
 

 “Fundamentals of Flight”.  

 

 

 

 In Section 1 of this course you will cover these topics: 

 Conversion Factors Between Si Units And English Units 

 Nomenclature 

 A Brief History Of Aeronautics 

 The Anatomy Of The Airplane 

 The Nature Of Aerodynamic Forces: Dimensional Analysis 

 

Topic Objective: 

At the end of this topic the student would be able to: 

 Learn about the International System of Units 

 Learn about the SI writing style  

  

  

Definition/Overview: 

International System of Units: The International System of Units (abbreviated SI from the 

French Le Systme International d'Units) is the modern form of the metric system and is 

generally a system devised around the convenience of the number ten. It is the world's most 

widely used and oldest system of measurement, both in everyday commerce and in science. The 

older metric system included several groups of units. The SI was developed in 1960 from the old 

metre-kilogram-second (mks) system, rather than the centimetre-gram-second (cgs) system, 

which, in turn, had a few variants. The system is nearly universally employed, and most 

countries do not even maintain official definitions of any other units. A notable exception is the 

United States, which continues to use customary units in addition to SI. In the United Kingdom, 
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conversion to metric units is government policy, but the transition is not quite complete. Those 

countries that still recognise non-SI units (e.g., the US) have redefined their traditional non-SI 

units in terms of SI units. 

   

   

Key Points: 

1.   Units 

The international system of units consists of a set of units together with a set of prefixes. The 

units of SI can be divided into two subsets. There are seven base units: Each of these base units 

represents, at least in principle, different kinds of physical quantities. From these seven base 

units, several other units are derived. In addition to the SI units, there is also a set of non-SI units 

accepted for use with SI. 

  

  

SI base units 

Name Symbol Quantity 

metre m length 

kilogram kg mass 

second s time 

ampere A electric current 

kelvin K thermodynamic temperature 

candela cd luminous intensity 

mole mol amount of substance 

[Table 1: SI Base Units] 
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A prefix may be added to a unit to produce a multiple of the original unit. All multiples are 

integer powers of ten. For example, kilo- denotes a multiple of a thousand and milli- denotes a 

multiple of a thousandth; hence there are one thousand millimetres to the metre and one thousand 

metres to the kilometre. The prefixes are never combined: a millionth of a kilogram is a 

milligram not a microkilogram. 

  

Standard prefixes for the SI units of measure   

Multiples Name   dec

a- 

hect

o- 

kilo

- 

meg

a- 

giga

- 

ter

a- 

peta- exa

- 

zetta

- 

yott

a- 
  

Symb

ol 

  da h k M G T P E Z Y 
  

Facto

r 

10

0
 

10
1
 10

2
 10

3
 10

6
 10

9
 10

12
 10

15
 10

1

8
 

10
21

 10
24

 
  

      

Subdivisi

ons 

Name   deci

- 

centi

- 

mill

i- 

micr

o- 

nan

o- 

pic

o- 

femt

o- 

att

o- 

zept

o- 

yoct

o- 
  

Symb

ol 

  d c m  n p f a z y 
  

Facto

r 

10

0
 

10
−1

 10
−2

 10
−3

 10
−6

 10
−9

 10
−

12
 

10
−15

 10
−

18
 

10
−21

 10
−24

 
  

[Table 2: Standard Prefixes] 

2.   SI writing style 

 Symbols do not have an appended period/full stop (.). 

 Symbols are written in upright (Roman) type (m for metres, l for litres), so as to differentiate 

from the italic type used for variables (m for mass, l for length). By consensus of international 

standards bodies, this rule is applied independent of the font used for surrounding text. 
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 Symbols for units are written in lower case, except for symbols derived from the name of a 

person. For example, the unit of pressure is named after Blaise Pascal, so its symbol is written 

"Pa", whereas the unit itself is written "pascal". All symbols of prefixes larger than 10
3
 (kilo) are 

also uppercase.  

o The one exception is the litre, whose original symbol "l" is unsuitably similar to the numeral "1" 

or the uppercase letter "i" (depending on the typeface used), at least in many English-speaking 

countries. The American National Institute of Standards and Technology recommends that "L" 

be used instead, a usage which is common in the US, Canada and Australia (but not elsewhere). 

This has been accepted as an alternative by the CGPM since 1979. The cursive ℓ is occasionally 

seen, especially in Japan and Greece, but this is not currently recommended by any standards 

body. 

 The SI rule is that symbols of units are not pluralised, for example "25 kg" (not "25 kgs").  

o The American National Institute of Standards and Technology has defined guidelines for 

American users of the SI. These guidelines give guidance on pluralising unit names: the plural is 

formed by using normal English grammar rules, for example, "henries" is the plural of "henry". 

The units lux, hertz, and siemens are exceptions from this rule: They remain the same in singular 

and plural. Note that this rule applies only to the full names of units, not to their symbols. 

 A space separates the number and the symbol; e.g., "2.21 kg", "7.310
2
 m

2
", "22 K". This rule 

explicitly includes the percent sign. Exceptions are the symbols for plane angular degrees, 

minutes and seconds (, ′ and ″), which are placed immediately after the number with no 

intervening space. 

 Spaces may be used as a thousands separator (1 000 000) in contrast to commas or periods 

(1,000,000 or 1.000.000) in order to reduce confusion resulting from the variation between these 

forms in different countries. In print, the space used for this purpose is typically narrower than 

that between words (commonly a thin space). 

 Any line-break inside a number, inside a compound unit or between number and unit should be 

avoided, but, if necessary, the latter option should be used. 

 The 10th resolution of CGPM in 2003 declared that "the symbol for the decimal marker shall be 

either the point on the line or the comma on the line." In practice, the decimal point is used in 

English and the comma in most other European languages. 
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 Symbols for derived units formed from multiple units by multiplication are joined with a space 

or centre dot (), for example "N m" or "Nm". 

 Symbols formed by division of two units are joined with a solidus (⁄), or given as a negative 

exponent. For example, the "metre per second" can be written "m/s", "m s
−1

", "ms
−1

" or Only 

one solidus should be used; i.e., "kgm
−1

s
−2

" is preferable to "kg/m/s
2
", and "kg/ms

2
" is something 

else. Many computer users will type the / character provided on computer keyboards, which in 

turn produces the Unicode character U+002F, which is named solidus but is distinct from the 

Unicode solidus character, U+2044. 

 In Chinese, Japanese, and Korean language computing (CJK), some of the commonly-used units, 

prefix-unit combinations, or unit-exponent combinations have been allocated predefined single 

characters taking up a full square. Unicode includes these in its CJK Compatibility and Letterlike 

Symbols subranges for back compatibility, without necessarily recommending future usage. 

 When writing dimensionless quantities, the terms 'ppb' (parts per billion) and 'ppt' (parts per 

trillion) are recognised as language-dependent terms, since the value of billion and trillion can 

vary from language to language. SI, therefore, recommends avoiding these terms. However, no 

alternative is suggested by the International Bureau of Weights and Measures (BIPM). 

 

 

 

 

Topic Objective: 

At the end of this topic the student would be able to: 

 Define Nomenclature 

 Learn about specific aviation terms  
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Definition/Overview: 

Nomenclature: Nomenclature can refer to a system of names or terms, or the rules used for 

forming the names, as used by an individual or community, especially those used in a particular 

science (scientific nomenclature) or art. 

   

   

Key Points: 

 Acceleration: Rate of change of velocity, either scalar or vector, often with subscripts such as 

ENU or XYZ to denote the coordinate frame; time derivative of velocity; time integral of jerk; 

Symbols: a, A; Typical Units: ft/s-squared, g; Dimensions: Length / Time-squared;  

 Advisory: A signal to indicate safe or normal configuration, condition of performance, operation 

of essential equipment, or to attract the attention and impart information for routine action 

purposes (from MIL-STD-1472D); an annunciator that is the least critical (less than a caution or 

a warning);  

 Aiding: A process by which one or more sensors provide data to another sensor to produce 

results better than any single sensor; aiding occurs at the data source level or at the physical 

device level, depending upon a specific implementation of the device and the data source (choice 

of implementation is transparent above the data source); aiding is automatically controlled by 

software without input from an operator; a basic control to a data source from navigation, radio 

navigation, or other devices Compare: update;  

 Aileron: A control surface on fixed-wing aircraft, usually mounted on the aft edge of wings, that 

controls roll, and is controlled by the wheel; Symbols: delta sub A; Typical Units: rad, deg;  

 Air Data Computer (ADC): A primary navigation data source. A navigation sensor based on 

atmospheric data sensors; usually measures static pressure, dynamic pressure, and outside air 

temperature; sometimes computes other atmospheric data, such as indicated airspeed, Mach 

number, calibrated airspeed As a guidance mode, ADC is least accurate of the listed modes and 

is used only as a last resort.  

 Alignment: A basic control to a data source from controls and displays to align a device. Also a 

procedure to align physical devices, usually navigation sensors, so that they provide the most 

accurate results possible; commonly required by INS, AHRS, barometric altimeter  
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 Altitude error: A basic output from guidance to flight director, indicating the difference between 

actual altitude and desired altitude; Symbols: DELTA h; Typical Units: ft; Dimensions: Length  

 Angle of attack: The difference between pitch and the air-referenced flight path angle; the angle 

between the aircraft center line and the airspeed vector in the vertical plane, positive when the 

nose is up; Symbols: alpha; Typical Units: rad, deg;  

 Angular acceleration: Rate of change of angular velocity, either scalar or vector, often with 

subscripts such as XYZ to denote the coordinate frame; time derivative of angular position; time 

integral of angular acceleration; Symbols: alpha; Typical Units: rad/s-squared; Dimensions: 

1/Time-squared;  

 Angular position: Amount of rotation about an axis, either scalar or vector, often with subscripts 

such as XYZ to denote the coordinate frame; time integral of angular velocity;  

 Angular velocity: Rate of change of rotation about an axis, either scalar or vector, often with 

subscripts such as XYZ to denote the coordinate frame; time derivative of angular position; time 

integral of angular acceleration  

 Arm: To strive for a mission objective, such as flying toward a radial of a radio station; usually 

refers to a mode of radio navigation, such as striving to reach a specific radial of a radio station 

prior to flying along that radial.  

 Attitude Heading Reference System (AHRS): Combines information from a Magnetic Heading 

Sensor with self-contained aircraft acceleration data to provide attitude, heading, position, body 

inertial velocity, and body inertial acceleration. Typically a low-accuracy, self-contained 

navigation source using strapdwon accelerometers;  

 Automatic flight control system (AFCS): An automated system for controlling the primary flight 

controls, often with built-in functions for guidance and flight director, and sometimes radio 

navigation; many flight control systems include basic instruments similar to a AHRS; many 

flight control systems accept flight director inputs so that its radio navigation, guidance, and 

flight director can be bypassed  

 Averaging filter: A filter for combining the multiple data sources, usually of the same type, by 

adding with weighted averages; a simple average of the data sources; Compare: complementary 

filter, Kalman filter;  

 Axis: One direction in an orthogonal reference frame;  

 Beacon: A device, usually based on the ground, that aids in determining position or direction;  

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

7
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



 Boresighting: A basic control to a data source from controls and displays to boresight a device; 

Also, a procedure to align the center line of physical devices, usually update sensors, so that they 

provide the most accurate results possible; a basic control to a data source from controls and 

displays; commonly required by FLIR, MMR; boresight procedures commonly result in 

correction factors to be downloaded from the host processor to the device; during boresighting, 

the device is usually not available.  

 BPF: Band-pass filter  

 BRG: Bearing  

 Built-in simulation (BIS): Function in avionics software that simulates sensors, aircraft, and 

pilot, to exercise avionics software (including navigation, radio navigation, guidance and flight 

director); BIS is often used by a development team to check the basic operation following 

installation of new software or patches; BIS is seldom used by aircraft flight crews or 

maintenance crews;  

 Bus controller (BC): Term defining role of device on a MIL-STD-1553 bus as being master; 

Compare: remote terminal;  

 Calibration: A basic control to a data source from controls and displays for calibrating a device; 

Also, a procedure to adjust physical devices so that they provide the most accurate results 

possible; calibration procedures commonly result in correction factors to be downloaded from 

the host processor to the device; during calibration, the device is usually not available.  

 Capture criterion: A test case to determine if an armed objective has been captured; In avionics, 

an aircraft might have an objective to fly to a radial of a radio station, then to fly along it. While 

enroute, the objective is armed, meaning that the crew and software are attempting to reach the 

radial. The radial is captured and the objective is met when the capture criteria are met. In this 

case, the capture criterion might be bearing to the radio station is within 5deg of 270deg. An 

objective can have multiple criteria. Capture criterion are often used with radio navigation to 

determine a transition from armed to active.  

 CTALT: Controlled altitude  

 CTS: Controlled speed  

 Cue: A indicator to an operator for control placement, tells the operator where to place controls; 

Synonyms: command  
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 Cutoff frequency: The frequency at which the gain of a filter is at an edge of a band, usually 

taken to be when gain is 0.5, or -3.01dB; the frequency at which the output of a filter is half the 

power of the input.  

 Damped frequency: The frequency of oscillation of an underdamped second-order filter.  

 Damping ratio: Control parameter for a second order filter. Symbols: zeta;  

 Data source object (DSO): Software that receives data from a physical device, translates the data 

into standard units, maintains equipment status, and provides a common interface for each 

variation of a particular device;  

 Data Transfer System (DTS): A device for transferring data with avionics, similar to a diskette 

drive;  

 Dead reckoning (DR): A method of navigation based on basic information (barometric altitude, 

magnetic heading, airspeed, wind conditions) from best available source; sometimes short for air 

data dead reckoning;  

 Difference equation: A mathematical relationship to model a discrete function, expressed in 

terms of other values in the sequence; Difference equations are usually derived from differential 

equations. Compare: continuous-time equation, differential equation, discrete-time equation, 

Laplace transform, state-space model, Z transform; in avionics, a difference equation usually 

models periodic process in terms of past values.  

 Differential equation: A mathematical relationship to model a continuous function, expressed in 

terms of derivatives; Initial conditions are usually given or implied. In avionics, differential 

equations are commonly used by systems engineers to model avionics systems. The systems 

engineer usually converts differential equations to difference equations for specification and 

implementation in software. In avionics, a differential equation usually models continuous-time 

phenomenon in terms of time derivatives; Compare: continuous-time equation, difference 

equation, discrete-time equation, Laplace transform, state-space model, Z transform.  

 Digital Map Generator (DMG): Digitial equipment that produces map video, and sometimes 

contains TRN; uses Digital Terrain Elevation Data and Digitized Feature Analysis Data; 

Displays reconstructed digital map data, aeronautical charts or photographs. The digital map data 

can be annotated with natural and man-made (point and linear) features as well as threats. A 

Terrain Referenced Navigation algorithm correlates altitude readings with digital map data to 

provide position data.  
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 Drag: Force of air against aircraft acting in opposite direction of the airspeed vector projected 

into horizontal plane; Symbols: D; Typical Units: lbf,kip; Dimensions: Mass * Length / Time-

squared;  

 Drift: Slow, monotonic change in measured data  

 Earth data: Environmental data related to the earth at some point of interest; usually a function of 

latitude and longitude  

 Filter: A device to alter a signal; software to alter a data steam.  

 Flight control system (FCS): A primary flight control system or an automatic flight control 

system;  

 Flight controls: Controls in a cockpit for flying an aircraft; primary flight controls are wheel, 

yoke, cyclic, pedals, throttle, and collective; secondary flight controls are flight controls other 

than primary, such as flaps, slats, stabilizer, and landing gear;  

 FPA: Flight path angle  

 Global Positioning System (GPS): A navigation sensor based on satellites; A Global Positioning 

System (GPS) provides highly accurate navigation data: position, velocity, and time reference. 

GPS is often aided by the INU, AHRS, and Doppler data. GPS is accurate with four or more 

properly oriented satellites. Accuracy is degraded with improperly placed satellites or fewer than 

four satellites visible. GPS-INS is the most accurate of modes listed, with day/night and all 

weather capability.  

 GTA: Ground track angle  

 High-pass filter (HPF): A filter that allows frequencies above a cutoff frequency to pass while 

attenuating frequencies below the cutoff frequency  

 Inertial Navigation System (INS): An Inertial Navigation System (INS) is a self-contained 

navigation system. It consists of gyroscopes and accelerometers to provide attitude, heading, 

position, attitude, body/inertial velocity, and acceleration information. A primary navigation data 

source. INS loses accuracy with time due to drift of gyroscopes. INS-DNS is moderately 

accurate over land, not good over water.  

 Initialization: A basic control to a data source from controls and displays for initializing a device. 

Initiated by power-on, operator, driver, or MC; During initialization, the device is usually not 

available; Also, a procedure to reset physical devices to a known state; Values: initialization in 

progress, not initialized, unreliable, normal, redundant, degraded, failed. 
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 Laplace transform: A mathematical relationship to model a continuous function in the complex 

frequency domain (S-plane); Laplace transforms are commonly used by systems engineers to 

describe avionics systems; Compare: continuous-time equation, difference equation, differential 

equation, discrete-time equation, state-space model, Z transform;  

 Lift: Force, created primarily by wings (fixed wing) or by rotors (rotary wing), acting in an 

opposite direction of gravity vector; Symbols: Length; Typical Units: lbf,kip; Dimensions: Mass 

* Length / Time-squared;  

 Mach number: Ratio of airspeed to the local speed of sound (Mach 1 is the speed of sound under 

current atmospheric conditions); Symbols: M;  

 Navigation aid: A device or process to help with navigation, such as a VOR station or a position 

update;  

 Pedal: A flight control operated by pushing with feet, primarily to control yaw via the rudder in 

fixed-wing aircraft or thrust to tail rotor in rotary-wing aircraft; pedals are automatically 

controlled in modern aircraft;  

 Quaternion: A system of representing attitude by measuring the angle of aircraft center line with 

respect to three orthoginal axes plus rotation about centerline; quaternions are used over Euler 

angles (pitch, roll, yaw) when pitch can approach 90deg because of a singularity on Euler angles 

at 90deg; discrete-time computations using quaternions can run more slowly than those with 

Euler angles while producing results of the same accuracy.  

 Real time: Time in a computational process which runs at the same rate as a physical process; for 

example, algorithms designed to run a fixed period t (filter time constants at set for t) and 

actually execute with frequency 1/t execute in real time; Avionics systems must run in real time  

 S-plane: Continuous complex frequency plane; S-plane is used in control systems engineering in 

the design of control laws.  

 Sampling frequency: Rate of a periodic process; 1/T where T is the period; Symbols: f sub s; 

Typical Units: Hz; Dimensions: 1/Time.  

 SDC: Signal Data Converter  

 SNR: Signal-to-noise ratio  

 State data: Data that defines aircraft parameters, such as position, velocity, attitude; Some 

standard terms for state data include: Groundspeed vector, wind speed vector, true airspeed 

vector, true bearing, true track, ground track angle, relative bearing, sideslip angle, drift angle, 
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true heading, magnetic variation, grivation. earthspeed vector, vertical velocity, air mass flight 

path angle, earth-referenced flight path angle, angle of attack, pitch, radar altitude, barometric 

altitude, earth radius, glideslope, gravity vector, lift vector, lateral acceleration vector, bank 

angle.  

 Terrain following (TF): A basic guidance mode, providing vertical guidance to maintain an 

operator selected radar altitude above the terrain. Flight such that the aircraft tries to maintain a 

constant height above the terrain, usually in the range of 100-1,000 ft; Uses a g-command from 

the Multi-Mode Radar to generate a flight director cue. This controls the aircraft flight path so 

that the set clearance altitude is achieved over major high points in the terrain with zero flight 

path angle. Compare: nap-of-the-earth flight;  

 Unit functions: A collection of functions used as standard test cases in control systems 

engineering; The primary unit functions of interest in avionics are the unit impulse, the unit step, 

and the unit ramp. Symbols: u sub k ( t );  

 Unit impulse: A function used as a standard test case in control systems engineering; a spike of 

``area'' one at time t = 0; Synonyms: impulse  

 Warning: A signal which alerts the operator to a dangerous condition requiring immediate action 

(from MIL-STD-1472D); an annunciator that is the most critical (more than an advisory or a 

caution); Also, an indicator of potential failure soon; Values: none, hot, low-power, high-power, 

other;  

 Z-plane: Discrete the complex frequency plane; Z-plane is used in control systems engineering in 

the design of control laws;  

 Z transform: A mathematical relationship to model a discrete function in the complex frequency 

domain (Z-plane); Z transforms are commonly used by systems engineers to describe avionics 

systems 

 Zone of confusion (ZOC): A circular area centered at a TACAN station in which bearing is 

extremely noisy;  

 

Topic Objective: 

At the end of this topic the student would be able to: 

 Learn about the History of Early aeronautics 
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 Learn about the Continuity assumption 

 Learn about the Laws of Conservation 

 Learn about the Incompressible aerodynamics 

 Learn about the Compressible aerodynamics 

  

  

Definition/Overview: 

Aeronautics: Aeronautics is the science involved with the study, design, and manufacture of 

flight-capable machines, or the techniques of operating aircraft. While the termliterally meaning 

"sailing the air"originally referred solely to the science of operating the aircraft, it has since been 

expanded to include technology, business and other aspects related to aircraft. One of the 

significant parts in aeronautics is a branch of physical science called aerodynamics, which deals 

with the motion of air and the way that it interacts with objects in motion, such as an aircraft. 

Aviation is a term sometimes used interchangeably with aeronautics, although "aeronautics" 

includes lighter-than-air craft such as airships, while "aviation" does not  

   

  

Key Points: 

1.   History of Early aeronautics 

The first mention of aeronautics in history was in the writings ancient egyptians who described 

the flight of birds,it also finds mention in ancient China where people were flying kites 

thousands of years ago. The medieval Islamic scientists were not far behind, they understood the 

actual mechanism of flight of birds.Before scientific investigation of aeronautics started, people 

started thinking of ways to fly. In a Greek legend, Icarus and his father Daedalus built wings of 

feathers and wax and flew out of a prison. Icarus flew too close to the sun, the wax melted, and 

he fell in the sea and drowned. When people started to scientifically study how to fly, people 

began to understand the basics of air and aerodynamics. One of the earliest scientists to study 

aeronautics was Ibn Firnas who studied the dynamism of flying and carried out a number of 
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experiments in 8th century in Cordoba, Al-Andalus. Roger Bacon and Leonardo da Vinci were 

some of the first modern Europeans to study aeronautics. Leonardo studied the flight of birds in 

developing engineering schematics for some of the earliest flying machines in the late fifteenth 

century AD. His schematics, however, such as the ornithopter ultimately failed as practical 

aircraft. The flapping machines that he designed were either too small to generate sufficient lift, 

or too heavy for a human to operate. Although the ornithopter continues to be of interest to 

hobbyists, it was replaced by the glider in the 19th century. 

  

A drawing of a design for a flying machine by Leonardo da Vinci (c. 1488). This machine was 

an ornithopter, with flapping wings similar to a bird, first appeared in his Codex on the Flight of 

Birds in 1505. Images and stories of flight have appeared throughout recorded history, such as 

the story of Icarus and Daedalus, the manned kite flight of Yuan Huangtou, and the parachute 

flight, though possibly a controlled flexible winged flight, of Abbas Ibn Firnas. Although 

observations of some aerodynamic effects like wind resistance (a.k.a. drag) were recorded by the 

likes of Aristotle, Avicenna, Leonardo da Vinci and Galileo Galilei, very little effort was made to 

develop governing laws for understanding the nature of flight prior to the 17th century. In 1505, 

Leonardo da Vinci wrote the Codex on the Flight of Birds, one of the earliest treatises on 

aerodynamics. He notes for the first time that the center of gravity of a flying bird does not 

coincide with its center of pressure, and he describes the construction of an ornithopter, with 

flapping wings similar to a bird. 

Sir Isaac Newton was the first person to develop a theory of air resistance, making him one of 

the first aerodynamicists. As part of that theory, Newton believed that drag was due to the 

dimensions of a body, the density of the fluid, and the velocity raised to the second power. These 

beliefs all turned out to be correct for low flow speeds. Newton also developed a law for the drag 

force on a flat plate inclined towards the direction of the fluid flow. Using F for the drag force, ρ 

for the density, S for the area of the flat plate, V for the flow velocity, and θ for the inclination 

angle, his law is expressed below. 

F = ρSV
2
sin

2
(θ) 
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Unfortunately, this equation is completely incorrect for the calculation of drag (unless the flow 

speed is hypersonic). Drag on a flat plate is closer to being linear with the angle of inclination as 

opposed to acting quadratically. This formula can lead one to believe that flight is more difficult 

than it actually is, and it may have contributed to a delay in manned flight. Sir George Cayley is 

credited as the first person to separate the forces of lift and drag which are in effect on any flight 

vehicle. Cayley believed that the drag on a flying machine must be counteracted by a means of 

propulsion in order for level flight to occur. Cayley also looked to nature for aerodynamic shapes 

with low drag. One of the shapes he investigated were the cross-sections of trout. This may 

appear counterintuitive, however, the bodies of fish are shaped to produce very low resistance as 

they travel through water. Their cross-sections are sometimes very close to that of modern low 

drag airfoils. 

  

These empirical findings led to a variety of air resistance experiments on various shapes 

throughout the 18th and 19th centuries. Drag theories were developed by Jean le Rond 

d'Alembert, Gustav Kirchhoff, and Lord Rayleigh. Equations for fluid flow with friction were 

developed by Claude-Louis Navier and George Gabriel Stokes. To simulate fluid flow, many 

experiments involved immersing objects in streams of water or simply dropping them off the top 

of a tall building. Towards the end of this time period Gustave Eiffel used his Eiffel Tower to 

assist in the drop testing of flat plates. Of course, a more precise way to measure resistance is to 

place an object within an artificial, uniform stream of air where the velocity is known. The first 

person to experiment in this fashion was Francis Herbert Wenham, who in doing so constructed 

the first wind tunnel in 1871. Wenham was also a member of the first professional organization 

dedicated to aeronautics, the Royal Aeronautical Society of Great Britain. Objects placed in the 

wind tunnel models are almost always smaller than in practice, so a method was needed to relate 

small scale models to their real-life counterparts. This was achieved with the invention of the 

dimensionless Reynolds number by Osbourne Reynolds. Reynolds also experimented with 

laminar to turbulent flow transition in 1883. By the late 19th century, two problems were 

identified before heavier-than-air flight could be realized. The first was the creation of low-drag, 

high-lift aerodynamic wings. The second problem was how to determine the power needed for 

sustained flight. During this time, the groundwork was laid down for modern day fluid dynamics 
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and aerodynamics, with other less scientifically inclined enthusiasts testing various flying 

machines with little success. 

  

In 1889, Charles Renard, a French aeronautical engineer, became the first person to reasonably 

predict the power needed for sustained flight. Renard and German physicist Hermann von 

Helmholtz explored the wing loading of birds, eventually concluding that humans could not fly 

under their own power by attaching wings onto their arms. Otto Lilienthal, following the work of 

Sir George Cayley, was the first person to become highly successful with glider flights. 

Lilienthal believed that thin, curved airfoils would produce high lift and low drag. 

Octave Chanute provided a great service to those interested in aerodynamics and flying machines 

by publishing a book outlining all of the research conducted around the world up to 1893. With 

the information contained in that book and the personal assistance of Chanute himself, the 

Wright brothers had just enough knowledge of aerodynamics to fly the first manned aircraft on 

December 17, 1903, just in time to beat the efforts of Samuel Pierpont Langley. The Wright 

brothers' flight confirmed or disproved a number of aerodynamics theories. Newton's drag force 

theory was finally proved incorrect. The first flight led to a more organized effort between 

aviators and scientists, leading the way to modern aerodynamics. 

During the time of the first flights, Frederick W. Lanchester, Martin Wilhelm Kutta, and Nikolai 

Zhukovsky independently created theories that connected circulation of a fluid flow to lift. Kutta 

and Zhukovsky went on to develop a two-dimensional wing theory. Expanding upon the work of 

Lanchester, Ludwig Prandtl is credited with developing the mathematics behind thin-airfoil and 

lifting-line theories as well as work with boundary layers. Prandtl, a professor at Gottingen 

University, instructed many students who would play important roles in the development of 

aerodynamics like Theodore von Krmn and Max Munk. 

  

As aircraft began to travel faster, aerodynamicists realized that the density of air began to change 

as it came into contact with an object, leading to a division of fluid flow into the incompressible 

and compressible regimes. In compressible aerodynamics, density and pressure both change, 

which is the basis for calculating the speed of sound. Newton was the first to develop a 

mathematical model for calculating the speed of sound, but it was not correct until Pierre-Simon 

Laplace accounted for the molecular behavior of gases and introduced the heat capacity ratio. 
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The ratio of the flow speed to the speed of sound was named the Mach number after Ernst Mach, 

who was one of the first to investigate the properties of supersonic flow which included 

Schlieren photography techniques to visualize the changes in density. William John Macquorn 

Rankine and Pierre Henri Hugoniot independently developed the theory for flow properties 

before and after a shock wave. Jakob Ackeret led the initial work on calculating the lift and drag 

on a supersonic airfoil. Theodore von Krmn and Hugh Latimer Dryden introduced the term 

transonic to describe flow speeds around Mach 1 where drag increases rapidly. Because of the 

increase in drag approaching Mach 1, aerodynamicists and aviators disagreed on whether 

manned supersonic flight was achievable. 

