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• Elliptical Orbit.



Relationship Between Position and Time

• For objects in space whose orbit is known, it is an 
important task to calculate its position at a particular 
instant of time.

• Also, when the current position is known, the time take to 
reach a particular position is also determined. reach a particular position is also determined. 

• These are required for satellite communications, 
executing orbital manoeuvre, interplanetary travel.

• Thus orbital position at a given time determination and 
predicting the position after a certain elapse of time or 
predicting the time taken to arrive at a future position is a 
basic problem in Space mechanics.



Relationship Between Position and Time

• H which the angular momentum per Unit mass of the 
particle is defined as 

• We know from 2 Body problem the motion of a body Pi

H = r2

• We know from 2 Body problem the motion of a body Pi

• Also from 2 Body problem, the trajectory of a body P is 
given by 

• Where p is the semi latus rectum, θ is the true anomaly 
and e is the eccentricity. 



Relationship Between Position and Time

• From the above equations we get

• Integrating this equation we get

Where Δt is the time interval in which the body’s true • Where Δt is the time interval in which the body’s true 
anomaly increases from θ0 to θe



Elliptical Orbit
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• Time 

• What is Time

• Co-ordinate systems



Solar and Sidereal Time



Greenwich and Local times



What is time



Celestial Sphere

• In astronomy and navigation, the celestial sphere is an 
abstract sphere that has an arbitrarily large radius and is 
concentric to Earth. 

• All objects in the sky can be conceived as being projected 
upon the inner surface of the celestial sphere, which may upon the inner surface of the celestial sphere, which may 
be centered on Earth or the observer.

• If centered on the observer, half of the 
sphere would resemble a hemispherical 
screen over the observing location.

• The celestial sphere is a practical tool 
for spherical astronomy, allowing 
astronomers to specify the apparent 
positions of objects in the sky if their 
distances are unknown or irrelevant.



Celestial Sphere

• In the equatorial 
coordinate 
system, the 
celestial equator 
divides the divides the 
celestial sphere 
into two halves: 
the northern 
and southern 
celestial 
hemispheres.



Celestial Reference System
• Definition of Non Rotating System

• The celestial pole is the Earth’s north pole (or the fundamental 
plane is the earth’s equatorial plane)

• The reference direction is the vernal equinox (point at which the 
Sun crosses the equatorial plane moving from south to north)

• Right handed system• Right handed system

• Vernal equinox is the 
intersection of the ecliptic and 
equator planes, where the sun 
passes from the southern to the 
northen hemisphere. 



Co-ordinate Systems

• Sun Based
• Heliocentric

• Earth Based
• Geocentric 

• Local Co-ordinate system (Topocentric)• Local Co-ordinate system (Topocentric)

• Satellite Orbit Based
• Perifocal

• Angular Measurements
• Latitude Longitude

• Ascension-Declination



Heliocentric Co-ordinate



Geocentric and Ecliptic Co-ordinates



Geocentric Co-ordinate System



Local Co-ordinate System



Orbit Based System- Perifocal



Angular Measurements

• Latitude and Longitude

• Right Ascension-Declination
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What Is Space
• Space is a place where things happen: spacecraft orbit Earth, 

planets orbit the Sun, and the Sun revolves around the center
of our galaxy.

• Space begins at an altitude where a satellite can briefly 
maintain an orbit. Thus, space is close. It’s only about 130 km 
(81 mi.) straight up.

• Sun, a fairly average yellow star powered by nuclear fusion. • Sun, a fairly average yellow star powered by nuclear fusion. 
Surface temperature > 6000 K. Output includes 
Electromagnetic radiation that we see and feel here on Earth 
as light and heat,  Streams of charged particles that sweep out 
from the Sun as part of the solar wind,  Solar particle events or 
solar flares, which are brief but intense periods of charged-
particle emissions.

• Our solar system is about half way out on one of the Milky Way 
galaxy’s spiral arms. Our galaxy is just one of billions and 
billions of galaxies in the universe.

• NASA defines space at an altitude of 92.6 km (57.5 mi.). 



Peculiarities of Space Environment

Gravtational

AtmosphericIsolation

Pecularities

Vacuum

Radiation

MicroMeteriods
& Orbital Debris



Peculiarities of Space Environment

• Six major environmental factors affect spacecraft in Earth orbit.

• • Gravity • Micrometeoroids and space junk
• • Atmosphere • Radiation
• • Vacuum • Charged particles



Effect of Gravity

• Gravity reduces with increase in altitude.

• Microgravity

• Free Fall



Microgravity and Freefall
• What is gravity.

• Gravitational forces in space are much lesser than the 
forces experienced on earth.forces experienced on earth.

• Material behaviour may be different with the change in 
gravitational force

• Reduced gravitational force on humans has detrimental 
effect.
• Decreased Oxygen carrying capacity of the Blood
• Increased blood viscosity which increases resistance to blood flow. 

This decreases the cardiac output and hence reduces the physical 
work potential.



Microgravity and Freefall

• Sleep Difficulty
• Sleep in sleeping bags attached to walls

• Sleep in ventilated area so that CO2 is not reinhaled

• Increased risk of infections as bacteria circulate for longer 
time in the absence of gravitytime in the absence of gravity

• Freefall : an object is in Freefall is falling under the 
influence of gravity, free from other forces. 

• In free fall you don’t feel the force of gravity even though 
gravity is present



Atmospheric effects



Atomospheric Effects
• Earth’s atmosphere isn’t completely absent in low-Earth orbit. 

It can cause

• Drag—which shortens orbit lifetimes

• Atomic oxygen—which can damage exposed surfaces

• The density of Earth’s atmosphere 
decreases exponentially as you go 
higher. Even in low-Earth orbit, 
however, you can still feel the effects 
of the atmosphere in the form of 
drag.



Atmospheric Gases

• At higher altitudes O2 breaks down into O by UV

• Primarily O from 80 - 90 km to 500 km

• Hydrogen and Helium beyond 500 km

• Kinetic energy of O atom at 7.8 km/s ~ 5eV (enough to

break molecular bonds ~1 - 2eV)break molecular bonds ~1 - 2eV)

• O is highly reactive and destructive to spacecraft

• Temperature at LEO increases with altitude

• Atmosphere expands when heated by high UV (solar 
max)

• LEO densities ~ 108 particles/cm3



Effects of Atomic Oxygen

Atomic oxygen is formed from the photo-dissociation
of molecular oxygen by solar EUV
• Atomic oxygen in extremely reactive
• Atomic oxygen interacts with spacecraft in LEO 
with relative energies of approximately 5 eV (Vs/c ~ 
8 km/s, VO ~ Thermal)
• Material Degradation



Temperature and Pressure variation



Vacuum 

• Space Environment is extremely rarified above 100 Kms

• Beyond the thin skin of Earth’s atmosphere, we enter the 
vacuum of space. This vacuum environment creates three 
potential problems for spacecraft

• Out-gassing—release of gasses from spacecraft • Out-gassing—release of gasses from spacecraft 
materials. Contamination

• Cold welding—fusing together of metal components

• Heat transfer—limited to radiation

• Reduction in pressure and/or an increase in temperature 
causes outgassing. This causes highly volatile, loosely 
bound molecules



Contamination

• Contamination can effect optical properties of materials, 
espically for optically sensitive materials.



Radiation effects
• Radiation, primarily from the Sun, can cause

• Heating on exposed surfaces
• Damage to electronic components and disruption in 

communication
• Solar pressure, which can change a spacecraft’s orientation

• Charged particles come from three sources
• Solar wind and flares• Solar wind and flares
• Galactic cosmic rays (GCRs)
• Van Allen radiation belts

• Earth’s magnetic field (magnetosphere) protects it from charged 
particles. The Van Allen radiation belts contain charged particles, 
trapped and concentrated by this magnetosphere.
• Charged particles from all sources can cause

• Charging
• Sputtering
• Single event phenomena (SEP)



Radiation Effects
• The ozone layer and magnetosphere protect us from charged

particles and electromagnetic (EM) radiation down here on
Earth. In space, however, we’re well above the ozone layer and
may enter the Van Allen radiation belts or even leave Earth’s
vicinity altogether, thus exposing ourselves to the full force of
galactic cosmic rays (GCRs).galactic cosmic rays (GCRs).

• Depending on the dosage, the radiation and charged particle
environment can cause short-term and long-term damage to
the human body, or even death.



Atmospheric Effects

• Deflects charged particles/solar wind.

– South Atlantic Anomaly

• Creates the structure of the ionosphere/plasmasphere

– Magnetosphere

– Van Allen radiation belts– Van Allen radiation belts

• Direct effects on Spacecraft systems

– Avionics - induced potential effects

– Power - induced potential effects

– GN&C - magnetic torquer performance, sizing

– Structures - induced currents

– TT&C - location of SAA



South Atlantic Anomaly

Reduced protection in SAA allows greater effect of high
energy particles - electronic upsets, instrument interference



Radiation Effects
Plasma is a gas made up of ions and free electrons in
roughly equal numbers.
• Causes

• Electromagnetic Interference
• Spacecraft charging & arcing
• Material effects• Material effects

• Effects
• Avionics - Upsets from EMI
• Power - floating potential, contaminated solar arrays, current 

losses
• GN & C - torques from induced potential
• Materials - sputtering, contamination effects on surface materials.

• Optics systems - contamination changes properties of surface 
materials.

• Propulsion - Thruster firings change/shift the floating potential 
by contacting the plasma.



Radiation Effect

• Spacecraft Charging Effect

• Instrument reading bias

• Arcing-induced EMI, electronics upsets

• Increased current collection

• Re-attraction of contaminants• Re-attraction of contaminants

• Ion sputtering, accelerated erosion of materials

• Spacecraft must be designed to keep differential charging 
below the breakdown voltages or must tolerate the effects 
of discharges



Radiation Effects

•Most radiation effects occur by energy deposition
– Function of both energy, type of particle and material into
which energy is deposited.
• Definitions
1 rad (Si) = 100 ergs/gm into Silicon
1 Cray (Si) = 1 J/kg into Si
1 rad (Si) = 10-4 Cray



Radiation Damage Tresholds

• In many materials the total dose of radiation is the most
critical issue. In other circumstances the time over which
the dose is received is equally important.

• Material Damage Threshold (rad)

• Biological Matter 101 - 102• Biological Matter 101 - 102

• Electrical Matter 102 - 104

• Lubricants, hydraulic fluid 105 - 107

• Ceramics, glasses 106 - 108

• Polymeric materials 107 - 109

• Structural metals 109 - 1011



Radiation Effects
• Spacecraft Effects
• High energy particles travel through spacecraft material and deposit kinetic 

energy
– Displaces atoms.
– Leaves a stream of charged atoms in their wake.

• Reduces power output of solar arrays
• Causes sensitive electronics to fail
• Increases sensor background noise• Increases sensor background noise
• Radiation exposure to crews
• High Energy Radiation Definition

For Electrons E > 100 keV
For protons and heavy ions E > 1 MeV

• Sources
– Van Allen Belt (electrons and protons) (trapped
radiation)
– Galactic cosmic rays interplanetary protons and ionized heavy nuclei
– Protons associated with solar proton ev



Radiation Effects
Torodial belts around the earth made up of electrons and ions 

(primarily protons) with energies > 30 keV.
• Two big zones
– Inner belt ~ 1000 Km 6000 km altitude
• Protons E > 10’s of MeV
• Electrons E ~ 1 - 10 MeV• Electrons E ~ 1 - 10 MeV
– Outer belt 10,000 - 60,000 km
• Electrons E ~ 0.04 - 4.5 MeV
• Sources
– acceleration of lower-energy particles by magnetic storm 

activity
– trapping of decay products produced by cosmic ray collisions 

with the atmosphere
– solar flares



Van Allen Belt



MicroMeteoroids and Orbital Debris

• Orbital Debris

• Launch

• Operations
• Lack of proper disposal

• Collisions• Collisions
• Small collisions as well as large

• Explosions
• Batteries

• Pressure tanks (usually propulsion system)

• Meteoroids
• Natural random environment

• Meteor showers



Orbital Debris 



Orbital Debris



Orbital Debris



MicroMeteoroids
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Problem 

• Calculate the velocity of an artificial satellite orbiting the 
Earth in a circular orbit at an altitude of 200 km above the 
Earth's surface. 

• SOLUTION 

• From Basics Constants• From Basics Constants

• Radius of Earth = 6378.14 km 

• GM of Earth= μ = 398600.5 km3/s2

• Given: r = (6378.14 + 200) = 6578.140 km 

• v = SQRT[μ / r ] 

• v = SQRT[398600.5 / 6578.140 ] 

• v = 7.784 km/s



Problem

• Calculate the period of revolution for the satellite in 
previous problem.

• SOLUTION 

• Given: r = 6578.140 km 

• P2 = 4 × π2 × r3 / μ • P2 = 4 × π2 × r3 / μ 

• P = SQRT[ 4 × π2 × r3 / μ ] 

• P = SQRT[ 4 × π2 × 6578.1403 / 398600.5 ] 

• P = 5310 s



Problem

• Calculate the radius of orbit for a Earth satellite in a 
geosynchronous orbit where the Earth's rotational period 
is 86164.1 seconds. 

• SOLUTION 

• Given: P = 86164.1 s • Given: P = 86164.1 s 

• P2 = 4 × π2 × r3 / μ 

• r = [ P2 × μ / (4 × π2) ]1/3

• r = [ 86164.12 × 3.986005×1014 / (4 × π2) ]1/3

• r = 42164170 m



Problem
• An artificial Earth satellite is in an elliptical orbit which brings it 

to an altitude of 250 km at perigee and out to an altitude of 500 
km at apogee. Calculate the velocity of the satellite at both 
perigee and apogee. 

• SOLUTION 
• Given: Rp = (6378.14 + 250) × 1000 = 6628140 m 

Ra = (6378.14 + 500) × 1000 = 6878140 m • Ra = (6378.14 + 500) × 1000 = 6878140 m 
• Vp = SQRT[ 2 × μ × Ra / (Rp × (Ra + Rp)) ]
• Vp = SQRT[ 2 × 3.986005×1014 × 6878140 / (6628140 ×

(6878140 + 6628140)) ] 
• Vp = 7826 m/s
• Va = SQRT[ 2 × μ × Rp / (Ra × (Ra + Rp)) ]
• Va = SQRT[ 2 × 3.986005×1014 × 6628140 / (6878140 ×

(6878140 + 6628140)) ] 
• Va = 7542 m/s



Problem
• A satellite in Earth orbit passes through its perigee point at an 

altitude of 200 km above the Earth's surface and at a velocity of 
7850 m/s. Calculate the apogee altitude of the satellite. 

• SOLUTION 

• Given: Rp = (6378.14 + 200) × 1000 = 6578140 m • Given: Rp = (6378.14 + 200) × 1000 = 6578140 m 

• Vp = 7850 m/s 

• Ra = Rp / [2 × μ / (Rp × Vp2) - 1]

• Ra = 6578140 / [2 × 3.986005×1014 / (6578140 × 78502) - 1] 

• Ra = 6805140 m 

• Altitude @ apogee = 6805140 / 1000 - 6378.14 = 427.0 km 



Problem

• Calculate the eccentricity of the orbit for the satellite in 
previous problem

• SOLUTION, 

• Given: Rp = 6578140 m 

• Vp = 7850 m/s • Vp = 7850 m/s 

• e = Rp × Vp2 / μ - 1 

• e = 6578140 × 78502 / 3.986005×1014 – 1

• e = 0.01696



Problem
• A satellite in Earth orbit has a semi-major axis of 6,700 km 

and an eccentricity of 0.01. Calculate the satellite's 
altitude at both perigee and apogee. 

• SOLUTION,
• Given: a = 6700 km e = 0.01 Given: a = 6700 km e = 0.01 
• Rp = a × (1 - e) 
• Rp = 6700 × (1 - .01) 
• Rp = 6633 km 
• Altitude @ perigee = 6633 - 6378.14 = 254.9 km 
• Ra = a × (1 + e) Ra = 6700 × (1 + .01)
• Ra = 6767 km 
• Altitude @ apogee = 6767 - 6378.14 = 388.9 km



Problem
• A satellite is launched into Earth orbit where its launch vehicle 

burns out at an altitude of 250 km. At burnout the satellite's 
velocity is 7,900 m/s with the zenith angle equal to 89 degrees. 
Calculate the satellite's altitude at perigee and apogee. 

• SOLUTION, 
• Given: r1 = (6378.14 + 250) × 1000 = 6628140 m • Given: r1 = (6378.14 + 250) × 1000 = 6628140 m 
• v1 = 7900 m/s 
• γ1= 89o

• (Rp / r1)1,2 = ( -C ± SQRT[ C2 - 4 × (1 - C) × -sin2 ]) / (2 × (1 -
C)) 

• where C = 2 × GM / (r1 × v12) 
• C = 2 × 3.986005×1014 / (6,628,140 × 7,9002) 
• C = 1.927179 



Problem Contd
• (Rp / r1)1,2 = ( -1.927179 ± SQRT[ 1.9271792 - 4 × -0.927179 ×

-sin2(89) ]) / (2 × -0.927179) 

• (Rp / r1)1,2 = 0.996019 and 1.082521 

• Perigee Radius, Rp = Rp1 = r1 × (Rp / r1)1

• Rp = 6,628,140 × 0.996019• Rp = 6,628,140 × 0.996019

• Rp = 6,601,750 m

• Altitude @ perigee = 6,601,750 / 1,000 - 6,378.14 = 223.6 km 

• Apogee Radius, 

• Ra = Rp2 = r1 × (Rp / r1)2 Ra = 6,628,140 × 1.082521 

• Ra = 7,175,100 m 

• Altitude @ agogee = 7,175,100 / 1,000 - 6,378.14 = 797.0 km



Problem

• Calculate the eccentricity of the orbit for the satellite in 
previous problem. 

• SOLUTION, 

• Given: r1 = 6,628,140 m v1 = 7,900 m/s 

• γ = 89o• γ1 = 89o

• e = SQRT[ (r1 × v12 / μ - 1)2 × sin2 + cos2 ] 

• e = SQRT[ (6,628,140 × 7,9002 / 3.986005×1014 - 1)2 ×
sin2(89) + cos2(89) ] 

• e = 0.0416170
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 Many Body Problem
 The Circular restricted 3 body problem
 Libration points



 According to Newtons Law 
of gravitation the equation 
of motion of body relative 
to inertial frame is given 
as as 

 stands for summation 
all over j excluding j=i. 

The position of n bodies in 
an inertial reference XYZ



 The vector rij is defined by

 For the actual determination of the motion of 
each body, we have to integrate numerically the 
equations of motion. For systems involving more 
than a few hundred bodies, the integration of 
equations of motion. For systems involving more 
than a few hundred bodies, the integration of 
these equations is totally impractical. To study 
the general evolution of such systems, we have 
to rely on statistical techniques. Only some 
interesting general features of the dynamical 
behaviour of the bodies can be obtained 
analytically. These are knownn as intrgrals of 
motion.



 N Bodies can be regarded as point masses
 There are no other external forces acting on 

the system under consideration
 Based on the 2 above points we get

 And                

 Where Rcm is the position vector of the 
center of mass of the system and H is the 
angular momentum of the entire system with 
respect to the Origin O of the intertial frame. 



 Integrating above equations we get 

 The first two terms state that the center of mass 
of the system referred to as Barycenter, is at rest of the system referred to as Barycenter, is at rest 
or moves with uniform velocity with respect to 
inertial frame.

 Due to very large solar mass compared to all 
other masses in the solar system, the barycenter
lies very close to the center of the Sun.



 From the term 
 It is understood that the angular momentum of 

the system is constant in both magnitude and 
direction. 

 The plane through the center of mass of the 
system is normal to H, has a fixed orientation system is normal to H, has a fixed orientation 
and is therefore called the invariable plane. 

 It can be used as a fundamental reference plane 
for the motion of the bodies. 

