It can be navigated into going up, moving down, turning
or banking or side-slipping as decided by the pilot using the control surfaces
- ailerons for turning and side-slipping, ailerons and rudder for a coordinated
turn, and elevators for moving up or down (see Figure 1.7 for the location of
various control surfaces).

The forces on a glider are shown in Figure 1.7. Various terms used in aerody-
namics of flying systems are set out in Table 1.1. The three principal forces are
Lift (L), Drag (D) and Weight (W ). Lift is the force normal to the flight direction
and is produced by air flow past the airfoil of the wing. The airfoil is so shaped
that at the flow angles under normal flying conditions, the air pressure on the
top surface will integrate to much lower values than in the bottom surface so
that there is a net force in the upward direction. The component of the force in
the vertical direction balances the weight of the glider. This is how it is able to
be in sustained flying condition.
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Figure 1.7.: A Glider: Various flying and control elements and the force diagram; mov-
ing elevator down allows the craft to move up, applying left aileron that causes left
aileron up and right one down causes the craft to turn clockwise, but also bank towards
left. This motion can be offset by using the rudder to the left suitably allowing a smooth
coordinated turn. Air brakes are applied during landing to ensure touching the surface

at the last stage before touchdown. The tail plane provides stability

The vertical and horizontal force balance as well as moment balance around

the center of gravity (M) will become
Lcosp + Dsinf3 = W (Vertical); Lsinf8 = Dcosp (Horizontal); M =0 (1.6)

In the above equation, 3 is called the glide angle - the flight path angle with
horizontal (it is also the angle between the vertical and the lift vector). From
the force balance on the horizontal line, we get tan S = D/L. The ratio of verti-
cal drop to horizontal distance travelled is approximately given by tanf3 which
is the same as D /L. Thus designing the vehicle for large L /D will reduce the
sink rate under still wind conditions. This will in fact the objective of the de-
sign of a glider if other requirements or constraints do not limit the choice.

Lift and Drag (profile drag) are essentially the pressure, p 