  

On September 30, 1935 an exclusive conference was held in Rome with the topic of high 

velocity flight and the possibility of breaking the sound barrier. Participants included von Krmn, 

Prandtl, Ackeret, Eastman Jacobs, Adolf Busemann, Geoffrey Ingram Taylor, Gaetano Arturo 

Crocco, and Enrico Pistolesi. The new research presented was impressive. Ackeret presented a 

design for a supersonic wind tunnel. Busemann gave perhaps the best presentation on the need 

for aircraft with swept wings for high speed flight. Eastman Jacobs, working for NACA, 

presented his optimized airfoils for high subsonic speeds which led to some of the high 

performance American aircraft during World War II. Supersonic propulsion was also discussed. 

The sound barrier was broken using the Bell X-1 aircraft twelve years later, thanks in part to 

those individuals.By the time the sound barrier was broken, much of the subsonic and low 

supersonic aerodynamics knowledge had matured. The Cold War fueled an ever evolving line of 

high performance aircraft. Computational fluid dynamics was started as an effort to solve for 

flow properties around complex objects and has rapidly grown to the point where entire aircraft 

can be designed using a computer.With some exceptions, the knowledge of hypersonic 

aerodynamics has matured between the 1960s and the present decade. Therefore, the goals of an 

aerodynamicist have shifted from understanding the behavior of fluid flow to understanding how 

to engineer a vehicle to interact appropriately with the fluid flow. For example, while the 

behavior of hypersonic flow is understood, building a scramjet aircraft to fly at hypersonic 

speeds has seen very limited success. Along with building a successful scramjet aircraft, the 

desire to improve the aerodynamic efficiency of current aircraft and propulsion systems will 

continue to fuel new research in aerodynamics. 
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2.   Continuity assumption 

Gases are composed of molecules which collide with one another and solid objects. If density 

and velocity are taken to be well-defined at infinitely small points, and are assumed to vary 

continuously from one point to another, the discrete molecular nature of a gas is ignored. The 

continuity assumption becomes less valid as a gas becomes more rarefied. In these cases, 

statistical mechanics is a more valid method of solving the problem than continuous 

aerodynamics. The Knudsen number can be used to guide the choice between statistical 

mechanics and the continuous formulation of aerodynamics. 

  

3.   Laws of Conservation 

Aerodynamic problems are often solved using conservation laws as applied to a fluid continuum. 

In many basic problems, three conservation principles are used: 

 Continuity: If a certain mass of fluid enters a volume, it must either exit the volume or change 

the mass inside the volume. 

 Conservation of Momentum: Application of Newton's second law of motion to a continuum. 

 Conservation of Energy: Although energy can be converted from one form to another, the total 

energy in a given system remains constant. 

  

4.   Incompressible aerodynamics 

An incompressible flow is characterized by a constant density despite flowing over surfaces or 

inside ducts. A flow can be considered incompressible as long as its speed is low. For higher 

speeds, the flow will begin to compress as it comes into contact with surfaces. The Mach number 

is used to distinguish between incompressible and compressible flows. 
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4.1.   Subsonic flow 

Subsonic (or low-speed) aerodynamics is the study of inviscid, incompressible and 

irrotational aerodynamics where the differential equations used are a simplified version 

of the governing equations of fluid dynamics.. It is a special case of Subsonic 

aerodynamics. In solving a subsonic problem, one decision to be made by the 

aerodynamicist is whether to incorporate the effects of compressibility. Compressibility 

is a description of the amount of change of density in the problem. When the effects of 

compressibility on the solution are small, the aerodynamicist may choose to assume that 

density is constant. The problem is then an incompressible low-speed aerodynamics 

problem. When the density is allowed to vary, the problem is called a compressible 

problem. In air, compressibility effects are usually ignored when the Mach number in the 

flow does not exceed 0.3 (about 335 feet per second or 228 miles per hour or 102 meters 

per second at 60
o
F). Above 0.3, the problem should be solved by using compressible 

aerodynamics. 

  

5.   Compressible aerodynamics 

According to the theory of aerodynamics, a flow is considered to be compressible if its change in 

density with respect to pressure is non-zero along a streamline. This means that - unlike 

incompressible flow - changes in density must be considered. In general, this is the case where 

the Mach number in part or all of the flow exceeds 0.3. The Mach .3 value is rather arbitrary, but 

it is used because gas flows with a Mach number below that value demonstrate changes in 

density with respect to the change in pressure of less than 5%. Furthermore, that maximum 5% 

density change occurs at the stagnation point of an object immersed in the gas flow and the 

density changes around the rest of the object will be significantly lower. Transonic, supersonic, 

and hypersonic flows are all compressible. 

  

5.1.   Transonic flow 

The term Transonic refers to a range of velocities just below and above the local speed of 

sound (generally taken as Mach 0.81.2). It is defined as the range of speeds between the 
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critical Mach number, when some parts of the airflow over an aircraft become 

supersonic, and a higher speed, typically near Mach 1.2, when all of the airflow is 

supersonic. Between these speeds some of the airflow is supersonic, and some is not. 

  

5.2.   Supersonic flow 

Supersonic aerodynamic problems are those involving flow speeds greater than the speed 

of sound. Calculating the lift on the Concorde during cruise can be an example of a 

supersonic aerodynamic problem. Supersonic flow behaves very differently from 

subsonic flow. Fluids react to differences in pressure; pressure changes are how a fluid is 

"told" to respond to its environment. Therefore, since sound is in fact an infinitesimal 

pressure difference propagating through a fluid, the speed of sound in that fluid can be 

considered the fastest speed that "information" can travel in the flow. This difference 

most obviously manifests itself in the case of a fluid striking an object. In front of that 

object, the fluid builds up a stagnation pressure as impact with the object brings the 

moving fluid to rest. In fluid traveling at subsonic speed, this pressure disturbance can 

propagate upstream, changing the flow pattern ahead of the object and giving the 

impression that the fluid "knows" the object is there and is avoiding it. However, in a 

supersonic flow, the pressure disturbance cannot propagate upstream. Thus, when the 

fluid finally does strike the object, it is forced to change its properties -- temperature, 

density, pressure, and Mach number -- in an extremely violent and irreversible fashion 

called a shock wave. The presence of shock waves, along with the compressibility effects 

of high-velocity fluids, is the central difference between supersonic and subsonic 

aerodynamics problems. 

  

5.3.   Hypersonic flow 

In aerodynamics, hypersonic speeds are speeds that are highly supersonic. In the 1970s, 

the term generally came to refer to speeds of Mach 5 (5 times the speed of sound) and 

above. The hypersonic regime is a subset of the supersonic regime. Hypersonic flow is 
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characterized by high temperature flow behind a shock wave, viscous interaction, and 

chemical dissociation of gas. 

 

 

Topic Objective: 

At the end of this topic the student would be able to: 

 Learn about the Components of an Aircraft 

 Learn about the Classification by method of lift 

 Learn about the Classification by propulsion 

 Learn about the Classification by use 

  

  

Definition/Overview: 

Aircraft: An aircraft is a vehicle which is able to fly by being supported by the air, or in 

general, the atmosphere, of a planet. Examples include balloons, airplanes and helicopters. 

Objects which fly but which are not supported by the air, such as most rockets and missiles, are 

not aircraft. The human activity which surrounds aircraft is called aviation. Manned aircraft are 

flown by a pilot. Unmanned vehicles are often called drones, remotely piloted vehicles (RPV) or 

unmanned aerial vehicles (UAV). 

   

   

Key Points: 

1.   Components of an Aircraft 

For any airplane to fly, you must lift the weight of the airplane itself, the fuel, the passengers, 

and the cargo. The wings generate most of the lift to hold the plane in the air. To generate lift, 

the airplane must be pushed through the air. The jet engines, which are located beneath the 

wings, provide the thrust to push the airplane forward through the air. The air resists the motion 

in the form of aerodynamic drag. Some airplanes use propellers for the propulsion system instead 
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of jets. To control and maneuver the aircraft, smaller wings are located at the tail of the plane. 

The tail usually has a fixed horizontal piece (called the horizontal stabilizer) and a fixed vertical 

piece (called the vertical stabilizer). The stabilizers' job is to provide stability for the aircraft, to 

keep it flying straight. The vertical stabilizer keeps the nose of the plane from swinging from 

side to side, while the horizontal stabilizer prevents an up-and-down motion of the nose. (On 

the Wright brothers first aircraft, the horizontal stabilizer was placed in front of the wings. Such 

a configuration is called a canard after the French word for "duck").  

  

At the rear of the wings and stabilizers are small moving sections that are attached to the fixed 

sections by hinges. In the figure, these moving sections are colored brown. Changing the rear 

portion of a wing will change the amount of force that the wing produces. The ability to change 

forces gives us a means of controlling and maneuvering the airplane. The hinged part of the 

vertical stabilizer is called the rudder; it is used to deflect the tail to the left and right as viewed 

from the front of the fuselage. The hinged part of the horizontal stabilizer is called the elevator; it 

is used to deflect the tail up and down. The outboard hinged part of the wing is called the aileron; 

it is used to roll the wings from side to side. Most airliners can also be rolled from side to side by 

using the spoilers. Spoilers are small plates that are used to disrupt the flow over the wing and to 

change the amount of force by decreasing the lift when the spoiler is deployed. 

  

The wings have additional hinged, rear sections near the body that are called flaps. Flaps are 

deployed downward on takeoff and landing to increase the amount of force produced by the 

wing. On some aircraft, the front part of the wing will also deflect. Slats are used at takeoff and 

landing to produce additional force. The spoilers are also used during landing to slow the plane 

down and to counteract the flaps when the aircraft is on the ground. The next time you fly on an 

airplane, notice how the wing shape changes during takeoff and landing. 

The fuselage or body of the airplane holds all the pieces together. The pilots sit in the cockpit at 

the front of the fuselage. Passengers and cargo are carried in the rear of the fuselage. Some 

aircraft carry fuel in the fuselage; others carry the fuel in the wings. 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

22
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



  

 

  

   

2.   Classification by method of lift 

  

2.1.   Lighter than air - aerostats 

Aerostats use buoyancy to float in the air in much the same way that ships float on the 

water. They are characterized by one or more large gasbags or canopies, filled with a 

relatively low density gas such as helium, hydrogen or hot air, which is less dense than 

the surrounding air. When the weight of this is added to the weight of the aircraft 

structure, it adds up to the same weight as the air that the craft displaces. Small hot air 

balloons called sky lanterns date back to the 3rd century BC and were only the second 

type of aircraft to fly, the first being kites. 

  

Originally a balloon was any aerostat, while the term airship was used for large powered 

aircraft designs - usually fixed-wing - though none had yet been built. The advent of 

powered balloons, called dirigible balloons, and later of rigid hulls allowing a great 

increase in size, began to change the way these words were used. Huge powered 

aerostats, characterized by a rigid outer framework and separate aerodynamic skin 

surrounding the gas bags, were produced, the Zeppelins being the largest and most 

famous. There were still no airplanes or non-rigid balloons large enough to be called 

airships, so "airship" came to be synonymous with these aircraft. Then several accidents, 

such as the Hindenburg disaster in 1937, led to the demise of these airships. Nowadays a 

"balloon" is an unpowered aerostat, whilst an "airship" is a powered one. 

  

A powered, steerable aerostat is called a dirigible. Sometimes this term is applied only to 

non-rigid balloons, and sometimes dirigible balloon is regarded as the definition of an 
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airship (which may then be rigid or non-rigid). Non-rigid dirigibles are characterized by a 

moderately aerodynamic gasbag with stabilizing fins at the back. These soon became 

known as blimps. During the Second World War, this shape was widely adopted for 

tethered balloons; in windy weather this both reduces the strain on the tether and 

stabilizes the balloon. The nickname blimp was adopted along with the shape. In modern 

times any small dirigible or airship is called a blimp, though a blimp may be unpowered 

as well as powered. 

  

2.2.   Heavier than air - aerodynes 

Heavier-than-air aircraft must find some way to push air or gas downwards, so that a 

reaction occurs (by Newton's laws of motion) to push the aircraft upwards. This dynamic 

movement through the air is the origin of the term aerodyne. There are two ways to 

produce dynamic up thrust: aerodynamic lift, and powered lift in the form of engine 

thrust. 

Aerodynamic lift is the most common, with airplanes being kept in the air by the forward 

movement of wings, and rotorcraft by spinning wing-shaped rotors sometimes called 

rotary wings. A wing is a flat, horizontal surface, usually shaped in cross-section as an 

aerofoil. To fly, the wing must move forwards through the air; this movement of air over 

the aerofoil shape deflects air downward to create an equal and opposite upward force, 

called lift, according to Newton's third law of motion. A flexible wing is a wing made of 

fabric or thin sheet material, often stretched over a rigid frame. A kite is tethered to the 

ground and relies on the speed of the wind over its wings, which may be flexible or rigid, 

fixed or rotary. 

  

With powered lift, the aircraft directs its engine thrust vertically downwards. The 

initialism VTOL (vertical take off and landing) is applied to aircraft that can take off and 

land vertically. Most are rotorcraft. Others, such as the Hawker Siddeley Harrier, take off 

and land vertically using powered lift and transfer to aerodynamic lift in steady flight. 

Similarly, STOL stands for short take off and landing. Some VTOL aircraft often operate 

in a short take off/vertical landing regime known as STOVL. A pure rocket is not usually 

regarded as an aerodyne, because it does not depend on the air for its lift (and can even 
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fly into space), however many aerodynamic lift vehicles have been powered or assisted 

by rocket motors. Rocket-powered missiles which obtain aerodynamic lift at very high 

speed due to airflow over their bodies are a marginal case. 

  

2.2.1.   Fixed-wing aircraft 

The forerunner of the aero plane is the kite. Whereas an airplane relies on its 

forward speed to create airflow over the wings, a kite is tethered to the ground and 

relies on the wind blowing over its wings to provide lift. Kites were the first kind 

of aircraft to fly, and were invented in China around 500 BC. Much aerodynamic 

research was done with kites before test aircraft, wind tunnels and computer 

modeling programs became available. A flying wing has no fuselage, though it 

may have small blisters or pods. The opposite of this is a lifting body which has 

no wings, though it may have small stabilizing and control surfaces. Seaplanes are 

aircraft that land on water, and they fit into two broad classes: Flying boats are 

supported on the water by their fuselage. A float plane's fuselage remains clear of 

the water at all times, the aircraft being supported by two or more floats attached 

to the fuselage and/or wings. Some examples of both flying boats and float planes 

are amphibious aircraft. Some people consider wing-in-ground-effect vehicles to 

be airplanes, others do not. These craft "fly" close to the surface of the ground or 

water. An example is the Russian ekranoplan (nicknamed the "Caspian Sea 

Monster"). Man-powered aircraft also rely on ground effect to remain airborne, 

but this is only because they are so underpoweredthe airframe is theoretically 

capable of flying much higher. (Hovercraft is not considered to be aircraft, since 

they rely wholly on the pressure of air on the ground beneath, and have no other 

lift mechanism). 

  

2.2.2.   Rotorcraft 

Rotorcraft, or rotary-wing aircraft, uses a spinning rotor with aerofoil section 

blades (a rotary wing) to provide lift. Types include helicopters, autogyros and 
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various hybrids such as gyrodynes and compound rotorcraft. Helicopters have 

powered rotors. The rotor is driven (directly or indirectly) by an engine and 

pushes air downwards to create lift. By tilting the rotor forwards, the downwards 

flow is tilted backwards, producing thrust for forward flight. Autogyros or 

gyroplanes have unpowered rotors, with a separate power plant to provide thrust. 

The rotor is tilted backwards. As the autogyro moves forward, air blows upwards 

through it, making it spin.  

  

This spinning dramatically increases the speed of airflow over the rotor, to 

provide lift. Juan de la Cierva (a Spanish civil engineer) used the product name 

autogiro, and Bensen used gyrocopter. Rotor kites, such as the Focke Achgelis Fa 

330 are unpowered autogyros, which must be towed by a tether to give them 

forward ground speed or else be tether-anchored to a static anchor in a high-wind 

situation for kited flight. Gyrodynes are a form of helicopter, where forward thrust 

is obtained from a separate propulsion device rather than from tilting the rotor. 

The definition of a 'gyrodyne' has changed over the years, sometimes including 

equivalent autogyro designs. The most important characteristic is that in forward 

flight air does not flow significantly either up or down through the rotor disc but 

primarily across it. The Heliplane is a similar idea. 

  

Compound rotorcraft has wings which provide some or all of the lift in forward 

flight. Compound helicopters and compound autogyros have been built, and some 

forms of gyroplane may be referred to as compound gyroplanes. Tiltrotor aircraft 

(such as the V-22 Osprey) have their rotors horizontal or vertical flight, and pivot 

the rotors vertically like a propeller for forward flight. The Coleopter had a 

cylindrical wing forming a duct around the rotor. On the ground it sat on its tail, 

and took off and landed vertically like a helicopter. The whole aircraft would then 

have tilted forward to fly as a propeller-driven airplane using the duct as a wing 

(though this transition was never achieved in practice. Some rotorcraft have 

reaction-powered rotors with gas jets at the tips, but most have one or more lift 

rotors powered from engine-driven shafts. 
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2.2.3.   Other methods of lift 

▪       A lifting body is the opposite of a flying wing. In this configuration the 

aircraft body is shaped to produce lift. If there are any wings, they are too 

small to provide significant lift and are used only for stability and control. 

Lifting bodies are not efficient: they suffer from high drag and must also 

travel at high speed to generate enough lift to fly. Many of the research 

prototypes, such as the Martin-Marietta X-24, which led up to the Space 

Shuttle were lifting bodies (though the shuttle itself is not), and some 

supersonic missiles obtain lift from the airflow over a tubular body. 

▪       Powered lifts rely entirely on engine thrust to hold them up in the air. 

There are few practical applications. Experimental designs have been built 

for personal fan-lift hover platforms and jetpacks or for VTOL research 

(for example the flying bedstead). VTOL jet aircraft such as the Harrier 

jump-jet take off and land vertically in powered-lift configuration, then 

transition to conventional configuration for forward flight. 

▪       The Fan-Wing is a recent innovation and represents a completely new 

class of aircraft. This uses a fixed wing with a cylindrical fan mounted 

span-wise just above. As the fan spins, it creates airflow backwards over 

the upper surface of the wing, creating lift. The fan wing is (2005) in 

development in the United Kingdom. 

  

 

 

 

 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

27
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



3.   Classification by propulsion 

  

3.1.   Unpowered 

  

3.1.1.   Gliders 

Heavier-than-air unpowered aircraft such as gliders (i.e. sailplanes), hang gliders 

and paragliders and other gliders do not usually employ propulsion once airborne. 

Take-off may be by launching forwards and downwards from a high location, or 

by pulling into the air on a tow-line, by a ground-based winch or vehicle, or by a 

powered "tug" aircraft. For a glider to maintain its forward air speed and lift, it 

must descend in relation to the air (but not necessarily in relation to the ground). 

Some gliders can 'soar'- gain height from updrafts such as thermal currents. The 

first practical, controllable example was designed and built by the British scientist 

and pioneer George Cayley who many recognize as the first aeronautical 

engineer. 

  

3.1.2.   Balloons 

Balloons drift with the wind, though normally the pilot can control the altitude 

either by heating the air or by releasing ballast, giving some directional control 

(since the wind direction changes with altitude). A wing-shaped hybrid balloon 

can glide directionally when rising or falling; but a spherically-shaped balloon 

does not have such directional control. 

  

3.1.3.   Kites 

Kites are aircraft that are tethered to the ground or other object (fixed or mobile) 

that maintains tension in the tether or kite line; and rely on virtual or real wind 

blowing over and under them to generate lift and drag. Kytoons are balloon kites 
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that are shaped and tethered to obtain kiting deflections, and can be lighter-than-

air, neutrally buoyant, or heavier-than air. 

  

3.2.   Powered 

  

3.2.1.   Propeller aircraft 

A propeller comprises a set of small, wing-like aerofoils set around a central hub 

which spins on an axis aligned in the direction of travel. Spinning the propeller 

creates aerodynamic lift, or thrust, in a forward direction. A contra-prop 

arrangement has a second propeller close behind the first one on the same axis, 

which rotates in the opposite direction. A tractor design mounts the propeller in 

front of the power source, and a pusher design mounts it behind. Although the 

pusher design allows cleaner airflow over the wing, tractor configuration is more 

common because it allows cleaner airflow to the propeller and provides a better 

weight distribution. A variation on the propeller is to use many broad blades to 

create a fan. Such fans are traditionally surrounded by a ring-shaped fairing or 

duct, as ducted fans. Many kinds of power plant have been used to drive 

propellers. The earliest designs used man power to give dirigible balloons some 

degree of control, and go back to Jean-Pierre Blanchard in 1784. Attempts to 

achieve heavier-than-air manpowered flight did not succeed until Paul 

MacCready's Gossamer Condor in 1977. 

  

The first powered flight was made in a steam-powered dirigible by Henri Giffard 

in 1852. Attempts to marry a practical lightweight steam engine to a practical 

fixed-wing airframe did not succeed until much later, by which time the internal 

combustion engine was already dominant. From the first controlled powered 

airplane flight by the Wright brothers until World War II, propellers turned by the 

internal combustion piston engine were virtually the only type of propulsion 

system in use. The piston engine is still used in the majority of smaller aircraft 

produced, since it is efficient at the lower altitudes and slower speeds suited to 
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propellers. Turbine engines need not be used as jets, but may be geared to drive a 

propeller in the form of a turboprop. Modern helicopters also typically use turbine 

engines to power the rotor. Turbines provide more power for less weight than 

piston engines, and are better suited to small-to-medium size aircraft or larger, 

slow-flying types. Some turboprop designs mount the propeller directly on an 

engine shaft, and are called prop-fans. 

  

Since the 1940s, propellers and prop-fans with swept tips or curved "scimitar-

shaped" blades have been studied for use in high-speed applications so as to delay 

the onset of shockwaves, in similar manner to wing sweepback, where the blade 

tips approach the speed of sound. The Airbus A400M turboprop transport aircraft 

is expected to provide the first production example: note that it is not a prop-fan 

because the propellers are not mounted direct on the engine shaft but are driven 

through reduction gearing. Other less common power sources include: 

▪       Electric motors often linked to solar panels to create a solar-powered 

aircraft. 

▪       Rubber bands, wound many times to store energy, are mostly used for 

flying models. 

  

3.2.2.   Jet aircraft 

Air-breathing jet engines provide thrust by taking in air, burning it with fuel in a 

combustion chamber, and accelerating the exhaust rearwards so that it ejects at 

high speed. The reaction against this acceleration provides the engine thrust. Jet 

engines can provide much higher thrust than propellers, and are naturally efficient 

at higher altitudes, being able to operate above 40,000 ft (12,000 m). They are 

also much more fuel-efficient than rockets. Consequently, nearly all high-speed 

and high-altitude aircraft use jet engines. The early turbojet and modern turbofan 

use a spinning turbine to create airflow for takeoff and to provide thrust. Many, 
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mostly in military aviation, use afterburners which inject extra fuel into the 

exhaust. 

  

Use of a turbine is not absolutely necessary: other designs include the crude pulse 

jet, high-speed ramjet and the still-experimental supersonic-combustion ramjet or 

scramjet. These designs require an existing airflow to work and cannot work 

when stationary, so they must be launched by a catapult or rocket booster, or 

dropped from a mother ship. The bypass turbofan engines of the Lockheed SR-71 

were a hybrid design - the aircraft took off and landed in jet turbine configuration, 

and for high-speed flight the afterburner was lit and the turbine bypassed, to 

create a ramjet. The motor-jet was a very early design which used a piston engine 

in place of the combustion chamber, similar to a turbocharged piston engine 

except that the thrust is derived from the turbine instead of the crankshaft. It was 

soon superseded by the turbojet and remained a curiosity. 

  

3.2.3.   Helicopters 

The rotor of a Helicopter may, like a propeller, be powered by a variety of 

methods such as an internal-combustion engine or jet turbine. Tip jets, fed by 

gases passing along hollow rotor blades from a centrally-mounted engine, have 

been experimented with. Attempts have even been made to mount engines 

directly on the rotor tips. 

Helicopters obtain forward propulsion by angling the rotor disc so that a 

proportion of its lift is directed forwards to provide thrust. 

  

3.3.   Other forms of propulsion 

o Rocket-powered aircraft have occasionally been experimented with, and the Messerschmitt 

Komet fighter even saw action in the Second World War. Since then they have been restricted to 

rather specialized niches, such as the Bell X-1 which broke the sound barrier or the North 

American X-15 which travelled up into space where no oxygen is available for combustion 

(rockets carry their own oxidant). Rockets have more often been used as a supplement to the 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

31
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



main power-plant, typically to assist takeoff of heavily-loaded aircraft, but also in a few 

experimental designs such as the Saunders-Roe SR.53 to provide a high-speed dash capability. 

o The flapping-wing ornithopter is a category of its own. These designs may have potential, but no 

practical device has been created beyond research prototypes, simple toys, and a model hawk 

used to freeze prey into stillness so that it can be captured. 

  

4.   Classification by use 

The major distinction in aircraft types is between military aircraft, which includes not just 

combat types but many types of supporting aircraft, and civil aircraft, which include all non-

military types. 

  

4.1.   Military aircraft 

Combat aircraft divide broadly into fighters and bombers, with several in-between types 

such as fighter-bombers and ground-attack aircraft (including attack helicopters). 

Other supporting roles are carried out by specialist patrol, search and rescue, 

reconnaissance, observation, transport, training and Tanker aircraft among others. Many 

civil aircraft, both fixed wing and rotary, have been produced in separate models for 

military use, such as the civil Douglas DC-3 airliner, which became the military C-47/C-

53/R4D transport in the U.S. military and the "Dakota" in the UK and the 

Commonwealth. Even the small fabric-covered two-seater Piper J3 Cub had a military 

version, the L-4 liaison, and observation and trainer aircraft. Gliders and balloons have 

also been used as military aircraft; for example, balloons were used for observation 

during the American Civil War and World War I, and military gliders were used during 

World War II to land troops. 

  

4.2.   Civil aircraft 

Civil aircraft divide into commercial and general types, however in practice there is some 

overlap. 
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4.2.1.   Commercial aircraft 

Commercial aircraft include types designed for scheduled and charter airline 

flights, carrying both passengers and cargo. The larger passenger-carrying types 

are often referred to as airliners, the largest of which are wide-body aircraft. Some 

of the smaller types are also used in general aviation, and some of the larger types 

are used as VIP aircraft. 

  

4.2.2.   General aviation 

General aviation is a catch-all covering other kinds of private and commercial 

use, and involving a wide range of aircraft types such as business jets (biz-jets), 

trainers, homebuilt, aerobatic types, racers, gliders, war-birds, firefighters, 

medical transports, and cargo transports, to name a few. The vast majority of 

aircraft today are general aviation types. Within general aviation, there is a further 

distinction between private aviation (where the pilot is not paid for time or 

expenses) and commercial aviation (where the pilot is paid by a client or 

employer). The aircraft used in private aviation are usually light passenger, 

business, or recreational types, and are usually owned or rented by the pilot. The 

same types may also be used for a wide range of commercial tasks, such as flight 

training, pipeline surveying, passenger and freight transport, policing, crop 

dusting, and medical evacuations. However the larger, more complex aircraft are 

more likely to be found in the commercial sector. For example, piston-powered 

propeller aircraft (single-engine or twin-engine) are common for both private and 

commercial general aviation, but for aircraft such as turboprops like the Beech-

craft King Air and helicopters like the Bell Jet-Ranger, there are fewer private 

owners than commercial owners. Conventional business jets are most often flown 

by paid pilots, whereas the new generation of smaller jets is being produced for 

private pilots. 
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4.2.3.   Experimental aircraft 

Experimental aircraft are one-off specials, built to explore some aspect of aircraft 

design and with no other useful purpose. The Bell X-1 rocket plane, which first 

broke the sound barrier in level flight, is a famous example. The formal 

designation of "experimental aircraft" also includes other types which are "not 

certified for commercial applications", including one-off modifications of existing 

aircraft such as the modified Boeing 747 which NASA uses to ferry the space 

shuttle from landing site to launch site, and aircraft homebuilt by amateurs for 

their own personal use. 

  

 

Topic Objective: 

At the end of this topic the student would be able to: 

 Define Aerodynamic force 

 Learn about the Aerodynamic Forces acting on an Airplane 

 Learn about the Variation in Pressure 

 Learn about the Velocity Distribution  

  

  

Definition/Overview: 

Aerodynamic force: Aerodynamic force is the resultant force exerted on a body by the air (or 

some other gas) in which the body is immersed, and is due to the relative motion between the 

body and the fluid. An aerodynamic force arises from two causes:    

 The force due to the pressure on the surface of the body 

 The force due to viscosity, also known as skin friction 
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When a body is exposed to the wind it experiences a force in the direction in which the wind is 

moving. This is an aerodynamic force. When a body is moving in air or some other gas the 

aerodynamic force is usually called drag. When an airfoil or a wing or a glider is moving relative 

to the air it generates an aerodynamic force that is partly parallel to the direction of relative 

motion, and partly perpendicular to the direction of relative motion. This aerodynamic force is 

commonly resolved into two components: 

 Drag is the component parallel to the direction of relative motion. 