 For the solar system, this plane is inclines at 1ο

39’ to the ecliptic and lies between the orbital 
planes of Jupiter and Saturn 



 The three body problem deals with the 
motion of three bodies under their mutual 
gravitational attractions, while no other 
forces are acting upon these bodies. 

 In the restricted three body problem, we  In the restricted three body problem, we 
assume one body to have a very small mass 
as compared to the masses of the two other 
bodies. This allows the assumption that the 
motion of two massive bodies will not be 
influenced by the attraction of the third body. 



 Consider an inertial frame XYZ
 Origin is the center of mass of 

the system.
 This center of mass lie on the 

line connecting P1 and P2. The line connecting P1 and P2. The 
position vector can be written 
as m1R1 + m2R2=0 or 
 As angular momentum of the system is 

constant, 



 It can be derived that

 And 

Where H and H stands for the angular  Where H1 and H2 stands for the angular 
momentum of bodies with mass P1 and P2
respectively. 

 It can be concluded that the two massive 
bodies move in one plane and their orbits are 
similar.



 In Circular restricted three body problem, we 
assume the two bodies to move in circular 
orbits about center of mass. 



 The Libration point or Lagrange Point are 
positions where the gravitational pull of two 
large masses precisely equals the centripetal 
force required for a small object to move with 
them.

 Of the five Lagrange points, 
three are unstable and two are 
stable. The unstable Lagrange 
points - labeled L1, L2 and L3 -
lie along the line connecting the 
two large masses. The stable 
Lagrange points - labeled L4 
and L5 - form the apex of two 
equilateral triangles that have 
the large masses at their 
vertices. 
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 N Body Problem and Solution



 A problem in celestial mechanics is the 
determination of the motion of N bodies 
under mutual gravitational attractions.

 These bodies are assumed to possess  
spherical symmetry so that they can be 
regarded as point masses.regarded as point masses.

 It is assumed that no other forces act upon 
these bodies.

 There is no analytical solution to the general 
N body problem. It is unlikely it will ever be 
found



 Only two body problem has closed form 
analytical solution

 For the three body problem with arbitrary 
masses, only two kinds of exact particular 
solutions have been obtained.

 Therefore if the number of bodies in the system  Therefore if the number of bodies in the system 
is greater that two, it is considered as a many 
body problem or ‘N’ body problem.

 N body problem : Motion of planets about the 
sun, motion of stars in a stellar cluster, motion of 
interplanetary spacecraft, motion of earth’s 
satellites



 According to Newtons Law 
of gravitation the equation 
of motion of body relative 
to inertial frame is given 
as as 

 stands for summation 
all over j excluding j=i. 

The position of n bodies in 
an inertial reference XYZ



 The vector rij is defined by

 For the actual determination of the motion of 
each body, we have to integrate numerically the 
equations of motion. For systems involving more 
than a few hundred bodies, the integration of 
equations of motion. For systems involving more 
than a few hundred bodies, the integration of 
these equations is totally impractical. To study 
the general evolution of such systems, we have 
to rely on statistical techniques. Only some 
interesting general features of the dynamical 
behaviour of the bodies can be obtained 
analytically. These are knownn as intrgrals of 
motion.



 Assume a system of n-bodies (m1, m2, m3, 
…mn), the  motion of ith body is mi.



 Applying Newton’s law of universal 
gravitation, the force Fgn exerted on mi by 
mnis,                               , where rni=ri-rn

 The gravitational forces acting on the ith body  The gravitational forces acting on the ith body 
is,

 The body cannot exert a force on itself.  So 
the above equation should not contain:





 Then, 

 The combined force acting on the ith body is 
FTOTAL = Fg + FOTHER

 The Newton’s second law of motion is The Newton’s second law of motion is

 The time derivative may be expanded as



 Note     =       and      =

 Therefore substuting and rearranging from 

The most general equation of motion for the i The most general equation of motion for the ith
body is

 Where,  is the vector acceleration of the ith body 
relative to the x, y, z coordinate system

TOTAL i
i i

i i

F m
r r

m m
 


 



 and all other external forces



 The gravitational equation reduces to

 Let assume m2 is and earth satellite and m1 is 
the earth, the remaining masses are the 
moon, sun and planets.  Then the above 
equation written as,



 And for i=2,

 We know that,              . So,

Substituting the values, we get Substituting the values, we get

 Expanding the first term we get  



 Since r12 = -r21.  Hence

 The effect of the above equation is to account 
for the perturbing effects of the moon, sun 
and planets on a near earth satellite.
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Satellite Life Time

• Every satellite is designed to meet certain objective and 
has a finite life time

• For satellites closer to Earth, major factor affecting 
satellite life time is Atmospheric Drag

• For satellites with higher altitudes, component failures, • For satellites with higher altitudes, component failures, 
propellent depletion or impact with space objects are the 
major factors effecting satellite life time.



Orbit Terminology



Satellite life time
• All satellites in Earth orbit are subject to various perturbing 

influences which alter their orbit. 
• Low Earth orbit, with perigee altitudes below 2000 km, are 

predominantly subject to atmospheric drag. This force very 
slowly tends to circularise and reduce the altitude of the orbit. 

• The rate of 'decay' of the orbit becomes very rapid at altitudes • The rate of 'decay' of the orbit becomes very rapid at altitudes 
less than 200 km. 

• By the time the satellite is down to 180 km it will only have a 
few hours to live before it makes a fiery re-entry down to the 
Earth. 

• The temperatures attained during this re-entry are usually great 
enough to vapourise most of the satellite, but if it is particularly 
large, or under certain conditions, component pieces may 
reach the ground.



Orbital Decay



Satellite Life Time



Orbital life time determination

• The rate at which a low satellite orbit decays is a function of 
atmospheric density at each point along the orbit together with a 
satellite's effective cross sectional area A, mass m, and drag 
coefficient CD. In many cases, these last three parameters cannot be 
independently determined and a ballistic coefficient [ B = CD A/m ] is 
used instead. This has the units of metres squared per kilogram



What is F10.7

• It is the solar radio flux (F10.7) at a wavelength near 
10.7cm

• It has a strong 11 year component and a smaller 
periodicity around 27 days that is only pronounced at 
times of the 11 year cycle minimum.times of the 11 year cycle minimum.

• Atmospheric Density is a function of F10.7



Density vs Altitude 
• The uncertainty in prediction of 

the space environment coupled 
with unresolved variations in 
atmospheric density preclude us 
from being able to specify exactly 
when a satellite will re-enter the 
atmosphere. Even quite atmosphere. Even quite 
sophisticated programs can only 
claim a prediction accuracy not 
better than 10%. This means that 
one day before a particular re-
entry is due, the uncertainty in 
time of fall will be at least 2 
hours. The satelite will have 
circled the globe within this time 
span.



Rough Guide for Orbital life

Satellite 
Altitude

life time

200 km 1 day200 km 1 day

300 km 1 month

400 km 1 year

500 km 10 years

700 km 100 years

900 km 1000 years



Orbital Life : Very Low Circular Orbits
• The graph gives a very rough guide to the life time of a satellite 

with effective mass to cross-section ratio of 100 kg/m2 in a 
circular orbit below 300 km. Two cases of constant solar activity 
are considered, one representing solar minimum conditions, 
and the other solar maximum. The geomagnetic field is 
assumed to be quiet during this periods.assumed to be quiet during this periods.

• This graph can be linearly 
scaled for other values of 
(m/A)

• For instance the graph shows 
a life time of 20 days for an 
initial orbit at 260 km in solar 
flux minimum conditions (F10 = 
70). If a spacecraft had a 
value of m/A = 200 the life 
time would be 40 days, and a 
value of m/A = 50 would 
produce a life time of 10 days.



Orbital life time : Low Circular Orbits



Orbital life time : All Orbits
• The actual life time in years can 

be calculated from:
L = L* ( m / A )

• where (m/A) is the actual mass 
to area ratio (kg m-2) of the 
object in question. object in question. 

• Thus, if m/A = 100, the scale is 
multiplied by 100 to give the 
actual life time in years.

• The atmospheric densities used 
in computing these curves was 
taken from a model (CIRA-
1972) with an exospheric 
temperature of 900 K



HUMANS IN SPACE
Challenges and effects.

By 
P.Soma
ACS College of Engineering - 2020



Space Environment
• Discussed the pecularities of Space environment

• Human space exploration is dependent on robust spacecraft 
design and sophisticated life-support technologies, both of 
which are critical for working in the hostile space environment.



Space Flight

• Sub orbital flights lasting minutes 

• Sputnik 1 : First man made object in orbit 4 Oct 1957.

• First man made object on moon : Luna 2 - 1959

• First Living being in Orbit : Yuri Gagarin – 1961

First interplanetery flyby – Venera flyby of Venus - 1961• First interplanetery flyby – Venera flyby of Venus - 1961

• First Moon landing – Apollo 11 – June 20 1969

• First Space Station : Salayut 1 – April 19 1971

• International Space Station – Only full functional space 
station with continious inhabitance since 2000

• First interstellar flight – Voyager 1 departed solar system 
August 15 2012.



Space Defination

• There are different definitions for the boundary to space.

• National Aeronautics and Space Administration (NASA) 
uses flight above 80 km to designate individuals as 
astronauts

• Fédération Aéronautique Internationale uses the 100 km • Fédération Aéronautique Internationale uses the 100 km 
Karman line as the internationally accepted boundary to 
space.

• Beyond this altitude, aerodynamic flight is not possible, 
and spacecraft must travel faster than orbital velocity to 
manoeuvre and remain in orbit.



Space Environment Effects and Mitgation
Characteristic Impact on crew health 

and safety
Mitigation measures

•Temperature extremes 
100 to –100

o
C

•Degradation of 
structural components 
of the space station
•Spacewalking 
astronauts are at risk of 

•Thermal control 
systems on spacecraft 
and in space suits
•Active heating, passive 
heating and active astronauts are at risk of 

thermal injury
heating and active 
cooling systems in the 
extravehicular mobility 
unit

Circadian dyssynchrony •Disruption of circadian 
rhythms
•Reduced quality of 
sleep

•Short-acting sleeping 
medication is available 
to crew
•Modafinil is available to 
crew to optimize 
performance while 
fatigued



Space Environment Effects and Mitgation

•High vacuum10
−7

Torr •Spacewalking 
astronauts are at risk of 
decompression sickness
•Spacecraft and 
spacesuits may be 

•Micrometeoroid 
shielding is incorporated 
in the space station 
design
•The extravehicular 

punctured resulting in 
acute depressurization

mobility unit spacesuit 
incorporates a 
micrometeoroid shield

•Ionizing radiation - 425 
μSv/d ionizing

•Long-term risks of 
cataracts and cancer

•Spacecraft shielding
•Onboard radiation 
dosimeters
•Pharmaceutical 
radioprotectants may be 
used in the future



Space Environment Effects and Mitgation

•Micrometeoroids and 
orbital debris

11
,
12

>12 000 
debris objects larger 
than 10 cm; orbital 
speeds of 8–70 km/s

•Breach of the spacecraft 
hull would result in cabin 
depressurization and 
would be considered an 
emergency

•Meteor shower 
forecasts are used to 
schedule space walks 
and other sensitive 
operations
•Spacecraft shielding•Spacecraft shielding
•Collision-avoidance 
maneuvers
•System redundancy

•Ionospheric 
plasma

11
,
13

,
15

Spacecraft 
develop an induced 
charge up to –140 V

•Arcing could endanger 
spacewalking astronauts

•Plasma contactor units 
are activated during 
spacewalks to neutralize 
the built-up electrical 
charge on space station 
structure



Space Environment Effects and Mitgation

•Acoustic noise
14

Ambient 
noise on the 
International Space 
Station is 60 dBA

•Hearing loss, impaired 
concentration, sleep 
interruption and fatigue

•Monitor crew exposure
•Design specifications
•Acoustic insulation of 
noisy equipment
•Hearing protection 
provided to crewprovided to crew

•Microgravity< 1 
μg (quasi-steady level)

17
•Gravity-dependent 
functions of organ 
systems are altered

•Numerous counter 
measures exist to 
prevent the deleterious 
physiologic effects of 
space flight



Temperature Effects

• Spacecraft in low orbit of the earth travel at Mach 25, or 
about 8 km per second

• The crew controls the temperature in the crew 
compartment of the space shuttle and modules of the 
International Space Station, with an average temperature International Space Station, with an average temperature 
between 21 and 23°C.

• When on the sun-lit side of the earth, the temperature on 
the spacecraft or space station can reach over 100°C

• Forty-five minutes later, during a night pass through 
earth’s dark shadow, temperatures can plunge to –100°C

• During spacewalks, the personal life-support system of 
the spacesuit provides active cooling



Circadian dyssynchrony

• The light–dark transition that occurs every 45 minutes 
results in changes in the thermal properties of the 
spacecraft and in power generated from solar arrays

• The irregular light pattern caused by the 16 daily sunsets 
and sunrises may disrupt the circadian rhythm of and sunrises may disrupt the circadian rhythm of 
astronauts

• Leading to degradation of the quality of their sleep



High vacuum
• A high vacuum exists in space
• The pressure inside ISS is regulated to 101.34 kPa (14.7 

psi) and is adjusted after docking and before hatch 
opening

• NASA’s suit for space-walks (extravehicular mobility unit) 
is pressurized to 29.5 kPa with 100% oxygen. The 
NASA’s suit for space-walks (extravehicular mobility unit) 
is pressurized to 29.5 kPa with 100% oxygen. The 
Russian Orlan spacesuit is pressurized to 40 kPa.

• The transition from ambient pressure to vacuum during 
airlock depressurization causes considerable 
decompression stress to spacewalking astronauts. Thus, 
before spacewalks, astronauts perform an oxygen pre-
breathe protocol that reduces the level of nitrogen in the 
tissues



Ionizing radiation

• The primary radiation sources are galactic cosmic rays 
(energetic particles from outside our solar system), 
particles trapped in the earth’s magnetic field (the Van 
Allen Belts) and solar energetic particle events (solar 
flares).flares).

• The 52° orbital inclination of the International Space 
Station causes it to pass through the South Atlantic 
Anomaly daily. This region, located east of Argentina, is 
characterized by an anomalous perturbation in the earth’s 
geomagnetic field with trapped energetic particles found 
at lower altitudes. These pertubations briefly subject 
astronauts to higher fluxes of ionizing radiation



Space debris (MMOD)

• Micrometeoroids exist naturally in the solar system from 
breakups of comets and asteroids, and space debris is 
associated with increased frequency of space flight.

• This debris includes leftover satellites, broken-up rocket 
stages and even paint flakes from deteriorating spacecraftstages and even paint flakes from deteriorating spacecraft

• Suit penetration from a micrometeoroid strike or an 
inadvertent puncture from a tool, wire or sharp edge is a 
risk associated with spacewalks. The 14 layers of material 
that make up the spacesuit include a layer of Kevlar to 
reduce the probability of suit penetration



Microgravity

• The International Space Station is designed to serve as a 
research facility for low-gravity experimentation in 
fundamental science and technology development

• the acceleration environment on the station ranges from 
transient episodes of 0.01g to quasi-steady levels below transient episodes of 0.01g to quasi-steady levels below 
one-millionth of 1g

• Rack isolation systems have also been developed to 
isolate critical experiments from transient vibrations and 
accelerations



Human Effects

• From a clinical perspective, the 2 major challenges 
associated with human space flight are the radiation 
effects and the physiologic consequences.

• All organ systems are affected in space to some degree 
where gravitational loading, hydrostatic pressure, where gravitational loading, hydrostatic pressure, 
convection, buoyancy and sedimentation do not exist. 
Consequently, microgravity is the most profound aspect of 
the space environment on human physiology

• Also psychological effects of isolation are a major factor 
and have to be considered during the design of manned 
space flight.



Space Environment - II



Atmospheric Gases

• At higher altitudes O2 breaks down into O by UV
• Primarily O from 80 - 90 km to 500 km
• Hydrogen and Helium beyond 500 km
• Kinetic energy of O atom at 7.8 km/s ~ 5eV (enough to
break molecular bonds ~1 - 2eV)break molecular bonds ~1 - 2eV)
• O is highly reactive and destructive to spacecraft
• Temperature at LEO increases with altitude
• Atmosphere expands when heated by high UV (solar 

max)
• LEO densities ~ 108 particles/cm3



MAGNETIC FIELD EFFECTS

• Deflects charged particles/solar wind.
– South Atlantic Anomaly

• Creates the structure of the ionosphere/plasmasphere
– Magnetosphere
– Van Allen radiation belts– Van Allen radiation belts

• Direct effects on Spacecraft systems
– Avionics - induced potential effects
– Power - induced potential effects
– GN&C - magnetic torquer performance, sizing
– Structures - induced currents
– TT&C - location of SAA



SOUTH ATLANTIC ANOMALY

Reduced protection in SAA allows greater effect of high
energy particles - electronic upsets, instrument interference



PLASMA EFFECTS OVERVIEW

• Plasma is a gas made up of ions and free electrons in
roughly equal numbers.
• Causes

Electromagnetic Interference
Spacecraft charging & arcing
Material effects

• Effects• Effects
Avionics - Upsets from EMI
Power - floating potential, contaminated solar arrays, current losses
GN & C - torques from induced potential
Materials - sputtering, contamination effects on surface materials.

• Optics systems - contamination changes properties of surface 
materials.

• Propulsion - Thruster firings change/shift the floating potential by 
contacting the plasma.



SPACECRAFT CHARGING EFFECTS

• Instrument reading bias
• Arcing-induced EMI, electronics upsets
• Increased current collection
• Re-attraction of contaminants• Re-attraction of contaminants
• Ion sputtering, accelerated erosion of materials
• Spacecraft must be designed to keep differential 

charging below the breakdown voltages or must 
tolerate the effects of discharges



RADIATION

•Most radiation effects occur by energy deposition
– Function of both energy, type of particle and material into
which energy is deposited.
• Definitions
1 rad (Si) = 100 ergs/gm into Silicon
1 Cray (Si) = 1 J/kg into Si
1 rad (Si) = 10-4 Cray



RADIATION DAMAGE THRESHOLDS

• In many materials the total dose of radiation is the
most critical issue. In other circumstances the time
over which the dose is received is equally important.

• Material Damage Threshold (rad)
• Biological Matter 101 - 102• Biological Matter 101 - 102

• Electrical Matter 102 - 104

• Lubricants, hydraulic fluid 105 - 107

• Ceramics, glasses 106 - 108

• Polymeric materials 107 - 109

• Structural metals 109 - 1011



SPACECRAFT EFFECTS

• High energy particles travel through spacecraft 
material and deposit kinetic energy
– Displaces atoms.
– Leaves a stream of charged atoms in their wake.– Leaves a stream of charged atoms in their wake.