 Lift is the component perpendicular to the direction of relative motion. 

  

The force on a propeller or a jet engine is called thrust and it is also an aerodynamic force. The 

aerodynamic force on a powered airplane is commonly resolved into three components: 

thrust, lift and drag. The only other force acting on a glider or powered airplane is its weight. 

Weight is not an aerodynamic force. 

   

   

Key Points: 

1.   Aerodynamic Forces acting on an Airplane 

When two solid objects interact in a mechanical process, forces are transmitted, or applied, at the 

point of contact. But when a solid object interacts with a fluid, things are more difficult to 

describe because the fluid can change its shape. For a solid body immersed in a fluid, the "point 

of contact" is every point on the surface of the body. The fluid can flow around the body and 

maintain physical contact at all points. The transmission, or application, of mechanical forces 

between a solid body and a fluid occurs at every point on the surface of the body. And the 

transmission occurs through the fluid pressure. 

  

2.   Variation in Pressure 

The magnitude of the force acting over a small section of an object immersed in a fluid equals 

the pressure p times the area A of the section. A quick units check shows that:  
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p * A = (force/area) * area = force 

  

As discussed on the fluid pressure slide, pressure is a scalar quantity related to the momentum 

of the molecules of a fluid. Since a force is a vector quantity, having both magnitude and 

direction, we must determine the direction of the force. Pressure acts perpendicular (or 

normal) to the solid surface of an object. So the direction of the force on the small section of the 

object is along the normal to the surface. We denote this direction by the letter n. The normal 

direction changes from the front of the airfoil to the rear and from the top to the bottom. To 

obtain the net mechanical force over the entire solid object, we must sum the contributions from 

all the small sections. Mathematically, the summation is indicated by the Greek letter sigma ( ) 

the net aerodynamic force F is equal to the sum of the product of the pressure p times the area A 

in the normal direction.  

  

F = p * A * n 

In the limit of infinitely small sections, this gives the integral of the pressure times the area 

around the closed surface. Using the symbol S dA for integration, we have:  

F = S (p * n) dA 

where the integral is taken all around the body. On the figure, that is why the integral sign has a 

circle through it.  

  

If the pressure on a closed surface is a constant, there is no net force produced because the 

summation of the directions of the normal adds up to zero. For every small section there is 

another small section whose normal points in exactly the opposite direction.  

F = S (p * n) dA = p * S n dA = 0 
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For a fluid in motion, the velocity has different values at different locations around the body. The 

local pressure is related to the local velocity, so the pressure also varies around the closed surface 

and a net force is produced. Summing the pressure perpendicular to the surface times the area 

around the body produces a net force.  

F = S (p * n) dA 

  

3.   Velocity Distribution 

For an ideal fluid with no boundary layers, the surface of an object is a streamline. If the velocity 

is low, and no energy is added to the flow, we can use Bernoulli's equation along a streamline to 

determine the pressure distribution for a known velocity distribution. If boundary layers are 

present, things are a little more confusing, since the external flow responds to the edge of the 

boundary layer and the pressure on the surface is imposed from the edge of the boundary layer. If 

the boundary layer separates from the surface, it gets even more confusing. How do we 

determine the velocity distribution around a body? Specifying the velocity is the source of error 

in two of the more popular incorrect theories of lift. To correctly determine the velocity 

distribution, we have to solve equations expressing a conservation of mass, momentum, and 

energy for the fluid passing the object. In some cases, we can solve simplified versions of the 

equations to determine the velocity.  

 

 In Section 2 of this course you will cover these topics: 

 Theory And Experiment Wind Tunnels 

 The Atmosphere 

 Incompressible One-Dimensional Flow 

 One-Dimensional Flow In A Compressible Fluid 

 Two-Dimensional Flow: Lift And Drag 

Topic Objective: 

At the end of this topic the student would be able to: 
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 Learn about the Pressure measurements 

 Learn about the Flow visualization 

 Learn about the Aqua-dynamic Flume 

 Learn about the Low-speed Oversize Liquid Testing 

 Learn about the Wind Tunnel Testing for Structural Design 

  

  

Definition/Overview: 

Wind Tunnel: A wind tunnel is a research tool developed to assist with studying the effects of 

air moving over or around solid objects.  

   

  

Key Points: 

1.   Overview of Wind Tunnel 

Air is blown or sucked through a duct equipped with a viewing port and instrumentation where 

models or geometrical shapes are mounted for study. Typically the air is moved through the 

tunnel using a series of fans. For very large wind tunnels several meters in diameter, a single 

large fan is not practical, and so instead an array of multiple fans are used in parallel to provide 

sufficient airflow. Due to the sheer volume and speed of air movement required, the fans may be 

powered by stationary turbofan engines rather than electric motors. The airflow created by the 

fans that is entering the tunnel is itself highly turbulent due to the fan blade motion, and so is not 

directly useful for accurate measurements. The air moving through the tunnel needs to be 

relatively turbulence-free and laminar. To correct this problem, a series of closely-spaced vertical 

and horizontal air vanes are used to smooth out the turbulent airflow before reaching the subject 

of the testing. 

  

Due to the effects of viscosity, the cross-section of a wind tunnel is typically circular rather than 

square, because there will be greater flow constriction in the corners of a square tunnel that can 
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make the flow turbulent. A circular tunnel provides a much smoother flow. The inside facing of 

the tunnel is typically very smooth to reduce surface drag and turbulence that could impact the 

accuracy of the testing. Even smooth walls induce some drag into the airflow, and so the object 

being tested is usually kept near the center of the tunnel, with an empty buffer zone between the 

object and the tunnel walls. There are correction factors to relate wind tunnel test results to open-

air results. 

  

Lighting is usually recessed into the circular walls of the tunnel and shines in through windows. 

If the light were mounted on the inside surface of the tunnel in a conventional manner, the light 

bulb would generate turbulence as the air blows around it. Similarly, observation is usually done 

through transparent portholes into the tunnel. Rather than simply being flat discs, these lighting 

and observation windows may be curved to match the cross-section of the tunnel and further 

reduce turbulence around the window. 

Various techniques are used to study the actual airflow around the geometry and compare it with 

theoretical results, which must also take into account the Reynolds number and Mach number for 

the regime of operation. 

  

2.   Pressure measurements 

Pressure across the surfaces of the model can be measured if the model includes pressure taps. 

This can be useful for pressure-dominated phenomena, but this only accounts for normal forces 

on the body. 

  

3.   Force and moment measurements 

With the model mounted on a force balance, one can measure lift, drag, lateral forces, yaw, roll, 

and pitching moments over a range of angle of attack. This allows one to produce common 

curves such as lift coefficient versus angle of attack (shown). Note that the force balance itself 

creates drag and potential turbulence that will affect the model and introduce errors into the 

measurements. The supporting structures are therefore typically smoothly shaped to minimize 

turbulence. 
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4.   Flow visualization 

Because air is transparent it is difficult to directly observe the air movement itself. Instead, a 

smoke particulate or a fine mist of liquid is sprayed into the tunnel just ahead of the device being 

tested. The particulate is sufficiently low mass to stay suspended in the air without falling to the 

floor of the tunnel, and is light enough to easily move with the airflow. If the air movement in 

the tunnel is sufficiently non-turbulent, a particle stream released into the airflow will not break 

up as the air moves along, but stays together as a sharp thin line. Multiple particle streams 

released from a grid of many nozzles can provide a dynamic three-dimensional shape of the 

airflow around the object being tested. As with the force balance, these injection pipes and 

nozzles need to be shaped in a manner that minimizes the introduction of turbulent airflow into 

the airstream. High-speed turbulence and vortices can be difficult to see directly, but strobe lights 

and film cameras or high-speed digital cameras can help to capture events that are a blur to the 

naked eye. High-speed cameras are also required when the subject of the test is itself moving at 

high speed, such as an airplane propeller. The camera can capture stop-motion images of how the 

blade cuts through the particulate streams and how vortices are generated along the trailing edges 

of the moving blade. 

  

5.   Wind tunnel classification 

There are many different kinds of wind tunnels; an overview is given in the figure below: 

 Low speed wind tunnel 

 High speed wind tunnel 

 Supersonic wind tunnel 

 Hypersonic wind tunnel 

  

6.   Aqua-dynamic Flume 

The aerodynamic principles of the wind tunnel work equally on watercraft, except the water is 

more viscous and so imposes greater forces on the object being tested. A looping flume is 

typically used for underwater aqua-dynamic testing. The interaction between 2 different types of 
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fluids means that pure wind-tunnel testing is only partly relevant. However, a similar sort of 

research is done in a towing tank 

  

6.1.   Low-speed Oversize Liquid Testing 

Air is not always the best test medium to study small-scale aerodynamic principles, due 

to the speed of the air flow and airfoil movement. A study of fruit fly wings designed to 

understand how the wings produce lift was performed using a large tank of mineral oil 

and wings 100 times larger than actual size, in order to slow down the wing beats and 

make the vortices generated by the insect wings easier to see and understand.  

  

6.2.   Wind Tunnel Testing for Structural Design 

Wind Tunnel Testing are done for measuring the pressure at certain points of structures 

and thus to design the structures are done. Usually very tall buildings or a building with a 

usual or complicated shape (like a parabolic or hyperbolic shape tall building) or cable 

suspension bridges or cable stayed bridges, wind tunnel testing provides the necessary 

design pressures for using in the dynamic analysis of the structure. 

 

 

Topic Objective: 

At the end of this topic the student would be able to: 

 Define Earths Atmosphere 

 Learn about the Standard atmospheric pressure 

 Learn about the Pressure and thickness 

 Learn about the Composition of Atmosphere 
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Definition/Overview: 

Earths Atmosphere: The Earth's atmosphere (or air) is a layer of gases surrounding the planet 

Earth that is retained by the Earth's gravity. Dry air contains roughly (by volume) 78.08% 

nitrogen, 20.95% oxygen, 0.93% argon, 0.038% carbon dioxide, and trace amounts of other 

gases. Air also contains a variable amount of water vapor, on average around 1%. The 

atmosphere protects life on Earth by absorbing ultraviolet solar radiation, warming the surface 

through heat retention (greenhouse effect), and reducing temperature extremes between day and 

night. There is no definite boundary between the atmosphere and outer space. It slowly becomes 

thinner and fades into space. An altitude of 120 km (75 mi) marks the boundary where 

atmospheric effects become noticeable during reentry. The Krmn line, at 100 km (62 mi), is also 

frequently regarded as the boundary between atmosphere and outer space. Three quarters of the 

atmosphere's mass is within 11 km (6.8 mi; 36,000 ft) of the surface. 

   

   

Key Points: 

1.   Standard atmospheric pressure 

The standard atmosphere (symbol: atm) is a unit of pressure and is defined as being equal to 

101.325 kPa. These other units are equivalent: 760 mmHg (torr), 29.92 inHg, 14.696 PSI, 

1013.25 millibars. One standard atmosphere is standard pressure used for pneumatic fluid power 

(ISO R554), and in the aerospace (ISO 2533) and petroleum (ISO 5024) industries. 

In 1999, the International Union of Pure and Applied Chemistry (IUPAC) recommended that for 

the purposes of specifying the properties of substances, the standard pressure should be defined 

as precisely 100 kPa (≈750.01 torr) or 29.53 inHg rather than the 101.325 kPa value of one 

standard atmosphere. This value is used as the standard pressure for the compressor and the 

pneumatic tool industries (ISO 2787). In the United States, compressed air flow is often 

measured in "standard cubic feet" per unit of time, where the "standard" means the equivalent 

quantity of moisture at standard temperature and pressure. However, this standard atmosphere is 

defined slightly differently: temperature = 20 C (68 F), air density = 1.225 kg/m (0.0765 

lb/cu ft), altitude = sea level, and relative humidity = 20%. In the air conditioning industry, the 
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standard is often temperature = 0 C (32 F) instead. For natural gas, the petroleum industry uses a 

standard temperature of 15.6 C (60.1 F), pressure 101.56 kPa (14.730 psi). 

  

2.   Pressure and thickness 

The average atmospheric pressure, at sea level, is about 101.3 kilopascals (14.69 psi); total 

atmospheric mass is 5.148010
18

 kg (1.13510
19

 lb). Atmospheric pressure is a direct result of the 

total weight of the air above the point at which the pressure is measured. Air pressure varies with 

location and time, because the amount (and weight) of air above the earth varies with location 

and time. However, the average mass of the air above a square meter of the Earth's surface can 

be calculated from the total amount of air and the surface area of the Earth. The total air mass is 

5148.0 teratonnes and area is 51007.2 megahectares. Thus 5148.0/510.072 = 10.093 tonnes 

(9.934 LT; 11.126 ST) per square meter or 14.356 pounds per square inch (98.98 kPa). This is 

about 2.5% below the officially standardized unit atmosphere (1 atm) of 101.325 kPa or 14.696 

psi, and corresponds to the mean pressure not at sea level, but at the mean base of the atmosphere 

as contoured by the Earth's terrain. 

  

Were atmospheric density to remain constant with height the atmosphere would terminate 

abruptly at 7.81 km (25,600 ft). Instead, density decreases with height, dropping by 50% at an 

altitude of about 5.6 km (18,000 ft). For comparison the highest mountain, Mount Everest, is 

higher, at 8.8 km (29,000 ft), so air is less than half as dense at the summit than at sea level. This 

is why it is so difficult to climb without supplemental oxygen. This pressure drop is 

approximately exponential, so that pressure decreases by approximately half every 5.6 km 

(18,000 ft) and by 63.2% (1 − 1 / e = 1 − 0.368 = 0.632) every 7.64 km (25,100 ft), the average 

scale height of Earth's atmosphere below 70 km (43 mi; 230,000 ft). However, because of 

changes in temperature, average molecular weight, and gravity throughout the atmospheric 

column, the dependence of atmospheric pressure on altitude is modeled by separate equations for 

each of the layers listed above. Even in the exosphere, the atmosphere is still present. This can be 

seen by the effects of atmospheric drag on satellites. 
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3.   Composition 

Filtered air includes trace amounts of many of the chemical elements. Substantial amounts of 

argon, nitrogen, and oxygen are present as elementary gases. Note the major greenhouse gasses: 

water vapor, carbon dioxide, methane, nitrous oxide, and ozone. Many additional elements from 

natural sources may be present in tiny amounts in an unfiltered air sample, including 

contributions from dust, pollen and spores, sea spray, vulcanism, and meteoroids. Various 

industrial pollutants are also now present in the air, such as chlorine (elementary or in 

compounds), fluorine (in compounds), elementary mercury, and sulfur (in compounds such as 

sulfur dioxide [SO2]). 

  

Composition of dry atmosphere, by volume 

ppmv: parts per million by volume 

Gas Volume 

Nitrogen (N2) 780,840 ppmv (78.084%) 

Oxygen (O2) 209,460 ppmv (20.946%) 

Argon (Ar) 9,340 ppmv (0.9340%) 

Carbon dioxide (CO2) 383 ppmv (0.0383%) 

Neon (Ne) 18.18 ppmv (0.001818%) 

Helium (He) 5.24 ppmv (0.000524%) 

Methane (CH4) 1.745 ppmv (0.0001745%) 

Krypton (Kr) 1.14 ppmv (0.000114%) 

Hydrogen (H2) 0.55 ppmv (0.000055%) 

Nitrous oxide (N2O) 0.3 ppmv (0.00003%) 
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Xenon (Xe) 0.09 ppmv (9x10
-6

%) 

Ozone (O3) 0.0 to 0.07 ppmv (0%-7x10
-6

%) 

Nitrogen dioxide (NO2) 0.02 ppmv (2x10
-6

%) 

Iodine (I) 0.01 ppmv (1x10
-6

%) 

Carbon monoxide (CO) trace 

Ammonia (NH3) trace 

Not included in above dry atmosphere: 

Water vapor (H2O) ~0.40% over full atmosphere, typically 1%-4% at surface 

[Table 1: Composition of dry atmosphere, by volume] 

   

3.1.   Density and mass 

The density of air at sea level is about 1.2 kg/m
3
 (1.2 g/L). Natural variations of the 

barometric pressure occur at any one altitude as a consequence of weather. This variation 

is relatively small for inhabited altitudes but much more pronounced in the outer 

atmosphere and space because of variable solar radiation. The atmospheric density 

decreases as the altitude increases. This variation can be approximately modeled using 

the barometric formula. More sophisticated models are used by meteorologists and space 

agencies to predict weather and orbital decay of satellites. The average mass of the 

atmosphere is about 5 quadrillion metric tons or 1/1,200,000 the mass of Earth. 

According to the National Center for Atmospheric Research, "The total mean mass of the 

atmosphere is 5.148010
18

 kg with an annual range due to water vapor of 1.2 or 1.510
15

 kg 

depending on whether surface pressure or water vapor data are used; somewhat smaller 

than the previous estimate. The mean mass of water vapor is estimated as 1.2710
16

 kg and 

the dry air mass as 5.1352 0.000310
18

 kg." 
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3.2.   Opacity 

Opacity is Earth's atmosphere from space. The blue and red of the atmosphere is due to 

Rayleigh scattering; shorter (blue) wavelengths of light are scattered more easily than 

longer (red) wavelengths. Solar radiation (or sunlight) is the energy the Earth receives 

from the Sun. The Earth also emits radiation back into space, but at longer wavelengths 

that we cannot see. Depending on its condition, the atmosphere can block radiation from 

coming in or going out. Important examples of this are clouds and the greenhouse effect. 

  

  

3.3.   Scattering 

When light passes through our atmosphere, photons interact with it through scattering. If 

the light does not interact with the atmosphere, it is called direct radiation and is what 

you see if you were to look directly at the sun. Indirect radiation is light that has been 

scattered in the atmosphere. For example, on an overcast day when you can't see your 

shadow there is no direct radiation reaching you, it has all been scattered. As another 

example, due to a phenomenon called Rayleigh scattering, shorter (blue) wavelengths 

scatter more easily than longer (red) wavelengths. This is why the sky looks blue; you are 

seeing scattered blue light. This is also why sunsets are red. Because the sun is close to 

the horizon, the sun rays pass through more atmosphere than normal to reach your eye. 

All of the blue light has been scattered out, leaving the red light in a sunset. 

  

3.4.   Absorption 

Absorption is another important property of the atmosphere. Different molecules absorb 

different wavelengths of radiation. For example, O2 and O3 absorb almost all wavelengths 

shorter than 300 nanometers. Water (H2O) absorbs many wavelengths above 700 nm, but 

this depends on the amount of water vapor in the atmosphere. When a molecule absorbs a 

photon, it increases the energy of the molecule. When you combine the absorption 

spectra of the gasses in the atmosphere, you are left with "windows" of low opacity, 
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allowing the transmission of only certain bands of light. The optical window runs from 

around 300 nm (ultraviolet-C) up into the range humans can see, the visible spectrum 

(commonly called light), at roughly 400700 nm and continues to the infrared to around 

1100 nm. There are also infrared and radio windows that transmit some infrared and 

radio waves at longer wavelengths. For example, the radio window runs from about one 

centimeter to about eleven-meter waves. 

  

3.5.   Emission 

Emission is the opposite of absorption it is when an object emits radiation. Objects tend 

to emit amounts and wavelengths of radiation depending on their "black body" emission 

curves, therefore hotter objects tend to emit more radiation at shorter wavelengths. Colder 

objects emit less radiation at longer wavelengths. For example, the sun is approximately 

6,000 K (5,730 C; 10,340 F), its radiation peaks near 500 nm, and is visible to the human 

eye. The Earth is approximately 290 K (17 C; 62 F), so its radiation peaks near 

10,000 nm, and is much too long to be visible by humans. Because of its temperature, the 

atmosphere emits infrared radiation. For example, on clear nights the Earth's surface 

cools down faster than on cloudy nights. This is because clouds (H2O) are strong 

absorbers and emitters of infrared radiation. This is also why it becomes colder at night at 

higher elevations. The atmosphere acts as a "blanket" to limit the amount of radiation the 

Earth loses into space. The greenhouse effect is directly related to this absorption and 

emission (or "blanket") effect. Some chemicals in the atmosphere absorb and emit 

infrared radiation, but do not interact with sunlight in the visible spectrum. Common 

examples of these chemicals are CO2 and H2O. If there are too much of these greenhouse 

gasses, sunlight heats the Earth's surface, but the gasses block the infrared radiation from 

exiting back to space. This imbalance causes the Earth to warm, and thus climate change. 

   

3.6.   Circulation 

Atmospheric circulation is the large-scale movement of air, and the means (with ocean 

circulation) by which heat is distributed on the surface of the Earth. The large-scale 

structure of the atmospheric circulation varies from year to year, but the basic structure 
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remains fairly constant. However, individual weather systems - midlatitude depressions 

or tropical convective cells - occur "randomly". It is accepted that weather cannot be 

predicted beyond a fairly short limit; perhaps a month in theory, or about ten days in 

practice. Nonetheless, the average of these systems (the climate) is stable over longer 

periods of time. 

 

 

Topic Objective: 

At the end of this topic the student would be able to: 

 Define Incompressible Flow 

 Learn about the Thin airfoil theory 

 Learn about the Derivation of thin airfoil theory 

  

  

Definition/Overview: 

Incompressible Flow: In fluid mechanics or more generally continuum mechanics, an 

incompressible flow is solid or fluid flow in which the divergence of velocity is zero. This is 

more precisely termed isochoric flow. It is an idealization used to simplify analysis. In reality, all 

materials are compressible to some extent. Note that isochoric refers to flow, not the material 

property. This means that under certain circumstances, a compressible material can undergo 

(nearly) incompressible flow. However, by making the 'incompressible' assumption, the 

governing equations of material flow can be simplified significantly. The equation describing an 

incompressible (isochoric) flow, 

, 

where is the velocity of the material. 

  

The continuity equation states that, 
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This can be expressed via the material derivative as 

 

Since ρ > 0, we see that a flow is incompressible if and only if, 

 

that is, the mass density is constant following the material element. 

  

   

Key Points: 

1.   Thin airfoil theory 

Thin airfoil theory is a simple theory of airfoils that relates angle of attack to lift. It was devised 

by German mathematician Max Munk and further refined by British aerodynamicist Hermann 

Glauert and others in the 1920s. The theory idealizes the flow around an airfoil as two-

dimensional flow around a thin airfoil. It can be imagined as addressing an airfoil of zero 

thickness and infinite wingspan. Thin airfoil theory was particularly notable in its day because it 

provided a sound theoretical basis for the following important properties of airfoils in two-

dimensional flow: 

 on a symmetric airfoil, the center of pressure lies exactly one quarter of the chord behind the 

leading edge 

 on a cambered airfoil, the aerodynamic center lies exactly one quarter of the chord behind the 

leading edge 

 the slope of the lift coefficient versus angle of attack line is units per radian 

  

As a consequence of (3), the section lift coefficient of a symmetric airfoil of infinite wingspan is: 
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where is the section lift coefficient, 

is the angle of attack in radians, measured relative to the chord line. 

(The above expression is also applicable to a cambered airfoil where is the angle of attack 

measured relative to the zero-lift line instead of the chord line.) 

Also as a consequence of (3), the section lift coefficient of a cambered airfoil of infinite 

wingspan is: 

 

Where is the section lift coefficient when the angle of attack is zero. Thin airfoil 

theory does not account for the stall of the airfoil which usually occurs at an angle of 

attack between 10 and 15 for typical airfoils.  

   

2.   Derivation of thin airfoil theory 

The airfoil is modeled as a thin lifting mean-line (camber line). The mean-line, y(x), is 

considered to produce a distribution of vorticity γ(s) along the line, s. By the Kutta condition, the 

vorticity is zero at the trailing edge. Since the airfoil is thin, x (chord position) can be used 

instead of s, and all angles can be approximated as small. From the Biot-Savart law, this vorticity 

produces a flow field w(s) where 

 

Where x is the location at which induced velocity is produced, x' is the location of the vortex 

element producing the velocity and c is the chord length of the airfoil. 

Since there is no flow normal to the curved surface of the airfoil, w(x) balances that from the 

component of main flow V which is locally normal to the plate the main flow is locally inclined 

to the plate by an angle α − dy / dx. That is 
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This integral equation can by solved for γ(x), after replacing x by 

, 

As a Fourier series in Ansin(nθ) with a modified lead term A0(1 + cos(θ)) / sin(θ) That is  

 

(These terms are known as the Glauert integral). The coefficients are given by:  

 

  

and  

By the KuttaJoukowski theorem, the total lift force F is proportional to 

 

and its moment M about the leading edge to  

 

The calculated Lift coefficient depends only on the first two terms of the Fourier series, as 

 

The moment M about the leading edge depends only on A0,A1 and A2 , as 

 

The moment about the 1/4 chord point will thus be, 

. 
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From this it follows that the center of pressure is aft of the 'quarter-chord' point 0.25 c, by 

 

The aerodynamic center, AC, is at the quarter-chord point. The AC is where the pitching moment 

M' does not vary with angle of attack, i.e. 

 

 

 

Topic Objective: 

At the end of this topic the student would be able to: 

 Define Compressible Flow 

 Explain the concept of Compressible Flow  

 Learn about the Adiabatic Compressible Flow in Gases  

  

  

Definition/Overview: 

Compressible Flow: In fluid dynamics, a flow is considered to be a compressible flow if the 

density of the fluid changes with respect to pressure. In general, this is the case where the Mach 

number (defined as the ratio of the flow speed to the local speed of sound) of the flow exceeds 

0.3. The Mach 0.3 value is rather arbitrary, but it is used because gas flows with a Mach number 

below that value introduce less than 5% change in density. Furthermore, the maximum density 

change occurs at the stagnation points and the density change in the rest of the flow field will be 

significantly lower.   
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Key Points: 

1.   Explanation of Compressible Flow  

The factor that distinguishes a flow from being compressible or incompressible is the fact that in 

compressible flow the changes in the velocity of the flow can lead to changes in the temperature 

which are not negligible. On the other hand in case of incompressible flow, the changes in the 

internal energy (i.e. temperature) are negligible even if the entire kinetic energy of the flow is 

converted to internal energy (i.e. the flow is brought to rest). These definitions, though they seem 

to be inconsistent, are all saying one and the same thing: the Mach number of the flow is high 

enough so that the effects of compressibility can no longer be neglected. For subsonic 

compressible flows, it is sometimes possible to model the flow by applying a correction factor to 

the answers derived from incompressible calculations or modelling - for example, the Prandtl-

Glauert rule: 

 

(ac is compressible lift curve slope, ai is the incompressible lift curve slope, and M is the Mach 

number). Note that this correction only yields acceptable results over a range of approximately 

0.3<M<0.7. 

  

For many other flows, their nature is qualitatively different to subsonic flows. A flow where the 

local Mach number reaches or exceeds 1 will usually contain shock waves. A shock is an abrupt 

change in the velocity, pressure and temperature in a flow; the thickness of a shock scales with 

the molecular mean free path in the fluid (typically a few micrometers). Shocks form because 

information about conditions downstream of a point of sonic or supersonic flow cannot 

propagate back upstream past the sonic point. The behaviour of a fluid changes radically as it 

starts to move above the speed of sound (in that fluid), ie. When the Mach number is greater than 

1. For example, in subsonic flow, a stream tube in an accelerating flow contracts. But in a 

supersonic flow, a stream tube in an accelerating flow expands. To interpret this in another way, 

consider steady flow in a tube that has a sudden expansion: the tube's cross section suddenly 

widens, so the cross-sectional area increases. In subsonic flow, the fluid speed drops after the 
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expansion (as expected). In supersonic flow, the fluid speed increases. This sounds like a 

contradiction, but it isn't: the mass flux is conserved but because supersonic flow allows the 

density to change, the volume flux is not constant. This effect is utilized in De Laval nozzles. 

  

2.   Adiabatic Compressible Flow in Gases 

Compressible flow refers to flow at velocities that are comparable to, or exceed, the speed of 

sound. The compressibility is relevant because at such velocities the variations in density that 

occur as the fluid moves from place to place cannot be ignored. Suppose that the fluid is a gas at 

a low enough pressure for the ideal equation of state, equation (118), to apply and that its thermal 

conductivity is so poor that the compressions and rarefactions undergone by each element of the 

gas may be treated as adiabatic. In this case, it follows from equation (120) that the change of 

density accompanying any small change in pressure, dp, is such that  

 

This makes it possible to integrate the right-hand side of equation (131), and one thereby arrives 

at a version of Bernoulli's law for a steady compressible flow of gases which states that  

 

is constant along a streamline. An equivalent statement is that  

 

is constant along a streamline. It is worth noting that, when a gas flows through a nozzle or 

through a shock front, the flow, though adiabatic, may not be reversible in the thermodynamic 

sense. Thus the entropy of the gas is not necessarily constant in such flow, and as a consequence 

the application of equation (120) is open to question. Fortunately, the result expressed by (141) 

or (142) can be established by arguments that do not involve integration of (131). It is valid for 

steady adiabatic flow whether this is reversible or not.  

Bernoulli's law in the form of (142) may be used to estimate the variation of temperature with 

height in the Earth's atmosphere. Even on the calmest day the atmosphere is normally in motion 

because convection currents are set up by heat derived from sunlight that is released at the 

Earth's surface. The currents are indeed adiabatic to a good approximation, and their velocity is 

generally small enough for the term v
2
 in (142) to be negligible. One can therefore deduce 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

54
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



without more ado that the temperature of the atmosphere should fall off in a linear fashioni.e., 

that  

  

Here  is used to represent the temperature lapse rate, and the value suggested for this quantity, 

(Mg/Cp), is close to 10 C per kilometer for dry air. This prediction is not exactly fulfilled in 

practice. Within the troposphere (i.e., to the heights of about 10 kilometers to which convection 

currents extend), the mean temperature does decrease with height in a linear fashion, but  is 

only about 6.5 C per kilometer. It is the water vapor in the atmosphere, which condenses as the 

air rises and cools that lowers the lapse rate to this value by increasing the effective value of Cp. 

The fact that the lapse rate is smaller for moist air than for dry air means that a stream of moist 

air which passes over a mountain range and which deposits its moisture as rain or snow at the 

summit is warmer when it descends to sea level on the other side of the range than it was when it 

started. The foehn wind of the Alps owes its warmth to this effect. The variation of the pressure 

of the atmosphere with height may be estimated in terms of , using the equation  

 

In the form of equation, Bernoulli's law may be used to calculate the speed of sound in gases. 

The argument is directly analogous to the one applied in the previous section to waves on 

shallow waterand, indeed, the diagrams in Figure 6 can serve to illustrate the argument here too, 

if they are regarded as plots of gas density (or else of pressure or temperature, which go hand in 

hand with density in adiabatic flow) versus position. The results of the argument will be stated 

without proof. If there exist an infinitesimal step in the density of the gas, it will remain 

stationary provided that the gas flows uniformly through it toward the region of higher density, 

with a velocity  

 

 If the gas is stationary, then (145) describes the velocity with which the step moves. It also 

describes the speed of propagation of the sort of undulatory variation of density that constitutes a 

sound wave of fixed frequency or pitch. Because the speed of sound is independent of pitch, 

sound waves, like waves on shallow water, are non-dispersive. This is just as well. It is only 

because there is no dispersion that one can understand the words of a distant speaker or listen to 

a symphony orchestra with pleasure from the back of an auditorium as well as from the front.  It 
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should be noted that the formula for the speed of sound in gases may be proved in other ways, 

and Newton came close to it a century before Bernoulli's time. However, because Newton failed 

to appreciate the distinction between adiabatic and isothermal flow, his answer lacked the factor 

.  

  

The above statements apply to density steps or undulations, the amplitude of which is 

infinitesimal, and they need some modification if the amplitude is large. In the first place it is 

found, as for waves on shallow water and for very much the same reasons, that, where two small 

density steps are moving parallel to one another, the second is bound to catch up with the first. It 

follows that, if there exists a propagating region in which the density rises in a continuous 

fashion from  to , where ( - ) is not necessarily small, then the width of this region is 

bound to diminish as time passes. Ultimately a shock front develops over which the densityand 

hence the pressure and temperaturerises almost discontinuously. There are processes within the 

shock front, vaguely analogous on the molecular scale to the foaming of a breaking water wave, 

by which energy is dissipated as heat. The speed of propagation, Vsh, of a shock front in a gas 

that is stationary in front of it may be expressed in terms of Vs and Vs, the velocities of small-

amplitude sound waves in front of the shock and behind it, respectively, by the equation  

 

  

Thus, if the shock is a strong one ( >> ), Vsh may be significantly greater than both Vs and Vs. 

 Even the gentlest sound wave, in which density and pressure initially oscillate in a smooth and 

sinusoidal fashion, develops into a succession of weak shock fronts in time. More noticeable 

shock fronts are a feature of the flow of gases at supersonic speeds through the nozzles of jet 

engines and accompany projectiles that are moving through stationary air at supersonic speeds. 

In certain circumstances when a supersonic aircraft is following a curved path, the accompanying 

shock wave may accidentally reinforce itself in places and thereby become offensively 

noticeable as a sonic boom, which may break windowpanes and cause other damage. Strong 

shock fronts also occur immediately after explosions, of course, and when windowpanes are 

broken by an explosion, the broken glass tends to fall outward rather than inward. Such is the 
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case because the glass is sucked out by the relatively low density and pressure that succeed the 

shock itself. 

 

Topic Objective: 

At the end of this topic the student would be able to: 

 Define Drag and Lift 

 Learn about the Lift in Aircraft 

 Explain the concept of Lift on an Airfoil 

 Learn about the Methods of Determining Lift 

 Learn about the Drag in aerodynamics  

  

  

Definition/Overview: 

Drag: The term drag is widely used in Physics and Engineering and is central to the field of fluid 

dynamics. "Drag" (sometimes called air resistance or fluid resistance) refers to forces that oppose 

the motion of a solid object through a fluid (a liquid or gas). Drag forces act in a direction 

opposite to the instantaneous velocity. 

  

Lift: In the context of a fluid flow relative to a body, the lift force is the component of the 

aerodynamic force that is perpendicular to the flow direction. It contrasts with the drag force, 

which is the parallel component of the aerodynamic force.  
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Key Points: 

1.   Lift in Aircraft 

In the context of a fluid flow relative to a body, the lift force is the component of the 

aerodynamic force that is perpendicular to the flow direction. It contrasts with the drag force, 

which is the parallel component of the aerodynamic force. Lift is commonly associated with the 

wing of an aircraft, although lift is also generated by rotors on helicopters; rudders, sails and 

keels on sailboats; hydrofoils; wings on auto racing cars; and wind turbines. While common 

meanings of the word "lift" suggest that lift opposes gravity, aerodynamic lift can be in any 

direction. When an aircraft is in cruise for example, lift does oppose gravity. However, when the 

aircraft is climbing, descending, or banking in a turn, for example, the lift is tilted with respect to 

the vertical. Lift may also be entirely downwards in some aerobatic maneuvers, or on the wing 

on a racing car. In this last case, the term down-force is often used. But also non-streamlined 

objects bluff bodies, plates, and foils install conditions may experience lift, besides a large drag 

force. If accompanied by an alternating vortex shedding, the object experiences an oscillating lift 

force. These lift fluctuations may provide vibration problems, even collapse, in man-made tall 

structures like for instance industrial chimneys, if not properly taken care of in the design. 

  

2.   Description of Lift on an Airfoil 

Lift is generated in accordance with the fundamental principles of physics. The most relevant 

physics reduce to three principles: 

 Newton's laws of motion, especially Newton's second law which relates the net force on an 

element of air to its rate of momentum change, 

 conservation of mass, including the common assumption that the airfoil's surface is impermeable 

for the air flowing around, and 

 An expression relating the fluid stresses (consisting of pressure and shear stress components) to 

the properties of the flow. 

  

In the last principle, the pressure depends on the other flow properties, such as its mass density, 

through the (thermodynamic) equation of state, while the shear stresses are related to the flow 

through the air's viscosity. Application of the viscous shear stresses to Newton's second law for 

an airflow results in the NavierStokes equations. But in many instances approximations suffice 
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for a good description of lifting airfoils: in large parts of the flow viscosity may be neglected. 

Such an inviscid flow can be described mathematically through the Euler equations, resulting 

from the Navier-Stokes equations when the viscosity is neglected. The Euler equations for a 

steady and inviscid flow can be integrated along a streamline, resulting in Bernoulli's equation. 

The particular form of Bernoulli's equation found depends on the equation of state used. At low 

Mach numbers, compressibility effects may be neglected, resulting in an incompressible flow 

approximation. In incompressible and inviscid flow the Bernoulli equation is just an integration 

of Newton's second lawin the form of the description of momentum evolution by the Euler 

equationsalong a streamline. 

  

Explaining lift while considering all of the principles involved is a complex task and is not easily 

simplified. As a result, there are numerous different explanations of lift with different levels of 

rigor and complexity. For example, there is an explanation based directly on Newtons laws of 

motion; and an explanation based on Bernoullis principle. Neither of these explanations is 

incorrect, but each appeals to a different audience. 

  

3.   Methods of Determining Lift 

  

3.1.   Lift coefficient 

If the lift coefficient for a wing at a specified angle of attack is known (or estimated using 

a method such as thin-airfoil theory), then the lift produced for specific flow conditions 

can be determined using the following equation: 

 

Where 

L is lift force, 

ρ is fluid density, far in front of the wing, 

v is true airspeed, 
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A is plan-form area, and 

CL is the lift coefficient at the desired angle of attack, Mach number, and Reynolds 

number 

  

3.2.   KuttaJoukowski theorem 

Lift can be calculated using potential flow theory by imposing a circulation. It is often 

used by practicing aerodynamicists as a convenient quantity in calculations, for example 

thin-airfoil theory and lifting-line theory. The circulation Γ is the line integral of the 

velocity of the air, in a closed loop around the boundary of an airfoil. It can be 

understood as the total amount of "spinning" (or vorticity) of air around the airfoil. The 

section lift/span L' can be calculated using the KuttaJoukowski theorem: 

 

Where ρ is the air density, V is the free-stream airspeed. Kelvin's circulation theorem 

states that circulation is conserved. There is conservation of the air's angular momentum. 

When an aircraft is at rest, there is no circulation. The challenge when using the 

KuttaJoukowski theorem to determine lift is to determine the appropriate circulation for a 

particular airfoil. In practice, this is done by applying the Kutta condition, which uniquely 

prescribes the circulation for a given geometry and free-stream velocity. 

A physical understanding of the theorem can be observed in the Magnus effect, which is 

a lift force generated by a spinning cylinder in a free stream. Here the necessary 

circulation is induced by the mechanical rotation acting on the boundary layer, causing it 

to induce a faster flow around one side of the cylinder and a slower flow around the 

other. The asymmetric distribution of airspeed around the cylinder then produces a 

circulation in the outer inviscid flow. 
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3.3.   Pressure integration 

The force on the wing can be examined in terms of the pressure differences above and 

below the wing, which can be related to velocity changes by Bernoulli's principle. The 

total lift force is the integral of vertical pressure forces over the entire wetted surface area 

of the wing: 

 

Where: 

L is the lift, 

A is the wing surface area 

p is the value of the pressure, 

n is the normal unit vector pointing into the wing, and 

k is the vertical unit vector, normal to the free-stream direction. 

  

The above lift equation neglects the skin friction forces, which typically have a negligible 

contribution to the lift compared to the pressure forces. By using the stream-wise vector i 

parallel to the free-stream in place of k in the integral, we obtain an expression for the 

pressure drag Dp (which includes induced drag in a 3D wing). If we use the span-wise 

vector j, we obtain the side force Y. 

 

One method for calculating the pressure is Bernoulli's equation, which is the 

mathematical expression of Bernoulli's principle. This method ignores the effects of 

viscosity, which can be important in the boundary layer and to predict friction drag, 

which is the other component of the total drag in addition to Dp. The Bernoulli principle 

states that the sum total of energy within a parcel of fluid remains constant as long as no 

energy is added or removed. It is a statement of the principle of the conservation of 
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energy applied to flowing fluids. A substantial simplification of this proposes that as 

other forms of energy changes are inconsequential during the flow of air around a wing 

and that energy transfer in/out of the air is not significant, then the sum of pressure 

energy and speed energy for any particular parcel of air must be constant. Consequently, 

an increase in speed must be accompanied by a decrease in pressure and vice-versa. It 

should be noted that this is not a causational relationship. Rather, it is a coincidental 

relationship, whatever causes one must also cause the other as energy can neither be 

created nor destroyed. It is named for the Dutch-Swiss mathematician and scientist 

Daniel Bernoulli, though it was previously understood by Leonhard Euler and others. 

  

Bernoulli's principle provides an explanation of pressure difference in the absence of air 

density and temperature variation (a common approximation for low-speed aircraft). If 

the air density and temperature are the same above and below a wing, a naive application 

of the ideal gas law requires that the pressure also be the same. Bernoulli's principle, by 

including air velocity, explains this pressure difference. The principle does not, however, 

specify the air velocity. This must come from another source, e.g., experimental data. 

In order to solve for the velocity of inviscid flow around a wing, the Kutta condition must 

be applied to simulate the effects of inertia and viscosity. The Kutta condition allows for 

the correct choice among an infinite number of flow solutions that otherwise obey the 

laws of conservation of mass and conservation of momentum. 

  

4.   Drag 

The term drag is widely used in Physics and Engineering and is central to the field of fluid 

dynamics. "Drag" (sometimes called air resistance or fluid resistance) refers to forces that 

oppose the motion of a solid object through a fluid (a liquid or gas). Drag forces act in a direction 

opposite to the instantaneous velocity. Unlike other resistive forces such as dry friction, which is 

nearly independent of velocity, drag forces depend on velocity. For a solid object moving 

through a fluid, the drag is the component of the net aerodynamic or hydrodynamic force acting 

opposite to the direction of the movement. The component perpendicular to this direction is 

considered lift. Therefore drag opposes the motion of the object, and in a powered vehicle it is 

overcome by thrust. In astro-dynamics, depending on the situation, atmospheric drag can be 
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regarded as an inefficiency requiring expense of additional energy during launch of the space 

object or as a bonus simplifying return from orbit. 

   

5.   Drag in aerodynamics 

  

5.1.   Parasitic drag 

Parasitic drag is caused by moving a solid object through a fluid. Parasitic drag is made 

up of many components, the most prominent being form drag. Skin friction and 

interference drag are also major components of parasitic drag. In aviation, induced drag 

tends to be greater at lower speeds because a high angle of attack is required to maintain 

lift, creating more drag. However, as speed increases the induced drag becomes much 

less, but parasitic drag increases because the fluid is flowing faster around protruding 

objects increasing friction or drag. At even higher speeds in the transonic, wave drag 

enters the picture. Each of these forms of drag changes in proportion to the others based 

on speed. The combined overall drag curve therefore shows a minimum at some airspeed 

- an aircraft flying at this speed will be at or close to its optimal efficiency. Pilots will use 

this speed to maximize endurance (minimum fuel consumption), or maximize gliding 

range in the event of an engine failure. 

  

5.2.   Lift induced drag 

In aerodynamics, lift-induced drag, induced drag, vortex drag, or sometimes drags 

due to lift, is a drag force which occurs whenever a lifting body or a wing of finite span 

generates lift. With other parameters remaining the same, as the angle of attack increases, 

induced drag increases. 

  

5.3.   Wave drag in transonic and supersonic flow 

The general form of the high speed equation applies fairly well even at speeds 

approaching or exceeding the speed of sound, however, the Cd factor varies with speed, 

in a way dependent on the nature of the object. In general, above Mach 0.85 the drag 
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coefficient climbs to a value several times higher at Mach 1.0, and then comes down 

again at higher speeds, tending to a value perhaps 30% higher than that at subsonic 

speeds. This is due to the creation of shockwaves which generates wave drag. For 

aircraft, the minimum practical wave-drag is generated by the Sears-Haack body or 

variations thereof. Busemann's Biplane is not, in principle, subject to wave drag at all 

when operated at its design speed, but is incapable of generating lift. 

 

 

 

 In Section 3 of this course you will cover these topics: 

 The Finite Wing 

 Effects Of Viscosity 

 Determination Of Total Incompressible Drag 

 Compressibility Drag 

 

Topic : The Finite Wing  

Topic Objective: 

At the end of this topic the student would be able to: 

 Learn about the Lifting-line Theory 

 Learn about the Horseshoe Vortex 

 Learn about the Circulation Theory of Lift  

  

  

Definition/Overview: 

Lifting-line Theory: Lifting-line theory or Lanchester-Prandtl wing theory was published by 

Ludwig Prandtl in 19181919 after working with Albert Betz and Max Munk on the problem of a 

useful mathematical tool for examining lift from "real world" wings. In this model, the vortex 
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strength reduces along the wingspan, and the loss in vortex strength is shed as a vortex-sheet 

from the trailing edge, rather than just at the wing-tips. The theory states that: 

 

Where 

 Is the lift coefficient? 

 Is the 2D lift coefficient slope? 

Is the Aspect Ratio, and 

 Is the angle of attack in radians. 

The theoretical maximum for  is 2π. Note that this equation becomes the Thin Airfoil 

equation if AR goes to infinity. Lifting-line theory also states an equation for induced drag:. 

 

Where 

 Is the drag coefficient for induced drag, 

Is the lift coefficient, and 

 Is the Aspect Ratio. 
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Key Points: 

 1.   Horseshoe Vortex 

The horseshoe vortex model is a simplified representation of the vortex system of a wing. In 

this model the wing vorticity is modelled by a bound vortex of constant circulation, travelling 

with the wing, and two trailing vortices, therefore having a shape vaguely reminiscent of a 

horseshoe. (The starting vortex created as the wing begins to move through the fluid is 

considered to have been dissipated by the action of viscosity, as are the trailing vortices well 

behind the aircraft.) The trailing vortices are responsible for the component of the downwash 

which creates induced drag. The horseshoe vortex model is unrealistic in implying a constant 

vorticity (and hence by the KuttaJoukowski theorem constant lift) at all points on the wingspan. 

In a more realistic model (due to Ludwig Prandtl) the vortex strength reduces along the 

wingspan, and the loss in vortex strength is shed as a vortex-sheet from the trailing edge, rather 

than just at the wing-tips. However, by using the horseshoe vortex model with a reduced 

effective wingspan but same midplane circulation, the flows induced far from the aircraft can be 

adequately modelled. 

  

2.   Circulation Theory of Lift 

The "circulation theory of lift" develops into the "lifting line" theory of lift, by considering what 

happens to the circulation around a finite wing. 

 

  

The circulation theory presented earlier deals with the simple case of circulation around a wing 

(sail, fin) of indefinite length.  In this simple case, the circulation, and the wing, stretches away 

into infinity.  In reality, a wing has a finite span, and the circulation around the wing doesn't stop 

at the wingtips.  The question is what happens to it? Circulation is conserved, like energy or 

momentum.  The circulation around a wing cannot simply appear by itself.  A circulation vortex 

must be a closed system, and the two ends of the circulation must meet up.  For some time, this 

seemed just a theoretical issue, but careful investigation demonstrated how this happens.  As the 

wing moves forward, it sheds a "starting" vortex, equal to but opposite in circulation to the wing 

vortex, called the "bound" vortex, bound as it is to the wing.  As the wing moves forward, tip 

vortices develop, with the result that a "closed" vortex loop develops.  If we think about an 
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aircraft taking off, it leaves its starting vortex at the beginning of the runway, and the tip vortices 

then build up down the length of the runway and into the air as the aircraft climbs.  For a large 

aircraft, these vortices take several minutes to dissipate. 

 

 

  

The bound vortex of the wing is considered bound to a "lifting line".  The lifting line theory 

considers the wing to be a single vortex filament.  The tip vortices are the "automatic" 

consequences of the lifting line and the circulation around a finite wing. The tip vortices have 

profound consequences for the lift and drag of a wing.  Because of their action, they introduce 

additional downwash.  For most wing plan-forms, this additional downwash tends to be 

concentrated towards the wing tips.  This additional downwash means additional drag.  The 

diagram shows the increasing, additional downwash towards the wing tips due to the tip 

vortices.  This downwash is additional to the downwash due to the bound vortex, which is 

considered to be evenly distributed along the wing or lifting line. 

  

The momentum theory of lift showed that the drag due to a lifting surface (called the induced 

drag) is given by the angle of downwash -- more downwash, more induced drag.  The extra 

downwash due to the tip vortices means a greater downwash angle, and hence a greater induced 

drag coefficient.  The diagram shows that, if there is more downwash at the wing tip than at the 

centre of the wing, there will be more induced drag there. According to the momentum theory, 

the increased drag varies as the square of the lift coefficient.  As the wing develops more lift, the 

induced drag increases proportionately more at the wing tips, if this is where the tip vortices are 

adding extra downwash. 

  

Notice also that the induced drag depends upon the wing aspect ratio.  Long thin wings, with 

high aspect ratio, have less induced drag.  This is the same as saying that their tip vortices are 

weaker, and their tip vortex downwash is less.  In a way, this is obvious, since the tip vortices on 

a long wing are further apart, and their downwash doesn't affect as much of the airflow behind 

the wing. An important question concerns the wing plan-form which generates the least amount 

of additional induced drag.  This is the same question as the wing plan-form which generates a 
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constant downwash from root to tip, such a constant downwash yielding the least induced drag.  

The answer turns out to be an elliptical plan-form. 

 

An elliptical wing planform has the interesting property of yielding tip vortices which are the 

least "concentrated", that is, the downwash they yield is spread most evenly along the wingspan. 

  

 Topic Objective: 

At the end of this topic the student would be able to: 

 Define Viscosity and Boundary Layer 

 Learn about the Concept of Boundary Layer in Aerodynamics  

 Learn about the Boundary Layer Equations 

 Learn about the Turbulent Boundary Layers 

  

  

Definition/Overview: 

Viscosity: Viscosity is a measure of the resistance of a fluid which is being deformed by either 

shear stress or extensional stress. In everyday terms (and for fluids only), viscosity is 

"thickness". Thus, water is "thin", having a lower viscosity, while vegetable oil is "thick" having 

a higher viscosity. Viscosity describes a fluid's internal resistance to flow and may be thought of 

as a measure of fluid friction. For example, high-viscosity magma will create a tall, steep 

stratovolcano, because it cannot flow far before it cools, while low-viscosity lava will create a 

wide, shallow-sloped shield volcano.  All real fluids (except super-fluids) have some resistance 

to stress, but a fluid which has no resistance to shear stress is known as an ideal fluid or inviscid 

fluid. The study of viscosity is known as rheology.  

  

Boundary Layer: In physics and fluid mechanics, a boundary layer is that layer of fluid in the 

immediate vicinity of a bounding surface. In the Earth's atmosphere, the planetary boundary 
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layer is the air layer near the ground affected by diurnal heat, moisture or momentum transfer to 

or from the surface. On an aircraft wing the boundary layer is the part of the flow close to the 

wing. The boundary layer effect occurs at the field region in which all changes occur in the 

flow pattern. The boundary layer distorts surrounding nonviscous flow. It is a phenomenon of 

viscous forces. This effect is related to the Reynolds number. Laminar boundary layers come in 

various forms and can be loosely classified according to their structure and the circumstances 

under which they are created. The thin shear layer which develops on an oscillating body is an 

example of a Stokes boundary layer, whilst the Blasius boundary layer refers to the well-known 

similarity solution for the steady boundary layer attached to a flat plate held in an oncoming 

unidirectional flow. When a fluid rotates, viscous forces may be balanced by the Coriolis Effect, 

rather than convective inertia, leading to the formation of an Ekman layer. Thermal boundary 

layers also exist in heat transfer. Multiple types of boundary layers can coexist near a surface 

simultaneously. 

   

Key Points: 

1.   Concept of Boundary Layer in Aerodynamics  

The aerodynamic boundary layer was first defined by Ludwig Prandtl in a paper presented on 

August 12, 1904 at the third International Congress of Mathematicians in Heidelberg, Germany. 

It allows aerodynamicists to simplify the equations of fluid flow by dividing the flow field into 

two areas: one inside the boundary layer, where viscosity is dominant and the majority of the 

drag experienced by a body immersed in a fluid is created and one outside the boundary layer 

where viscosity can be neglected without significant effects on the solution. This allows a 

closed-form solution for the flow in both areas, which is a significant simplification over the 

solution of the full NavierStokes equations. The majority of the heat transfer to and from a body 

also takes place within the boundary layer, again allowing the equations to be simplified in the 

flow field outside the boundary layer. 

  

The thickness of the velocity boundary layer is normally defined as the distance from the solid 

body at which the flow velocity is 99% of the free-stream velocity, that is, the velocity that is 

calculated at the surface of the body in an inviscid flow solution. An alternative definition, the 
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displacement thickness, recognizes the fact that the boundary layer represents a deficit in mass 

flow compared to an inviscid case with slip at the wall. It is the distance by which the wall would 

have to be displaced in the inviscid case to give the same total mass flow as the viscous case. The 

no-slip condition requires the flow velocity at the surface of a solid object be zero and the fluid 

temperature be equal to the temperature of the surface. The flow velocity will then increase 

rapidly within the boundary layer, governed by the boundary layer equations, below. The thermal 

boundary layer thickness is similarly the distance from the body at which the temperature is 99% 

of the temperature found from an inviscid solution. The ratio of the two thicknesses is governed 

by the Prandtl number. If the Prandtl number is 1, the two boundary layers are the same 

thickness. If the Prandtl number is greater than 1, the thermal boundary layer is thinner than the 

velocity boundary layer. If the Prandtl number is less than 1, which is the case for air at standard 

conditions, the thermal boundary layer is thicker than the velocity boundary layer. 

  

In high-performance designs, such as sailplanes and commercial transport aircraft, much 

attention is paid to controlling the behavior of the boundary layer to minimize drag. Two effects 

must to be considered. First, the boundary layer adds to the effective thickness of the body, 

through the displacement thickness, hence increasing the pressure drag. Secondly, the shear 

forces at the surface of the wing create skin friction drag. At high Reynolds numbers, typical of 

full-sized aircraft, it is desirable to have a laminar boundary layer. This results in a lower skin 

friction due to the characteristic velocity profile of laminar flow. However, the boundary layer 

inevitably thickens and becomes less stable as the flow develops along the body, and eventually 

becomes turbulent, the process known as boundary layer transition. One way of dealing with this 

problem is to suck the boundary layer away through a porous surface. This can result in a 

reduction in drag, but is usually impractical due to the mechanical complexity involved and the 

power required to move the air and dispose of it. Natural laminar flow is the name for techniques 

pushing the boundary layer transition aft by shaping of an aerofoil or a fuselage so that their 

thickest point is aft and less thick. This reduces the velocities in the leading part and the same 

Reynolds number is achieved with a greater length. 

  

At lower Reynolds numbers, such as those seen with model aircraft, it is relatively easy to 

maintain laminar flow. This gives low skin friction, which is desirable. However, the same 
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velocity profile which gives the laminar boundary layer its low skin friction also causes it to be 

badly affected by adverse pressure gradients. As the pressure begins to recover over the rear part 

of the wing chord, a laminar boundary layer will tend to separate from the surface. Such flow 

separation causes a large increase in the pressure drag, since it greatly increases the effective size 

of the wing section. In these cases, it can be advantageous to deliberately trip the boundary layer 

into turbulence at a point prior to the location of laminar separation, using a turbulator. The fuller 

velocity profile of the turbulent boundary layer allows it to sustain the adverse pressure gradient 

without separating. Thus, although the skin friction is increased, overall drag is decreased. This 

is the principle behind the dimpling on golf balls, as well as vortex generators on aircraft. Special 

wing sections have also been designed which tailor the pressure recovery so laminar separation is 

reduced or even eliminated. This represents an optimum compromise between the pressure drag 

from flow separation and skin friction from induced turbulence. 

  

2.   Boundary Layer Equations 

The deduction of the boundary layer equations was perhaps one of the most important 

advances in fluid dynamics. Using an order of magnitude analysis, the well-known governing 

NavierStokes equations of viscous fluid flow can be greatly simplified within the boundary layer. 

Notably, the characteristic of the partial differential equations (PDE) becomes parabolic, rather 

than the elliptical form of the full NavierStokes equations. This greatly simplifies the solution of 

the equations. By making the boundary layer approximation, the flow is divided into an inviscid 

portion (which is easy to solve by a number of methods) and the boundary layer, which is 

governed by an easier to solve PDE. The NavierStokes equations for a two-dimensional steady 

incompressible flow in Cartesian coordinates are given by 
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Where u and v are the 

velocity components, ρ is 

the density, p is the 

pressure, and ν is the 

kinematic viscosity of the fluid at a point. The approximation states that, for a sufficiently high 

Reynolds number the flow over a surface can be divided into an outer region of inviscid flow 

unaffected by viscosity (the majority of the flow), and a region close to the surface where 

viscosity is important (the boundary layer). Let u and v be stream-wise and transverse (wall 

normal) velocities respectively inside the boundary layer. Using scale analysis, it can be shown 

that the above equations of motion reduce within the boundary layer to become 

and if the fluid is incompressible (as liquids are under standard conditions): 

 

The asymptotic analysis also shows 

that v, the wall normal velocity, is 

small compared with u the stream-wise velocity, and that variations in properties in the stream-

wise direction are generally much lower than those in the wall normal direction. Since the static 

pressure p is independent of y, then pressure at the edge of the boundary layer is the pressure 

throughout the boundary layer at a given stream-wise position. The external pressure may be 

obtained through an application of Bernoulli's equation. Let u0 be the fluid velocity outside the 

boundary layer, where u and u0 are both parallel. This gives upon substituting for p the following 

result 

 

With the boundary condition 

 

For a flow in which the static pressure p also does not change in the direction of the flow then 

 

So u0 remains constant. 
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Therefore, the equation of 

motion simplifies to become 

 

These approximations are used in a variety of practical flow problems of scientific and 

engineering interest. The above analysis is for any instantaneous laminar or turbulent boundary 

layer, but is used mainly in laminar flow studies since the mean flow is also the instantaneous 

flow because there are no velocity fluctuations present. 