• Reduces power output of solar arrays
• Causes sensitive electronics to fail
• Increases sensor background noise
• Radiation exposure to crews



HIGH ENERGY RADIATION

• Definition
For Electrons E > 100 keV
For protons and heavy ions E > 1 MeV

• Sources• Sources
– Van Allen Belt (electrons and protons) (trapped
radiation)
– Galactic cosmic rays interplanetary protons and 
ionized heavy nuclei
– Protons associated with solar proton events



VAN ALLEN BELTS
• Torodial belts around the earth made up of electrons and 

ions (primarily protons) with energies > 30 keV.
• Two big zones
– Inner belt ~ 1000 Km 6000 km altitude
• Protons E > 10’s of MeV
• Electrons E ~ 1 - 10 MeV
– Outer belt 10,000 - 60,000 km– Outer belt 10,000 - 60,000 km
• Electrons E ~ 0.04 - 4.5 MeV
• Sources
– acceleration of lower-energy particles by magnetic storm 

activity
– trapping of decay products produced by cosmic ray collisions 

with the atmosphere
– solar flares



Spacecraft Drag

Existence of molecules and atoms in low-Earth
orbit causes spacecraft drag
– Takes energy out of the orbit
– Causes orbit to decay (decrease in size)



Atmospheric Density Variations

Can depend on
– Solar output
• Highly variable
• 11 year solar cycle
– Location in orbit (lat/long)
– Diurnal variations
– Seasonal variations
– Whether the Dodgers will
make the playoffs



Satellite Orbital Lifetime



Effects of Atomic Oxygen

Atomic oxygen is formed from the photo-dissociationAtomic oxygen is formed from the photo-dissociation
of molecular oxygen by solar EUV
• Atomic oxygen in extremely reactive
• Atomic oxygen interacts with spacecraft in LEO with 
relative energies of approximately 5 eV (Vs/c ~ 8 km/s, 
VO ~ Thermal)
• Material Degradation



Space Environment Space Environment Space Environment - ISpace Environment - I



Space - Introduction

Space is a place where things happen
the Sun, and the Sun revolves around
Space begins at an altitude where a
Thus, space is close. It’s only about 130
The Sun is a fairly average yellow star
fusion. Its surface temperature is more
The Sun is a fairly average yellow star
fusion. Its surface temperature is more
Electromagnetic radiation that we see
heat, Streams of charged particles that
the solar wind, Solar particle events
intense periods of charged-particle emissions
Our solar system is about half way out
spiral arms. Our galaxy is just one of
universe.

happen: spacecraft orbit Earth, planets orbit
around the center of our galaxy.

satellite can briefly maintain an orbit
130 km (81 mi.) straight up.
star which burns by the heat of nuclear

more than 6000 K and its output includes
star which burns by the heat of nuclear

more than 6000 K and its output includes
see and feel here on Earth as light and
that sweep out from the Sun as part of

events or solar flares, which are brief but
emissions.

out on one of the Milky Way galaxy’s
of billions and billions of galaxies in the



Where is Space?

NASA defines space at an altitude of
For our purposes, space begins where
about 130 km (81 mi.).

of 92.6 km (57.5 mi.).
where satellites can maintain orbit—



Solar System
Nine planets and many other objects orbit the Sun, 
solar system together with its gravity.

many other objects orbit the Sun, which holds the 



Solar System

The Sun is a fairly average yellow star which burns by the heat of nuclear 
fusion. Its surface temperature is more than 6000 K and its output includes

• Electromagnetic radiation that we see and feel here on Earth as light 
and heat,

• Streams of charged particles that sweep out from the Sun as part of 
the solar wind,

• Streams of charged particles that sweep out from the Sun as part of 
the solar wind,

• Solar particle events or solar flares, which are brief but intense 
periods of charged-particle emissions.

• Our solar system is about half way out on one of the Milky Way galaxy’s 
spiral arms. Our galaxy is just one of billions and billions of galaxies in the 
universe

The Sun is a fairly average yellow star which burns by the heat of nuclear 
more than 6000 K and its output includes

Electromagnetic radiation that we see and feel here on Earth as light 

Streams of charged particles that sweep out from the Sun as part of Streams of charged particles that sweep out from the Sun as part of 

Solar particle events or solar flares, which are brief but intense 

• Our solar system is about half way out on one of the Milky Way galaxy’s 
of billions and billions of galaxies in the 



Solar System in PerspectiveSolar System in Perspective



Factors Affecting Spacecraft in the Space 
Environment.
Six major environmental factors affect spacecraft in Earth orbit

• Gravity • Micrometeoroids and space junk
• Atmosphere • Radiation• Atmosphere • Radiation
• Vacuum • Charged particles

Factors Affecting Spacecraft in the Space 

Six major environmental factors affect spacecraft in Earth orbit.

Micrometeoroids and space junk

Charged particles



Factors Affecting Spacecraft in the Space Environment
Earth exerts a gravitational pull which keeps spacecraft in orbit. We best describe the 
condition of spacecraft and astronauts in orbit as free fall, because they’re falling around 
Earth.
Earth’s atmosphere isn’t completely absent in low

• Drag—which shortens orbit lifetimes
• Atomic oxygen—which can damage exposed surfaces

• In the vacuum of space, spacecraft can experience
• Out-gassing—a condition in which a material releases trapped gas particles when 

atmospheric pressure drops to near zero
• Cold welding—a condition that can cause metal parts to fuse together
• Heat transfer problems—a spacecraft can rid itself of heat only through radiation

Micrometeoroids and space junk can damage spacecraft during a high 

Factors Affecting Spacecraft in the Space Environment
Earth exerts a gravitational pull which keeps spacecraft in orbit. We best describe the 

and astronauts in orbit as free fall, because they’re falling around 

atmosphere isn’t completely absent in low-Earth orbit. It can cause
which shortens orbit lifetimes

which can damage exposed surfaces
• In the vacuum of space, spacecraft can experience

a condition in which a material releases trapped gas particles when 

a condition that can cause metal parts to fuse together
a spacecraft can rid itself of heat only through radiation

Micrometeoroids and space junk can damage spacecraft during a high speed impact



Factors Affecting Spacecraft in the Space Environment

Radiation, primarily from the Sun, can cause

• Heating on exposed surfaces

• Damage to electronic components and disruption in communication

• Solar pressure, which can change a spacecraft’s orientation

• Charged particles come from three sources

• Solar wind and flares• Solar wind and flares

• Galactic cosmic rays (GCRs)

• Van Allen radiation belts

• Earth’s magnetic field (magnetosphere) protects it from charged particles. The Van Allen radiation 
contain charged particles, trapped and concentrated by this magnetosphere

Charged particles from all sources can cause

• Charging

• Sputtering

• Single event phenomena (SEP)

Factors Affecting Spacecraft in the Space Environment

Damage to electronic components and disruption in communication

Solar pressure, which can change a spacecraft’s orientation

• Earth’s magnetic field (magnetosphere) protects it from charged particles. The Van Allen radiation belts 
charged particles, trapped and concentrated by this magnetosphere.



Atmosphere
The density of Earth’s atmosphere decreases 

-Earth orbit, however, you can still feel the effects of the atmosphere in the form 
drag.

atmosphere decreases exponentially as you go higher. Even in 
the effects of the atmosphere in the form 



Vacuum

Beyond the thin skin of Earth’s atmosphere, we enter the vacuum of
space. This vacuum environment creates three potential problems for
spacecraft

• Out-gassing—release of gasses from spacecraft materials• Out-gassing—release of gasses from spacecraft materials
• Cold welding—fusing together of metal components
• Heat transfer—limited to radiation

Beyond the thin skin of Earth’s atmosphere, we enter the vacuum of
space. This vacuum environment creates three potential problems for

release of gasses from spacecraft materialsrelease of gasses from spacecraft materials
fusing together of metal components
limited to radiation



Effects of Space Environment on Humans

Effects of the space environment on humans come from
• Free fall
• Radiation and charged particles
• Psychological effects• Psychological effects

Effects of Space Environment on Humans

Effects of the space environment on humans come from

Radiation and charged particles



Living and Working in Space
The Free-fall Environment and Humans. 
The free-fall environment offers many hazards to humans living and working 
fluid shift, motion sickness, and reduced load on weight

Free fall causes three potentially harmful physiological 
in below Figure.
• Decreased hydrostatic gradient—fluid shift
• Altered vestibular functions—motion sickness
• Reduced load on weight-bearing tissues• Reduced load on weight-bearing tissues

Living and Working in Space

hazards to humans living and working in space. These include 
reduced load on weight-bearing tissue.

harmful physiological changes to the human body, as summarized 



Shuttle Exercise
Shuttle Exercise. To maintain fitness and control the negative effects 
everyday on one of several aerobic devices on the Shuttle. Here
Shuttle’s treadmill.

and control the negative effects of free fall, astronauts workout 
aerobic devices on the Shuttle. Here, astronaut Steven Hawley runs on the 



Radiation and Charged Particles

The ozone layer and magnetosphere
particles and electromagnetic (EM)
space, however, we’re well above
Van Allen radiation belts or even leave
exposing ourselves to the full forceexposing ourselves to the full force
Depending on the dosage, the
environment can cause short-term
human body, or even death.

Radiation and Charged Particles

magnetosphere protect us from charged
(EM) radiation down here on Earth. In

the ozone layer and may enter the
leave Earth’s vicinity altogether, thus

force of galactic cosmic rays (GCRs).force of galactic cosmic rays (GCRs).
the radiation and charged particle
term and long-term damage to the



Psychological Effects

Psychological stresses on astronauts  
• Excessive workload
• Isolation, loneliness, and depression

astronauts  include

Isolation, loneliness, and depression
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 Kepler’s Laws of Planetary Motion 

 Newton’s Universal Law of Gravitation 

 Two Body Problem and Solution 

 



 



 “The Orbit of every planet is an ellipse with 
the Sun at one focus” 



 “The line joining a planet and the Sun sweeps 
out equal areas in equal intervals of time” 



 The square of the period of a planets orbit is 
proportional to the cube of its mean distance 
from the Sun. 

 

 

 

 



 



 “Objects want to travel in a straight line at 
constant speed, but…. Gravity makes them 
curve”  

 



 ȑ = - (μr)/r3 

 This equation, called the two body equation of 
motion. A solution to this equation for a satellite 
orbiting Earth is the polar equation of a connic 
section.  

 All orbits follow 
◦ Circle 

◦ Ellipse 

◦ Parabola 

◦ Hyperbola 

◦ Rectilinear 



 Semi Latus Rectum : 

 

 Radial Distance as a function of Orbital Pos 

 

 

 Periapsis and apoapsis distances  

 

 

 Angular Momentum  
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 Total Energy or Vis Viva Equation 
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 Parabolic escape orbit  

 

 

 Relationship between Circular and Parabolic 
orbits  
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 Due to non spherical shape of earth, its gravity 
field is non uniform. 

 

 

 

 

 

 

 

 The earth is bulged at the equator and is flat at 
the poles 

 



 



 



 



 



 



 To add it all up 



 Truncate Analytical expansions and solve 
directly 
◦ Large Time steps 

 Each approach is mathematically different 
◦ SGP4 
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Orbit Based Coordinate System 
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UNUNUNUNIT 1IT 1IT 1IT 1    

INTRODUCTION TO SPACE MECHANICS 

    

    

    

    

    

    

    

    

IntroductionIntroductionIntroductionIntroduction    

    SpaceSpaceSpaceSpace is the boundless three-dimensional extent in 

which objects and events have relative position and direction. The 

concept of space is considered to be of fundamental importance to an 

understanding of the physical universe and space was in fact a 

collection of relations between objects, given by 

their distance and direction from one another. 

    Space explorationSpace explorationSpace explorationSpace exploration is the exploration of celestial structures 

in outer space by means of continuously evolving and growing space 

technology. While the study of space is carried out mainly by 

astronomers with telescopes, the physical exploration of space is 

conducted both by unmanned robotic probes and human spaceflight. 

Development of large and relatively efficient rockets during the early 

20th century allowed physical space exploration to become a reality.  

 The launch of the first human-made object to orbit Earth, the 

Soviet Union's Sputnik 1, on 4 October 1957, and the 

first Moon landing by the American Apollo 11 craft on 20 July 1969 

are often taken as landmarks for this initial period. The Soviet space 

program achieved many of the first milestones, including the first living 

being in orbit in 1957, the first human spaceflight (Yuri 

 SSSSppppacacacaceeeevvvveeeehhhhiiiicccclllleeeessss/p/p/p/pllllaaaattttffffoooorrrrmsmsmsms.In.In.In.IneeeerrrrtitititiaaaallllaaaannnnddddEEEEaaaarrrrtttthhhhffffiiiixxxxeeeeddddcoorcoorcoorcoorddddiiiinnnnaaaa

tttteeeerrrreeeeffffeeeerrrreeeennnncccceeeeffffrrrraaaames. mes. mes. mes. RRRRepepepeprrrreeeesesesesennnnttttaaaattttiiiioooon n n n oooof f f f vvvvectoectoectoector r r r (posi(posi(posi(posittttioioioionnnn, , , , vvvveeeelllloooocccciiiitttty y y y 

aaaand nd nd nd aaaacccccecececelllleeeerrrraaaattttiiiioooon) n) n) n) iiiin n n n fixfixfixfixeeeed d d d aaaannnnd d d d movmovmovmoviiiing ng ng ng rrrreeeeffffeeeerrrreeeennnncccce e e e ffffrrrramamamameeeessss, , , , 

CCCCoooooooorrrrddddiiiinnnnatatatate e e e transtranstranstransffffoooormatirmatirmatirmatioooonnnnssss, , , , EulEulEulEuleeeer r r r tratratratrannnnssssfofofoforrrrmatmatmatmatiiiioooonnnns.s.s.s.    
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Gagarin aboard Vostok 1) in 1961, the first spacewalk (by 

AlekseiLeonov) on 18 March 1965, the first automatic landing on 

another celestial body in 1966, and the launch of the first space 

station (Salyut 1) in 1971. After the first 20 years of exploration, focus 

shifted from one-off flights to renewable hardware, such as the Space 

Shuttle program, and from competition to cooperation as with 

the International Space Station(ISS). In the 2000s, the China initiated 

a successful manned spaceflight program, while the European Union, 

Japan, and India have also planned future manned space missions. 

China, Russia, Japan, and India have advocated manned missions to 

the Moon during the 21st century, while the European Union has 

advocated manned missions to both the Moon and Mars during the 20 

/21st century. 

    

Key people in early space explorationKey people in early space explorationKey people in early space explorationKey people in early space exploration    

 The dream of stepping into the outer reaches of Earth's 

atmosphere was driven by the fiction of Jules 

Verne and H.G.Wells, and rocket technology was developed to try to 

realize this vision. The German V-2 was the first rocket to travel into 

space, overcoming the problems of thrust and material failure. During 

the final days of World War II this technology was obtained by both 

the Americans and Soviets as were its designers. The initial driving 

force for further development of the technology was a weapons race for 

intercontinental ballistic missiles (ICBMs) to be used as long-range 

carriers for fast nuclear weapon delivery, but in 1961 when the Soviet 

Union launched the first man into space, the United States declared 

itself to be in a "Space Race" with the Soviets. 

 Konstantin TsiolkovskyKonstantin TsiolkovskyKonstantin TsiolkovskyKonstantin Tsiolkovsky,,,,    Robert GoddardRobert GoddardRobert GoddardRobert Goddard,,,,    Hermann Hermann Hermann Hermann 

OberthOberthOberthOberth, and Reinhold TilingReinhold TilingReinhold TilingReinhold Tiling laid the groundwork of rocketry in the 

early years of the 20th century. 
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 Wernher von BraunWernher von BraunWernher von BraunWernher von Braun was the lead rocket engineer 

for Nazi Germany's World War II V-2 rocket project. He worked for 

U.S. rocket development ("Operation Paperclip") and 

launched Explorer 1, the first American satellite. Von Braun later led 

the team at NASA's Marshall Space Flight Center which developed 

the Saturn V moon rocket. 

 Initially the race for space was often led by Sergei KorolyovSergei KorolyovSergei KorolyovSergei Korolyov, 

whose legacy includes both the R7 and Soyuz—which remain in service 

to this day. Korolev was the mastermind behind the first satellite, first 

man (and first woman) in orbit and first spacewalk. 

KerimKerimovKerimKerimovKerimKerimovKerimKerimov was one of the founders of the Soviet space 

program and was one of the lead architects behind the first human 

spaceflight (Vostok 1) alongside Sergey Korolyov. After Korolyov's 

death in 1966, Kerimov became the lead scientist of the Soviet space 

program and was responsible for the launch of the first space 

stations from 1971 to 1991, including the Salyut and Mir series, and 

their precursors in 1967, the Cosmos 186 and Cosmos 188. 

        

Other key peopleOther key peopleOther key peopleOther key people    

• ValentinGlushkoValentinGlushkoValentinGlushkoValentinGlushko was Chief Engine Designer for the Soviet 

Union. Glushko designed many of the engines used on the early 

Soviet rockets, but was constantly at odds with Korolyov. 

• VasilyMishinVasilyMishinVasilyMishinVasilyMishin was Chief Designer working under Sergey Korolyov 

and one of first Soviets to inspect the captured German V-2 

design. Following the death of Sergei Korolev, Mishin was held 

responsible for the Soviet failure to be first country to place a man 

on the Moon. 

• Robert GilruthRobert GilruthRobert GilruthRobert Gilruth was the NASA head of the Space Task Force and 

director of 25 manned space flights. Gilruth was the person who 

suggested to John F. Kennedy that the Americans take the bold 
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step of reaching the Moon in an attempt to reclaim space 

superiority from the Soviets. 

• Christopher C. Kraft, Jr.Christopher C. Kraft, Jr.Christopher C. Kraft, Jr.Christopher C. Kraft, Jr. was NASA's first flight director, who 

oversaw development of Mission Control and associated 

technologies and procedures. 

• MaximeFagetMaximeFagetMaximeFagetMaximeFaget was the designer of the Mercury capsule; he played 

a key role in designing the Gemini and Apollo spacecraft, and 

contributed to the design of the Space Shuttle. 

 

Targets of Exploration:Targets of Exploration:Targets of Exploration:Targets of Exploration:    

 Sun, Mercury, Venus, Earth, Moon, Mars, Phobos, Jupiter, 

Saturn, Uranus, Neptune, Pluto, Asteroids & comets and Deep space 

exploration. 

 Deep space exploration is the term used for the exploration 

of deep space, and which is usually described as being at far distances 

from Earth and either within or away from the Solar System. It is the 

branch of astronomy, astronautics and space technology that is 

involved with the exploration of distant regions of outer space. Physical 

exploration of space is conducted both by human spaceflights (deep-

space astronautics) and by robotic spacecraft. Some of the best 

candidates for future deep space engine technologies include anti-

matter, nuclear powerand beamed propulsion. The beamed propulsion, 

appears to be the best candidate for deep space exploration presently 

available, since it uses known physics and known technology that is 

being developed for other purposes. 

    

SpaceflightSpaceflightSpaceflightSpaceflight    

 Spaceflight is the use of space technology to achieve the flight 

of spacecraft into and through outer space. Spaceflight is used in space 

exploration, and also in commercial activities like space 
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tourism and satellite telecommunications. Additional non-commercial 

uses of spaceflight include space observatories, reconnaissance 

satellites and other Earth observation satellites. 

 A spaceflight typically begins with a rocket launch, which 

provides the initial thrust to overcome the force of gravity and propels 

the spacecraft from the surface of Earth. Once in space, the motion of a 

spacecraft—both when unpropelled and when under propulsion—is 

covered by the area of study called Astrodynamics. Some spacecraft 

remain in space indefinitely, some disintegrate during atmospheric 

reentry, and others reach a planetary or lunar surface for landing or 

impact. 

    

SatellitesSatellitesSatellitesSatellites 

 Satellites are used for a large number of purposes. Common 

types include military (spy) and civilian Earth observation satellites, 

communication satellites, navigation satellites, weather satellites, and 

research satellites. Space stations and human spacecraft in orbit are also 

satellites. Current examples of the commercial use of space 

include satellite navigation systems, satellite television and satellite 

radio. Space tourism is the recent phenomenon of space travel by 

individuals for the purpose of personal pleasure. 

 

Alien lifeAlien lifeAlien lifeAlien life    

 Astrobiology is the interdisciplinary study of life in the 

universe, combining aspects of astronomy, biology and geology. It is 

focused primarily on the study of the origin, distribution 

and evolution of life. It is also known as exobiologyexobiologyexobiologyexobiology.  Astrobiologists 

must also consider the possibility of life that is chemically entirely 

distinct from any life found on Earth. In the Solar System some of the 
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prime locations for current or past astrobiology are on Enceladus, 

Europa, Mars, and Titan.  

    

Living in spaceLiving in spaceLiving in spaceLiving in space    

 Space colonization, also called space settlement and space 

humanization, would be the permanent autonomous  

human habitation of locations outside Earth, especially of natural 

satellites or planets such as the Moon or Mars, using significant 

amounts of in-situ resource utilization. 