  

3.   Turbulent Boundary Layers 

The treatment of turbulent boundary layers is far more difficult due to the time-dependent 

variation of the flow properties. One of the most widely used techniques in which turbulent flows 

are tackled is to apply Reynolds decomposition. Here the instantaneous flow properties are 

decomposed into a mean and fluctuating component. Applying this technique to the boundary 

layer equations gives the full turbulent boundary layer equations not often given in literature: 

 

Using the same order-of-magnitude analysis as for the instantaneous equations, these turbulent 

boundary layer equations generally reduce to become in their classical form: 

 

The additional term in the turbulent boundary layer equations is known as the Reynolds shear 

stress and is unknown a priori. The solution of the turbulent boundary layer equations therefore 

necessitates the use of a turbulence model, which aims to express the Reynolds shear stress in 

terms of known flow variables or derivatives. The lack of accuracy and generality of such 

models is the single major obstacle which inhibits the successful prediction of turbulent flow 

properties in modern fluid dynamics. 

  

Topic Objective: 

At the end of this topic the student would be able to: 

 Define Inviscid Flow 
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 Learn about the Bernoullis Principle  

 Learn about the Incompressible flow equation  

  

  

Definition/Overview: 

Inviscid Flow: In fluid dynamics there are problems that are easily solved by using the 

simplifying assumption of an ideal fluid that has no viscosity. The flow of a fluid that is assumed 

to have no viscosity is called inviscid flow. The flow of fluids with low values of viscosity 

agrees closely with inviscid flow everywhere except close to the fluid boundary where the 

boundary layer plays a significant role. This is generally true where viscous (friction) forces are 

small in comparison to inertial forces, i.e. a flow with a Reynolds number . The 

assumption that viscous forces are negligible can be used to simplify the Navier-Stokes solution 

to the Euler equations. In the case of incompressible flow, the Euler equations governing inviscid 

flow are: 

 

Which, in the steady-state case, can be 

solved using potential flow theory? More generally, Bernoulli's principle can be used to analyse 

certain time-dependent compressible and incompressible flows. 

   

   

Key Points: 

1.   Bernoullis Principle  

In fluid dynamics, Bernoulli's principle states that for an inviscid flow, an increase in the speed 

of the fluid occurs simultaneously with a decrease in pressure or a decrease in the fluid's 

potential energy. Bernoulli's principle is named after the DutchSwiss mathematician Daniel 

Bernoulli who published his principle in his book Hydrodynamica in 1738. Bernoulli's principle 

can be applied to various types of fluid flow, resulting in what is loosely denoted as Bernoulli's 

equation. In fact, there are different forms of the Bernoulli equation for different types of flow. 
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The simple form of Bernoulli's principle is valid for incompressible flows (e.g. most liquid 

flows) and also for compressible flows (e.g. gases) moving at low Mach numbers. More 

advanced forms may in some cases be applied to compressible flows at higher Mach numbers. 

  

Bernoulli's principle is equivalent to the principle of conservation of energy. This states that in a 

steady flow the sum of all forms of mechanical energy in a fluid along a streamline is the same at 

all points on that streamline. This requires that the sum of kinetic energy and potential energy 

remain constant. If the fluid is flowing out of a reservoir the sum of all forms of energy is the 

same on all streamlines because in a reservoir the energy per unit mass (the sum of pressure and 

gravitational potential ρgh) is the same everywhere. Fluid particles are subject only to pressure 

and their own weight. If a fluid is flowing horizontally and along a section of a streamline, where 

the speed increases it can only be because the fluid on that section has moved from a region of 

higher pressure to a region of lower pressure; and if its speed decreases, it can only be because it 

has moved from a region of lower pressure to a region of higher pressure. Consequently, within a 

fluid flowing horizontally, the highest speed occurs where the pressure is lowest, and the lowest 

speed occurs where the pressure is highest. 

  

2.   Incompressible flow equation 

In most flows of liquids, and of gases at low Mach number, the mass density of a fluid parcel can 

be considered to be constant, regardless of pressure variations in the flow. For this reason the 

fluid in such flows can be considered to be incompressible and these flows can be described as 

incompressible flow. Bernoulli performed his experiments on liquids and his equation in its 

original form is valid only for incompressible flow. The original form of Bernoulli's equation 

valid at any point along a streamline is: 

 

Where: 

is the fluid flow speed at a point on a streamline, 
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is the acceleration due to gravity, 

is the elevation of the point above a reference plane, with the positive z-direction 

pointing upward so in the direction opposite to the gravitational acceleration, 

 is the pressure at the point, and 

Is the density of the fluid at all points in the fluid? 

The following assumptions must be met for the equation to apply: 

 The fluid must be incompressible - even though pressure varies, the density must remain 

constant. 

 The streamline must not enter a boundary layer. (Bernoulli's equation is not applicable where 

there are viscous forces, such as in a boundary layer.) 

By multiplying with the mass density , the above equation can be rewritten as: 

 

Is the piezometric head or hydraulic head (the sum of the elevation z and the pressure 

head) and 

is the total pressure (the sum of the static pressure p and dynamic 

pressure q). 

The constant in the Bernoulli equation can be normalized. A common approach is in terms of 

total head or energy head H: 

so divide the above constant by ρ and g to get the total head H in terms of metres of fluid 

column. 

The above equations suggest there is a flow speed at which pressure is zero, and at even higher 

speeds the pressure is negative. Most often, gases and liquids are not capable of negative 

absolute pressure, or even zero pressure, so clearly Bernoulli's equation ceases to be valid before 

zero pressure is reached. In liquids when the pressure becomes too low cavitation occurs. The 

above equations use a linear relationship between flow speed squared and pressure. At higher 
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flow speeds in gases, or for sound waves in liquids, the changes in mass density become 

significant so that the assumption of constant density is invalid. 

  

2.1.   Simplified form 

In several applications of Bernoulli's equation, the change in the term along 

streamlines is so small it can be ignored, compared with the other terms in the equation: 

for instance in the case of airfoils at low Mach number. This allows the above equation to 

be presented in the following simplified form: 

 

Where is called total pressure, and is dynamic pressure. Many authors refer to the 

pressure as static pressure to distinguish it from total pressure and dynamic pressure

. In Aerodynamics, L.J. Clancy writes: "To distinguish it from the total and dynamic 

pressures, the actual pressure of the fluid, which is associated not with its motion but with 

its state, is often referred to as the static pressure, but where the term pressure alone is 

used it refers to this static pressure. The simplified form of Bernoulli's equation can be 

summarized in the following memorable word equation: 

Static pressure + dynamic pressure = total pressure 

  

Every point in a steadily flowing fluid, regardless of the fluid speed at that point, has its 

own unique static pressure p and dynamic pressure q. While their sum p + q is balanced 

by the total pressure p0. The significance of Bernoulli's principle can now be summarized 

as "total pressure is constant along a streamline." Furthermore, if the fluid flow is 

irrotational, the total pressure on every streamline is the same and Bernoulli's principle 

can be summarized as "total pressure is constant everywhere in the fluid flow." Examples 

of irrotational flow are: a wing moving at low Mach number through the air, or fluid flow 

through a streamlined nozzle exiting from a reservoir. However, it is important to 

remember that Bernoulli's principle does not apply in the boundary layer. 
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2.2.   Applicability of incompressible flow equation to flow of gases 

Bernoulli's equation is sometimes valid for the flow of gases: provided that there is no 

transfer of kinetic or potential energy from the gas flow to the compression or expansion 

of the gas. If both the gas pressure and volume change simultaneously, then work will be 

done on or by the gas. In this case, Bernoulli's equation in its incompressible flow form 

cannot be assumed to be valid. However if the gas process is entirely isobaric, or 

isochoric, then no work is done on or by the gas, (so the simple energy balance is not 

upset). According to the gas law, an isobaric or isochoric process is ordinarily the only 

way to ensure constant density in a gas. Also the gas density will be proportional to the 

ratio of pressure and absolute temperature, however this ratio will vary upon compression 

or expansion, no matter what non-zero quantity of heat is added or removed. The only 

exception is if the net heat transfer is zero, as in a complete thermodynamic cycle, or in 

an individual isentropic (frictionless adiabatic) process, and even then this reversible 

process must be reversed, to restore the gas to the original pressure and specific volume, 

and thus density. Only then is the original, unmodified Bernoulli equation applicable. In 

this case the equation can be used if the flow speed of the gas is sufficiently below the 

speed of sound, such that the variation in density of the gas (due to this effect) along each 

streamline can be ignored. Adiabatic flow at less than Mach 0.3 is generally considered to 

be slow enough. 

  

2.3.   Unsteady potential flow 

The Bernoulli equation for unsteady potential flow is used in the theory of ocean surface 

waves and acoustics. For an irrotational flow, the flow velocity can be described as the 

gradient ∇φ of a velocity potential φ. In that case, and for a constant density ρ, the 

momentum equations of the Euler equations can be integrated to: 

 

which is a Bernoulli equation valid also for unsteady or time dependent flows. Here ∂φ/∂t 

denotes the partial derivative of the velocity potential φ with respect to time t, and 

v = |∇φ| is the flow speed. The function f(t) depends only on time and not on position in 
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the fluid. As a result, the Bernoulli equation at some moment t does not only apply along 

a certain streamline, but in the whole fluid domain. This is also true for the special case 

of a steady irrotational flow, in which case f is a constant. Further f(t) can be made equal 

to zero by incorporating it into the velocity potential using the transformation 

  resulting in    

Note that the relation of the potential to the flow velocity is unaffected by this 

transformation: ∇Φ = ∇φ. The Bernoulli equation for unsteady potential flow also appears 

to play a central role in Luke's variational principle, a variational description of free-

surface flows using the Lagrangian (not to be confused with Lagrangian coordinates). 

 

 

Topic Objective: 

At the end of this topic the student would be able to: 

 Define and explain the concept of Compressibility Drag 

 Learn about the Compressible flow equation  

  

  

Definition/Overview: 

Compressibility Drag:  The low speed drag level is often defined at a Mach number of 0.5, 

below which the airplane drag coefficient at a given lift coefficient is generally invariant with 

Mach number. The increase in the airplane drag coefficient at higher Mach numbers is called 

compressibility drag. The compressibility drag includes any variation of the viscous and vortex 

drag with Mach number, shock-wave drag, and any drag due to shock-induced separations. The 

incremental drag coefficient due to compressibility is designated CDc.  
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Key Points: 

1.   Overview of Compressibility Drag 

In exploring compressibility drag, we will first limit the discussion to unswept wings. The effect 

of sweepback will then be introduced. For aspect ratios above 3.5 to 4.0, the flow over much of 

the wing span can be considered to be similar to two-dimensional flow. Therefore, we will be 

thinking at first in terms of flow over two-dimensional airfoils. When a wing is generating lift, 

velocities on the upper surface of the wing are higher than the freestream velocity. As the flight 

speed of an airplane approaches the speed of sound, i.e., M>0.65, the higher local velocities on 

the upper surface of the wing may reach and even substantially exceed M= 1.0. The existence of 

supersonic local velocities on the wing is associated with an increase of drag due to a reduction 

in total pressure through shockwaves and due to thickening and even separation of the boundary 

layer due to the local but severe adverse pressure gradients caused by the shock waves. The drag 

increase is generally not large, however, until the local speed of sound occurs at or behind the 

'crest' of the airfoil, or the 'crestline' which is the locus of airfoil crests along the wing span. The 

crest is the point on the airfoil upper surface to which the freestream is tangent. 

  

A shock wave is a thin sheet of fluid across which abrupt changes occur in p, , V and M. In 

general, air flowing through a shock wave experiences a jump toward higher density, higher 

pressure and lower Mach number. The effective Mach number approaching the shock wave is 

the Mach number of the component of velocity normal to the shock wave. This component Mach 

number must be greater than 1.0 for a shock to exist. On the downstream side, this normal 

component must be less than 1.0. In a two-dimensional flow, a shock is usually required to bring 

a flow with M > 1.0 to M < 1.0. Remember that the velocity of a supersonic flow can be 

decreased by reducing the area of the channel or streamtube through which it flows, When the 

velocity is decreased to M = 1.0 at a minimum section and the channel then expands, the flow 

will generally accelerate and become supersonic again. A shock just beyond the minimum 

section will reduce the Mach number to less than 1.0 and the flow will be subsonic from that 

point onward. 
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Whenever the local Mach number becomes greater than 1.0 on the surface of a wing or body in a 

subsonic freestream, the flow must be decelerated to a subsonic speed before reaching the 

trailing edge. If the surface could be shaped so that the surface Mach number is reduced to 1.0 

and then decelerated subsonically to reach the trailing edge at the surrounding freestream 

pressure, there would be no shock wave and no shock drag. This ideal is theoretically attainable 

only at one unique Mach number and angle of attack. In general, a shock wave is always 

required to bring supersonic flow back to M< 1.0. A major goal of transonic airfoil design is to 

reduce the local supersonic Mach number to as close to M = 1.0 as possible before the shock 

wave. Then the fluid property changes through the shock will be small and the effects of the 

shock may be negligible. When the Mach number just ahead of the shock becomes increasingly 

larger than 1.0, the total pressure losses across the shock become greater, the adverse pressure 

change through the shock becomes larger, and the thickening of the boundary layer increases. 

 

Near the nose of a lifting airfoil, the streamtubes close to the surface are sharply contracted 

signifying high velocities. This is a region of small radius of curvature of the surface, Figure 1, 

and the flow, to be in equilibrium, responds like a vortex flow, i.e. the velocity drops off rapidly 

as the distance from the center of curvature is increased. Thus the depth, measured perpendicular 

to the airfoil surface, of the flow with M > 1.0 is small. Only a small amount of fluid is affected 

by a shock wave in this region and the effects of the total pressure losses caused by the shock 

are, therefore, small. Farther back on the airfoil, the curvature is much less, the radius is larger 

and a high Mach number at the surface persists much further out in the stream. Thus, a shock 

affects much more fluid. Furthermore, near the leading edge the boundary layer is thin and has a 

full, healthy, velocity profile. Toward the rear of the wing, the boundary layer is thicker, its 

lower layers have a lower velocity and it is less able to keep going against the adverse pressure 

jump of a shock. Therefore, it is more likely to separate. 

  

2.   Compressible flow equation 

Bernoulli developed his principle from his observations on liquids, and his equation is applicable 

only to incompressible fluids, and compressible fluids at very low speeds (perhaps up to 1/3 of 

the sound speed in the fluid). It is possible to use the fundamental principles of physics to 
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develop similar equations applicable to compressible fluids. There are numerous equations, each 

tailored for a particular application, but all are analogous to Bernoulli's equation and all rely on 

nothing more than the fundamental principles of physics such as Newton's laws of motion or the 

first law of thermodynamics. 

  

2.1.   Compressible flow in fluid dynamics 

A useful form of the equation, suitable for use in compressible fluid dynamics, is: 

 
 (constant along a streamline) 

where: 

is the ratio of the specific heats of the fluid 

is the pressure at a point 

is the density at the point 

is the speed of the fluid at the point 

is the acceleration due to gravity 

is the elevation of the point above a reference plane 

In many applications of compressible flow, changes in elevation are negligible compared 

to the other terms, so the term can be omitted. A very useful form of the equation is 

then: 

 

where: 

is the total pressure 

is the total density 
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2.2.   Compressible flow in thermodynamics 

Another useful form of the equation, suitable for use in thermodynamics, is: 

 

is the enthalpy per unit mass, which is also often written as (not to be confused with 

"head" or "height"). 

Note that where is the thermodynamic energy per unit mass, also 

known as the specific internal energy or "sie." The constant on the right hand side is often 

called the Bernoulli constant and denoted . For steady inviscid adiabatic flow with no 

additional sources or sinks of energy, is constant along any given streamline. More 

generally, when may vary along streamlines, it still proves a useful parameter, related to 

the "head" of the fluid. When the change in can be ignored, a very useful form of this 

equation is: 

 

where is total enthalpy. When shock waves are present, in a reference frame moving 

with a shock, many of the parameters in the Bernoulli equation suffer abrupt changes in 

passing through the shock. The Bernoulli parameter itself, however, remains unaffected. 

An exception to this rule is radiative shocks, which violate the assumptions leading to the 

Bernoulli equation, namely the lack of additional sinks or sources of energy. 

 

 

 

 In Section 4 of this course you will cover these topics: 

 Airfoils And Wings 
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 High-Lift Systems 

 Aerodynamic Performance 

 Stability And Control 

 

 

Topic Objective: 

At the end of this topic the student would be able to: 

 Define and explain the concept of Airfoil 

 Learn about the Wing Configuration  

 Learn about the Science of wings  

  

  

Definition/Overview: 

Airfoil: An airfoil or aerofoil is the shape of a wing or blade (of a propeller, rotor or turbine) or 

sail as seen in cross-section. An airfoil-shaped body moved through a fluid produces a force 

perpendicular to the motion called lift. Subsonic flight airfoils have a characteristic shape with a 

rounded leading edge, followed by a sharp trailing edge, often with asymmetric camber. Airfoils 

designed with water as the working fluid are also called hydrofoils.  

   

  

Key Points: 

1.   Overview of Airfoil 

A fixed-wing aircraft's wings, horizontal, and vertical stabilizers are built with aerofoil-shaped 

cross sections, as are helicopter rotor blades. Aerofoils are also found in propellers, fans, 

compressors and turbines. Sails are also aerofoils, and the underwater surfaces of sailboats, such 

as the centerboard and keel, are similar in cross-section and operate on the same principles as 

aerofoils. Swimming and flying creatures and even many plants and sessile organisms employ 
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aerofoils; common examples being bird wings, the bodies of fishes, and the shape of sand 

dollars. An aerofoil-shaped wing can create downforce on an automobile or other motor vehicle, 

improving traction. Any object with an angle of attack in a moving fluid, such as a flat plate, a 

building, or the deck of a bridge, will generate an aerodynamic force (called lift) perpendicular to 

the flow. Aerofoils are more efficient lifting shapes, able to generate more lift (up to a point), and 

to generate lift with less drag. 

  

A lift and drag curve obtained in wind tunnel testing is shown on the right. The curve represents 

an aerofoil with a positive camber so some lift is produced at zero angle of attack. With 

increased angle of attack, lift increases in a roughly linear relation, called the slope of the lift 

curve. At about eighteen degrees this aerofoil stalls and lift falls off quickly beyond that. Drag is 

least at a slight negative angle for this particular aerofoil, and increases rapidly with higher 

angles. Aerofoil design is a major facet of aerodynamics. Various aerofoils serve different flight 

regimes. Asymmetric airfoils can generate lift at zero angle of attack, while a symmetric aerofoil 

may better suit frequent inverted flight as in an aerobatic aeroplane. In the region of the ailerons 

and near a wingtip a symmetric airfoil can be used to increase the range of angle of attacks to 

avoid spin-stall. Ailerons itself are not cut into the aerofoil, but extend it. Thus a large range of 

angles can be used without boundary layer separation. Subsonic airfoils have a round leading 

edge, which is naturally insensitive to the angle of attack. For intermediate Reynolds numbers 

already before maximum thickness boundary layer separation occurs for a circular shape, thus 

the curvature is reduced going from front to back and the typical wing shape is retrieved. 

Supersonic aerofoils are much more angular in shape and can have a very sharp leading edge, 

which as explained in the last sentence is very sensitive to angle of attack. A supercritical airfoil 

has its maximum thickness close to the leading edge to have a lot of length to slowly shock the 

supersonic flow back to subsonic speeds. Generally such transonic aerofoils and also the 

supersonic aerofoils have a low camber to reduce drag divergence. Movable high-lift devices, 

flaps and sometimes slats, are fitted to aerofoils on almost every aircraft. A trailing edge flap acts 

similar to an aileron, with the difference that it can be retracted partially into the wing if not used 

(and some flaps even make the plane a biplane if used). A laminar flow wing has a maximum 

thickness in the middle camber line. Analysing the Navier-Stokes equations in the linear regime 

shows that a negative pressure gradient along the flow has the same effect as reducing the speed. 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

85
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



So with the maximum camber in the middle, maintaining a laminar flow over a larger percentage 

of the wing at a higher cruising speed is possible. Of course, with rain or insects on the wing or 

for jetliner like speeds this does not work. Since such a wing stalls more easily, this aerofoil is 

not used on wingtips (spin-stall again). 

  

Schemes have been devised to describe airfoils an example is the NACA system. Various ad-hoc 

naming systems are also used. An example of a general purpose aerofoil that finds wide 

application, and predates the NACA system, is the Clark-Y. Today, aerofoils are designed for 

specific functions using inverse design programs such as PROFIL, XFOIL and AeroFoil. X-foil 

is an online program created by Mark Drela that will design and analyze subsonic isolated 

aerofoils. Modern aircraft wings may have different airfoil sections along the wing span, each 

one optimized for the conditions in each section of the wing. 

   

2.   Airfoil terminology 

The various terms related to airfoils are defined below: 

 The mean camber line is a line drawn midway between the upper and lower surfaces. 

 The chord line is a straight line connecting the leading and trailing edges of the airfoil, at the 

ends of the mean camber line. 

 The chord is the length of the chord line and is the characteristic dimension of the airfoil section. 

 The maximum thickness and the location of maximum thickness are expressed as a percentage of 

the chord. 

 For symmetrical airfoils both mean camber line and chord line pass from centre of gravity of the 

airfoil and they touch at leading and trailing edge of the airfoil. 

 The aerodynamic center is the chord wise length about which the pitching moment is 

independent of the lift coefficient and the angle of attack. 

 The center of pressure is the chord wise location about which the pitching moment is zero. 

  

3.   Wing Configuration  

Several factors affect the wing configuration of any particular design, and many different 

configurations have been used. This page provides a breakdown of the various types, allowing a 
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full description of any aircraft's wing configuration. For example the Spitfire wing may be 

classified as a conventional low wing cantilever monoplane configuration with straight elliptical 

wings of moderate aspect ratio and with slight dihedral. Sometimes the distinction between 

types is blurred, for example the wings of many modern combat aircraft may be described either 

as cropped compound deltas with (forwards or backwards) swept trailing edge, or as sharply 

tapered swept wings with large LERX. All the configurations described have flown (if only very 

briefly) on full-size aircraft, except as noted. Some variants may be duplicated under more than 

one heading, due to their complex nature. This is particularly so for variable geometry and 

combined (closed) wing types. 

  

4.   Science of wings 

The science of wings is one of the principal applications of the science of aerodynamics. In order 

for a wing to produce lift it has to be at a positive angle to the airflow. In that case a low pressure 

region is generated on the upper surface of the wing which draws the air above the wing 

downwards towards what would otherwise be a void after the wing had passed. On the underside 

of the wing a high pressure region forms accelerating the air there downwards out of the path of 

the oncoming wing. The pressure difference between these two regions produces an upwards 

force on the wing, called lift. The pressure differences, the acceleration of the air and the lift on 

the wing are intrinsically one mechanism. It is therefore possible to derive the value of one by 

calculating another. For example lift can be calculated by reference to the pressure differences or 

by calculating the energy used to accelerate the air. Both approaches will result in the same 

answer if done correctly. Debates over which mathematical approach is the more convenient can 

be wrongly perceived as differences of opinion about the principles of flight and often create 

unnecessary confusion in the mind of the layman. 

  

Black=solid, red=tube used for the spar, green=foam or wood or honeycomb or sheet metal used 

for the ribs. The leading edge gives torsional stiffness. The trailing can either have a flexible 

skin, which does not break under wing bending (bird-like) or have a stiff skin (made of carbon 

fiber or aluminum, jet-like) which is prevented from bucking by span-wise stringers. A common 

misconception is that it is the shape of the wing that is essential to generate lift by having a 

longer path on the top rather than the underside. This is not the case, thin flat wings can produce 
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lift efficiently and aircraft with cambered wings can fly inverted as long as the nose of the 

aircraft is pointed high enough so as to present the wing at a positive angle of attack to the 

airflow. The common aerofoil shape of wings is due to a large number of factors many of them 

not at all related to aerodynamic issues, for example wings need strength and thus need to be 

thick enough to contain structural members. They also need room to contain items such as fuel, 

control mechanisms and retracted undercarriage. The primary aerodynamic input to the wings 

cross sectional shape is the need to keep the air flowing smoothly over the entire surface for the 

most efficient operation. In particular, there is a requirement to prevent the low-pressure gradient 

that accelerates the air down the back of the wing becoming too great and effectively sucking the 

air off the surface of the wing. If this happens the wing surface from that point backwards 

becomes substantially ineffective. 

  

The shape chosen by the designer is a compromise dependent upon the intended operational 

ranges of airspeed, angles of attack and wing loadings. Usually aircraft wings have devices, such 

as flaps, which allow the pilot to modify shape and surface area of the wing to be able to change 

its operating characteristics in flight. In 1948 Francis Rogallo invented the fully limp flexible 

wing which ushered new possibilities for aircraft. Near in time Domina Jalbert invented flexible 

un-sparred ram-air airfoiled thick wings. These two new branches of wings have been since 

extensively studied and applied in new branches of aircraft, especially altering the personal 

recreational aviation landscape. The science of wings applies in other areas beyond conventional 

fixed-wing aircraft, including: 

 Hang gliders which use wings from fully-flexible (paragliders, gliding parachutes) wings, 

flexible wings (framed sail wings), to rigid wings. 

 Kites which use a vast variety of wings. 

 Aeromodelling 

 Helicopters which use a rotating wing with a variable pitch or angle to provide a directional force 

 The space shuttle which uses its wings only for lift during its descent 

 Some racing cars, especially Formula One cars, which use upside-down wings to give cars 

greater adhesion at high speeds over 100mph. 
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 Sailing boats which use sails as vertical wings with variable fullness and direction to move 

across water. 

  

Structures with the same purpose as wings, but designed to operate in liquid media, are generally 

called fins or hydroplanes, with hydrodynamics as the governing science. Applications arise in 

craft such as hydrofoils and submarines. Sailing boats use both fins and wings. 

 

 

Topic Objective: 

At the end of this topic the student would be able to: 

 Define High-lift device 

 Learn about the Wing Design 

 Learn about the Circulation control wing 

 Learn about the concept of Powering the wing  

  

  

Definition/Overview: 

High-lift device: In aircraft design, high-lift devices are mechanisms intended to add lift during 

certain portions of flight. They include common devices such as flaps and slats, as well as less 

common devices such as leading edge extensions and blown flaps. Generally they are divided 

into two classes, powered and unpowered. 

Aircraft designs include compromises intended to maximize performance for a particular role. 

One of the most fundamental of these is the size of the wing; a larger wing will provide more lift 

and make takeoffs and landings shorter and easier, but increase drag during cruising and thereby 

lead to lower fuel economy. High-lift devices are used to smooth out the differences between the 

two goals, allowing the use of an efficient cruising wing, and adding lift for takeoff and landing. 
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Key Points: 

1.   Wing Design 

A wing designed for efficient high-speed flight is often quite different from one designed solely 

for take-off and landing. Take-off and landing distances are strongly influenced by aircraft 

stalling speed, with lower stall speeds requiring lower acceleration or deceleration and 

correspondingly shorter field lengths. It is always possible to reduce stall speed by increasing 

wing area, but it is not desirable to cruise with hundreds of square feet of extra wing area (and 

the associated weight and drag), area that is only needed for a few minutes. Since the stalling 

speed is related to wing parameters by: 

 

 

It is also possible to reduce stalling speed by reducing weight, increasing air density, or 

increasing wing CLmax . The latter parameter is the most interesting. One can design a wing 

airfoil that compromises cruise efficiency to obtain a good CLmax , but it is usually more efficient 

to include movable leading and/or trailing edges so that one may obtain good high speed 

performance while achieving a high CLmax at take-off and landing. The primary goal of a high lift 

system is a high CLmax; however, it may also be desirable to maintain low drag at take-off, or 

high drag on approach. It is also necessary to do this with a system that has low weight and high 

reliability. This is generally achieved by incorporating some form of trailing edge flap and 

perhaps a leading edge device such as a slat. 

  

  

Modern high lift systems are often quite complex with many elements and multi-bar linkages. 

Here is a double-slotted flap system as used on a DC-8. For some time Douglas resisted the 

temptation to use tracks and resorted to such elaborate 4-bar linkages. The idea was that these 

would be more reliable. In practice, it seems both schemes are very reliable. Current practice has 

been to simplify the flap system and double (or even single) slotted systems are often preferred. 

Flaps change the airfoil pressure distribution, increasing the camber of the airfoil and allowing 
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more of the lift to be carried over the rear portion of the section. If the maximum lift coefficient 

is controlled by the height of the forward suction peak, the flap permits more lift for a given peak 

height. Slotted flaps achieve higher lift coefficients than plain or split flaps because the boundary 

layer that forms over the flap starts at the flap leading edge and is "healthier" than it would have 

been if it had traversed the entire forward part of the airfoil before reaching the flap. The forward 

segment also achieves a higher Clmax than it would without the flap because the pressure at the 

trailing edge is reduced due to interference, and this reduces the adverse pressure gradient in this 

region.  

The favorable effects of a slotted flap on Clmax was known early in the development on high lift 

systems. That a 2-slotted flap is better than a single-slotted flap and that a triple-slotted flap 

achieved even higher Cl's suggests that one might try more slots. Handley Page did this in the 

1920's. Tests showed a Clmax of almost 4.0 for a 6-slotted airfoil. Leading edge devices such as 

nose flaps, Kruger flaps, and slats reduce the pressure peak near the nose by changing the nose 

camber. Slots and slats permit a new boundary layer to start on the main wing portion, 

eliminating the detrimental effect of the initial adverse gradient.  

Today computational fluid dynamics is used to design these complex systems; however, the 

prediction of CLmax by direct computation is still difficult and unreliable. Wind tunnel tests are 

also difficult to interpret due to the sensitivity of CLmax to Reynolds number and even freestream 

turbulence levels. The most common high-lift device is the flap, a movable portion of the rear 

wing that can be bent down into the airflow to produce extra lift. The goal is to re-shape the wing 

as a whole into one that has more camber as well as being longer. In general wings with more 

camber and chord will produce more lift for any given amount of drag. It is the second goal, 

making the wing longer, that results in the complex flap arrangements found on many modern 

aircraft. The first "travelling flaps" that moved rearward were starting to be used just before 

World War II due to efforts at Arado, and have been followed by increasingly complex systems 

made up of several parts, known as slots. Large modern airliners make use of triple-slotted flaps 

to produce the massive lift required during takeoff. 
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Another common high-lift device is the slat, which looks like a flap at the front of the wing. In 

fact the action of the slat is very different than the flap, as it does not directly produce extra lift. 

Instead the slat re-directs the airflow at the front of the wing, allowing it to flow more smoothly 

over the surface while at a high angle of attack. This allows the wing to be operated effectively at 

higher angles, which produce more lift. The original slats were patented by Handley-Page in 

1919, and by the 1930s had developed into a system that operated automatically when the 

airflow over the wing reduced pressure on the leading edge, small springs would then push the 

slat out. Modern systems, like modern flaps, are more complex and typically operated 

hydraulically. Although not as common, another high-lift device is the leading edge extension, or 

LEX. LEX systems typically consist of a thin delta wing mounted in front of the main wing, 

which normally generates little lift. At higher angles of attack, however, the LEX generates a 

vortex that is positioned to lie on the upper surface of the main wing. This reduces the pressure 

over the wing, leading to greater lift. LEX systems are notable for their potentially huge angles in 

which they operate, and are commonly found on modern fighter aircraft. 

  

Powered high-lift systems generally use airflow from the engine to shape the flow of air over the 

wing, replacing or modifying the action of the flaps. Blown flaps use "bleed air" from the jet 

engine's compressor which is blown over the rear of the wing and flap, adding airflow and 

allowing the air to remain attached at higher angles of attack. In effect the airflow acts as a sort 

of slat for the flaps. A more advanced version of the Blown flap is the Circulation control wing; 

a mechanism that tangentially ejects air over a specially designed airfoil to create lift through the 

Coanda effect. A more common system uses the airflow from the engines directly, by placing a 

flap directly in the path of the exhaust. This is not a trivial exercise due to the power of modern 

engines, and most aircraft deliberately "split" the flap so the portions behind the engines do not 

move into the airflow. However, if the flaps can be made strong enough, the effects can be 

enormous. Oddly the effect is most pronounced if the engines are mounted above the wing due to 

the Coandă effect, which led to a number of aircraft such as the Boeing YC-14 and Antonov An-

72 with high-mounted engines. The C-17 Globemaster III uses a more conventional low-

mounted engine design based on the same idea. 
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2.   Circulation control wing 

A circulation control wing (CCW) is a form of High-lift device for use on the main wing of an 

aircraft to increase the lift coefficient. CCW technology has been in the research and 

development phase for over sixty years, and the early models were called Blown flaps. The 

CCW works by increasing the velocity of the airflow over the leading edge and trailing edge of a 

specially designed aircraft wing using a series of blowing slots that eject high pressure jet air. 

The wing has a rounded trailing edge to tangentially eject the air through the Coanda effect thus 

causing lift. The increase in velocity of the airflow over the wing also adds to the lift force 

through conventional airfoil lift production. 

  

2.1.   Purpose  

The main purpose of the circulation control wing is to increase the lifting force of an 

aircraft at times when large lifting forces at slow speeds are required, such as takeoff and 

landing. Wing flaps and slats are currently used during landing on almost all aircraft and 

on takeoff by larger jets. While flaps and slats are effective in increasing lift, they do so 

at a high cost of drag. The benefit of the circulation control wing is that no extra drag is 

created and the lift coefficient is greatly increased. It is being claimed that such a system 

could increase the landing coefficient of lift of a Boeing 737 by 150% to 250%, thus 

reducing approach speeds by 35% to 45% and landing distances by 55% to 75% and that 

such advances in wing design could allow for dramatic wing size reduction in large, wide 

body jets. 

  

2.2.   Other uses 

  

2.2.1.   Increased maneuverability 

At low speeds, an aircraft has reduced airflow over the wing and vertical 

stabiliser. This causes the control surfaces (ailerons, elevators and rudder) to be 

less effective. The CCW system increases the airflow over these surfaces and 
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consequently can allow much higher manoeuvrability at low speeds. However, if 

one of the CCW systems should fail at low speed, the affected wing is likely to 

stall which could result in an inescapable spin. Finally, the CCW system could be 

used on multi-engine aircraft in the result of an engine failure to cancel the 

asymmetric forces from the loss of power on one wing. 

  

2.2.2.   Noise reduction 

The use of a CCW system eliminates the need for large complex components in 

the free stream such as flaps and slats, greatly reducing the noise pollution of 

modern aircraft. Additionally, a much shorter ground roll coupled with steeper 

climb outs and approaches reduces the ground noise footprint. The blowing slots 

themselves will contribute very little to the noise of the aircraft as each slot is just 

a fraction of an inch wide. 

  

3.   Powering the wing 

The main problem with the circulation control wing is the need for high energy air to be blown 

over the wing's surface. Such air is often taken from the engine however this drastically reduces 

engine power production and consequently defies the purpose of the wing. Other options are 

taking the exhaust gases (which must first be cooled) or using multiple, lightweight gas 

generators, which are separate from the main aircraft engines. 

 

 

 

Topic Objective: 

At the end of this topic the student would be able to: 

 Define Variable Geometry 

 Learn about the concept of Wing Support  

 Learn about the concept of Wing Platform  
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Definition/Overview: 

Variable Geometry: A variable geometry aircraft is able to change its physical configuration 

during flight. Fixed wing types of variable geometry include: 

Variation of wing planform: 

 Swing-wing - Also called "variable sweep wing". The left and right hand wings vary their sweep 

together, usually backwards. 

 Oblique wing - A single full-span wing pivots about its mid point, so that one side sweeps back 

and the other side sweeps forward. 

 Extensible wing - The outer wing section retracts inwards to reduce drag and low-altitude buffet 

for high-speed flight, and is extended only for takeoff, low-speed cruise and landing. The Grin 

Varivol biplane flew in 1936. 

Variation of wing chord: 

 Variable incidence - The leading edge of the wing tilts upwards at takeoff. May be by a small 

amount for STOL performance. The only example is the F-8 Crusader. 

 Variable camber - The leading and trailing edge sections of the wing pivot down to increase the 

effective camber of the wing. This increases lift at low angles of attack, and delays stalling at 

high angles of attack. 

Some types of variable geometry transition between fixed and rotary wing configurations.  

   

   

Key Points: 

1.   Wing Support  

To support itself a wing has to be rigid, strong and consequently heavy. By adding external 

supports, the weight can be greatly reduced. Originally, this was always done. But bracing causes 

a large amount of drag at higher speeds, so it has not been used for faster designs since the early 

1930s. The various types are: 

 Cantilevered - Self-supporting. All the structure is buried under the aerodynamic skin, giving a 

clean appearance with low drag. 
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 Braced:  

o Strut braced - One or more stiff compression struts help to support the wing. 

o Wire braced - In addition to struts, some tension wires also help to support the wing. 

 Combined or closed wing - Two wings are joined structurally at the tips in some way. This 

stiffens the structure, and can reduce aerodynamic losses at the tips. Variants include:  

o Box wing - Upper and lower planes are joined by a vertical fin between their tips. Some Dunne 

biplanes were of this type. 

o Joined wing - A tandem layout in which the front wing sweeps back and the rear wing sweeps 

forwards such that they join at the tips to form a continuous surface in a hollow diamond shape. 

The design has recently attracted much research, but has not yet flown on a full-size aircraft. 

o Annular or ring wing - May refer to either of two types:  

 Cylindrical - The wing is shaped like a cylinder. In the coleopter design it encloses a propeller. 

 Flat - The wing is shaped like a circular disc with a hole in it. A Lee-Richards type was one of 

the first stable aircraft to fly, shortly before the First World War.  

Most if not all multi-plane designs are braced. Some monoplanes, especially early designs such 

as the Fokker Eindecker, are also braced to save weight. 

Wings can also be characterised as: 

 Rigid - Stiff enough to maintain the aerofoil profile in varying conditions of airflow. 

 Flexible - Usually a thin membrane. Requires external bracing or wind pressure to maintain the 

aerofoil shape. Common types include Rogallo wings and kites. 

  

2.   Wing Platform 

  

2.1.   Aspect ratio 

The aspect ratio is the span divided by the mean or average chord. It is a measure of how 

long and slender the wing appears when seen from above. 

o High aspect ratio - Long and slender wing. More efficient aerodynamically, having less drag, at 

low speeds. They tend to be used by high-altitude subsonic aircraft and by high-performance 

sailplanes. 
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o Moderate aspect ratio - Typical general-purpose wing. 

o Low aspect ratio - Short and stubby wing. More efficient structurally, more maneuverable, and 

with less drag at high speeds. They tend to be used by fighter aircraft and by very high-speed 

aircraft. 

Most Variable geometry configurations vary the aspect ratio in some way, either deliberately or 

as a side effect. 

  

2.2.   Angle of sweep 

The main reason for wing sweep is to reduce drag at transonic speeds. It is occasionally 

done to adjust the center of lift when the wing cannot be attached in the ideal position for 

some reason. 

o Straight - Extends at right angles to the line of flight. The most efficient structurally, and 

common for low-speed designs. 

o Backwards swept - (references to "swept" often assume backwards sweep). The wing angles 

backwards from the root. This reduces drag at transonic speeds, but can handle badly in or near a 

stall, and requires high stiffness to avoid aeroelasticity at high speeds. Common for high-

subsonic and supersonic designs. 

o Forward swept - The wing angles forwards from the root. Similar to backwards sweep, avoids 

the stall problems and has reduced tip losses allowing a smaller wing, but requires even greater 

stiffness and for this reason is not often used. A civil example is the HFB-320 Hansa Jet. 

o M-wing - The inner wing section sweeps forward, and the outer section sweeps backwards. The 

idea has been studied from time to time, but no example has ever been built. 

o W-wing - The inner wing section sweeps back, and the outer section sweeps forwards. The 

reverse of the M-wing. The idea has been studied even less than the M-wing and no example has 

ever been built. 

o Crescent - Wing outer section is swept less sharply than the inner section. Used for the Handley 

Page Victor. 

  

Some types of variable geometry vary the wing sweep during flight: 
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o Swing-wing - Also called "variable sweep wing". The left and right hand wings vary their sweep 

together, usually backwards. Seen in a few types of combat aircraft, the first being the General 

Dynamics F-111. 

o Oblique wing - A single full-span wing pivots about its mid point, so that one side sweeps back 

and the other side sweeps forward. Flown on the NASA AD-1 research aircraft. 

  

2.3.   Variation along span 

The wing chord may be varied along the span of the wing, for both structural and 

aerodynamic reasons. 

o Constant chord - Leading and trailing edges are parallel. Simple to make, and common where 

low cost is important. 

o Elliptical - Wing edges are parallel at the root, and curve smoothly inwards to a rounded tip, with 

no division between the edges and the tip. Aerodynamically the most efficient, but difficult to 

make. Famously used on the Supermarine Spitfire. 

o Tapered - Wing narrows towards the tip. Structurally and aerodynamically more efficient than a 

constant chord wing, and reasonably easy to make. 

o Trapezoidal - A short (low aspect ratio), tapered wing having little or no sweep, so that the 

leading edge sweeps back and the trailing edge sweeps forwards. Used for example on the 

Lockheed F-22 Raptor. 

o Reverse tapered - Wing widens towards the tip. Structurally very inefficient, leading to high 

weight. Flown experimentally on the XF-91 Thunderceptor in an attempt to overcome the stall 

problems of swept wings. 

o Circular - Approximately circular planform. The Vought XF5U attempted to counteract the large 

tip vortices by using large propellers rotating in the opposite sense to the vortices.  

o Flying saucer - Tailless circular flying wing. The Avrocar demonstrated the inherent instability 

of the design. 

  

Delta - Triangular planform with swept leading edge and straight trailing edge. Offers the 

advantages of a swept wing, with good structural efficiency. Variants are:  
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 Cropped delta - Tip is cut off. This helps avoid tip drag at high angles of attack. At the extreme, 

merges into the "tapered swept" category. 

 Compound delta or double delta - Inner section has a steeper leading edge sweep. This improves 

the lift at high angles of attack and delays or prevents stalling. 

 Ogival delta - A smoothly blended "wineglass" double-curve encompassing the leading edges 

and tip of a cropped compound delta. Seen in tailless form on the Concorde and Tupolev Tu-144 

supersonic transports. 

 Tailless delta - A classic high-speed design, used for example in the widely built Dassault 

Mirage III series. 

 The angle of sweep (Crescent, M- and W-wings) and/or dihedral angle (Gull, cranked and 

ruptured duck) may also be varied along the span, for a number of different reasons. 

 

Topic Objective: 

At the end of this topic the student would be able to: 

 Define Flight Dynamics 

 Learn about the Axes of Rotation 

 Learn about the Main control surfaces 

 Learn about the Secondary effects of controls 

 Learn about the Alternate main control surfaces 

 Learn about the Secondary control surfaces 

 Learn about the Other controls  

  

  

Definition/Overview: 

Aircraft Flight Control: Aircraft flight control surfaces allow a pilot to adjust and control the 

aircraft's flight attitude. Development of an effective set of flight controls was a critical advance 

in the development of the aircraft. Early efforts at fixed-wing aircraft design succeeded in 

generating sufficient lift to get the aircraft off the ground, but once aloft, the aircraft proved 
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uncontrollable, often with disastrous results. The development of effective flight controls is what 

allowed stable flight.  

   

  

Key Points: 

1.   Overview of Flight Dynamics  

Flight dynamics is the science of air and space vehicle orientation and control in three 

dimensions. The three critical flight dynamics parameters are the angles of rotation in three 

dimensions about the vehicle's center of mass, known as pitch, roll and yaw. Aerospace 

engineers develop control systems for a vehicle's orientation (attitude) about its center of mass. 

The control systems include actuators, which exert forces in various directions, and generate 

rotational forces or moments about the aerodynamic center of the aircraft, and thus rotate the 

aircraft in pitch, roll, or yaw. For example, a pitching moment is a vertical force applied at a 

distance forward or aft from the aerodynamic center of the aircraft, causing the aircraft to pitch 

up or down. 

  

Roll, pitch and yaw refer to rotations about the respective axes starting from a defined 

equilibrium state. The equilibrium roll angle is known as wings level or zero bank angle, 

equivalent to a level heeling angle on a ship. Yaw is known as 'heading'. The equilibrium pitch 

angle in submarine and airship parlance is known as 'trim', but in aircraft, this usually refers to 

angle of attack, rather than orientation. However, common usage ignores this distinction between 

equilibrium and dynamic cases. The most common aeronautical convention defines the roll as 

acting about the longitudinal axis, positive with the starboard(right) wing down. The yaw is 

about the vertical body axis, positive with the nose to starboard. Pitch is about an axis 

perpendicular to the longitudinal plane of symmetry, positive nose up. 

  

A fixed-wing aircraft increases or decreases the lift generated by the wings when it pitches nose 

up or down by increasing or decreasing the angle of attack (AOA). The roll angle is also known 

as bank angle on a fixed wing aircraft, which "banks" to change the horizontal direction of flight. 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

100
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



An aircraft is usually streamlined from nose to tail to reduce drag making it typically 

advantageous to keep the yaw angle near zero, though there are instances when an aircraft may 

be deliberately "yawed" for example a slip in a fixed wing aircraft. 

  

2.   Axes of Rotation 

An aircraft is free to rotate around three axes which are perpendicular to each other and intersect 

at the plane's center of gravity (CG). To control position and direction a pilot must be able to 

control rotation about each of them.  

  

2.1.   Vertical axis 

The vertical axis passes through the plane from top to bottom. Rotation about this axis is 

called yaw. Yaw changes the direction the aircraft's nose is pointing, left or right. The 

primary control of yaw is with the rudder. Ailerons also have a secondary effect on yaw. 

  

2.2.   Longitudinal axis 

The longitudinal axis passes through the plane from nose to tail. Rotation about this axis 

is called bank or roll. Bank changes the orientation of the aircraft's wings with respect to 

the downward force of gravity. The pilot changes bank angle by increasing the lift on one 

wing and decreasing it on the other. This differential lift causes bank rotation around the 

longitudinal axis. The ailerons are the primary control of bank. The rudder also has a 

secondary effect on bank. 

  

2.3.   Lateral axis 

The lateral axis passes through the plane from wingtip to wingtip. Rotation about this 

axis is called pitch. Pitch changes the vertical direction the aircraft's nose is pointing. The 

elevators are the primary control of pitch. It is important to note that these axes move 
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with the aircraft, and change relative to the earth as the aircraft moves. For example, for 

an aircraft whose left wing is pointing straight down, its "vertical" axis is parallel with the 

ground, while its "lateral" axis is perpendicular to the ground. 

  

3.   Main control surfaces 

The main control surfaces of a fixed-wing aircraft are attached to the airframe on hinges or tracks 

so they may move and thus deflect the air stream passing over them. This redirection of the air 

stream generates an unbalanced force to rotate the plane about the associated axis. 

  

3.1.   Ailerons 

Ailerons are mounted on the trailing edge of each wing near the wingtips, and move in 

opposite directions. When the pilot moves the stick left, or turns the wheel counter-

clockwise, the left aileron goes up and the right aileron goes down. A raised aileron 

reduces lift on that wing and a lowered one increases lift, so moving the stick left causes 

the left wing to drop and the right wing to rise. This causes the plane to bank left and 

begins to turn to the left. Centering the stick returns the ailerons to neutral maintaining 

the bank angle. The plane will continue to turn until opposite aileron motion returns the 

bank angle to zero to fly straight. 

  

3.2.   Elevator 

An elevator is mounted on the back edge of the horizontal stabilizer on each side of the 

fin in the tail. They move up and down together. When the pilot pulls the stick backward, 

the elevators go up. Pushing the stick forward causes the elevators to go down. Raised 

elevators push down on the tail and cause the nose to pitch up. This makes the wings fly 

at a higher angle of attack which generates more lift and more drag. Centering the stick 

returns the elevators to neutral and stops the change of pitch. Many aircraft use a 

stabilator a moveable horizontal stabilizer in place of an elevator. Some aircraft, such as 
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an MD-80, use a control tab within the elevator surface to aerodynamically backdrive the 

main surface into position. The direction of travel of the control tab will thus be in a 

direction opposite to the main control surface. It is for this reason that an MD-80 tail 

looks like it has a 'split' elevator system. 

  

3.3.   Rudder 

The rudder is typically mounted on the back edge of the fin in the empennage. When the 

pilot pushes the left pedal, the rudder deflects left. Pushing the right pedal causes the 

rudder to deflect right. Deflecting the rudder right pushes the tail left and causes the nose 

to yaw right. Centering the rudder pedals returns the rudder to neutral and stops the yaw. 

  

4.   Secondary effects of controls 

  

4.1.   Ailerons 

The ailerons primarily control roll. Whenever lift is increased, induced drag is also 

increased. When the stick is moved left to bank the aircraft to the left, the right aileron is 

lowered which increases lift on the right wing and therefore increases induced drag on the 

right wing. Using ailerons causes adverse yaw, meaning the nose of the aircraft yaws in a 

direction opposite to the aileron application. When moving the stick to the left to bank the 

wings, adverse yaw moves the nose of the aircraft to the right. Adverse yaw is more 

pronounced for light aircraft with long wings, such as gliders. It is counteracted by the 

pilot with the rudder. Differential ailerons are ailerons which have been rigged such that 

the downgoing aileron deflects less than the upward-moving one, reducing adverse yaw. 
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4.2.   Rudder 

Using the rudder causes one wing to move forward faster than the other. Increased speed 

means increased lift, and hence rudder use causes a roll effect. Also, since rudders 

generally extend above the aircraft's center of gravity, a torque is imparted to the aircraft 

resulting in an adverse bank. Pushing the rudder to the right not only pulls the tail to the 

left and the nose to the right, but it also "spins" the aircraft as if a left turn were going to 

be made. Out of all the control inputs, rudder input creates the greatest amount of adverse 

effect. For this reason ailerons and rudder are generally used together on light aircraft. 

When turning to the left, the control column is moved left, and adequate left rudder is 

applied. If too much left rudder is applied the aircraft could enter a skid and then enter a 

spin. 

  

4.3.   Turning the aircraft 

Unlike a boat, turning an aircraft is not normally carried out with the rudder. With 

aircraft, the turn is caused by the horizontal component of lift. The lifting force, 

perpendicular to the wings of the aircraft, is tilted in the direction of the intended turn by 

rolling the aircraft into the turn. As the bank angle is increased the lifting force, which 

was previously acting only in the vertical, is split into two components: One acting 

vertically and one acting horizontally. If the total lift is kept constant, the vertical 

component of lift will decrease. As the weight of the aircraft is unchanged, this would 

result in the aircraft descending if not countered. To maintain level flight requires 

increased positive (up) elevator to increase the angle of attack, increase the total lift 

generated and keep the vertical component of lift equal with the weight of the aircraft. 

This cannot continue indefinitely. The wings can only generate a finite amount of lift at a 

given air speed. As the load factor (commonly called G loading) is increased an 

accelerated aerodynamic stall will occur, even though the airplane is above its 1G stall 

speed. The total lift (load factor) required to maintain level flight is directly related to the 

bank angle. This means that for a given airspeed, level flight can only be maintained up 
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to a certain given angle of bank. Beyond this angle of bank, the aircraft will suffer an 

accelerated stall if the pilot attempts to generate enough lift to maintain level flight. 

  

5.   Alternate main control surfaces 

Some aircraft configurations have non-standard primary controls. For example instead of 

elevators at the back of the stabilizers, the entire tailplane may change angle. Some aircraft have 

a tail in the shape of a V, and the moving parts at the back of those combine the functions of 

elevators and rudder. Delta wing aircraft may have "elevons" at the back of the wing, which 

combine the functions of elevators and ailerons. 

  

6.   Secondary control surfaces 

  

6.1.   Trim 

Trimming controls allow a pilot to balance the lift and drag being produced by the wings 

and control surfaces over a wide range of load and airspeed. This reduces the effort 

required to adjust or maintain a desired flight attitude. 

  

6.2.   Elevator trim 

Elevator trim balances the control force necessary to maintain the aerodynamic down 

force on the tail. Whilst carrying out certain flight exercises, a lot of trim could be 

required to maintain the desired angle of attack. This mainly applies to slow flight, where 

maintaining a nose-up attitude requires a lot of trim. Elevator trim is correlated with the 

speed of the airflow over the tail, thus airspeed changes to the aircraft require re-

trimming. An important design parameter for aircraft is the stability of the aircraft when 

trimmed for level flight. Any disturbances such as gusts or turbulence will be damped 

over a short period of time and the aircraft will return to its level flight trimmed airspeed. 
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6.3.   Trimming tail plane 

Except for very light aircraft, trim tabs on elevators are unable to provide the force and 

range of motion desired. To provide the appropriate trim force the entire horizontal tail 

plane is made adjustable in pitch. This allows the pilot to select exactly the right amount 

of positive or negative lift from the tail plane while reducing drag from the elevators. 

  

6.3.1.   Control horn 

A control horn is a section of control surface which projects ahead of the pivot 

point. It generates a force which tends to increase the surface's deflection thus 

reducing the control pressure experienced by the pilot. Control horns may also 

incorporate a counterweight which helps to balance the control and prevent it 

from "fluttering" in the airstream. Some designs feature separate anti-flutter 

weights. 

  

6.3.2.   Spring trim 

In the simplest cases trimming is done by a mechanical spring (or bungee) which 

adds appropriate force to augment the pilot's control input. The spring is usually 

connected to an elevator trim lever to allow the pilot to set the spring force 

applied. 

  

6.3.3.   Rudder and aileron trim 

Trim doesn't only apply to the elevator, as there is also trim for the rudder and 

ailerons. The use of this is to counter the effects of slip stream, or to counter the 

effects of the centre of gravity being to one side. This can be caused by a larger 

weight on one side of the aircraft compared to the other, such as when one fuel 
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tank has a lot more fuel in it than the other, or when there are heavier people on 

one side of the aircraft than the other. 

  

7.   Other controls 

  

7.1.   Spoilers 

On low drag aircraft like sailplanes, spoilers are used to disrupt airflow over the wing and 

greatly increase the amount of drag. This allows a glider pilot to lose altitude without 

gaining excessive airspeed. Spoilers are sometimes called "lift dumpers". Spoilers that 

can be used asymmetrically are called spoilerons and are able to affect an aircraft's roll. 

  

7.2.   Flaps 

Flaps are mounted on the trailing edge of each wing on the inboard section of each wing 

(near the wing roots). They are deflected down to increase the effective curvature of the 

wing. Flaps raise the Maximum Lift Coefficient of the aircraft and therefore reduce its 

stalling speed. They are used during low speed, high angle of attack flight including take-

off and descent for landing. Some aircraft are equipped with "flapperons", which are 

more commonly called "inboard ailerons". These devices function primarily as ailerons, 

but on some aircraft, will "droop" when the flaps are deployed, thus acting as both a flap 

and a roll-control inboard aileron. 

  

7.3.   Slats 

Slats, also known as Leading Edge Devices, are extensions to the front of a wing for lift 

augmentation, and are intended to reduce the stalling speed by altering the airflow over 

the wing. Slats may be fixed or retractable - fixed slats (e.g. as on the Fieseler Fi 156 

Storch) give excellent slow speed and STOL capabilities, but compromise higher speed 
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performance. Retractable slats, as seen on most airliners, provide reduced stalling speed 

for take-off and landing, but are retracted for cruising. 

  

7.4.   Air brakes 

Air brakes, also called spoilers, are used on high speed aircraft to increase drag. On a 

typical airliner, for example, the spoilers are a series of panels on the upper surface of the 

wing which deploy upwards to disrupt airflow over the wing, thus adding drag. The 

number of panels that deploy, as well as the degree to which they deploy, depends on the 

regime of flight in which they are used. For example, if a pilot must descend quickly 

without increasing speed, he may select a speed brake setting for the desired effect. In 

such a case, only certain spoiler panels will deploy to create the most efficient reduction 

in speed without overstressing the wing. On most airliners, spoiler panels on the wings 

mix with aileron inputs to enhance roll control. For example, a left bank will engage the 

ailerons as well as deploy certain spoiler panels on the down-going wing. Ground spoilers 

are essentially similar to flight spoilers, except that they deploy upon touchdown on the 

runway, and include all spoiler panels for maximum "lift dump". After touchdown, the 

ground spoilers deploy, and "dump" the lift generated by the wings, thus placing the 

aircraft's weight on the wheels, which accomplish the vast majority of braking after 

touchdown. Most jet airliners also have a thrust reverser, which simply deflects exhaust 

from the engines forward, helping to slow the aircraft down. 

 

 

 In Section 5 of this course you will cover these topics: 

 Propulsion 

 Structures 

 Hypersonic Flow 

 Rocket Trajectories And Orbits 
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Topic : Propulsion  

Topic Objective: 

At the end of this topic the student would be able to: 

 Define Spacecraft propulsion 

 Learn about the necessity for a propulsion system 

 Learn about the Effectiveness of propulsion systems 

 Learn about the Space propulsion methods  

  

  

Definition/Overview: 

Spacecraft propulsion: Spacecraft propulsion is any method used to accelerate spacecraft and 

artificial satellites. There are many different methods. Each method has drawbacks and 

advantages, and spacecraft propulsion is an active area of research. However, most spacecraft 

today are propelled by exhausting a gas from the back/rear of the vehicle at very high speed 

through a supersonic de Laval nozzle. This sort of engine is called a rocket engine. All current 

spacecraft use chemical rockets (bipropellant or solid-fuel) for launch, though some (such as the 

Pegasus rocket and SpaceShipOne) have used air-breathing engines on their first stage. Most 

satellites have simple reliable chemical thrusters (often monopropellant rockets) or resistojet 

rockets for orbital station-keeping and some use momentum wheels for attitude control. Soviet 

bloc satellites have used electric propulsion for decades, and newer Western geo-orbiting 

spacecraft are starting to use them for north-south station keeping. Interplanetary vehicles mostly 

use chemical rockets as well, although a few have experimentally used ion thrusters (a form of 

electric propulsion) to great success. 
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Key Points: 

1.   The necessity for a propulsion system 

Artificial satellites must be launched into orbit, and once there they must be placed in their 

nominal orbit. Once in the desired orbit, they often need some form of attitude control so that 

they are correctly pointed with respect to the Earth, the Sun, and possibly some astronomical 

object of interest. They are also subject to drag from the thin atmosphere, so that to stay in orbit 

for a long period of time some form of propulsion is occasionally necessary to make small 

corrections (orbital stationkeeping). Many satellites need to be moved from one orbit to another 

from time to time, and this also requires propulsion. A satellite's useful life is over once it has 

exhausted its ability to adjust its orbit. Spacecraft designed to travel further also need propulsion 

methods. They need to be launched out of the Earth's atmosphere just as satellites do. Once there, 

they need to leave orbit and move around. 