 To date, the longest human occupation of space is 

the International Space Station which has been in continuous use 

for 15 years. ValeriPolyakov's record single spaceflight of almost 438 

days aboard the Mir space station has not been surpassed. Long-term 

stays in space reveal issues with bone and muscle loss in low gravity, 

immune system suppression, and radiation exposure. Many past and 

current concepts for the continued exploration and colonization of 

space focus on a return to the Moon as a "stepping stone" to the other 

planets, especially Mars. At the end of 2006 NASA announced they 

were planning to build a permanent Moon base with continual 

presence by 2024.  

    Orbital mechanicsOrbital mechanicsOrbital mechanicsOrbital mechanics,,,, also called as flight mechanics or 

Astrodynamics, is the study of the motions of artificial satellites and 

space vehicles moving under the influence of forces such as gravity, 

atmospheric drag, thrust, etc. Orbital mechanics is a modern offshoot 

of celestial mechanics which is the study of the motions of natural 

celestial bodies such as the moon and planets. The root of orbital 

mechanics can be traced back to the 17th century when mathematician 

Isaac Newton (1642-1727) put forward his laws of motion and 

formulated his law of universal gravitation. The engineering 

applications of orbital mechanics include ascent trajectories, reentry 
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and landing, rendezvous computations, and lunar and interplanetary 

trajectories.  

    

Conic SectionsConic SectionsConic SectionsConic Sections    

 A conic sectionconic sectionconic sectionconic section,,,, or just conic, is a curve formed by passing a 

plane through a right circular cone. As shown in Figure - 1, the angular 

orientation of the plane relative to the cone determines whether the 

conic section is a circle, ellipse, parabola,circle, ellipse, parabola,circle, ellipse, parabola,circle, ellipse, parabola,    or or or or hyperbolahyperbolahyperbolahyperbola.... The circle and 

the ellipse arise when the intersection of cone and plane is a bounded 

curve. The circle is a special case of the ellipse in which the plane is 

perpendicular to the axis of the cone. If the plane is parallel to a 

generator line of the cone, the conic is called a parabola. Finally, if the 

intersection is an unbounded curve and the plane is not parallel to a 

generator line of the cone, the figure is a hyperbola. In the latter case 

the plane will intersect both halves of the cone, producing two separate 

curves.  

 We can define all conic sections in terms of the eccentricity. 

The type of conic section is also related to the semi-major axis and the 

energy. The table below shows the relationships between eccentricity, 

semi-major axis, and energy and the type of conic section.  

 
 

Conic SectionConic SectionConic SectionConic Section    Eccentricity, eEccentricity, eEccentricity, eEccentricity, e    SemiSemiSemiSemi----major axismajor axismajor axismajor axis    EnergyEnergyEnergyEnergy    

Circle 0 = radius < 0 

Ellipse 0 < e < 1 > 0 < 0 

Parabola 1 infinity 0 

Hyperbola > 1 < 0 > 0 
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Figure 1: Figure 1: Figure 1: Figure 1: Conic sectionsConic sectionsConic sectionsConic sections    

 

 Satellite orbits can be any of the four conic sections. In this 

section we will discuss bounded conic orbits, i.e. circles and ellipses. 

    

Geocentric Coordinate System:Geocentric Coordinate System:Geocentric Coordinate System:Geocentric Coordinate System:    

 There are two types of co-ordinate systems, 

i) Space fixed 

ii) Earth fixed 

 In early days of geodetic astronomy it was sufficient to 

compute the motion of earth’s rotation axis in space on the basis of 

rigid earth model driven by gravitational pull of sun & moon.

 To take the non-rigid behavior of earth into account it is now 

necessary to use more realistic earth models, such as elastic models & 

with liquid core. 

 Lunar Laser Ranging (LLR) 

 Satellite Laser Ranging (SLR) 

 Very Long Baseline Interferometry (VLBI) & GPS

 The above techniques require precise coordinate system.
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Satellite orbits can be any of the four conic sections. In this 

section we will discuss bounded conic orbits, i.e. circles and ellipses.  

In early days of geodetic astronomy it was sufficient to 

compute the motion of earth’s rotation axis in space on the basis of 

rigid earth model driven by gravitational pull of sun & moon. 

rigid behavior of earth into account it is now 

necessary to use more realistic earth models, such as elastic models & 

GPS 

The above techniques require precise coordinate system. 
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 Nutation is the motion of the earth’s rotation axis in space. 

 The earth fixed reference system is the division of the 

lithosphere into about 20 nearly rigid plates moves independently.  

These plates move slowly 1-10 cm per year, due to the motions in the 

earth’s interior. 

 

Conventional Terrestrial Reference System:Conventional Terrestrial Reference System:Conventional Terrestrial Reference System:Conventional Terrestrial Reference System:    

 CTRS is response for the motion of the rotation axis of the 

earth with respect to the crust (Lithosphere).  This is called as polar 

motion. 

 The complete spectrum of polar motion takes a period of 434 

days.  This period is called as chandler period. 

 Geodesy is the study of the shape and size of earth. 

 The Celestial Ephemeris Pole (CEP) is referenced to the CTP 

by means of polar motion coordinate (xp, yp). 

 The polar coordinates can been determined by optical star 

observations and also by Geodetic space techniques such as LLR, SLR, 

VLBI. 

 The origin of the polar motion coordinate system is at CTP, 

the x axis is along Greenwich meridian, and y axis is positive along the 

270o meridian. 

 The first axis is defined by the intersection of the Terrestrial 

equator and the Greenwich meridian, denoted by A. 

 The 2nd axis completes a right handed coordinate system. 

 The 3rd axis is referred to as instantaneous terrestrial coordinate 

system because it moves with polar motion. 

    

Time Systems:Time Systems:Time Systems:Time Systems:    

    Clock is a device capable of generating a sequence of constant 

intervals in time. 
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 Best Timing Scales is the Quartz Crystal Oscillation state 

transitions of atoms for surveying and navigation these time scales are 

related to earth’s rotation. 

 The topocentric distance to a satellite is directly related to the 

rotational position of the earth. 

 

Astronomic Time Scales:Astronomic Time Scales:Astronomic Time Scales:Astronomic Time Scales:    

    Three astronomic time scales are, 

i) Sidereal time 

ii) Universal time 

iii) Ephemeris time 

 

 The sidereal time and universal time are based on the earth’s 

rotation.  Ephemeris time is based on the orbital motion of sun. 

 The hour angles of the true and mean vernal equinox are called 

Apparent Sideral time and Mean Sideral time (Rotational Time Scale). 

 The difference between the Apparent Sideral Time and Mean 

Sideral Time is called equation of equinox. 

 Apparent Sideral Time is determined by registering the epoch 

for transits of star through celestial meridian. 

 During the transit the apparent sidereal time equals the true 

right ascension.  But due to polar motion the celestial meridian moves 

continuously, due to that the time determination is different. 

    

CoCoCoCo----ordinate System:ordinate System:ordinate System:ordinate System:    

∗ Defines positions and directions in a consistent manner -- 

allows communication 

∗ Facilitates the description of a satellite’s position and 

subsequent motion 
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∗ Proper choice of reference determines the utility of a 

coordinate system 

∗ Origin 

• Where you’re starting from 

∗ Fundamental Plane 

• Plane which you’re measuring in 

∗ Principle Direction 

• Direction which you’re measuring from  

 

Classifications:Classifications:Classifications:Classifications:    

∗ Inertial 

• Non-rotating 

• Time Independent 

∗ Non-inertial 

• Rotating 

• Time Dependent 
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Geographic:Geographic:Geographic:Geographic:    

∗ Purpose: To locate points on the Earth’s surface 

∗ Locates a point on the Earth’s surface 

∗ Requires Latitude and Longitude 

 

Topocentric:Topocentric:Topocentric:Topocentric:    

∗ Purpose:  To locate a satellite with respect to a specific point 

on the Earth 

∗ Locates a satellite with respect to a site 

∗ Requires Azimuth, Elevation, Range 

 

Geocentric Inertial:Geocentric Inertial:Geocentric Inertial:Geocentric Inertial:    

∗ Purpose:  To determine the exact orientation of an orbital 

plane and to locate points in space with respect to the Earth 

∗ Locates orbital plane with respect to the Earth 

∗ Requires Right Ascension and Inclination 

 

Orbit Inertial:Orbit Inertial:Orbit Inertial:Orbit Inertial:    

∗ Purpose:  To fix the satellite orbit in the orbital plane 

∗ Locate orbit within orbital plane 

∗ Requires Argument of Perigee 

 

Velocity and AccelerationVelocity and AccelerationVelocity and AccelerationVelocity and Acceleration    

 Consider first the motion of a point in a fixed coordinate 

system xyz.  The position of a point p, which is in continuous motion 

along a curve such as s, 

 In time t∆ , r changes to r r+ ∆ and its velocity v is given by 

the time derivative, 

 

( )
0 0

lim lim
t t

r r r r dr
v

t t dt∆ → ∆ →

+ ∆ − ∆
= = =

∆ ∆    (1)
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It can be rewrite as, 

 0
lim

t

r s
v

t t∆ →

∆ ∆
=

∆ ∆        (2)
 

 The limiting value of 
r

s

∆
∆
 is a unit vector along the tangent to 

the curve, so that the velocity can also be written as, 

 
1t

ds
v

dt
=

       (3)
 

 If r is represented in terms of its rectangular components, we 

obtain, 

 x y zr r i r j r k= + +  

Differentiating the equation, we get 

 
x y z

dr
r i r j r k

dt
= + +& & &  

Where i, j, and k are treated as constants. 

 Acceleration is the time rate of change of velocity v, and by 

observing the vector change from v to v + ∆v in time ∆t, we obtain 

 

 

( )
0 0

lim lim x y z
t t

v v v v dv
a v i v j v k

t t dt∆ → ∆ →

+ ∆ − ∆
= = = = + +

∆ ∆
& & &

 (4)
 

 

Tangential and Normal Components:Tangential and Normal Components:Tangential and Normal Components:Tangential and Normal Components:    

 To resolve the acceleration into tangential and normal 

components, we start with equation (3), 

 
1tv s= &        (5) 

Differentiating that, 

 
1 1t n= φ& &        (6) 
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Where 1n is a unit vector along the radius of curvature which is normal 

to the tangent to the curve s at p. 

 
1 1t na s s= + φ&&& &        (7) 

 Since the length s∆  is related to the radius of curvature ρ and 

to the angle ∆φ  swept out by ρ, 

 s∆ = ρ∆φ  

 s = ρφ&&        (8) 

 The acceleration, equation (8) can be expressed in the 

following alternate forms, 

 

1 1t n

s
a s= +

ρ

&&
&&  

 21 1t ns= +ρφ&&&  

 1ts s= +Φ×&&& &
 

    

Transformation of Displacement:Transformation of Displacement:Transformation of Displacement:Transformation of Displacement:    

 In-plane Transformation. 

 XY is the fixed Inertial frame. 

 xy is moving co-ordinates. 

 

oR R r= +
r r r

 

 
ˆ ˆ ˆ ˆ ˆ ˆ( ) ( ) ( ' ')o oXi Yj X i Y j xi yj+ = + + +     (9) 
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To find the value of X, 

 
ˆ ˆ ˆ ˆ ˆ ˆˆ ˆˆ ˆ ˆ ˆ ˆ( ) ( ' ') ( ) ( ' ' )o o o oX i Y j xi yj i X ii Y ji xi i yj i + + + = + + +   

 
ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ. 1;      . 0;      ' cos ;       ' sini i j i i i j iθ θ= = = = − ;

 ( . | || | cos )a b a b θ=
r rr r

 

 
cos sinoX X x yθ θ= + −                 (10) 

 

Similarly to find the value of Y, 

ˆ ˆ ˆ ˆ ˆ ˆ ˆ̂ ˆˆ ˆ ˆ ˆ ˆ. ( ) ( ' ') . ( ) ( ' ' )o o o oY R j X i Y j xi yj j X ij Y jj xi j yj j = + + + = + + + 
r

 
ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ. 0;      . 1;      ' sin ;       ' cosi j j j i j j jθ θ= = = =  

 
sin cosoY Y x yθ θ= + +                 (11) 

 

Rewriting the equation in Matrix form, 

 

cos sin

sin cos
o

o

XX x

YY y

θ θ
θ θ
−      

= +      
      

 

(or) 

 

cos sin

sin cos
o

o

X X x

Y Y y

θ θ
θ θ

− −     
=     −     

              (12) 

 

 The matrix equation (12) helps in transforming from x, y 

(moving co-ordinates) to X, Y (fixed co-ordinates). 

 

 

 

The equation (12) can be rewritten as, 

 

1
cos sin

sin cos
o

o

X Xx

Y Yy

θ θ
θ θ

−
−−     

=      −       
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Let  cos sin

sin cos
A

θ θ
θ θ
− 

=  
 

 then 1 1
.

| |
A adjA

A
− =  

  

 
2 2 1| | cos sin 1      A A adjAθ θ −= + = ⇒ =  

 

 

1 cos sin

sin cos
A

θ θ
θ θ

−  
=  − 

 

  

 

1
cos sin

sin cos
o

o

X Xx

Y Yy

θ θ
θ θ

−
−    

=      −−     
              (13) 

 

 The equation (13) helps in transforming from X, Y (fixed co-

ordinates) to x, y (moving co-ordinates). 

  

Transformation of Velocity:Transformation of Velocity:Transformation of Velocity:Transformation of Velocity:    

 The point ‘p’ in the figure is fixed in x, y (the moving co-

ordinate).  Therefore velocity of point with respect to the moving co-

ordinate is zero. 

 

Mathematically, 

 0x =&  (or) x = constant 

 0y =&  (or) y = constant 

 

From the displacement equation, we have,  

 cos sinoX X x yθ θ− = −                 (14) 

 sin cosoY Y x yθ θ− = +                  (15) 

Differential equation (14) to get velocity along X direction, 

 
( ) ( )cos sino

d d
X X x y

dt dt
θ θ− = −  

 
( ) ( )cos sino

d d
X X x y

dt dt
θ θ− = −& &  (x, y = constant) 
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sin coso

d d
X X x y

dt dt

θ θ
θ θ   − = − −   

   
& &  

 sin cosx yθθ θθ= − −& &  

 
( )sin cosoX X x yθ θ θ− = − +&& &                 (16) 

 

From (15) sin cos ox y Y Yθ θ+ = − , using it equation (16), 

 ( )o oX X Y Y θ− = − − && &                  (17) 

 

Similarly differentiate equation (15) to get velocity along Y direction, 

 
( ) ( )sin coso

d d
Y Y x y

dt dt
θ θ− = +  

 cos sinoY Y x yθθ θθ− = −& && &  

 
( )cos sinoY Y x yθ θ θ− = − && &                 (18) 

 

Substituting equation (14) in (18) 

 ( )o oY Y X X θ− = − && & & &  

 

Euler’s Angles:Euler’s Angles:Euler’s Angles:Euler’s Angles:    

 It is the angles by which the co-ordinate should be rotated to 

transform one frame of reference to another frame of reference. 

 

Steps involved, 

(i) Rotate ψ about Z and define the new co-ordinate to be x1, y1, 

z1. 

(ii) Rotate θ about x1 and define the new co-ordinate to be x2, y2, 

z2. 

(iii) Rotate ϕ about x2and define the new co-ordinate to be x2, y3, 

z3. 
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Step 1:Step 1:Step 1:Step 1:    

 
 

 

1

1

1

cos sin

sin cos

x X Y

y X Y

z Z

= ψ + ψ

= − ψ + ψ

=  

 

1

1

1

cos sin 0

sin cos 0

0 0 1

x X

y Y

z Z

ψ ψ     
     = − ψ ψ     
          

                (19) 

 

Step 2:Step 2:Step 2:Step 2:    

 

 

2 1

2 1 1

2 1 1

cos sin

sin cos

x x

y y z

z y z

θ θ

θ θ

=

= +

= − +
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2 1

2 1

2 1

1 0 0

0 cos sin

0 sin cos

x x

y y

z z

θ θ
θ θ

     
     = −     
     −     

                (20) 

 

Step 3:Step 3:Step 3:Step 3:    

 
 

 

3 2 2

3 2 2

3 2

cos sin

sin cos

x x y

y x y

z z

= φ+ φ

= − φ+ φ

=

 

  

 

3 2

3 2

3 2

cos sin 0

sin cos 0

0 0 1

x x

y y

z z

φ φ     
     = − φ φ     
          

                (21) 

 

Substituting (20) in (21) 

 

 

3 1

3 1

3 1

cos sin 0 1 0 0

sin cos 0 0 cos sin

0 0 1 0 sin cos

x x

y y

z z

θ θ
θ θ

φ φ       
       = − φ φ −       
       −       

        (22) 

Substituting (19) in (22) 

3

3

3

cos sin 0 1 0 0 cos sin 0

sin cos 0 0 cos sin sin cos 0

0 0 1 0 sin cos 0 0 1

x X

y Y

z Z

θ θ

θ θ

φ φ ψ ψ         
         = − φ φ − − ψ ψ         
         −         
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( ) ( )
3

3

3

cos cos sin cos sin cos sin sin cos cos sin sin

sin cos cos cos sin sin sin cos cos cos cos sin

sin sin sin cos cos

x X

y Y

z Z

θ θ
θ θ

θ θ θ

φ ψ− φ φ ψ φ ψ+ φ ψ φ     
     = − φ ψ+ φ ψ − φ ψ− φ φ ψ φ     
     ψ − ψ    
 

Coriolis Acceleration:Coriolis Acceleration:Coriolis Acceleration:Coriolis Acceleration:    

 A point p moves along a curve s which is rotating with angular 

velocity ω and angular acceleration. 

 

The motion of p along s results in an additional velocity 

  t

.

s
dt

dr
1=                   

(23) 

 

The velocity of point p is,  

 

dr
v r

dt
 = +ω×  

 

 
1ts r= +ω×&

     
            (24) 

 

 The coordinates are rotating with angular speed ω, the 

acceleration is given by the equation,  

 

dv
a v

dt
 = +ω×      

                (25) 

 

 Which can be interpreted in terms of the two components of 

v.  The acceleration relative to the curve s would be  

 

2

1 1t n

s
s +

ρ

&
&&

                  

(26) 

 The rotation of the coordinate system at a rate ω introduces an 

additional term, 

 
1tsω× &  

 The remaining velocity vector  rω×  is treated similarly.  

Relative to the coordinates we have, 
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( )

d
r r r

dt
 ω× = ω× +ω×  

&&  

 1ts r= ω× +ω×&&
   

                (27) 

 

The rotation of the coordinates introduces the additional component, 

 ( )rω× ω×  

 

 Which is directed towards the negative r direction.  Summing 

all these terms, we have 

 
( )

2

1 1 ( ) 2 1t n t

s
a s r r s

 
= + + ω× +ω× ω× + ω× ρ 

&
&&& &  

 ( )
2

21 1 1 1 ) 2 1t n r n

s
s r r sθ

 
= + + ω − ω + ω ρ 

&
&&& &

  

              (28) 

 

 In this equation the first two terms represent the acceleration 

of p relative to the curve s. The next two terms represent the 

acceleration of the coincident point due to angular velocity and angular 

acceleration of the coordinate system and the curve s fixed to it.  The 

last term is known as the Coriolis acceleration, and it is perpendicular 

to the relative velocity 1ts& . 
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QuestioQuestioQuestioQuestions:ns:ns:ns:    

1. Write notes on inertial and earth fixed coordinate reference 

frames. 

2. Describe and derive the representation of vector in fixed and 

moving reference frames and also give details about the 

Coriolis acceleration.  

3. Give details about the space vehicles.  

4. With relevant diagrams explain about the inertial and earth 

fixed coordinate reference frames.  

5. Discuss about the Euler’s angles and also derive the equations 

for Euler Transformations. 
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UNUNUNUNIT IT IT IT 2222    

CENTRAL FORCE MOTION 

    

    

 
 

Two BodyTwo BodyTwo BodyTwo Body    ProblemProblemProblemProblem    

Assumptions: 

 There are two assumptions regard to the model, 

1. The bodies are spherically symmetric. 

2. There are no external nor internal forces acting on the system 

other than the gravitational forces which act along the line 

joining the centers of the two bodies. 