  

For interplanetary travel, a spacecraft must use its engines to leave Earth orbit. Once it has done 

so, it must somehow make its way to its destination. Current interplanetary spacecraft do this 

with a series of short-term trajectory adjustments. In between these adjustments, the spacecraft 

simply falls freely along its orbit. The simplest fuel-efficient means to move from one circular 

orbit to another is with a Hohmann transfer orbit: the spacecraft begins in a roughly circular orbit 

around the Sun. A short period of thrust in the direction of motion accelerates or decelerates the 

spacecraft into an elliptical orbit around the Sun which is tangential to its previous orbit and also 

to the orbit of its destination. The spacecraft falls freely along this elliptical orbit until it reaches 

its destination, where another short period of thrust accelerates or decelerates it to match the orbit 

of its destination. Special methods such as aerobraking are sometimes used for this final orbital 

adjustment. 

  

Some spacecraft propulsion methods such as solar sails provide very low but inexhaustible 

thrust; an interplanetary vehicle using one of these methods would follow a rather different 

trajectory, either constantly thrusting against its direction of motion in order to decrease its 

distance from the Sun or constantly thrusting along its direction of motion to increase its distance 

from the Sun. Spacecraft for interstellar travel also need propulsion methods. No such spacecraft 
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has yet been built, but many designs have been discussed. Since interstellar distances are very 

great, a tremendous velocity is needed to get a spacecraft to its destination in a reasonable 

amount of time. Acquiring such a velocity on launch and getting rid of it on arrival will be a 

formidable challenge for spacecraft designers. 

  

2.   Effectiveness of propulsion systems 

When in space, the purpose of a propulsion system is to change the velocity, or v, of a spacecraft. 

Since this is more difficult for more massive spacecraft, designers generally discuss momentum, 

mv. The amount of change in momentum is called impulse. So the goal of a propulsion method 

in space is to create an impulse. When launching a spacecraft from the Earth, a propulsion 

method must overcome a higher gravitational pull to provide a net positive acceleration. In orbit, 

any additional impulse, even very tiny, will result in a change in the orbit path. The rate of 

change of velocity is called acceleration, and the rate of change of momentum is called force. To 

reach a given velocity, one can apply a small acceleration over a long period of time, or one can 

apply a large acceleration over a short time. Similarly, one can achieve a given impulse with a 

large force over a short time or a small force over a long time.  

  

This means that for maneuvering in space, a propulsion method that produces tiny accelerations 

but runs for a long time can produce the same impulse as a propulsion method that produces 

large accelerations for a short time. When launching from a planet, tiny accelerations cannot 

overcome the planet's gravitational pull and so cannot be used. The Earth's surface is situated 

fairly deep in a gravity well and it takes a velocity of 11.2 kilometers/second (escape velocity) or 

more to escape from it. As human beings evolved in a gravitational field of 1g (9.8 m/s), an ideal 

propulsion system would be one that provides a continuous acceleration of 1g (though human 

bodies can tolerate much larger accelerations over short periods). The occupants of a rocket or 

spaceship having such a propulsion system would be free from all the ill effects of free fall, such 

as nausea, muscular weakness, reduced sense of taste, or leaching of calcium from their bones. 

  

The law of conservation of momentum means that in order for a propulsion method to change the 

momentum of a space craft it must change the momentum of something else as well. A few 
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designs take advantage of things like magnetic fields or light pressure in order to change the 

spacecraft's momentum, but in free space the rocket must bring along some mass to accelerate 

away in order to push itself forward. Such mass is called reaction mass. In order for a rocket to 

work, it needs two things: reaction mass and energy. The impulse provided by launching a 

particle of reaction mass having mass m at velocity v is mv. But this particle has kinetic energy 

mv/2, which must come from somewhere. In a conventional solid, liquid, or hybrid rocket, the 

fuel is burned, providing the energy, and the reaction products are allowed to flow out the back, 

providing the reaction mass.  

  

In an ion thruster, electricity is used to accelerate ions out the back. Here some other source must 

provide the electrical energy (perhaps a solar panel or a nuclear reactor), while the ions provide 

the reaction mass. When discussing the efficiency of a propulsion system, designers often focus 

on effectively using the reaction mass. Reaction mass must be carried along with the rocket and 

is irretrievably consumed when used. One way of measuring the amount of impulse that can be 

obtained from a fixed amount of reaction mass is the specific impulse, the impulse per unit 

weight-on-Earth (typically designated by Isp). The unit for this value is seconds. Since the weight 

on Earth of the reaction mass is often unimportant when discussing vehicles in space, specific 

impulse can also be discussed in terms of impulse per unit mass. This alternate form of specific 

impulse uses the same units as velocity (e.g. m/s), and in fact it is equal to the effective exhaust 

velocity of the engine (typically designated ve). Confusingly, both values are sometimes called 

specific impulse. The two values differ by a factor of gn, the standard acceleration due to gravity 

9.80665 m/s (Ispgn = ve). 

  

A rocket with a high exhaust velocity can achieve the same impulse with less reaction mass. 

However, the energy required for that impulse is proportional to the exhaust velocity, so that 

more mass-efficient engines require much more energy, and are typically less energy efficient. 

This is a problem if the engine is to provide a large amount of thrust. To generate a large amount 

of impulse per second, it must use a large amount of energy per second. So highly (mass) 

efficient engines require enormous amounts of energy per second to produce high thrusts. As a 

result, most high-efficiency engine designs also provide very low thrust. 
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3.   Space propulsion methods 

Propulsion methods can be classified based on their means of accelerating the reaction mass. 

There are also some special methods for launches, planetary arrivals, and landings. 

  

3.1.   Reaction engines 

A reaction engine is an engine which provides propulsion by expelling reaction mass, in 

accordance with Newton's third law of motion. This law of motion is most commonly 

paraphrased as: "For every action force there is an equal, but opposite, reaction force". 

Examples include both duct engines and rocket engines, and more uncommon variations 

such as Hall effect thrusters, ion drives and mass drivers. Duct engines are obviously not 

used for space propulsion due to the lack of air; however some proposed spacecraft have 

these kinds of engines to assist takeoff and landing. 

  

3.2.   Delta-v and propellant use 

Burning the entire usable propellant of a spacecraft through the engines in a straight line 

in free space would produce a net velocity change to the vehicle; this number is termed 

'delta-v' (Δv). If the exhaust velocity is constant then the total Δv of a vehicle can be 

calculated using the rocket equation, where M is the mass of propellant, P is the mass of 

the payload (including the rocket structure), and ve is the velocity of the rocket exhaust. 

This is known as the Tsiolkovsky rocket equation: 

 

For historical reasons, as discussed above, ve is sometimes written as 

ve = Ispgo 

where Isp is the specific impulse of the rocket, measured in seconds, and go is the 

gravitational acceleration at sea level. 
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For a high delta-v mission, the majority of the spacecraft's mass needs to be reaction 

mass. Since a rocket must carry all of its reaction mass, most of the initially-expended 

reaction mass goes towards accelerating reaction mass rather than payload. If the rocket 

has a payload of mass P, the spacecraft needs to change its velocity by Δv, and the rocket 

engine has exhaust velocity ve, then the mass M of reaction mass which is needed can be 

calculated using the rocket equation and the formula for Isp: 

 

For Δv much smaller than ve, this equation is roughly linear, and little reaction mass is 

needed. If Δv is comparable to ve, then there needs to be about twice as much fuel as 

combined payload and structure (which includes engines, fuel tanks, and so on). Beyond 

this, the growth is exponential; speeds much higher than the exhaust velocity require very 

high ratios of fuel mass to payload and structural mass. For a mission, for example, when 

launching from or landing on a planet, the effects of gravitational attraction and any 

atmospheric drag must be overcome by using fuel. It is typical to combine the effects of 

these and other effects into an effective mission delta-v. For example a launch mission to 

low Earth orbit requires about 9.3-10 km/s delta-v. These mission delta-vs are typically 

numerically integrated on a computer. Delta-v's are often considerably lower for high 

thrust engines than low, some effects such as Oberth effect can only be significantly 

utilised by high thrust engines such as rockets. 

  

3.3.   Power use and propulsive efficiency 

Although solar power and nuclear power are virtually unlimited sources of energy, the 

maximum power they can supply is substantially proportional to the mass of the 

powerplant. For fixed power, with a large ve which is desirable to save propellant mass, it 

turns out that the maximum acceleration is inversely proportional to ve. Hence the time to 

reach a required delta-v is proportional to ve. Thus the latter should not be too large. It 

might be thought that adding power generation is helpful, however this takes mass away 

from payload, and ultimately reaches a limit as the payload fraction tends to zero. For all 
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reaction engines (such as rockets and ion drives) some energy must go into accelerating 

the reaction mass. Every engine will waste some energy, but even assuming 100% 

efficiency, to accelerate an exhaust the engine will need energy amounting to 

 

This energy is not necessarily lost- some of it usually ends up as kinetic energy of the 

vehicle, and the rest is wasted in residual motion of the exhaust. Comparing the rocket 

equation (which shows how much energy ends up in the final vehicle) and the above 

equation (which shows the total energy required) shows that even with 100% engine 

efficiency, certainly not all energy supplied ends up in the vehicle - some of it, indeed 

usually most of it, ends up as kinetic energy of the exhaust. The exact amount depends on 

the design of the vehicle, and the mission. However there are some useful fixed points: 

o If the Isp is fixed, for a mission delta-v, there is a particular Isp that minimises the overall energy 

used by the rocket. This comes to an exhaust velocity of about ⅔ of the mission delta-v. Drives 

with a specific impulse that is both high and fixed such as Ion thrusters have exhaust velocities 

that can be enormously higher than this ideal for many missions. 

o If the exhaust velocity can be made to vary so that at each instant it is equal and opposite to the 

vehicle velocity then the absolute minimum energy usage is achieved. When this is achieved, the 

exhaust stops in space ^  and has no kinetic energy; and the propulsive efficiency is 100%- all 

the energy ends up in the vehicle (in principle such a drive would be 100% efficient, in practice 

there would be thermal losses from within the drive system and residual heat in the exhaust). 

However in most cases this uses an impractical quantity of propellant, but is a useful theoretical 

consideration. Another complication is that unless the vehicle is moving initially, it cannot 

accelerate, as the exhaust velocity is zero at zero speed. 

  

Some drives (such as VASIMR or Electrodeless plasma thruster ) actually can 

significantly vary their exhaust velocity. This can help reduce propellant usage or 

improve acceleration at different stages of the flight. However the best energetic 

performance and acceleration is still obtained when the exhaust velocity is close to the 
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vehicle speed. Proposed ion and plasma drives usually have exhaust velocities 

enormously higher than that ideal (in the case of VASIMR the lowest quoted speed is 

around 15000 m/s compared to a mission delta-v from high Earth orbit to Mars of about 

4000m/s). 

  

  

3.4.   Power to thrust ratio 

The power to thrust ratio is simply: 

 

Thus for any vehicle power P, the thrust that may be provided is: 

 

Topic : Structures  

Topic Objective: 

At the end of this topic the student would be able to: 

 Learn about the Entry Vehicle Design Considerations  

 Learn about the F-22 Design 

  

  

Definition/Overview: 

F-22 Fighter Aircraft: The Lockheed Martin/Boeing F-22 Raptor is a fifth-generation, fighter 

aircraft that uses stealth technology. It is primarily an air superiority fighter, but has multiple 

capabilities that include ground attack, electronic warfare, and signals intelligence roles. The 

United States Air Force considers the F-22 a critical component of the US strike force, and 

claims that the F-22 cannot be matched by any known or projected fighter aircraft. Air Chief 
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Marshal Angus Houston, Chief of the Australian Defence Force, said in 2004 that the "F-22 will 

be the most outstanding fighter plane ever built.  

   

  

Key Points: 

1.   Entry Vehicle Design Considerations  

There are four critical parameters considered when designing a vehicle for atmospheric entry: 

 Peak heat flux 

 Heat load 

 Peak deceleration 

 Peak dynamic pressure 

  

Peak heat flux and dynamic pressure selects the TPS material. Heat load selects the thickness of 

the TPS material stack. Peak deceleration is of major importance for manned missions. The 

upper limit for manned return to Earth from Low Earth Orbit (LEO) or lunar return is 10 Gs. For 

Martian atmospheric entry after long exposure to zero gravity, the upper limit is 4 Gs. Peak 

dynamic pressure can also influence the selection of the outermost TPS material if spallation is 

an issue. Starting from the principle of conservative design, the engineer typically considers two 

worst case trajectories, the undershoot and overshoot trajectories. The undershoot trajectory is 

typically defined as the shallowest allowable entry velocity angle prior to atmospheric skip-off. 

The overshoot trajectory has the highest heat load and sets the TPS thickness. The undershoot 

trajectory is defined by the steepest allowable trajectory. For manned missions the steepest entry 

angle is limited by the peak deceleration. The undershoot trajectory also has the highest peak 

heat flux and dynamic pressure. Consequently the undershoot trajectory is the basis for selecting 

the TPS material. There is no "one size fits all" TPS material. A TPS material that is ideal for 

high heat flux may be too conductive (too dense) for a long duration heat load. A low density 

TPS material might lack the tensile strength to resist spallation if the dynamic pressure is too 

high. A TPS material can perform well for a specific peak heat flux but fail catastrophically for 

the same peak heat flux if the wall pressure is significantly increased (this happened with 
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NASA's R-4 test spacecraft). Older TPS materials tend to be more labor intensive and expensive 

to manufacture compared to modern materials. However modern TPS materials often lack the 

flight history of the older materials (an important consideration for a risk adverse designer). 

  

Based upon Allen and Eggers discovery, maximum aeroshell bluntness (maximum drag) yields 

minimum TPS mass. Maximum bluntness (minimum ballistic coefficient) also yields a minimal 

terminal velocity at maximum altitude (very important for Mars EDL but detrimental for military 

RVs). However there is an upper limit to bluntness imposed by aerodynamic stability 

considerations based upon shock wave detachment. A shock wave will remain attached to the tip 

of a sharp cone if the cone's half-angle is below a critical value. This critical half-angle can be 

estimated using perfect gas theory (this specific aerodynamic instability occurs below hypersonic 

speeds). For a nitrogen atmosphere (Earth or Titan), the maximum allowed half-angle is 

approximately 60. For a carbon dioxide atmosphere (Mars or Venus), the maximum allowed 

half-angle is approximately 70. After shock wave detachment, an entry vehicle must carry 

significantly more shocklayer gas around the leading edge stagnation point (the subsonic cap). 

Consequently, the aerodynamic center moves upstream thus causing aerodynamic instability. It 

is incorrect to reapply an aeroshell design intended for Titan entry (Huygens probe in a nitrogen 

atmosphere) for Mars entry (Beagle-2 in a carbon dioxide atmosphere). After being abandoned, 

the Soviet Mars lander program achieved no successful landings (no useful data returned) after 

multiple attempts. The Soviet Mars landers were based upon a 60 half-angle aeroshell design. In 

the early 1960s, it was incorrectly believed the Martian atmosphere was mostly nitrogen, (actual 

Martian atmospheric mole fractions are carbon dioxide 0.9550, nitrogen 0.0270 and argon 

0.0160). The Soviet aeroshells were probably(?) based upon an incorrect Martian atmospheric 

model and then not revised when new data became available. 

  

A 45 degree half-angle sphere-cone is typically used for atmospheric probes (surface landing not 

intended) even though TPS mass is not minimized. The rationale for a 45 half-angle is either 

aerodynamic stability from entry-to-impact (the heat shield is not jettisoned) or a short-and-sharp 

heat pulse followed by prompt heat shield jettison. A 45 sphere-cone design was used with the 

DS/2 Mars landers and Pioneer Venus Probes. 
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2.   F-22 Design 

  

  

2.1.   Characteristics 

The F-22 is a fifth generation fighter that is considered a fourth-generation stealth aircraft 

by the USAF. Its dual afterburning Pratt & Whitney F119-PW-100 turbofans incorporate 

pitch axis thrust vectoring, with a range of 20 degrees. The maximum thrust is classified, 

though most sources place it at about 35,000 lbf (156 kN) per engine. Maximum speed, 

without external weapons, is estimated to be Mach 1.82 in supercruise mode; as 

demonstrated by General John P. Jumper, former US Air Force Chief of Staff, when his 

Raptor exceeded Mach 1.7 without afterburners on 13 January 2005. With afterburners, it 

is "greater than Mach 2.0" (1,317 mph, 2,120 km/h), according to Lockheed Martin; 

however, the Raptor can easily exceed its design speed limits, particularly at low 

altitudes, with max-speed alerts to help prevent the pilot from exceeding them. Former 

Lockheed Raptor chief test pilot Paul Metz stated that the Raptor has a fixed inlet; but 

while the absence of variable intake ramps may theoretically make speeds greater than 

Mach 2.0 unreachable, there is no evidence to prove this. Such ramps would be used to 

prevent engine surge resulting in a compressor stall, but the intake itself may be designed 

to prevent this. Metz has also stated that the F-22 has a top speed greater than 1,600 mph 

(Mach 2.42) and its climb rate is faster than the F-15 Eagle due to advances in engine 

technology, despite the F-15's thrust-to-weight ratio of about 1.2:1, with the F-22 having 

a ratio closer to 1:1. The US Air Force claims that the F-22A cannot be matched by any 

known or projected fighter. 

  

The true top-speed of the F-22 is unknown to the general public. The ability of the 

airframe to withstand the stress and heat from friction is a further key factor, especially in 

an aircraft using as many polymers as the F-22. However, while some aircraft are faster 

on paper, the internal carriage of its standard combat load allows the aircraft to reach 

comparatively higher performance with a heavy load over other modern aircraft due to its 

lack of drag from external stores. It is one of only a handful of aircraft that can sustain 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

119
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



supersonic flight without the use of afterburner augmented thrust (and its associated high 

fuel usage). This ability is called supercruise. 

  

The F-22 is highly maneuverable, at both supersonic and subsonic speeds. It is extremely 

departure-resistant, enabling it to remain controllable at extreme pilot inputs. The F-22's 

thrust vectoring nozzles allow the aircraft to turn tightly, and perform extremely high 

alpha (angle of attack) maneuvers such as the Herbst maneuver (or J-turn), Pugachev's 

Cobra, and the Kulbit, though the J-Turn is more useful in combat. The F-22 is also 

capable of maintaining a constant angle of attack of over 60, yet still having some control 

of roll. During June 2006 exercises in Alaska, F-22 pilots demonstrated that cruise 

altitude has a significant effect on combat performance, and routinely attributed their 

altitude advantage as a major factor in achieving an unblemished kill ratio against other 

US fighters and 4th/4.5th generation fighters. 

  

2.1.1.   Avionics 

The F-22's avionics include BAE Systems E&IS radar warning receiver (RWR) 

AN/ALR-94, AN/AAR 56 Infra-Red and Ultra-Violet MAWS (Missile Approach 

Warning System) and the Northrop Grumman AN/APG-77 Active Electronically 

Scanned Array (AESA) radar. The AN/APG-77 has both long-range target 

acquisition and low probability of interception of its own signals by enemy 

aircraft. The AN/ALR-94 is a passive receiver system capable of detecting the 

radar signals in the environment. Composed of more than 30 antennas smoothly 

blended into the wings and fuselage, it is described by the former head of the F-22 

program at Lockheed Martin Tom Burbage as "the most technically complex 

piece of equipment on the aircraft." With greater range (250+ nmi) than the radar, 

it enables the F-22 to limit its own radar emission which might otherwise 

compromise its stealth. As the target approaches, AN/ALR-94 can cue the 

AN/APG-77 radar to keep track of its motion with a narrow beam, which can be 

as focused as 2 by 2 in azimuth and elevation. 
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The AN/APG-77 AESA radar, designed for air-superiority and strike operations, 

features a low-observable, active-aperture, electronically-scanned array that can 

track multiple targets in all kinds of weather. The AN/APG-77 changes 

frequencies more than 1,000 times per second to reduce the chance of being 

intercepted. The radar can also focus its emissions to overload enemy sensors, 

giving the aircraft an electronic-attack capability. The radars information is 

processed by two Raytheon Common Integrated Processor (CIP)s. Each CIP 

operates at 10.5 billion instructions per second and has 300 megabytes of 

memory. Information can be gathered from the radar and other onboard and 

offboard systems, filtered by the CIP, and offered in easy-to-digest ways on 

several cockpit displays, enabling the pilot to remain on top of complicated 

situations. The Raptors software is composed of over 1.7 million lines of code, 

most of which concerns processing data from the radar. The radar has an 

estimated range of 125-150 miles, though planned upgrades will allow a range of 

250 miles (400 km) or more in narrow beams. The F-22 has several unique 

functions for an aircraft of its size and role. For instance, it has threat detection 

and identification capability along the lines of that available on the RC-135 Rivet 

Joint. While the F-22's equipment isn't as powerful or sophisticated, because of its 

stealth, it can be typically hundreds of miles closer to the battlefield, which often 

compensates for the reduced capability. 

  

The F-22 is capable of functioning as a "mini-AWACS." Though reduced in 

capability compared to dedicated airframes such as the E-3 Sentry, as with its 

threat identification capability, the F-22's forward presence is often of benefit. 

The system allows the F-22 to designate targets for cooperating F-15s and F-16s, 

and even determine if two friendly aircraft are targeting the same enemy aircraft, 

thus enabling one of them to choose a different target. It is often able to identify 

targets "sometimes many times quicker than the AWACS." 

The F-22's low probability of intercept radar is being given a high-bandwidth data 

transmission capability, to allow it to be used in a "broadband" role to permit 

high-speed relaying of data between friendly transmitters and receivers in the 
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area. The F-22 can already pass data to other F-22s, resulting in considerably 

reduced radio "chatter".
  
The IEEE-1394B data bus, developed for the F-22, was 

derived from the commercial IEEE-1394 "FireWire" bus system, often used on 

personal computers. The same data bus is employed by the subsequent F-35 

Lightning II fighter. 

  

2.1.2.   Cockpit 

The F-22 cockpit is a glass cockpit design without any traditional analog flight 

instruments and represents a marked improvement on the cockpit design of 

previous advanced aircraft. The leading features of the F-22 cockpit include 

simple and rapid start-up, highly developed HMI, light helmet, large 

anthropometric accommodation and highly integrated warning system. Other 

main features include the large single-piece canopy and improved life support 

systems. 

  

2.1.3.   Airframe 

Several small design changes were made from the YF-22A prototype to the 

production F-22A. The swept-back angle on the wing's leading edge was 

decreased from 48 degrees to 42 degrees, while the vertical stabilizer area was 

decreased 20%. To improve pilot visibility, the canopy was moved forward 7 

inches (178 mm) and the engine intakes were moved rearward 14 inches 

(356 mm). The shape of the wing and stabilator trailing edges was refined to 

improve aerodynamics, strength, and stealth characteristics. The Airframe also 

features three internal weapons bays on the bottom and sides of the fuselage. 

  

2.1.4.   Armament 

The Raptor is designed to carry air-to-air missiles in internal weapons bays, both 

to avoid disrupting its stealth capability and to reduce drag resulting in higher top 
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speeds and longer combat ranges. Launching missiles requires opening the 

weapons bay doors for less than a second, while the missiles are pushed clear of 

the airframe by hydraulic arms. The aircraft can also carry bombs compatible with 

the Joint Direct Attack Munition (JDAM) guidance system, and the new Small-

Diameter Bomb (SDB). The Raptor carries an M61A2 Vulcan 20 mm rotary 

cannon, also with a trap door, in the right wing root. The M61A2 is a last ditch 

weapon, and carries only 480 rounds; enough ammunition for approximately five 

seconds of sustained fire. Despite this, the F-22 has been able to use its gun in 

dogfighting without being detected, which can be necessary when missiles are 

depleted. 

  

The Raptor's very high sustained cruise speed and operational altitude add 

significantly to the effective range of both air-to-air and air-to-ground munitions. 

These factors may be the rationale behind the USAF's decision not to pursue long-

range, high-energy air-to-air missiles such as the MBDA Meteor. However, the 

USAF plans to procure the AIM-120D AMRAAM, which will have a significant 

increase in range compared to the AIM-120C. The Raptor launch platform 

provides additional energy to the missile which helps improve the range of air-to-

ground ordnance. While specific figures remain classified, it is expected that 

JDAMs employed by F-22s will have twice or more the effective range of 

munitions dropped by legacy platforms. In testing, a Raptor dropped a 1,000 lb 

(450 kg) JDAM from 50,000 feet (15,000 m), while cruising at Mach 1.5, striking 

a moving target 24 miles (39 km) away. The SDB, as employed from the F-22, 

should see even greater increases in effective range, due to the improved lift to 

drag ratio of these weapons. 

  

While in its air-superiority configuration the F-22 carries its weapons internally, it 

is not limited to this option. The wings include four hardpoints, each rated to 

handle 5,000 lb  2,300 kg). Each hardpoint has a pylon that can carry a detachable 

600 gallon fuel tank or a rail launcher that holds two air-air missiles. However, 

use of external stores compromises the F-22's stealth, and has a detrimental effect 
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on maneuverability, speed, and range. The two inner hardpoints are "plumbed" for 

external fuel tanks. The hardpoints allow detaching of the mounting pylons in 

flight so the fighter can regain its stealth after exhausting external stores. 

Research is currently being conducted to develop a stealth ordnance pod and 

hardpoints for it. Such a pod would comprise a stealth shape and carry its 

weapons internally, then would split open when launching a missile or dropping a 

bomb. Both the pod and hardpoints could be detached when no longer needed. 

This system would allow the F-22 to carry its maximum ordnance load while 

remaining stealthy, albeit at a loss of maneuverability. 

  

2.1.5.   Stealth 

Although several recent Western fighter aircraft are less detectable on radar than 

previous designs using techniques such as radar absorbent material-coated S-

shaped intake ducts that shield the compressor fan from reflecting radar waves, 

the F-22 design placed a much higher degree of importance on low observance 

throughout the entire spectrum of sensors including radar signature, visual, 

infrared, acoustic, and radio frequency. The stealth of the F-22 is due to a 

combination of factors, including the overall shape of the aircraft, the use of radar 

absorbent material (RAM), and attention to detail such as hinges and pilot helmets 

that could provide a radar return. However, reduced radar cross section is only 

one of five facets that designers addressed to create a stealth design in the F-22. 

The F-22 has also been designed to disguise its infrared emissions to make it 

harder to detect by infrared homing ("heat seeking") surface-to-air or air-to-air 

missiles. Designers also made the aircraft less visible to the naked eye, and 

controlled radio and noise emissions. The Raptor has an under bay carrier made 

for hiding heat from missile threats, like surface-to-air missiles. 

  

The F-22 apparently relies less on maintenance-intensive radar absorbent material 

and coatings than previous stealth designs like the F-117. These materials caused 

deployment problems due to their susceptibility to adverse weather conditions. 
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Unlike the B-2, which requires climate-controlled hangars, the F-22 can undergo 

repairs on the flight line or in a normal hangar. Furthermore, the F-22 has a 

warning system (called "Signature Assessment System" or "SAS") which presents 

warning indicators when routine wear-and-tear have degraded the aircraft's radar 

signature to the point of requiring more substantial repairs. The exact radar cross 

section of the F-22 remains classified. In early 2009 Lockheed Martin released 

information on the F-22, showing it to have a radar cross section from certain 

critical angles of -40 dBsm the equivalent radar reflection of a "steel marble". 

However the stealth features of the F-22 require much "tape and paste" 

maintenance work that their readiness rate is approximately 80% of non-stealth 

USAF fighters. 

  

2.1.6.   External lighting 

The aircraft has integral position and anti-collision lighting (including strobes) on 

the wings, compatible with stealth requirements, supplied by Goodrich 

Corporation. The low voltage electroluminescent formation lights are located on 

the aircraft at critical positions for night flight operations (on both sides of the 

forward fuselage under the chin, on the tip of the upper left and right wings, and 

on the outside of both vertical stabilizers). There are similar air refueling lights on 

the butterfly doors that cover the air refueling receptacle. 