 

The Equation of Relative Motion:The Equation of Relative Motion:The Equation of Relative Motion:The Equation of Relative Motion:    

 Newton’s second law is used to determine the equation of 

relative motion of two bodies. 

 Consider the system of two bodies of mass M and m. 

(X’,Y’,Z’) be an inertial set of rectangular Cartesian coordinates. 

 � = �� − �� 
 

From the Newton’s laws in inertial frame (X’, Y’, Z’), 

 
2m rr

GMm r
mr = − −&&  

 

The above equation can be written as, 

 
3m

r

GM
r r= −&&       (1) 

And 

    TTTTwwwwoooo    boboboboddddy py py py prrrroboboboblllleeeem m m m aaaannnnd d d d oooonnnne e e e bobobobody pdy pdy pdy prrrroboboboblllleeeemmmm. . . . KKKKeeeepppplllleeeerrrr’’’’s s s s 

llllaaaawwwws s s s oooof mf mf mf moooottttiiiioooonnnn.... 



Space Mechanics and Launch Vehicles 

 

 

Dr. R. Mukesh 24 

 
3M

r

GM
r r=&&       (2) 

 
 

Subtracting equation (1) and (2), 

 
3

( )
r

g M m
r r

+
= −&&                   (3) 

 

 The equation (3) is the vector differential equation of the 

relative motion for the two-body problem. 

 The artificial satellites, ballistic missiles, or space probes 

orbiting about some planet or the sun, the mass of the orbiting body, 

m will be much less than that of the central body, M. 

 ( )G M m GM+ ≈       (4) 

 It is convenient to define a parameter, µ called the gravitational 

parameter as, 

 GMµ ≡        (5) 

The equation (5) becomes, 

 
3 0

r
r r

µ
+ =&&        (6) 
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One Body Problem:One Body Problem:One Body Problem:One Body Problem:    

 Consider two bodies assumed as particles and moving under 

the influence of a mutual attractive force. 

 The displacement vectors of each mass and their center of mass 

are r1, r2, and rc. 

 1 2r r r= −  

 

2
1

1 2
c

m
r r r

m m
= +

+
r r r  

 

2
2

1 2
c

m
r r r

m m
= −

+

r r r

     (7)

 

 

 Let F1 and F2 be forces acting on m1 and m2 respectively. So 

the Newton’s equation becomes, 

 

1 2
1 1 1 1

1 2
c

m m
F m r m r r

m m
= = +

+
&& && &&  

 

1 2
2 2 2 2

1 2
c

m m
F m r m r r

m m
= = −

+
&& && &&

    (8)

 

 

In addition, the equation for the kinetic energy is, 

 

2 2
1 1 1 2

2 2

m r m r
T = +

& &  

 
( ) 2 21 2 1 2

1 2

1

2 2c

m m m m
r r

m m

+  
= +  + 

& &      (9) 

 

The Resultant force is, 

 1 2 0F F F= + =  
 

The force equations then reduce to, 

 

1 2
1 2

1 2

m m
F F r

m m

 
= − =  + 

&&                 (10) 
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 The equation (1) and (2) indicate that the two-body problem 

can be reduced to that of a single body with an equivalent mass (m1m2) 

/ (m1 + m2) at a distance r from the center of mass which is either 

stationary or in uniform motion along a straight line. 

 If one of the masses is very large compared to the other, the 

equivalent mass (m1m2) / (m1 + m2) reduces to that of the smaller mass 

moving relative to the center of the larger mass.  This is essentially the 

condition encountered when a satellite is placed into an orbit around 

the earth, and which can be analyzed exactly in terms of an equivalent 

one-body problem. 

 

The NThe NThe NThe N----Body Problem:Body Problem:Body Problem:Body Problem:    

    Assume a system of n-bodies (m1, m2, m3, …mn), the  motion 

of ith body is mi. 

 
 

 Applying Newton’s law of universal gravitation, the force Fgn 

exerted on mi by mnis, 

 
3

( )i n
gn ni

ni

Gm m
F r

r
= −

                 (11)

 

Where, ni i nr r r= −  
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The gravitational forces acting on the ith body is, 

 

1 2
1 23 3 3

1 2

( ) ( ) .... ( )i i i n
g i i ni

i i ni

Gm m Gm m Gm m
F r r r

r r r
= − − − −

             (12)

 

 

 The body cannot exert a force on itself.  So the above equation 

not contain follows: 

 
3

( )i i
ii

ii

Gm m
r

r
−

 
Then, 

 

3
1
1

( )
n

j
g i ji

j ji
j

m
F Gm r

r=
≠

= − ∑
                 (13)

 

 

The combined force acting on the ith body is FTOTAL,  

 TOTAL g OTHERF F F= +
                 (14)

 

 

The Newton’s second law of motion is, 

 
( )i i TOTAL

d
m v F

dt
=

                 (15)
 

 

The time derivative may be expanded as, 

 

i i
i i TOTAL

dv dm
m v F

dt dt
+ =

                (16)
 

 

The most general equation of motion for the ith body is, 

 

TOTAL i
i i

i i

F m
r r

m m
= −

&
&& &

                (17)

 

Where, ir&& is the vector acceleration of the i
th body relative to the x, y, z 

coordinate system. 
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3
1
1

( )
n

j
g i ji

j ji
j

m
F Gm r

r=
≠

= − ∑ and all other external forces 

  .OTHER DRAG THRUST SOLAR PRESSURE PERTURBF F F F F etc= + + + +  

 

The gravitational equation reduces to, 

 

3
1
1

( )
n

j
i ji

j ji
j

m
r G r

r=
≠

= − ∑&&

                (18)

 

 

 Let assume m2 is and earth satellite and m1 is the earth, the 

remaining masses are the moon, sun and planets.  Then the above 

equation written as, 

 
1 13

2

( )
n

j
j

j ji

m
r G r

r=

= − ∑&&

                 (19)

 

 

And for i=2, 

 

2 23
1 2
2

( )
n

j
j

j j
j

m
r G r

r=
≠

= − ∑&&

                 (20)

 

We know that, 

 12 2 1r r r= −  

 So, 12 2 1r r r= −&& && &&  

 

Substituting the values, we get 

 

12 2 13 3
1 22 1
2

( ) ( )
n n

j j
j j

j jj j
j

m m
r G r G r

r r= =
≠

= − +∑ ∑&&

              (21)

 

 

 



Space Mechanics and Launch Vehicles 

 

 

Dr. R. Mukesh 29 

Or expanding 

1 2
12 12 2 21 13 3 3 3

3 312 2 21 1

( ) ( ) ( ) ( )
n n

j j
j j

j jj j

m mGm Gm
r r G r r G r

r r r r= =

   
= − + − − −   

      
∑ ∑&&

 (22)

 

 

Since r12 = -r21.  Hence, 

 

2 11 2
12 123 3 3

312 2 1

( )
( ) ( )

n
j j

j
j j j

r rG m m
r r Gm

r r r=

+
= − − −∑&&

             (23)

 

 

 The effect of the above equation is to account for the 

perturbing effects of the moon, sun and planets on a near earth 

satellite. 

 

Kepler’s Laws of Motion:Kepler’s Laws of Motion:Kepler’s Laws of Motion:Kepler’s Laws of Motion:    

First LawFirst LawFirst LawFirst Law 

 “The orbit of each plan“The orbit of each plan“The orbit of each plan“The orbit of each planet is an ellipse, with the sun at a et is an ellipse, with the sun at a et is an ellipse, with the sun at a et is an ellipse, with the sun at a 

focus”.focus”.focus”.focus”.    

 

2(1 )
( )

1 cos

a e
r

e
θ

θ
−

=
+

 

There are 4 cases: 

∗ e =0, circle 

∗ 0<e<1, ellipse 

∗ e =1, parabola 

∗ e >1, hyperbola 
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∗ An ellipse is described by two axes. 

• Long – semimajor (a) 

• Short – semiminor (b) 

∗ The area is pab (becomes pr2 for a circle) 

∗ The centripetal force is due to gravity. 

GMm/r2 = mv2/r 

v2 = GM/r 

∗ Larger radius orbit means slower speed. 

∗ Within an ellipse larger distance also gives slower speed. 

    

Second Second Second Second LawLawLawLaw    

 “AAAA    linelinelineline    joining a planet and the Sun sweeps out equal areasjoining a planet and the Sun sweeps out equal areasjoining a planet and the Sun sweeps out equal areasjoining a planet and the Sun sweeps out equal areas    

during equal intervals of time”.during equal intervals of time”.during equal intervals of time”.during equal intervals of time”.    

 
 

∗ The speed is related to the period in a circular orbit. 

• v2 = GM/r 

• (2pr/T)2 = GM/r 

• T2 = 4p2r3/GM 

∗ Larger radius orbit means longer period. 

∗ Within an ellipse, a larger semimajor axis also gives a longer 

period. 
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Third LawThird LawThird LawThird Law 

 “TheTheTheThe    squaresquaresquaresquare    of theof theof theof the    orbital periodorbital periodorbital periodorbital period    of a planet is of a planet is of a planet is of a planet is 

directlydirectlydirectlydirectly    proportionalproportionalproportionalproportional    to theto theto theto the    cubecubecubecube    of theof theof theof the    semisemisemisemi----major axismajor axismajor axismajor axis    of its of its of its of its 

orbit”.orbit”.orbit”.orbit”.    

    

∗ T2/a3 = constant 

∗ The constant is the same for all objects orbiting the Sun 

    

Questions:Questions:Questions:Questions:    

1. Derive the equation for two body problem with suitable 

figures. 

2. Derive the equation for one body problem with suitable figures 

3. Explain the Kepler’s laws of motion. 
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UNUNUNUNIT IT IT IT 3333    

ORBITAL MECHANICS 

    

 

 
 

Orbit Established from Initial ConditionsOrbit Established from Initial ConditionsOrbit Established from Initial ConditionsOrbit Established from Initial Conditions    

 The initial conditions at rocket burnout are: 

  r = ro 

  v = vo 

  β = βo 

where β – heading angle 

 

 
FigFigFigFigureureureure:  :  :  :  Initial conditions at injection into orbitInitial conditions at injection into orbitInitial conditions at injection into orbitInitial conditions at injection into orbit    

 

The equation of u is, 

 

1
u

r
=  

It can be written as, 

    EEEEsssstatatatabbbblllliiiisssshmhmhmhmeeeennnnt t t t oooof f f f oooorrrrbbbbiiiittttssss, , , , ssssiiiinnnngggglllle e e e iiiimmmmpupupupullllsssse e e e aaaannnnd d d d ttttwwwwo o o o 

iiiimmmmpupupupullllsssse e e e oooorrrrbbbbiiiittttaaaal l l l ttttrrrraaaannnnssssffffeeeerrrrssss, , , , bbbbaaaalllllllliiiissssttttiiiic c c c trtrtrtraaaajjjjeeeeccccttttoooorrrryyyy, , , , oooorrrrbbbbiiiittttal al al al 

ppppeeeerrrrttttuuuurrrrbbbbatiatiatiatioooonsnsnsns––––ggggeeeennnneeeerrrraaaal al al al annnnd d d d ssssppppeeeecccciiiiaaaal perturl perturl perturl perturbbbbatiatiatiatioooon men men men metttthhhhodododods, s, s, s, 

SSSSun un un un ssssyyyynnnncccchrhrhrhroooonnnnoooous us us us aaaannnnd d d d GeGeGeGeoooo----ssssyyyynnnncccchrhrhrhroooonnnnoooous us us us oooorrrrbbbbititititssss....    
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2

(1 cos )
K

u e
h

θ= +       (1) 

 

rp is the perigee distance at θ=0.  From the above equation, 

 

2

(1 )p

h
r e

K
= +        (2) 

 

It can be written as,  

 

1 cos

(1 )p

e
u

r e

θ+
=

+
       (3) 

 

The initial velocities of the components are, 

 

coso o o o
o

h
v r

r
θβ = =& ;      ( 2r hθ =& )   (4) 

 

sin
sin

cos
o

o
o o o

o o o

du ke
v r h

d r vθ θ

θ
θ =

 β = = − =  β 
&     (5) 

 

The equation (1) also can be written as, 

 
2

1
(1 cos )o

o

K
e

r h
θ= +       (6) 

 

Substitute for h2 in equation (4), 

 

2
2cos 1 coso o

o o

r v
e

K
θβ = +       (7) 

 

Solving for e sin θo and e cosθo, the angular position from perigee is 

 

2

2
2

sin cos

tan

cos 1

o o
o o

o

o o
o

r v

K

r v

K

θ

 
β β 

 =
 

β − 
 

     (8) 

Then e2 will be, 
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22
2 2 21 cos sino o

o o

r v
e

K

 
= − β + β 
 

     (9) 

The total orbit energy established from 
2

2

V K
E

r
= −  is, 

 

21
1

2
o o oEr r v

K K
= −                   (10) 

 

Where, 

 
2K GM gR= =  

 

Orbit PertuOrbit PertuOrbit PertuOrbit Perturbations:rbations:rbations:rbations:    

    The keplerian orbit is elliptical for an artificial satellite orbiting 

the earth.  For keplerian orbit we assume that the earth is a uniform 

spherical mass and the only force acting is the centrifugal force 

resulting from satellite motion balancing the gravitational pull of the 

earth. 

 

Effects of NonEffects of NonEffects of NonEffects of Non----spherical Earth:spherical Earth:spherical Earth:spherical Earth:    

    For a spherical earth of uniform mass, Kepler’s third law gives 

mean motion no, 

 
3on

a

µ
=

                  (11)
 

 

 But the earth is not perfect spherical, it has an equatorial bulge 

and a flattening at the poles.  Consider the oblateness and then the 

mean motion, 

 ( )
( )

2
1

1.52 2

1 1 1.5sin

1
o

K i
n n

a e

 + −
 =
 −                   (12)

 

 K1 is a constant and its value is 66063.1704 Km2.  The earth’s 

oblateness has negligible effect on semimajor axis a. 
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 Anomalistic Period is the orbital period taking into account 

the earth’s oblateness. 

 

2
AP

n

π
=

                   (13)
 

 

 The oblateness of the earth also produces two rotations of the 

orbital plane. 

i) Regression of the Nodes 

ii) Rotation of apsides. 

 

Prograde :  The satellite moves in the same direction as the 

earth’s rotation. 

Retrograde :  The satellite moves in a direction counter to the 

earth’s rotation. 

Ascending Node :  The point where the orbit crosses the equatorial 

plane going from south to north. 

 For Prograde orbit the nodes slides westward but seen from 

ascending node a satellite in Prograde orbit moves eastward, and for 

retrograde orbit it moves westward. 

 

Rotation of Apsides:Rotation of Apsides:Rotation of Apsides:Rotation of Apsides: 

 Both depends on the mean motion n, a, e.  These can be 

grouped together to one factor K. 

 ( )
1

2 21

nK
K

a e
=

−
                  (14)

 

 cosi

d
K

dt

Ω
= −

                  (15)
 

 When the rate of change is negative the regression is westward, 

and the rate is positive the regression is eastward, for eastward 

regression i > 90o. 
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Sun synchronous:Sun synchronous:Sun synchronous:Sun synchronous:    

 It is possible to choose values of a, e & i.  So the rate of 

rotation is 0.9856o/day eastward. 

 The other effect caused by Rotation of Apsides is, the 

argument of Perigee changes with time. 

 2(2 2.5sin )
dw

K i
dt

= −
                 (16)

 

 The earth is not perfectly circular in the equatorial plane, it has 

a small eccentricity of 10-5.  This is called as equatorial ellipticity. 

 The equatorial ellipticity set up a gravity gradient on satllites in 

GEO.  The GG causes the satellite to drift to one of two stable points 

75oE and 105o W longitude.  The old, out of service satellites are 

drifted to these points.  They are called as “satellite graveyards”. 

∗ SSO are near polar orbits where a satellite crosses periapsis at 

about the same local time every orbit.  

∗ This is useful if a satellite is carrying instruments which 

depend on a certain angle of solar illumination on the planet's 

surface.  

∗ In order to maintain an exact synchronous timing, it may be 

necessary to conduct occasional propulsive maneuvers to adjust 

the orbit. 

∗ Most research satellites are in Sun Synchronous Orbits 

∗ There is a special kind of sun-synchronous orbit called a dawn-

to-dusk orbit. In a dawn-to-dusk orbit, the satellite trails the 

Earth's shadow. 

    

Geosynchronous:Geosynchronous:Geosynchronous:Geosynchronous:    

 A geostationary orbit, geostationary Earth orbit or 

geosynchronous geosynchronous geosynchronous geosynchronous equatorial orbit (GEO) is a circular orbit 35,786 
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kilometers (22,236 mi) above the Earth's equator and following the 

direction of the Earth's rotation. 

 

AtmospheriAtmospheriAtmospheriAtmospheric Drag:c Drag:c Drag:c Drag:    

    For near Earth Satellites < 1000 Km the effects of atmospheric 

drag occurs.  Drag is greatest at perigee and it reduces the velocity at 

this point so the satellite doesn’t reach the same apogee heights on 

successive revolutions.  So the semi-major axis and the eccentricity are 

reduced.  

 

Long Long Long Long ––––    Rang Ballistic Trajectories:Rang Ballistic Trajectories:Rang Ballistic Trajectories:Rang Ballistic Trajectories:    

    The shortest distance between two points on the surface of a 

sphere is along a great circle, ballistic trajectories are also considered in 

the great circle plane. 

 The figure shows the pertinent geometry of a ballistic 

trajectory which is an ellipse with the center of the earth as focus.  

Perigee is then inside the earth while the point of maximum height 

coincides with apogee. 

 

The eccentricity is, 

 

22
2 2 21 cos sino

o o

Rv
e

K

 
= − β + β 
 

                                       (17) 

 

 Since 180
2

o
oθ

φ
= − , tan tan( / 2)oθ = − φ and the angular 

position from perigee is 

 

 

2

2
2

sin cos

tan

cos 1

o o
o o

o

o o
o

r v

K

r v

K

θ

 
β β 

 =
 

β − 
                   (18) 
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The equation (18) can be written as, 

 ( )
( )

2

2 2

/ sin cos
tan

2 / cos 1

o o o

o o

Rv K

Rv K

− β βφ
=

β −
                (19) 

 

The height H can be written as from its geometry, 

 
(1 )ar a e H R= + = +  

 
(1 ) 1

H a
e

R R
= + −                   (20) 

 

From the equation of the ellipse, we have for 180
2

o
oθ

φ
= − , or R=  

 

( )1 cos 2

(1 )(1 )

ea

R e e

φ−
=

− +
                 (21) 

 

Substitute the equation (21) in equation (20), 

 
1 cos

1 2

H e

R e

φ = − −  
                 (22) 

 

 The time of flight is determined by subtracting the time 

required to go from perigee to θ = θo from half the orbit period and 

doubling this figure, 

 

 

3
2

2b e

a
t t

K

π 
 = −
 
 

 

 
3 22

12 1 1 1 sin
2tan tan

1 2 1 cos
o

o
o

a e e e

e eK

θ
π θ

θ
−

   − − 
= − −    + +      (23) 

Questions:Questions:Questions:Questions:    

1. Derive the equation for the establishment of orbits. 

2. Discuss about the Orbital general and special perturbation 

methods. 

3. Describe about the types of orbits used for spacecrafts. 
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4. Give explanation about the single impulse and two impulse 

orbital transfers. 

5. Derive the Free flight range and flight path angle equations for 

the ballistic trajectory. 
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UNUNUNUNIT IT IT IT 4444    

SATELLITE DYNAMICS 

    

 

    
    

Satellite Perturbations:Satellite Perturbations:Satellite Perturbations:Satellite Perturbations:    

    The disturbing forces causing the satellite,  to deviate from the 

simple normal orbit. 

 

The disturbance of orbit is caused by, 

i) Nonsphericity 

ii) Attraction of sun & moon 

iii) Solar Radiation Pressure 

 

 Satellites closer to earth are affected by additional forces such 

as atmospheric drag. 

 The equations of motion for an inertial coordinate system are 

for an epoch.  The initial conditions are (x, �� ) or Kepler elements at a 

specified epoch.  Due to disturbing forces all Kepler elements are 

function of time. 

 

The equation of motion expressed in Cartesian coordinates, 

 

dx
x

dt
= &

 
 

    GGGGeeeeoooossssyyyynnnncccchrhrhrhroooonnnnoooouuuus s s s aaaannnnd d d d ggggeeeeoooosssstatitatitatitatioooonnnnaaaarrrry y y y ssssatatatateeeellitllitllitlliteeees s s s lilililiffffeeeetimtimtimtimeeee----    

ssssatatatateeeellitllitllitllite e e e ppppeeeerrrrturturturturbbbbatiatiatiatioooonnnnssss----    HHHHooooffffmamamamannnnn n n n oooorrrrbbbbititititssss----    ccccalalalalcccculatiulatiulatiulatioooon n n n oooof f f f oooorrrrbbbbiiiit t t t 

parametparametparametparameteeeerrrrssss----    DDDDeeeetttteeeerrrrmimimiminnnnatiatiatiatioooon n n n oooof f f f ssssatatatateeeellite llite llite llite rrrrecececectatatatannnngggguuuulalalalar r r r ccccoooooooorrrrdinatdinatdinatdinateeees s s s 

ffffrrrroooommmm    oooorrrrbbbbitaitaitaital l l l eeeelllleeeemmmmeeeennnntstststs    
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3 g s m SRP

dx x
x x x x

dt x

−µ
= + + + +&& && && &&

    (a)

 

 

 µ is the geocentric Gravitational constant. 

 1st term in equation (a) is the acceleration caused by the central 

gravity field. 

 

Gravitational Field of Earth:Gravitational Field of Earth:Gravitational Field of Earth:Gravitational Field of Earth:    

 The acceleration of non-central portion of the gravity field of 

the earth is, 

 

g

R
x

RX y

R
z

 ∂
∂ 

 ∂=  ∂
 
∂ ∂ 

&&
 

 

The disturbing potential is, 

 
( )1

2 0

cos cos sin
nn
e

nm nm nmn
n m

a
R P c m s m

r
θ

∞

+
= =

µ
= λ + λ∑∑  

 

Where,  

 ae  –  Mean Earth Radius 

 r  –  Geocentric distance to the satellite 

 

 θ and λ  –  spherical and longitude of the satellite  

   position in earth fixed coordinate system. 

 

nmP is the Legendre functions 

nmc and nms  are spherical harmonic coefficients of degree n and order 

m. 
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 The disturbing potential decreases exponentially with the 

power of n. 

 The spherical harmonic coefficients are important for the 

orbital motion of GPS satellites. 

 

Acceleration dAcceleration dAcceleration dAcceleration due to Sun & Moon:ue to Sun & Moon:ue to Sun & Moon:ue to Sun & Moon:    

 The lunar and solar accelerations on satellites are, 

 

3 3
m m m

m
e

m X X X
X

m X X Xµ µ

 µ − = −
 − 

&&  

 

Geocentric position of moon and sun, 

 
3 3

s s s
s

e s s

m X X X
X

m X X X

 µ −
= − 
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Solar RadiatioSolar RadiatioSolar RadiatioSolar Radiation Pressure:n Pressure:n Pressure:n Pressure:    

 SRP is a result of the impact of light photons emitted from the 

sun on the satellite’s surface. 

 

Parameters of SRP:Parameters of SRP:Parameters of SRP:Parameters of SRP:    

i) Surface Reflectivity 

ii) Luminosity of the sun 

iii) Distance to the sun 

 

 The evaluation of SRP is done by taking over the illuminated 

regions.  But it is difficult due to the complex shape of satellite. 

 For satellites in earth shadow region the SRP is zero. 
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 The solar panel is rotated along the y axis that their surface is 

perpendicular to direction of the sun.  That is e. 

 

s s
SRP

s s

X X X X
X p y

X X X X

− ×
= − +

− ×
 

 

Where, p – solar radiation pressure in the direction of sun. 

 If SRP remains un-modeled GPS orbital error can grow over 

1km after 1-2 weeks of integration. 

    

Hoffmann Transfer Orbit:Hoffmann Transfer Orbit:Hoffmann Transfer Orbit:Hoffmann Transfer Orbit:    

    Inplane Transfer from LEO to HEO, which is in the same 

plane. 

 1 2V V V∆ = ∆ + ∆  

 1 11 T CV V V∆ = − ;  
2 22 C TV V V∆ = −  

 

From energy equation, 

Kinetic energy – Potential energy = Total Energy 
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For the Transfer orbit, 1 22 ( )a R R= + ;  1r R=  
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At point 2, 
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Problem:Problem:Problem:Problem:    

 A spacecraft is in a circular orbit with an altitude of 200 km.  

Calculate the total velocity change required to perform a hoffmann’s 

transfer to a circular orbit at Geocynchronous altitude?  Take (G.M) of 

earth to be 3.986005 X 1014 m2/sec2.  Radius of earth = 6378.14km.  

Geosynchronous altitude = 35786km. 
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SolSolSolSolution:ution:ution:ution:    

 R1 = RE + 200 km    =   6578.14 km 

 R2 = RE + 35786 km    =   42164.14 km 

 

1

14

1

3.986005 10
7784 m/sec

6578140C

GM
V

R

×
= = =  
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 = 10239 m/sec 

 

1 11 T CV V V∆ = −  

 = 10239 – 7784 = 2455 m/sec 
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2 22 C TV V V∆ = −  

 = 3075 – 1597 = 1478 m/sec 

 

1 2V V V∆ = ∆ +∆  

 = 2455 + 1478 = 3933 m/sec 

 

Questions:Questions:Questions:Questions:    

1. Describe about the Cotangential transfer between Coplanar 

circular orbits. 

2. Explain about the satellite perturbations. 

3. Describe about Hofmann orbits. 

4. A spacecraft is in a circular orbit with an altitude of 200 km. 

Calculate the total velocity change required to perform a 

Hofmann’s transfer to a circular orbit at geosynchronous 

altitude.  Take GM= of earth to be 3.986005x1014 m3/s2, 

Radius of earth = 6378.14 km and Geosynchronous altitude = 

35786 km. (15) 

5. Give details about geosynchronous and geostationary satellites 

life time. 
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UNUNUNUNIT IT IT IT 5555    

INTRODUCTION TO LAUNCH VEHICLES 

    

    

    
    

Solid Propellant RocSolid Propellant RocSolid Propellant RocSolid Propellant Rocket Motor:ket Motor:ket Motor:ket Motor:    

 The simplest of all rocket propulsion system designs, a solid-

propellant rocket motor consists of casing, usually steel, filled with a 

solid propellant charge, called the grain, which contains all the 

chemical constituents (fuel plus oxidizer) for complete burning.  When 

ignited, the propellant compounds burn rapidly, expelling hot gases 

from a nozzle to produce thrust.  The propellant burns from the center 

out toward the sides of the casing.  The shape of the center channel 

determines the rate and pattern of the burn, thus providing a means to 

control thrust.  Unlike liquid-propellant engines, solid-propellant 

motors can’t be shut down.  Once ignited, they burn until all the 

propellant is exhausted. 

 Solid propellant motors have a variety of uses.  Small solids 

often power the final stage of a launch vehicle, or attach to payloads to 

boost them to higher orbits.  Medium solids such as the Payload Assist 

Module (PAM) and the Inertial Upper Stage (IUS) provide the added 

boost to place satellites into geosynchronous orbit or on planetary 

trajectories. 

    IntIntIntIntrrrroooodddduuuucccctitititioooon n n n tttto o o o launclaunclaunclaunch h h h vvvveeeehhhhiiiicccclllleeeessss. Int. Int. Int. Intrrrroooodddduuuucccctitititioooon n n n ttttoooo    SSSSoooolidlidlidlid, , , , 

LLLLiqiqiqiquuuuiiiid d d d anananand d d d CrCrCrCryyyyooooggggeeeennnnic ic ic ic rrrroooocccckkkkeeeet t t t eeeenginenginenginenginessss. . . . PPPPeeeerrrrfofofoformrmrmrmaaaannnncccce e e e ppppaaaarrrraaaametmetmetmeteeeerrrrs. s. s. s. 

CCCCoooompmpmpmpaaaarisrisrisrisoooon n n n oooof liquf liquf liquf liquiiiid d d d pppprrrrooooppppeeeellllllllaaaannnnt, t, t, t, ssssoooollllid id id id PPPPrrrrooooppppeeeellallallallannnnt t t t anananand d d d hhhhyyyybbbbrrrriiiid d d d 

rrrroooocccckkkkeeeettttssss....    
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 The Titan, Delta, Ariane and Space shuttle launch vehicles use 

strap-on solid propellant rockets to provide added thrust at liftoff.  The 

space shuttle uses the largest solid rocket motors ever built and flown. 

 

 
FigFigFigFigureureureure: Solid Propellant Combustion Process: Solid Propellant Combustion Process: Solid Propellant Combustion Process: Solid Propellant Combustion Process    

 

 The primary step in the selection process is comparison results 

from various propellant type engines. The following merits and 

demerits used to compare the solid propellant rocket motor and liquid 

propellant rocket engines. 

    

Solid Propellant Rocket Merits:Solid Propellant Rocket Merits:Solid Propellant Rocket Merits:Solid Propellant Rocket Merits:    
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FigFigFigFigureureureure: Solid Propellant Rocket Motor: Solid Propellant Rocket Motor: Solid Propellant Rocket Motor: Solid Propellant Rocket Motor    

 

∗ Simple design (It requires only few or no moving parts). 

∗ Simple operating procedure. 

∗ Ready to operate quickly. 

∗ Will not leak, spill or slosh. 

∗ Can be stored for 5 to 25 years. 

∗ Can be throttled or stopped and restarted if preprogrammed. 

∗ Can provide TVC, but at increased complexity. 

∗ Some propellants have nontoxic, clean exhaust gases, but at a 

performance penalty. 

∗ Some grain and case designs can be used with several nozzles. 

∗ Thrust termination devices permit control over total impulse. 

∗ Ablation and gasification of insulator, nozzle and liner material 

contribute to mass flow and thus to total impulse. 

∗ Some tactical missile motors have been produced in large 

quantities. 

∗ Can be designed for recovery, refurbishing, and reuse. 

 

Solid Propellant Rocket Demerits:Solid Propellant Rocket Demerits:Solid Propellant Rocket Demerits:Solid Propellant Rocket Demerits:    

∗ Explosion and fire potential is larger; failure can be 

catastrophic, most cannot accept bullet impact or being 

dropped onto a hard surface. 
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∗ Many require environmental permit and safety features for 

transport on public conveyances. 

∗ Under certain conditions some propellants and grains can 

detonate. 

∗ Cumulative grain damage occurs through temperature cycling 

or rough handling, this limits the useful life. 

∗ If designed for reuse, it requires extensive factory rework and 

new propellants. 

∗ Requires an ignition system. 

∗ Each restart requires a separate ignition system and additional 

insulation-in practice, one or two restarts. 

∗ Exhaust gases are usually toxic for composite propellants 

containing ammonium perchlorate. 

∗ Some propellants or propellant ingredients can deteriorate in 

storage. 

∗ Most solid propellant plumes cause more radio frequency 

attenuation than liquid propellant plumes. 

∗ Only some motors can be stopped at random, but motor 

becomes disabled. 

∗ Once ignited, cannot change predetermined thrust or 

duration.  A moving pintle design with a variety throat area 

will allow random thrust changes, but experience is limited. 

∗ If propellant contains more than a few percent particulate 

carbon, aluminum, or other metal, the exhaust will be smoky 

and the plume radiation will be intense. 

∗ Integrity or grain is difficult to determine in the field. 

∗ Thrust and operating duration will vary with initial ambient 

grain temperature and cannot be easily controlled.  Thus the 

flight path, velocity, altitude, and range of a motor will vary 

with the grain temperature. 
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∗ Large boosters take a few seconds to start. 

∗ Thermal insulation is required in almost all rocket motors. 

∗ Cannot be tested prior to use. 

∗ Needs a safety provision to prevent inadvertent ignition, which 

would lead to an unplanned motor firing.  Can cause a 

disaster. 

    

Liquid Propellant Rocket Engine:Liquid Propellant Rocket Engine:Liquid Propellant Rocket Engine:Liquid Propellant Rocket Engine:    

A liquidliquidliquidliquid----propellant rocketpropellant rocketpropellant rocketpropellant rocket or a liquid rocketliquid rocketliquid rocketliquid rocket is a rocket 

engine that uses liquid propellants. Liquids are desirable because their 

reasonably high density allows the volume of the propellant tanks to be 

relatively low, and it is possible to use lightweight centrifugal turbo 

pumps to pump the propellant from the tanks into the combustion 

chamber, which means that the propellants can be kept under low 

pressure. This permits the use of low-mass propellant tanks, resulting in 

a high mass ratio for the rocket. 

 An inert gas stored in a tank at a high pressure is sometimes 

used instead of pumps in simpler small engines to force the propellants 

into the combustion chamber. These engines may have a lower mass 

ratio, but are usually more reliable. 

    

Principle of Operation:Principle of Operation:Principle of Operation:Principle of Operation:    
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FigFigFigFigureureureure: Liquid Prop: Liquid Prop: Liquid Prop: Liquid Propellant Rocket Engineellant Rocket Engineellant Rocket Engineellant Rocket Engine    

    

From the above Figure, the liquid rocket engines have tankage 

and pipes to store and transfer propellant, an injector system, a 

combustion chamber which is very typically cylindrical, and one 

(sometimes two or more) rocket nozzles. Liquid systems enable 

higher specific impulse than solids and hybrid rocket engines and can 

provide very high tankage efficiency. 

Unlike gases, a typical liquid propellant has a density similar to 

water, approximately 0.7-1.4g/cm³ (except liquid hydrogen which has a 

much lower density), while requiring only relatively modest pressure to 

prevent vaporization. This combination of density and low pressure 

permits very lightweight tankage; approximately 1% of the contents for 

dense propellants and around 10% for liquid hydrogen (due to its low 

density and the mass of the required insulation). 

 For injection into the combustion chamber the propellant 

pressure at the injectors needs to be greater than the chamber pressure; 

this can be achieved with a pump. Suitable pumps usually use 

centrifugal turbopumps due to their high power and light weight, 

although reciprocating pumps have been employed in the past. 

Turbopumps are usually extremely lightweight and can give excellent 

performance; with an on-Earth weight well under 1% of the thrust. 
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Indeed, overall rocket engine thrust to weight ratios including a turbo 

pump have been as high as 133:1 with the Soviet NK-33 rocket engine. 

Alternatively, instead of pumps, a heavy tank of a high-

pressure inert gas such as helium can be used, and the pump forgone; 

but the delta-v that the stage can achieve is often much lower due to 

the extra mass of the tankage, reducing performance; but for high 

altitude or vacuum use the tankage mass can be acceptable. 

The major components of a rocket engine are therefore the 

combustion chamber (thrust chamber), pyrotechnic igniter, propellant 

feed system, valves, regulators, the propellant tanks, and the rocket 

engine nozzle. In terms of feeding propellants to the combustion 

chamber, liquid-propellant engines are either pressure-fed or pump-fed, 

and pump-fed engines work in either a gas-generator cycle, a staged-

combustion cycle, or an expander cycle. 

    

Injectors:Injectors:Injectors:Injectors:    

The injector implementation in liquid rockets determines the 

percentage of the theoretical performance of the nozzle that can be 

achieved. A poor injector performance causes unburnt propellant to 

leave the engine, giving extremely poor efficiency. 

Additionally, injectors are also usually key in reducing thermal 

loads on the nozzle; by increasing the proportion of fuel around the 

edge of the chamber, this gives much lower temperatures on the walls 

of the nozzle. 

    

Types of injectorsTypes of injectorsTypes of injectorsTypes of injectors    

Injectors can be as simple as a number of small diameter holes 

arranged in carefully constructed patterns through which the fuel and 

oxidizer travel. The speed of the flow is determined by the square root 
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of the pressure drop across the injectors, the shape of the hole and 

other details such as the density of the propellant. 

Injectors today classically consist of a number of small holes 

which aim jets of fuel and oxidizer so that they collide at a point in 

space a short distance away from the injector plate. This helps to break 

the flow up into small droplets that burn more easily. 

 

The main type of injectors are, 

∗ Shower Head type 

∗ Self Impinging doublet type 

∗ Cross impinging triplet type 

∗ Centripetal or Swirling type 

∗ Pintle injector type 

 

Propellant Feed System:Propellant Feed System:Propellant Feed System:Propellant Feed System:    

Liquid propellants are required to be injected at a pressure 

slightly above the combustor pressure.  Two types of feed systems can 

be employed; they are (i) gas pressure feed system and (ii) the pump 

feed system.  The former is much simpler and widely used for low 

thrust and short-range operations.  The latter is used in large engines. 

    

GasGasGasGas    pressure feed system:pressure feed system:pressure feed system:pressure feed system:    

Fig.4.5 shows a schematic diagram of a liquid propellant 

rocket employing the “gas pressure feed system”.  An inert gas is 

separately carried at a pressure much higher than the injection pressure; 

this is used to exert the required pressure in the propellant tanks.  The 

pressurizing gas is chosen on the basis of its chemical properties, 

density, pressure and the total weight of the gas and the tank.  A gas, 

which is ideal for one propellant, may be quite unsuitable for another.  

Nitrogen, Helium and air have been used for pressurization.  The 



Space Mechanics and Launch Vehicles 

 

 

Dr. R. Mukesh 55 

propellants under high pressure are forced to flow into the thrust 

chamber through values, feed lines and injectors.  Several regulating 

and check valves are used for filling, draining, starting and checking the 

flow of propellants.  

In this method no moving parts such as pumps and turbines 

are used.   Therefore the system is considerably simpler.  However, the 

pressurization of the propellant tanks requires them to be 

comparatively much heavier and introduces a weight penalty besides 

other problems.  Therefore, this system is unsuitable for large rocket 

engines and long-range missions. 

Pressure for injection can also be generated within the 

propellant tank or tanks by introducing a small quantity of a gas, which 

reacts exothermally with the propellant; this produces the high-pressure 

gas required to force the propellant into the combustor.   

    
FigFigFigFigureureureure: Gas Pressure Feed System: Gas Pressure Feed System: Gas Pressure Feed System: Gas Pressure Feed System    
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Turbo pump feed system:Turbo pump feed system:Turbo pump feed system:Turbo pump feed system: 

 In the turbo pump feed system propellants from the tanks are 

pumped into the combustor by gas turbine driven centrifugal pumps.  

The turbine or turbines work on high pressure and temperature gas 

generated separately or tapped out from the main combustor.  Fig. 4.6 

depicts a general arrangement of a turbo pump system.  Here both the 

fuel and oxidizer pumps re driven by a single turbine.  In order to 

achieve flexibility in choosing the design and operating parameters the 

fuel and oxidizer pumps can be driven separately by their turbines. 

 Figure shown below depicts a turbo pump feed system 

employing a single turbine driving the fuel and oxidizer pumps through 

a reduction gear.  The turbine operates on a separate gas stream 

generated from the propellants in an independent gas generator as 

shown.  A pressurizing gas can be used to increase the pressure of the 

propellants at the pump suctions to avoid cavitation and the resulting 

instability in pump operation. 

Generally turbine speeds are high; therefore propellant pumps 

can be driven at   optimum speeds through reduction gears with an 

additional weight penalty.  The working gas for the turbine can also be 

generated at the optimum temperature and pressure.  The gas generator 

also has its own injection and ignition systems.  The flow of propellants 

to the gas generator occurs (in the system shown in Fig. 4.6) due to the 

action of the pressurizing gases.  If gas pressurization is not employed 

the propellants can be bleed from the delivery lines of the pumps.  The 

propellant flow required for driving the turbine is of the order of 1.5 to 

5 per cent of the main flow.  The turbine exhaust is also expanded 

through an exhaust nozzle to provide an additional thrust as shown in 

the figure. 