  

  

   

Topic Objective: 

At the end of this topic the student would be able to: 

 Define Hypersonic Flow 

 Learn about the Characteristics of Hypersonic Flow  

 Learn about the Atmospheric Reentry 
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 Learn about the Shock-layer Gas Physics 

  

  

Definition/Overview: 

Hypersonic Flow:  In aerodynamics, hypersonic speeds are speeds that are highly supersonic. 

Since the 1970s, the term has generally been assumed to refer to speeds of Mach 5 (5 times the 

speed of sound) and above. The hypersonic regime is a subset of the supersonic regime. 

Supersonic airflow is very different from subsonic flow. Nearly everything about the way an 

aircraft flies changes dramatically as it accelerates to supersonic speeds. Even with this strong 

demarcation, there is still some debate as to the definition of "supersonic". One definition is that 

the aircraft, as a whole, is traveling at Mach 1 or greater. More technical definitions state that it 

is only supersonic if the airflow over the entire aircraft is supersonic, which occurs around Mach 

1.2 on typical designs. The range Mach 0.75 to 1.2 is therefore considered transonic. Considering 

the problems with this simple definition, the precise Mach number at which a craft can be said to 

be fully hypersonic is even more elusive, especially since physical changes in the airflow 

(molecular dissociation, ionization) occur at quite different speeds. Generally, a combination of 

effects become important "as a whole" around Mach 5. The hypersonic regime is often defined 

as speeds where ramjets do not produce net thrust. This is a nebulous definition in itself, as there 

exists a proposed change to allow them to operate in the hypersonic regime (the Scramjet).  

   

  

Key Points: 

1.   Characteristics of Hypersonic Flow  

While the definition of hypersonic flow can be quite vague and is generally debatable (especially 

due to the lack of discontinuity between supersonic and hypersonic flows), a hypersonic flow 

may be characterized by certain physical phenomena that can no longer be analytically 

discounted as in supersonic flow. These phenomena include:   
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 Thin shock layer: As Mach numbers increase, the density behind the shock also increases, 

which corresponds to a decrease in volume behind the shock wave due to conservation of mass. 

Consequently, the shock layer, that volume between the body and the shock wave, is thin at high 

Mach numbers. 

 Entropy layer: As Mach numbers increase, the entropy change across the shock also increases, 

which results in a strong entropy gradient and highly vortical flow that mixes with the boundary 

layer. 

 Viscous interaction: A portion of the large kinetic energy associated with flow at high Mach 

numbers transforms into internal energy in the fluid due to viscous effects. The increase in 

internal energy is realized as an increase in temperature. Since the pressure gradient normal to 

the flow within a boundary layer is zero, the increase of temperature through the boundary layer 

coincides with a decrease in density. Thus, the boundary layer over the body grows and can often 

merge with the thin shock layer. 

 High temperature flow: High temperatures discussed previously as a manifestation of viscous 

dissipation cause non-equilibrium chemical flow properties such as dissociation and ionization of 

molecules resulting in convective and radiative heating. 

  

2.   Atmospheric Reentry 

Atmospheric reentry refers to the movement of human-made or natural objects as they enter the 

atmosphere of a planet from outer space, in the case of Earth from an altitude above the "edge of 

space." Vehicles that typically undergo this process include ones returning from orbit 

(spacecraft) and ones on exo-orbital (suborbital) trajectories (ICBM reentry vehicles, some 

spacecraft.) Typically this process requires special methods to protect against aerodynamic 

heating. Various advanced technologies have been developed to enable atmospheric reentry and 

flight at extreme velocities. 

  

3.   Shock-layer Gas Physics 

An approximate rule-of-thumb used by heat shield designers for estimating peak shock layer 

temperature is to assume the air temperature in kelvins to be equal to the entry speed in meters 

per second - a mathematical coincidence. For example, a spacecraft entering the atmosphere at 
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7.8 km/s would experience a peak shock layer temperature of 7800 K. This is unexpected, since 

the kinetic energy increases with the square of the velocity, and can only occur because the 

specific heat of the gas increases greatly with temperature (unlike the nearly constant specific 

heat assumed for solids under ordinary conditions).At typical reentry temperatures, the air in the 

shock layer is both ionized and dissociated. This chemical dissociation necessitates various 

physical models to describe the shock layer's thermal and chemical properties. There are four 

basic physical models of a gas that are important to aeronautical engineers who design heat 

shields: 

  

3.1.   Perfect gas model 

Almost all aeronautical engineers are taught the perfect (ideal) gas model during their 

undergraduate education. Excerpts from NACA Report 1135 often appear in the 

appendices of thermodynamics textbooks and are familiar to most aeronautical engineers 

who design supersonic aircraft. Perfect gas theory is elegant and extremely useful for 

designing aircraft but assumes the gas is chemically inert. From the standpoint of aircraft 

design, air can be assumed to be inert for temperatures less than 550 K at one atmosphere 

pressure. Perfect gas theory begins to break down at 550 K and is not usable at 

temperatures greater than 2000 K. For temperatures greater than 2000 K, a heat shield 

designer must use a real gas model. 

  

3.2.   Real (equilibrium) gas model 

The real gas equilibrium model is normally taught to aeronautical engineers studying 

towards a master's degree. Not surprisingly, it is a common error for a bachelor's-level 

engineer to incorrectly use perfect-gas theory on a hypersonic design. An entry vehicle's 

pitching moment can be significantly influenced by real-gas effects. Both the Apollo-CM 

and the Space Shuttle were designed using incorrect pitching moments determined 

through inaccurate real-gas modeling. The Apollo-CM's trim-angle angle of attack was 

higher than originally estimated, resulting in a narrower lunar return entry corridor. The 

actual aerodynamic center of the Columbia was upstream from the calculated value due 
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to real-gas effects. On Columbias maiden flight (STS-1), astronauts John W. Young and 

Robert Crippen had some anxious moments during reentry when there was concern about 

losing control of the vehicle. 

  

An equilibrium real-gas model assumes that a gas is chemically reactive but also assumes 

all chemical reactions have had time to complete and all components of the gas have the 

same temperature (this is called thermodynamic equilibrium). When air is processed by a 

shock wave, it is superheated by compression and chemically dissociates through many 

different reactions (contrary to popular belief, friction is not the main cause of shock-

layer heating). The distance from the shock wave to the stagnation point on the entry 

vehicle's leading edge is called shock wave stand off. An approximate rule of thumb for 

shock wave standoff distance is 0.14 times the nose radius. One can estimate the time of 

travel for a gas molecule from the shock wave to the stagnation point by assuming a free 

stream velocity of 7.8 km/s and a nose radius of 1 meter, i.e., time of travel is about 18 

microseconds. This is roughly the time required for shock-wave-initiated chemical 

dissociation to approach chemical equilibrium in a shock layer for a 7.8 km/s entry into 

air during peak heat flux. Consequently, as air approaches the entry vehicle's stagnation 

point, the air effectively reaches chemical equilibrium thus enabling an equilibrium 

model to be usable. For this case, most of the shock layer between the shock wave and 

leading edge of an entry vehicle is chemically reacting and not in a state of equilibrium. 

The Fay-Riddell equation, which is of extreme importance towards modeling heat flux, 

owes its validity to the stagnation point being in chemical equilibrium. It should be 

emphasized that the time required for the shock layer gas to reach equilibrium is strongly 

dependent upon the shock layer's pressure. For example, in the case of the Galileo Probe's 

entry into Jupiter's atmosphere, the shock layer was mostly in equilibrium during peak 

heat flux due to the very high pressures experienced (this is counterintuitive given the 

free stream velocity was 39 km/s during peak heat flux). 

  

Determining the thermodynamic state of the stagnation point is more difficult under an 

equilibrium gas model than a perfect gas model. Under a perfect gas model, the ratio of 

specific heats (also called "isentropic exponent", adiabatic index, "gamma" or "kappa") is 
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assumed to be constant along with the gas constant. For a real gas, the ratio of specific 

heats can wildly oscillate as a function of temperature. Under a perfect gas model there is 

an elegant set of equations for determining thermodynamic state along a constant entropy 

stream line called the isentropic chain. For a real gas, the isentropic chain is unusable and 

a Mollier diagram would be used instead for manual calculation. However graphical 

solution with a Mollier diagram is now considered obsolete with modern heat shield 

designers using computer programs based upon a digital lookup table (another form of 

Mollier diagram) or a chemistry based thermodynamics program. The chemical 

composition of a gas in equilibrium with fixed pressure and temperature can be 

determined through the Gibbs free energy method. Gibbs free energy is simply the total 

enthalpy of the gas minus its total entropy times temperature. A chemical equilibrium 

program normally does not require chemical formulas or reaction-rate equations. The 

program works by preserving the original elemental abundances specified for the gas and 

varying the different molecular combinations of the elements through numerical iteration 

until the lowest possible Gibbs free energy is calculated (a Newton-Raphson method is 

the usual numerical scheme). The data base for a Gibbs free energy program comes from 

spectroscopic data used in defining partition functions. Among the best equilibrium codes 

in existence is the program Chemical Equilibrium with Applications (CEA) which was 

written by Bonnie J. McBride and Sanford Gordon at NASA Lewis (now renamed 

"NASA Glenn Research Center"). Other names for CEA are the "Gordon and McBride 

Code" and the "Lewis Code". CEA is quite accurate up to 10,000 K for planetary 

atmospheric gases but unusable beyond 20,000 K (double ionization is not modeled). 

CEA can be downloaded from the Internet along with full documentation and will 

compile on Linux under the G77 Fortran compiler. 

  

3.3.   Real (non-equilibrium) gas model 

A non-equilibrium real gas model is the most accurate model of a shock layer's gas 

physics but is more difficult to solve than an equilibrium model. The simplest non-

equilibrium model is the Lighthill-Freeman model. The Lighthill-Freeman model initially 

assumes a gas made up of a single diatomic species susceptible to only one chemical 
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formula and its reverse, e.g. N2 → N + N and N + N → N2 (dissociation and 

recombination). Because of its simplicity, the Lighthill-Freeman model is a useful 

pedagogical tool but is unfortunately too simple for modeling non-equilibrium air. Air is 

typically assumed to have a mole fraction composition of 0.7812 molecular nitrogen, 

0.2095 molecular oxygen and 0.0093 argon. The simplest real gas model for air is the five 

species model which is based upon N2, O2, NO, N and O. The five species model assumes 

no ionization and ignores trace species like carbon dioxide. 

  

When running a Gibbs free energy equilibrium program, the iterative process from the 

originally specified molecular composition to the final calculated equilibrium 

composition is essentially random and not time accurate. With a non-equilibrium 

program, the computation process is time accurate and follows a solution path dictated by 

chemical and reaction rate formulas. The five species model has 17 chemical formulas 

(34 when counting reverse formulas). The Lighthill-Freeman model is based upon a 

single ordinary differential equation and one algebraic equation. The five species model 

is based upon 5 ordinary differential equations and 17 algebraic equations. Because the 5 

ordinary differential equations are loosely coupled, the system is numerically "stiff" and 

difficult to solve. The five species model is only usable for entry from low Earth orbit 

where entry velocity is approximately 7.8 km/s. For lunar return entry of 11 km/s, the 

shock layer contains a significant amount of ionized nitrogen and oxygen. The five 

species model is no longer accurate and a twelve species model must be used instead. 

High speed Mars entry which involves a carbon dioxide, nitrogen and argon atmosphere 

is even more complex requiring a 19 species model. 

  

An important aspect of modeling non-equilibrium real gas effects is radiative heat flux. If 

a vehicle is entering an atmosphere at very high speed (hyperbolic trajectory, lunar 

return) and has a large nose radius then radiative heat flux can dominate TPS heating. 

Radiative heat flux during entry into an air or carbon dioxide atmosphere typically comes 

from unsymmetric diatomic molecules, e.g. cyanogen (CN), carbon monoxide, nitric 

oxide (NO), single ionized molecular nitrogen, et cetera. These molecules are formed by 

the shock wave dissociating ambient atmospheric gas followed by recombination within 
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the shock layer into new molecular species. The newly formed diatomic molecules 

initially have a very high vibrational temperature that efficiently transforms the 

vibrational energy into radiant energy, i.e. radiative heat flux. The whole process takes 

place in less than a millisecond which makes modeling a challenge. The experimental 

measurement of radiative heat flux (typically done with shock tubes) along with 

theoretical calculation through the unsteady Schrdinger equation are among the more 

esoteric aspects of aerospace engineering. Most of the aerospace research work related to 

understanding radiative heat flux was done in the 1960s but largely discontinued after 

conclusion of the Apollo Program. Radiative heat flux in air was just sufficiently 

understood to insure Apollo's success. However radiative heat flux in carbon dioxide 

(Mars entry) is still barely understood and will require major research. 

  

3.4.   Frozen gas model 

The frozen gas model describes a special case of a gas that is not in equilibrium. The 

name "frozen gas" can be misleading. A frozen gas is not "frozen" like ice is frozen 

water. Rather a frozen gas is "frozen" in time (all chemical reactions are assumed to have 

stopped). Chemical reactions are normally driven by collisions between molecules. If gas 

pressure is slowly reduced such that chemical reactions can continue then the gas can 

remain in equilibrium. However it is possible for gas pressure to be so suddenly reduced 

that almost all chemical reactions stop. For that situation the gas is considered frozen. 

The distinction between equilibrium and frozen is important because it is possible for a 

gas such as air to have significantly different properties (speed-of-sound, viscosity, et 

cetera) for the same thermodynamic state, e.g. pressure and temperature. Frozen gas can 

be a significant issue in the wake behind an entry vehicle. During reentry, free stream air 

is compressed to high temperature and pressure by the entry vehicle's shock wave. Non-

equilibrium air in the shock layer is then transported past the entry vehicle's leading side 

into a region of rapidly expanding flow that causes freezing. The frozen air can then be 

entrained into a trailing vortex behind the entry vehicle. Correctly modeling the flow in 

the wake of an entry vehicle is very difficult. TPS heating in the vehicle's afterbody is 

usually not very high but the geometry and unsteadiness of the vehicle's wake can 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

132
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



significantly influence aerodynamics (pitching moment) and particularly dynamic 

stability. 

  

 

Topic Objective: 

At the end of this topic the student would be able to: 

 Define Rocket 

 Learn about the Components of a rocket 

 Learn about the Physics of a Rocket  

  

  

Definition/Overview: 

Rocket: A rocket or rocket vehicle is a missile, aircraft or other vehicle which obtains thrust by 

the reaction of the rocket to the ejection of fast moving fluid exhaust from a rocket engine. 

Chemical rockets create their exhaust by the combustion of rocket propellant. The action of the 

exhaust against the inside of combustion chambers and expansion nozzles accelerates the gas to 

extremely high speed and exerts a large reactive thrust on the rocket (since every action has an 

equal and opposite reaction). The history of rockets goes back to at least the 13th century, and 

military and recreational display use dates from that time. Widespread military, scientific, and 

industrial use did not occur until the 20th century, when rocketry was the enabling technology of 

the Space Age, with man visiting the moon. Rockets are used for fireworks and weaponry, 

ejection seats and launch vehicles for artificial satellites, human spaceflight and exploration of 

other planets. While inefficient for low speed use, they are, compared to other propulsion 

systems, very lightweight and powerful, capable of generating large accelerations and of 

attaining extremely high speeds with reasonable efficiency. Chemical rockets store a large 

amount of energy in an easily-released form, and can be very dangerous. However, careful 

design, testing, construction, and use minimizes risks. 
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Key Points: 

1.   Components of a rocket 

Rockets at minimum have propellant, a place to put propellant (such as a propellant tank), one or 

more rocket engines and nozzle, directional stabilization device(s) (such as fins, attitude jets or 

engine gimbals for thrust vectoring, gyroscopes) and a structure (typically monocoque) to hold 

these components together. Rockets intended for high speed atmospheric use also have an 

aerodynamic fairing such as a nose cone. As well as these components, rockets can have any 

number of other components, such as wings (rocketplanes), wheels (rocket cars), even, in a 

sense, a person (rocket belt). Vehicles frequently possess navigation systems and guidance 

systems which typically use satellite navigation and inertial navigation systems. 

  

2.   Physics of a Rocket 

  

2.1.   Operation 

In a closed chamber, the pressures are equal in each direction and no acceleration occurs. 

If an opening is provided at the bottom of the chamber then the pressure is no longer 

acting on that side. The remaining pressures give a resultant thrust on the side opposite 

the opening; as well as permitting exhaust to escape. Using a nozzle increases the forces 

further, in fact multiplies the thrust as a function of the area ratio of the nozzle, since the 

pressures also act on the nozzle. As a side effect the pressures act on the exhaust in the 

opposite direction and accelerate this to very high speeds (in accordance with Newton's 

Third Law). If propellant gas is continuously added to the chamber then this 

disequilibrium of pressures can be maintained for as long as propellant remains. 

  

It turns out (from conservation of momentum) that the speed of the exhaust of a rocket 

determines how much momentum increase is created for a given amount of propellant, 

and this is termed a rocket's specific impulse. Because a rocket, propellant and exhaust in 

flight, away from any external perturbations, may be usefully considered as a closed 
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system, then the total momentum is constant at all times. Therefore the faster the net 

speed of the exhaust is in one direction the greater the speed of the rocket itself in the 

opposite direction can become, and even more so because the rocket mass is typically far 

lower than the final total exhaust mass. As the remaining propellant decreases, rocket 

vehicles become lighter and their acceleration per unit of propellant tends to increase 

until eventually they run out. This means that much of the speed change occurs towards 

the end of the burn when the vehicle is much lighter. 

  

2.2.   Forces on a rocket in flight 

The general study of the forces on a rocket or other spacecraft is called astrodynamics. 

Flying rockets are primarily affected by the following: 

o Thrust from the engine(s) 

o Gravity from celestial bodies 

o Drag if moving in atmosphere 

o Lift; usually relatively small effect except for rocket-powered aircraft 

  

In addition, the inertia/centrifugal pseudo-force can be significant due to the path of the 

rocket around the center of a celestial body; when high enough speeds in the right 

direction and altitude are achieved a stable orbit or escape velocity is obtained. During a 

rocket launch, as the vehicle speed increases, and the atmosphere thins, there is a point of 

maximum aerodynamic drag called Max Q. This determines the minimum aerodynamic 

strength of the vehicle, as the rocket must avoid buckling under these forces. These 

forces, with a stabilizing tail present will, unless deliberate control efforts are made, to 

naturally cause the vehicle to follow a roughly parabolic trajectory termed a gravity turn, 

and this trajectory is often used at least during the initial part of a launch. (This is true 

even if the rocket engine is mounted at the nose). This means that the vehicle can 

maintain low or even zero angle of attack. This minimizes transverse stress on the launch 

vehicle; allowing for a weaker, and thus lighter, launch vehicle. 
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Due to the supersonic nature of the exhaust jet the exit pressure can be different to 

atmospheric pressure. Nozzles are said to be underexpanded (higher than ambient 

pressure), ambient or overexpanded (below ambient pressure). If under or overexpanded 

then loss of efficiency occurs, grossly overexpanded nozzles lose less efficiency, but the 

exhaust jet is usually unstable. Rockets become progressively more underexpanded as 

they gain altitude. Note that almost all rocket engines will be momentarily grossly 

overexpanded during startup in an atmosphere. 

  

2.3.   Net thrust 

A typical rocket engine can handle a significant fraction of its own weight in propellant 

each second, with the propellant leaving the nozzle at extremely high speed. This means 

that the thrust-to-weight ratio of a rocket engine, and often the entire vehicle can be very 

high, in extreme cases over 100:1. This compares with other jet propulsion engines that 

rarely exceed 10:1. The propellant flow rate of a rocket is often deliberately varied over a 

flight, to provide a way to control the thrust and thus the airspeed of the vehicle. This 

allows minimization of aerodynamic losses and can limit the increase of g-forces due to 

the reduction in propellant load. It can be shown that the net thrust of a rocket is: 

 

where: 

propellant flow (kg/s or lb/s) 

the effective exhaust velocity (m/s or ft/s) 

  

The ve of a rocket engine is often almost constant in a vacuum, but in practice the 

effective exhaust velocity of rocket engines goes down when operated within an 

atmosphere as the atmospheric pressure goes up. In space, the effective exhaust velocity 
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is equal to the actual exhaust velocity. In the atmosphere, the two velocities are close in 

value. 

  

2.4.   Specific impulse 

As can be seen from the thrust equation the effective speed of the exhaust controls the 

amount of thrust produced from a particular quantity of fuel burnt per second. 

An equivalent measure, the net thrust-seconds (impulse) per weight unit of propellant 

expelled is called specific Impulse "Isp" and this is one of the most important figures that 

describes a rocket's performance. It can be shown that it is related to effective exhaust 

velocity: 

 

where: 

Isp has units of seconds 

g0 is the acceleration at the surface of the Earth 

Thus, the greater the specific impulse, the greater the net thrust and performance of the 

engine. Isp is determined by measurement while testing the engine. In practice the 

effective exhaust velocities of rockets varies but can be extremely high, ~4500 m/s, about 

15 times the sea level speed of sound in air. 

  

2.5.   Delta-v (rocket equation) 

The delta-v capacity of a rocket is the theoretical total change in velocity that a rocket can 

achieve without any external interference (without air drag or gravity or other forces). 

When ve is constant, the delta-v that a rocket vehicle can provide can be calculated from 

the Tsiolkovsky rocket equation: 
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where: 

m0 is the initial total mass, including propellant, in kg (or lb) 

m1 is the final total mass in kg (or lb) 

ve is the effective exhaust velocity in m/s or (ft/s) 

is the delta-v in m/s (or ft/s) 

When launched from the Earth practical delta-v's for a single rockets carrying payloads 

can be a few km/s. Some theoretical designs have rockets with delta-v's over 9 km/s. 

The required delta-v can also be calculated for a particular manoeuvre; for example the 

delta-v to launch from the surface of the Earth to Low earth orbit is about 9.7 km/s, 

which leaves the vehicle with a sideways speed of about 7.8 km/s at an altitude of around 

200 km. In this manoeuvre about 1.9 km/s is lost in air drag, gravity drag and gaining 

altitude. The ratio is sometimes called the mass ratio. 

  

  

2.6.   Mass ratios 

Persons not familiar with spaceflight rarely realize that almost all of a launch vehicle's 

mass consists of propellant. Mass ratio is, for any 'burn', the ratio between the rocket's 

initial mass and the mass after. Everything else being equal, a high mass ratio is desirable 

for good performance, since it indicates that the rocket is lightweight and hence performs 

better, for essentially the same reasons that low weight is desirable in sports cars. Rockets 

as a group have the highest thrust-to-weight ratio of any type of engine; and this helps 

vehicles achieve high mass ratios, which improves the performance of flights. The higher 

the ratio the less engine mass is needed to be carried. This permits the carrying of even 

more propellant, enormously improving the delta-v. Alternatively, some rockets such as 

for rescue scenarios or racing carry relatively little propellant and payload and thus need 
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only a lightweight structure and instead achieve high accelerations. For example, the 

Soyuz escape system can produce well over 20g. 

  

Achievable mass ratios are highly dependent on many factors such as propellant type, the 

design of engine the vehicle uses, structural safety margins and construction techniques. 

The highest mass ratios are generally achieved with liquid rockets, and these types are 

usually used for orbital launch vehicles, a situation which calls for a high delta-v. Liquid 

propellants generally have densities similar to water (with the notable exceptions of 

liquid hydrogen and liquid methane), and these types are able to use lightweight, low 

pressure tanks and typically run high-performance turbopumps to force the propellant 

into the combustion chamber. 

  

2.7.   Staging 

Often, the required velocity (delta-v) for a mission is unattainable by any single rocket 

because the propellant, tankage, structure, guidance, valves and engines and so on, take a 

particular minimum percentage of take-off mass. For example, the first stage of the 

Saturn V, carrying the weight of the upper stages, was able to achieve a mass ratio of 

about 10, and achieved a specific impulse of 263 seconds. This gives a delta-v of around 

5.9 km/s whereas around 9.4 km/s delta-v is needed to achieve orbit with all losses 

allowed for. This problem is frequently solved by staging  the rocket sheds excess weight 

(usually empty tankage and associated engines) during launch to reduce its weight and 

effectively increase its mass ratio. Staging is either serial where the rockets light after the 

previous stage has fallen away, or parallel, where rockets are burning together and then 

detach when they burn out. The maximum speeds that can be achieved with staging is 

theoretically unlimited. However, the payload that can be carried goes down 

geometrically with each extra stage needed, while the additional delta-v for each stage is 

roughly constant. 
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2.8.   Acceleration and thrust-to-weight ratio 

From Newton's third law the acceleration of a vehicle is simply: 

 

Where m is the instantaneous mass of the vehicle and Fn is the net force acting on the 

rocket (mostly thrust but air drag and other forces can play a part.)  

  

Typically, the acceleration of a rocket increases with time (if the thrust stays the same) as 

the weight of the rocket decreases as propellant is burned, but the thrust can be throttled 

to offset or vary this if needed. Discontinuities in acceleration will also occur when stages 

burn out, often starting at a lower acceleration with each new stage firing. Peak 

accelerations can be increased by designing the vehicle with a reduced mass, usually 

achieved by a reduction in the fuel load and tankage and associated structures, but 

obviously this reduces range, final speed and burn time. Still, for some applications that 

rockets are used for, a high peak acceleration applied for just a short time is highly 

desirable. The minimal mass of vehicle consists of a rocket engine with minimal fuel and 

structure to carry it. In that case, the thrust-to-weight ratio of the rocket engine limits the 

maximum acceleration that can be designed. It turns out that rocket engines generally 

have truly excellent thrust to weight ratios (136:1 for the NK-33 engine), and nearly all 

really high-g vehicles employ or have employed rockets. 

  

2.9.   Energy efficiency 

Rocket launch vehicles take-off with a great deal of flames, noise and drama, and it might 

seem obvious that they are grievously inefficient. However, while they are far from 

perfect, their energy efficiency is not as bad as might be supposed. The energy density of 

rocket propellant is around 1/3 that of conventional hydrocarbon fuels; the bulk of the 

mass is in the form of (often relatively inexpensive) oxidiser. Nevertheless, at take-off the 

rocket has a great deal of energy in the form of fuel and oxidiser stored within the 
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vehicle. It is of course desirable that as much of the energy of the propellant end up as 

kinetic or potential energy of the body of the rocket as possible. 

  

Energy from the fuel is lost in air drag and gravity drag and is used for the rocket to gain 

altitude and speed. However, much of the lost energy ends up in the exhaust. 100% 

efficiency within the engine (ηc) would mean that all of the heat energy of the 

combustion products is converted into kinetic energy of the jet. This is not possible, but 

the high expansion ratio nozzles that can be used with rockets come surprisingly close: 

when the nozzle expands the gas, the gas is cooled and accelerated, and energy efficiency 

of up to 70% can be achieved. Most of the rest is heat energy in the exhaust that is not 

recovered. The high efficiency is a consequence of the fact that rocket combustion can be 

performed at very high temperatures and the gas is finally released at much lower 

temperatures, and so giving good Carnot efficiency. 

  

However, engine efficiency is not the whole story. In common with many jet-based 

engines, but particularly in rockets due to their high and typically fixed exhaust speeds, 

rocket vehicles are extremely inefficient at low speeds irrespective of the engine 

efficiency. The problem is that at low speeds, the exhaust carries a huge amount of 

kinetic energy rearward. This phenomenon is termed propulsive efficiency (ηp). 

However, as speeds rise, the resultant exhaust speed goes down, and the overall vehicle 

energetic efficiency rises, reaching a peak of around 100% of the engine efficiency when 

the vehicle is travelling exactly at the same speed that the exhaust is emitted. In this case, 

the exhaust would ideally stop dead in space behind the moving vehicle, taking away 

zero energy, and from conservation of energy, all the energy would end up in the vehicle. 

The efficiency then drops off again at even higher speeds as the exhaust ends up 

travelling forwards- trailing behind the vehicle. From these principles, it can be shown 

that the propulsive efficiency ηp for a rocket moving at speed u with an exhaust velocity c 

is: 
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And the overall energy efficiency η is 

η = ηpηc 

Since the energy ultimately comes from fuel, these joint considerations mean that rockets 

are mainly useful when a very high speed is required, such as ICBMs or orbital launch, 

and they are rarely if ever used for general aviation. For example, from the equation, with 

a ηc of 0.7, a rocket flying at Mach 0.85 (which most aircraft cruise at) with an exhaust 

velocity of Mach 10, would have a predicted overall energy efficiency of 5.9%, whereas 

a conventional, modern, air breathing jet engine achieves closer to 35% efficiency. Thus, 

a rocket would need about 6x more energy; and allowing for the ~3x lower specific 

energy of rocket propellant than conventional air fuel, roughly 18x more mass of 

propellant would need to be carried for the same journey. Thus jet engines which have a 

better match between speed and jet exhaust speed such as turbofans (in spite of their 

worse ηc) dominate for subsonic and supersonic atmospheric use while rockets work best 

at hypersonic speeds. On the other hand rockets do also see many short-range relatively 

low speed military applications where their low-speed inefficiency is outweighed by their 

extremely high thrust and hence high accelerations. 
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