An auxiliary power unit is also needed in a rocket engine.  An 

single turbine can develop sufficient power to drive the propellant 
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pumps as well as the electric generator.  Besides working on high 

energy gases bled from the main thrust chamber or combustor it can 

also employ itswon combustor with a gas pressure feed system.  An 

alternate method, which is comparatively simpler, is to generate the 

working gases by burning solid propellants in a manner similar to the 

solid propellant rocket. 

 
FigFigFigFigureureureure: Turbo Pump Feed System: Turbo Pump Feed System: Turbo Pump Feed System: Turbo Pump Feed System    

    

The turbines and pumps for rocket applications are designed 

to meet some special requirements.  There are enormous temperature 
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differences within a turbo-pump unit.  The high-pressure gas at the 

turbine inlet is at a high temperature of the order of 1500K whereas the 

temperature of some of the propellants are highly reactive.  Therefore, 

the sealing arrangement in propellant pumps should be perfect and 

resistant to corrosion. 

Both positive displacement and turbo pumps can be used for 

delivering propellants from the tanks to the combustion chamber.  

However, centrifugal pumps are widely used.  For a given peripheral 

speed of the pump impeller it is preferable to employ higher rotational 

speed in order to restrict the size of the pump. 

    

Liquid Propellant Rocket Merits:Liquid Propellant Rocket Merits:Liquid Propellant Rocket Merits:Liquid Propellant Rocket Merits:    

∗ Highest specific impulse 

∗ Can be randomly throttled and randomly stopped and 

restarted; Thrust-time profile randomly controlled; this allows 

a reproducible vehicle trajectory. 

∗ Cutoff impulse can be controllable with thrust termination 

device. 

∗ Can be largely checked out just prior to operation. Can be 

tested at full thrust on ground or launch pad prior to flight. 

∗ Can be designed for reuse after field services and checkout. 

∗ Thrust chamber can be cooled and made lightweight. 

∗ Storable liquid propellants have been kept in vehicle for more 

than 20 years and engine can be ready to operate quickly. 

∗ Most propellants have nontoxic exhaust, which is 

environmentally acceptable. 

∗ Same propellant feed system can supply several thrust 

chambers in different parts of the vehicle. 

∗ Can provide component redundancy to enhance reliability. 
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∗ With multiple engines, can design for operation with one or 

more shutoff. 

∗ The geometry of low-pressure tanks can be designed to fit 

most vehicles space constraints. 

∗ The placement of propellant tanks within the vehicle can 

minimize the travel of the center of gravity during powered 

flight.  This enhances the vehicle’s flight stability and reduces 

control forces. 

∗ Plume radiation and smoke are usually low. 

    

Liquid Propellant Rocket Demerits:Liquid Propellant Rocket Demerits:Liquid Propellant Rocket Demerits:Liquid Propellant Rocket Demerits:    

∗ Relatively complex design, more parts or components, more 

things to go wrong. 

∗ Cryogenic propellants cannot be stored for long periods except 

when tanks are well insulated and escaping vapors are 

recondensed. 

∗ Spills or leaks of several propellants can be hazardous, 

corrosive, toxic, and cause fires, but this can be minimized 

with gelled propellants. 

∗ More overall weight for most short-duration, low total impulse 

applications. 

∗ Nonhypergolic propellants require an ignition system. 

∗ Tanks need to be pressurized by a separate pressurization 

subsystem.  This can require high pressure inert gas storage for 

long periods of time. 

∗ More difficult to control combustion instability.  

∗ Bullet impact will cause leaks, sometime fire, but usually no 

detonations; gelled propellants can minimize or eliminate these 

hazards. 
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∗ A few propellants give toxic vapors or flumes. 

∗ Usually requires more volume due to lower average propellant 

density and the relatively inefficient packaging of engine 

components. 

∗ If vehicle breaks up and fuel and oxidizer are intimately mixed, 

it is possible for an explosive mixture to be created. 

∗ Sloshing in tank can cause a flight stability problem, but it can 

be minimized with baffles. 

∗ If tank outlet is uncovered, aspirated gas can cause combustion 

interruption or combustion vibration. 

∗ Smoky exhaust plume can occur with some hydrocarbon fuels. 

∗ Needs special design provisions for start in zero gravity. 

∗ With cryogenic liquid propellants there is a start delay caused 

by the time needed to cool the system flow passage hardware 

to cryogenic temperatures. 

∗ Life of cooled large thrust chambers may be limited to perhaps 

100 or more starts. 

∗ High thrust unit requires several seconds to start. 

    

Cryogenic Engine:Cryogenic Engine:Cryogenic Engine:Cryogenic Engine:    

 Cryogenic Engines are rocket motors designed for liquid fuels 

that have to be held at very low "cryogenic" temperatures to be liquid - 

they would otherwise be gas at normal temperatures. 

 The engine components are also cooled so the fuel doesn't boil 

to a gas in the lines that feed the engine. The thrust comes from the 

rapid expansion from liquid to gas with the gas emerging from the 

motor at very high speed. The energy needed to heat the fuels comes 

from burning them, once they are gasses. Cryogenic engines are the 

highest performing rocket motors. One disadvantage is that the fuel 

tanks tend to be bulky and require heavy insulation to store the 
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propellant. Their high fuel efficiency, however, outweighs this 

disadvantage. The Space Shuttle's main engines used for liftoff are 

cryogenic engines. The Shuttle's smaller thrusters for orbital 

maneuvering use non-cryogenic hypergolic fuels, which are compact 

and are stored at warm temperatures. Currently, only the United 

States, Russia, China, France, Japan and India have mastered cryogenic 

rocket technology. 

 

The major components of a cryogenic rocket engine are:  

∗ the thrust chamber or combustion chamber  

∗ pyrotechnic igniter  

∗ fuel injector  

∗ fuel turbo-pumps  

∗ gas turbine  

∗ cryo valves  

∗ Regulators  

∗ The fuel tanks  

∗ rocket engine  

∗ nozzle  

 Among them, the combustion chamber & the nozzle are the 

main components of the rocket engine. 

 

Cryogenic ProCryogenic ProCryogenic ProCryogenic Propellant:pellant:pellant:pellant:    

 A form of liquid propellant for rocket engines that must be 

kept at very low temperatures to remain liquid.  The common 

examples are LH2 and LOX.  Cryogenic propellants require special 

insulated containers and vents to allow gas from the evaporating liquids 

to escape.  The liquid fuel and oxidizer are pumped from the storage 

tanks to an expansion chamber and injected into the combustion 

chamber where they are mixed and ignited by a flame or spark. 
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 Because of the low temperatures of cryogenic propellants, they 

are difficult to store over long periods of time.  For this reason, they are 

less desirable for use in military rockets which must be kept launching 

ready for months at a time.  Also, liquid hydrogen as a very low density 

and, therefore, requires a storage volume many times greater than other 

fuels.  Despite these drawbacks, the high efficiency of liquid 

hydrogen/liquid oxygen makes these problems worth coping with when 

reaction time and storability are not too critical.  Liquid hydrogen 

delivers a specific impulse about 40% higher than other rocket fuels. 

    

Hybrid Rocket Propellant Grain Configuration:Hybrid Rocket Propellant Grain Configuration:Hybrid Rocket Propellant Grain Configuration:Hybrid Rocket Propellant Grain Configuration:    

Grain Designs:Grain Designs:Grain Designs:Grain Designs:    

The geometry of the grain must be chosen so as to meet the 

above requirements. The simplest grain configuration is what is termed 

"end burning".  

a)a)a)a) End burning:End burning:End burning:End burning: 

 In the Figure shown below the grain regresses axially across the 

end facing the nozzle. The outer (cylindrical) surfaces of the grain are 

generally bonded to the case with an intermediate layer of insulating 

material such a rubber and coated with a substance that inhibits 

decomposition. As the grain recesses it leaves the layer of rubber, which 
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protects the case from the hot combustion gases. This type of grain 

works well if the size of the grain needed for the application

length that matches the desired burning time. But if the two do not 

match then a design must be found that gives the right burning length 

for the particular grain mass that is required for the mission.

FigFigFigFigureureureure: End Burning: End Burning: End Burning: End Burning    

    

b)b)b)b) Radial burning:Radial burning:Radial burning:Radial burning: 

Figure below shows a configuration that shortens the burning 

time for a given grain mass is the "radial burning" grain: This 

configuration has the disadvantage that the burning area increases as 

the grain regresses, resulting in an increase of chamber press

time, a situation that is undesirable for three reasons. First, the case 

must be designed structurally for the maximum pressure and it is used 

inefficiently for much of the burn time. Second, at least for launch 

systems, we want a high chamber pressure at the beginning of the burn 

to provide a high nozzle pressure ratio in the presence of the high 

atmospheric pressure. And finally, if the thrust increases with time it 

exacerbates the increase in acceleration due to the decreasing mass of 

the vehicle that results from the propellant consumption, and results in 

very high g loads at the end of burning.  
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protects the case from the hot combustion gases. This type of grain 

works well if the size of the grain needed for the application results in a 

length that matches the desired burning time. But if the two do not 

match then a design must be found that gives the right burning length 

for the particular grain mass that is required for the mission. 

 

igure below shows a configuration that shortens the burning 

time for a given grain mass is the "radial burning" grain: This 

configuration has the disadvantage that the burning area increases as 

the grain regresses, resulting in an increase of chamber pressure with 

time, a situation that is undesirable for three reasons. First, the case 

must be designed structurally for the maximum pressure and it is used 

inefficiently for much of the burn time. Second, at least for launch 

ssure at the beginning of the burn 

to provide a high nozzle pressure ratio in the presence of the high 

atmospheric pressure. And finally, if the thrust increases with time it 

exacerbates the increase in acceleration due to the decreasing mass of 

e that results from the propellant consumption, and results in 
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Fig: Radial BurningFig: Radial BurningFig: Radial BurningFig: Radial Burning    

 

To get around these difficulties, many large rocket engines use 

a "star" grain configuration that has the objective of maintaining the 

burning area constant as the grain regresses, or even decreasing it. 

 

c)c)c)c) "Star" grain"Star" grain"Star" grain"Star" grain: 

 
Fig: Star Grain ConfigurationFig: Star Grain ConfigurationFig: Star Grain ConfigurationFig: Star Grain Configuration    

 

 These grains have a series of points protruding inward, as 

shown in the Figure above, such that as the points burn off, they keep 

the area roughly constant. In a first approximation one can see that the 

periphery of the "star" should be equal to the outer (circular) periphery 

of the grain, so that the burning area is equal at beginning and end. 

Detailed geometric constructions have been developed that keep the 

area very nearly constant throughout the burn.  
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d)d)d)d) Segmented Grains:Segmented Grains:Segmented Grains:Segmented Grains:    

 The normal process for manufacturing solid propellant grains 

consists of mixing the ingredients in a batch process (essentially a big 

food mixer), then pouring it into the case, where the rubber matrix 

cures. Because of limits on the size of the mixer and for safety and 

transportation reasons, the amount that can be poured into a single 

case is limited. So for very large rocket motors such as the Space Shuttle 

Solid Rocket Boosters, the grain is made up of several axial "segments" 

that are poured separately then assembled to make the complete motor. 

It was a failure of one of the case joints that led to the Challenger 

accident. 

 
Fig: Single Grain ConfigurationFig: Single Grain ConfigurationFig: Single Grain ConfigurationFig: Single Grain Configuration 

PPPPerformance Parameterserformance Parameterserformance Parameterserformance Parameters    

Total Impulse:Total Impulse:Total Impulse:Total Impulse:    

It is the thrust force F integrated over the burning time t. 

 �	 = 
 ��
	
�  

For constant thrust & negligible start & stop transients 

 �	 = �        (1) 
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Specific Impulse:Specific Impulse:Specific Impulse:Specific Impulse:    

It is the total impulse per unit weight of the propellant. 

 �� =

 ��	
�
�

�� 
�� �	
 

��   –  Total mass flow rate of propellant 

��  –  9.8066 m/s2 

 

 For constant thrust & propellant flow the above equation 

reduces to, 

 �� =
��

����
 

For constant thrust & Propellant mass flow, 

 �� =
�
�� ��
= �
��
       (2) 

 

Effective Exhaust Velocity (c):Effective Exhaust Velocity (c):Effective Exhaust Velocity (c):Effective Exhaust Velocity (c):    

    It is the average equivalent velocity at which propellant is 

ejected from the vehicle. 

 � = ���� =
�
��
      (3) 

 

Mass Ratio:Mass Ratio:Mass Ratio:Mass Ratio:    

    �� =
��
��
 

 

    

Impulse to Weight Ratio:Impulse to Weight Ratio:Impulse to Weight Ratio:Impulse to Weight Ratio:    

 It is defined as the total impulse divided by the initial or 

propellant loaded vehicle weight wo. 

 
��
 �
= ��
!��"��#��

      (4) 

mf  –  Final mass 

mp  –  Total effective propellant mass 
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Thrust to Weight Ration: (Acceleration)Thrust to Weight Ration: (Acceleration)Thrust to Weight Ration: (Acceleration)Thrust to Weight Ration: (Acceleration)    

    
�
 �
= �
!��"��#��

      (5) 

 

Characteristic Velocity:Characteristic Velocity:Characteristic Velocity:Characteristic Velocity:    

    It is used in comparing the relative performance of chemical 

rocket propulsion design & propellants. 

 �∗ = %&'�
��
      (6) 

P1  –  Pressure in the chamber 

At  –  Area of the throat 

��   –  Total mass flow rate of the propellant 

 

Thrust:Thrust:Thrust:Thrust:    

 Thrust is the force which moves an aircraft through the air. 

Thrust is used to overcome the drag of an airplane, and to overcome 

the weight of a rocket. Thrust is generated by the engines of the aircraft 

through some kind of propulsion system. 

 � = ��
�	
() = �� () =

��
��
()    (7) 

 

��   –  Mass flow rate 

V2  –  Exhaust velocity 

 This equation applies when the nozzle exit pressure equals the 

ambient pressure. 

 

 � = �� () + +,) − ,-./)     (8) 

 

A2  –  Cross sectional area at the nozzle exit 

P2  –  Nozzle exit pressure 

P3  –  Atmospheric pressure 
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Escape Velocity:Escape Velocity:Escape Velocity:Escape Velocity:    

 It is the speed at which the kinetic energy plus the gravitational 

potential energy of an object is zero. 

 2
e

GM
V

r
=

       (9)
 

G  –  6.67 X 10-11m3kg-1s-2 

R  –  Distance from center of gravity 

M  –  Mass  

 

Comparison of Solid Propellant, Liquid Propellant and Hybrid Comparison of Solid Propellant, Liquid Propellant and Hybrid Comparison of Solid Propellant, Liquid Propellant and Hybrid Comparison of Solid Propellant, Liquid Propellant and Hybrid 

Rockets:Rockets:Rockets:Rockets:    

Performance:Performance:Performance:Performance: 

  High performance liquid rockets using high-energy 

bipropellants offer a sea level specific impulse in the range 270-360 s. 

High performance solid rockets are more limited, offering a sea level 

specific impulse in the range 210-265 s. Hybrid rockets offer a specific 

impulse in the range 230-270 s, which is similar to those obtainable 

with bipropellant motors (apart from the very high performing ones, 

like liquid oxygen – liquid hydrogen). 

 

Size:Size:Size:Size: 

 High-density solid propellants have a mass density in the range 

of 1500 – 1900 kg/m3compared to about 1000 – 1350 kg/m3 for high-

density storable liquid propellants. This compares favourably to the 

280 - 375 kg/m3 attainable for the high performing liquid oxygen – 

liquid hydrogen propellant. For hybrid propellants, it is possible to 

obtain a density in the range 1000 – 1200 kg/m3. 

 

Flexibility:Flexibility:Flexibility:Flexibility: 

 For SRM’s, extinction and re-ignition is hard to realize. 

Hybrid and liquid rockets on the other hand are much easier to 
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shutdown and re-start. For example for monopropellant liquid rockets 

and hypergolic bipropellant rockets the propellant decomposes under 

the action of a catalyst (monopropellant) or is self-igniting (hypergolic 

bipropellant) this can be accomplished through simply opening and 

closing of a valve. For other bi-propellants, the same advantage holds, 

but an igniter may be necessary to start combustion. For example, 

liquid propellant motors using the monopropellant hydrazine or the 

hypergolic propellant combination of hydrazine and nitrogen tetra-

oxide allow for a precision pulse-mode, where thrust is produced in 

accurately reproducible impulse bits with a total number of pulses that 

can easily reach 100000. 

 Thrust magnitude control for liquid and hybrid rockets is 

simply through controlling the flow of the liquid propellant. For solid 

rockets the thrust is ‘pre-programmed’ and difficult to change during 

flight. For example, the Lunar Module Descent Engine had a 10:1 

throttle range. For most applications, however, a range of 3:1 seems 

more than acceptable. Liquid rockets allow for easy steering of the 

thrust vector by use of a gimbal. Steering of the thrust vector for hybrid 

and solid rockets through gimballing is more complicated as a 

comparable solid or hybrid motor is much larger. To achieve thrust 

vector control for solid or hybrid motors, we nowadays use either liquid 

injection or a vectorable nozzle. Typical thrust vector control angles in 

practice are up to 9-10 degrees for both liquid and solid rocket motors. 

    

Safety:Safety:Safety:Safety:    

     All rocket propellants are explosives, i.e. a substance (or 

mixture of substances), which is capable, by chemical reaction, of 

producing gas at such a temperature and pressure as to cause damage to 

the surroundings. Liquid and hybrid propellants are more apt to 

external stimuli than solid propellants. For example, there have been 
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accidents where liquid oxygen was spilled onto asphalt, which caused 

an explosion when a truck was driven over the spill. The small amount 

of heat and pressure caused by the tire was enough to trigger an 

explosion in that concentration of oxygen.For solid propellants 

although they require stronger stimuli to ignite, there is the added fact 

that fuel and oxidiser are intimately mixed so all ingredients are ready 

at hand. Once burning starts, it will be almost impossible to stop it. 

Solids also have potential for detonation of the propellant. The latter 

requires extensive safeguards during propellant manufacturing as well 

as launcher- and payload processing. For liquid propellants the risk of 

inadvertent ignition is limited to those cases where leakage occurs, e.g. 

caused by breakage or launching incidents. For hybrid rocket motors 

breakage or launching accidents are unlikely to result in an explosion or 

in involuntary ignition and operation. 

 

Costs:Costs:Costs:Costs: 

 Because of their simplicity, SRMs are low cost motors. Hybrid 

rocket motor costs are expected to be somewhere in between those of 

liquids and solids. 

 

Development time:Development time:Development time:Development time: 

  Because of their simplicity, solid rockets have a shorter time to 

develop than liquid rockets. 

 

Operability:Operability:Operability:Operability: 

 Solid rocket motors require short preparation time since solid 

propellants can be stored, loaded into the solid rocket motor, over long 

periods of time. Liquid propellant rockets require a long preparation 

time due to propellant loading. In case cryogenic liquid propellants are 

used, extensive cooling is needed. This makes cryogenic propellants 

extremely difficult to store for long periods of time. Hence, they are 
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only filled a few hours prior to launch. However, even then the 

propellants are constantly evaporating, causing the formation of ice on 

the storage tanks, which may cause damage. Also in case of a launch 

abort, the propellants must first be off-loaded before the rocket can be 

moved back to the assembly station. 

    

Questions:Questions:Questions:Questions:    

1. Describe about the classification of launch vehicles. 

2. Explain about the Solid, Liquid and Cryogenic rocket engines 

with suitable diagrams.  

3. Compare the merits and demerits of solid, liquid and hybrid 

rocket propellants. 

4. Compare the solid, liquid and cryogenic rocket propellants. 

5. A rocket projectile has the initial mass: 200 kg, Mass after 

rocket operation: 130 kg, Payload, Non propulsive structure 

etc: 110 kg, Rocket Operating duration: 3 Sec, Average 

Specific impulse of propellant: 240 N-sec3/kg-m. Predict mass Predict mass Predict mass Predict mass 

ratio, propellant mass fraction, propellant flow rate, thrust, ratio, propellant mass fraction, propellant flow rate, thrust, ratio, propellant mass fraction, propellant flow rate, thrust, ratio, propellant mass fraction, propellant flow rate, thrust, 

thrust to weight ratio, acceleration of the vehicle, effecthrust to weight ratio, acceleration of the vehicle, effecthrust to weight ratio, acceleration of the vehicle, effecthrust to weight ratio, acceleration of the vehicle, effective tive tive tive 

exhaust velocity, total impulse and impulse to weight ratio.exhaust velocity, total impulse and impulse to weight ratio.exhaust velocity, total impulse and impulse to weight ratio.exhaust velocity, total impulse and impulse to weight ratio. 
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UNUNUNUNIT IT IT IT 6666    

PRINCIPLES OF OPERATION AND TYPES OF ROCKET ENGINES 

    

 

    
    

One Dimensional & Two Dimensional Rocket Motion:One Dimensional & Two Dimensional Rocket Motion:One Dimensional & Two Dimensional Rocket Motion:One Dimensional & Two Dimensional Rocket Motion:    

 The vehicle direction is the same as thrust direction i.e., along 

the axis of the nozzle.  So it is named as one dimensional motion. 

 A two dimensional motions are only possible if all forces acting 

on the rocket lies in the plane of motion.  In practice two dimensional 

motions doesn’t occur because of the presence of forces perpendicular 

to the instantaneous plane of motion such as aerodynamic forces and 

gravitational forces or by the components of thrust. 

 The aerodynamic forces are caused by cross wing and by the 

deflection of control surfaces. 

 The gravitational forces are caused due to the instantaneous 

plane of trajectory doesn’t coincide with the direction of the 

gravitational field. 

 Thrust forces normal to the plane of motion are caused by the 

thrust misalignment or by thrust vector control. 

    

Rocket Motion in Free Space:Rocket Motion in Free Space:Rocket Motion in Free Space:Rocket Motion in Free Space:    

 Consider the motion of a rocket in the absence of gravitational 

and aerodynamic forces and consider flight in vacuum and the thrust is 

given by, 

    OOOOnnnne e e e ddddiiiimmmmeeeennnnsiosiosiosionnnnaaaal l l l aaaannnnd d d d ttttwwwwo o o o didididimmmmeeeennnnsiosiosiosionnnnaaaal l l l rockerockerockerocket t t t motmotmotmotiiiionononons s s s 

iiiin n n n ffffrrrreeeee e e e ssssppppacacacace e e e aaaannnnd d d d hhhhoooommmmooooggggeeeennnneeeeoooouuuus s s s gragragragravvvvitatiitatiitatiitatioooonnnnaaaallll    ffffiiiieeeeldldldldssss. . . . DeDeDeDessssccccrrrriptiiptiiptiiptioooon n n n 

oooof f f f vvvveeeerrrrtitititiccccalalalal, , , , iiiinnnncccclilililinnnneeeed d d d aaaannnnd d d d gragragragravvvvity turity turity turity turn n n n ttttrrrraaaajecjecjecjecttttoooorrrriiiieeeessss. . . . SSSSimplimplimplimpleeee    

apprapprapprapprooooximatiximatiximatiximatioooonnnnssss    ttttoooo    bbbbururururnnnn    oooouuuutttt    vvvveeeellllooooccccityityityity    
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 F= mVe+PeAe 

 F= mc = mg0Isp             (1) 

 c - Effective Exhaust Velocity, g0 – Standard Surface Gravity 

 

 Assume constant Pitch Program, i.e, Pitch angle is constant. 

 Assume initial velocity of the rocket has the same direction as 

the thrust, hence the problem is one dimensional, so the rocket will 

travel along a straight line. The equations of motion is, 

 

dv
F M

dt
= = mc       (2) 

 ds/dt = V, 

 

v- Velocity, s- distance travelled. 

 

dM
m

dt
− =

       (3)
 

 

Rocket Motion in a Homogeneous Gravitational Field:Rocket Motion in a Homogeneous Gravitational Field:Rocket Motion in a Homogeneous Gravitational Field:Rocket Motion in a Homogeneous Gravitational Field:    

 The field strength g is constant in the homogenous (uniform) 

gravitational field.  If we consider the earth being flat, the local 

gravitational field can be considered as homogeneous.  But actually the 

earth is spherical and its gravitational field can be approximated by a 

central inverse square field.  For small rockets and tactical missiles the 

approximation (Earth as flat) yields good result.  But for the launch 

vehicles and ICBM that approximation will leads to path deviations 

from the real trajectory. So we have to take some assumptions for the 

spherical earth. 

 

Assumptions:Assumptions:Assumptions:Assumptions:    

(i) x-axis coincides with flat surface of earth. 

(ii) z-axis coincides with the local vertical. 

(iii) Motion takes place near the surface of earth. 
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Rocket motion takes place in a nominal plane of motion. (i.e) xz 

 
 

The Governing equations for the motions are, 

cos

sin

                                   

x

z
o

x z

dv
M F

dt
dv

M F Mg
dt
dx dz dM

v v M
dt dt dt

θ

θ

=

= −

= = = −

 

 

 M- Instantaneous mass of the rocket, xdv

dt
- Acceleration of the 

rocket, θ - Pitch Angle. 
 

The thrust, 

o spT F Ma Mg I= = =
      (4)

 

Known Input –θ = θ (t) – Pitch Program.
 

    

Vertical Flight:Vertical Flight:Vertical Flight:Vertical Flight:    

 θ=90o, Horizontal velocity = 0, so the trajectory will be a 

straight line parallel to z axis. So Vz = Vtotal. 

 sinz
o

dv
M F Mg

dt
θ= −  
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 θ = 90o 

 z
o

dv
M F Mg

dt
= −  Vx = 0, Vz = v 

 o
o

Mgdv F F
g

dt M M M
= − = −  

 1 1o o
o o

dv F ma
g g

dt Mg Mg

   − −
= − + = − +   

   
 

 

Where,   ,          a= o sp

dM
M g I

dt
= −  

 

( / ) 
1

 

o sp
o

o

sp
o

dM dt g Idv
g

dt Mg

dM I
dv g dt

M

 
= − + 

 

 
= − + 

 

 

 

Integrating on both sides, 

 
ln

ln

o sp
o

o
o sp

M
v g I t

M

M
v g I t

M

 
= − + 

 

 = −         (5) 

 

Constant Pitch Angle:Constant Pitch Angle:Constant Pitch Angle:Constant Pitch Angle:    

 The equations of motions for constant pitch angle are, 

 

cos

sin

                                   

x

z
o

x z

dv
M F

dt
dv

M F Mg
dt
dx dz

v v
dt dt

θ

θ

=

= −

= =
     (6)

 

The vehicle start takes place at t=0 & the initial velocity is zero. 
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Assumptions:Assumptions:Assumptions:Assumptions:    

(i) Rocket is in homogeneous gravitational field. 

(ii) Inclined trajectory θ is constant 

(iii) Thrust is constant 

 
cos ln o

x o sp

M
v g I

M
θ  

=   
  0 t tb≤ ≤  

 

cos ln o
x o sp

e

M
v g I

M
θ

 
=  

 
   t tb≥  

 

sin ln           0 t to
z o sp o b

o o

M
v g I g t

M M t
θ

 
= − ≤ ≤ 

′−  
 

 

sin ln          t to
z o sp o b

e

M
v g I g t

M
θ

 
= − ≥ 

 
 

tb – Burnout time in seconds 

  

 The flight path angle is the angle between the velocity vector 

& the x – axis. 

 
tan z

x

v

v
γ =  

 

tan tan       

cos ln

o
o

o
o sp

o o

g t

M
g I

M M t
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θ
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tan tan ln          0 t t
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o b

sp o

M M tt

I M
γ θ

θ
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tan tan ln          t t
cos

e
o b

sp o

Mt

I M
γ θ

θ

−−  
 = − ≥    
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tan tan ln          0 t t
cos

o o
o b

sp o o

M M tt

I M
θ γ

θ

−−  ′− = + ≤ ≤ 
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11

tan tan ln          t t
cos

e
o b

sp o o

Mt

I M
θ γ

θ

−−  
 = + ≥      (7)

 

 θ α γ= +  

 Angle of Attack:α θ γ= −  

α   -  Angle between body axis and velocity vector. 
γ  -  Flight Path Angle (Angle between velocity vector and local 

horizontal) 

(i) During the powered flight 0 increases and the trajectory is 

curved upwards, and also the angle of attack decreases. 

(ii) After burnout 0 decreases and α increases.  So the trajectory is 

curved downwards.  The culmination altitude is reached if 0 = 

0 or the vz =0. 

 

For powered flight, 

 

tan tan
ln cos

o
o

sp o
e

t
M

I
M

γ θ
θ

= −
 

tan tan
coso

o o

t
γ θ

ψ θ
= −

      (8) 

cos
tan

ln sin

o

o
sp o

e

t
M

I t
M

θ
α

θ
=

−

 

cos
tan

sin
o

o ot

θ
α

ψ θ
=

−       (9)

 

    

Calculation of Range & Altitude:Calculation of Range & Altitude:Calculation of Range & Altitude:Calculation of Range & Altitude:    

 
ln sin

cos ln

o
z o sp o

o
x o sp

M
v g I g t

M

M
v g I

M

θ

θ

 = −  

 =   
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x, z coordinates gives the position of the rocket. 

 
0

( )
t

xx t v dt= ∫  

 
0

( ) cos ln
t

o
o sp

M
x t g I dt

M
θ  =   ∫  

 
o oM M M t′= −  

 
0
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 Range 
2 cos

( ) ( )o sp

o

g I
x t P t

θ

ψ
=                 (10) 

 
0

( )
t

zz t v dt= ∫  

 
0

( ) ln sin
t
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M
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M
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o
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M
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M M t
θ

 
= − 

′−  
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 Altitude 
2 2sin

( ) ( )
2

o sp o

o

g I g t
z t P t

θ

ψ
= −                (11) 

 

 The position at burnout is given by, sub t = tb in eq. (10) & 

(11) inorder to get the position. 

 tb – Burnout time in seconds 

 oψ - Thrust to weight ratio - 
o o

F

g M
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Motion in One, Two and Three DimensionsMotion in One, Two and Three DimensionsMotion in One, Two and Three DimensionsMotion in One, Two and Three Dimensions    

 A body is said to be in motion if its position changes with 

respect to its surrounding. In order to completely describe the motion 

of such objects, we need to specify its position. For this, we need to 

know the position coordinates. In some cases, three position 

coordinates are required, in some cases two or one coordinate is 

required. Based on these, motion can be classified as 

∗ One dimensional motion 

∗ Two dimensional motion 

∗ Three dimensional motion 

    

Motion in one dimensionMotion in one dimensionMotion in one dimensionMotion in one dimension    

 It is also known as rectilinear or linear motion. A particle 

moving along a straight line is said to undergo one dimensional 

motion. In such a case, only one of the three rectangular coordinates 

changes with time. 

 For example, if we consider one dimensional motion along the 

X-axis, then when the particle moves from A to B, as shown in the 

figure below, the X coordinate changes from x1 to x2. The straight line 

along which one dimensional motion takes place may be taken either 

along the X, Y or Z-axis.  

 

Examples of one dimensional motion are: 

∗ Motion of a train along a straight line 

∗ An object, like a ball, falling freely, vertically under gravity 

∗ The vertical up and down oscillations of an object suspended 

from a vertical spring. 

    

    

    



Space Mechanics and Launch Vehicles 

 

 

Dr. R. Mukesh 80 

MMMMotion in two dimensionsotion in two dimensionsotion in two dimensionsotion in two dimensions    

 A particle moving along a curved path in a plane has two 

dimensional motion. The figure below, illustrates a two dimensional 

motion, where a particle moves from P (x1, y1) to Q (x2, y2) along a 

curved path. 

 

Examples of two dimensional motions are: 

∗ an insect crawling on a ball or a globe 

∗ a satellite revolving round the Earth 

∗ Projectile motion, i.e., the two dimensional motion of a 

particle thrown obliquely into the air, like a baseball or a golf 

ball as shown below. 

∗ The bob oscillates along a curved path if the simple pendulum 

is oscillating in a vertical plane (as shown in the figure), with a 

large amplitude. However, for small amplitudes, the bob 

approximately oscillates along a straight line, i.e., one 

dimensional motion. 

    

Motion Motion Motion Motion in three dimensionsin three dimensionsin three dimensionsin three dimensions    

 A particle moving in space has three dimensional motions.  

 In this type of motion, all the three rectangular coordinates 

change with time. The figure above illustrates this type of motion 

where the particle moves from A to B and the corresponding 

rectangular coordinates change from (x1, y1, z1) to (x2, y2, z2). 
 

Examples of three dimensional motions are:  

∗ A bird flying in the air 

∗ A kite flying in the air 
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Gravity Turn:Gravity Turn:Gravity Turn:Gravity Turn:    

 If the angle of attack is zero, then the thrust and velocity 

vectors coincide, and there is no additional upward thrust.  So the 

flight path is curved downwards by the influence of gravity. 

 In gravity turn a rocket moves under the combined forces of 

thrust and gravity and follows a path that is differently curved.  Initially 

the flight path angle changes quickly, but as the velocity increases and 

the mass decreases the rate of change becomes smaller and the path 

stabilizes. 

 The total velocity is increasing with time quite rapidly, but 

because of the downward curve of the flight path, altitude is not gained 

so quickly.  This is used to reduce the risk to the rocket structure.  

Once the maximum dynamic pressure region is passed, a more efficient 

pitch programme can be followed. Modern launchers use computer 

controlled pitch programs to optimize the velocity and altitude 

achieved during the gravity turn. 

    

Rocket Dispersion:Rocket Dispersion:Rocket Dispersion:Rocket Dispersion:    

 Due to wind, thrust misalignment, aiming error, launcher 

deflection leads to the deviation of the real trajectory from the nominal 

one. This is called as rocket dispersion. 

    

Types:Types:Types:Types: 

 Lateral or out of plane dispersion 

 In plane dispersion 

    

Burnout Velocity & Rocket Equation:Burnout Velocity & Rocket Equation:Burnout Velocity & Rocket Equation:Burnout Velocity & Rocket Equation:    

The mass of complete Rocket =  Mass of the payload (ML) + Mass 

of the structure of vehicle (Ms) + 

Mass of the propellant (MP) 

 M = ML + Ms+ MP 
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 At the instant of liftoff, the vehicle velocity is zero, after the 

rocket engines have shut down because of all the propellants have been 

consumed, the vehicle velocity is the burnout velocity vb, and this can 

be calculated from Newton’s second law, 

  dv
F M

dt
=                  (12) 

F  –  Net force applied 

M  –  Mass of the body 

a  –  Acceleration of the body  

  

 In this force on the vehicle is the net difference between the 

thrust of the rocket engine, drag & weight of vehicle.  Assume the D & 

W are small the eq. (i) can be rewriting as, 

 

dv
T M

dt
=                   (13) 

 

The thrust is related to the specific impulse, 

 
sp

T
I

W
=

&
 

 spT WI= &  

 
oW g m=& &  

 
o spT g mI= &                   (14) 

 

In eq. (ii) the M is changing with time due to decrement in Mp. 

 PdM dM
m

dt dt

− −
= =&                  (15) 

 Sub eq. (iv) in eq. (iii) 

 
o sp

dM
T g I

dt
= −                   (16) 

Equate eq. (ii) and (v) 

 
o sp

dM dv
g I M

dt dt
− =  
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o sp

dM dv

M g I
− =                   (17) 

 

Integrating the eq. (vi) with initial & final mass & velocity 

 
0

1f b

i

M V

M
o sp

dM
dv

M g I
− =∫ ∫  

 
0

1i b

f

M V

M
o sp

dM
dv

M g I
=∫ ∫  

 ln i b

f o sp

M V

M g I
=  

 Burnout Velocity ln i
b o sp

f

M
V g I

M
=

   (18)

 

Questions:Questions:Questions:Questions:    

1. Derive the equation for rocket motion in free space and 

homogeneous gravitational field. 

2. Describe about the Gravity Turn trajectories. 

3. Describe and derive the equation for vertical and inclined 

trajectories. 

4. What is meant by Burnout velocity and derive the equation for 

burnout velocity. 
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UNUNUNUN

ROCKET PERFORMANCE AND STAGING

    

 

    

Launch of a Space VehicleLaunch of a Space VehicleLaunch of a Space VehicleLaunch of a Space Vehicle    

 The launch of a satellite or space vehicle consists of a period of 

powered flight during which the vehicle is lifted above the Earth's 

atmosphere and accelerated to orbital velocity by a rocket, or launch 

vehicle. Powered flight concludes at burnout of the rocket's last stage at 

which time the vehicle begins its free flight. During free flight the sp

vehicle is assumed to be subjected only to the gravitational pull of the 

Earth. If the vehicle moves far from the Earth, its trajectory may be 

affected by the gravitational influence of the sun, moon, or another 

planet.  

 
                                                       

 A space vehicle's orbit may be determined from the position 

and the velocity of the vehicle at the beginning of its free flight. A 

vehicle's position and velocity can be described by the variables 

and , where r is the vehicle's distance from the center of the Earth, 

    LLLLauncauncauncaunch h h h vvvveeeehhhhiiiicccclllle e e e trajtrajtrajtrajeeeeccccttttoooorrrriiiieeeessss, , , , ttttwwwwo o o o boboboboddddy y y y pppprrrrobobobob

oooorrrrbbbbitaitaitaital l l l eeeelllleeeemmmmeeeennnnttttssss. . . . SSSStagintagintagintaging g g g oooof f f f rrrrockeockeockeockettttssss 
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UNUNUNUNIT IT IT IT 7777    

ROCKET PERFORMANCE AND STAGING 

    

The launch of a satellite or space vehicle consists of a period of 

he vehicle is lifted above the Earth's 

atmosphere and accelerated to orbital velocity by a rocket, or launch 

vehicle. Powered flight concludes at burnout of the rocket's last stage at 

which time the vehicle begins its free flight. During free flight the space 

vehicle is assumed to be subjected only to the gravitational pull of the 

Earth. If the vehicle moves far from the Earth, its trajectory may be 

affected by the gravitational influence of the sun, moon, or another 

A space vehicle's orbit may be determined from the position 

and the velocity of the vehicle at the beginning of its free flight. A 

vehicle's position and velocity can be described by the variables r, v, 

le's distance from the center of the Earth, v is 

oboboboblllleeeem m m m aaaannnnd d d d 
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its velocity, and is the angle between the position and the velocity 

vectors, called the zenith angle (see Figure 7). If we let  r1, v

the initial (launch) values of  r, v, and , then we may consider these as 

given quantities. If we let point P2 represent the perigee, then equation 

becomes  

 

1 1 1
2

sin
P

P

rv
V V

R

γ
= =

     

we can obtain an equation for the perigee radius Rp.  

 

2 2 2
21 1 1
12

1

sin 1 1
2

P P

r v
v GM

R R r

 γ
− = − 

      

 

Multiplying through by -Rp2/(r12v12) and rearranging, we get 

 

2
1

1 1

(1 ) sin 0P PR R
C C

r r

   
− + − γ =   

       

 

Where, 

 
2

1 1

2GM
C

rv
=  

 

 Note that this is a simple quadratic equation in the ratio 

and that 2GM /(r1 × v12) is a non-dimensional parameter of the orbit. 

 

Solving for (Rp/r1) gives  

 

2 2
1

1 1,2

4(1 )( sin )

2(1 )
P C C CR

r c

  − ± − − − γ
=  −     

 Like any quadratic, the above equation yields two answers. The 

smaller of the two answers corresponds to Rp, the periapsis radius. The 

other root corresponds to the apoapsis radius, Ra.  
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is the angle between the position and the velocity 

, v1, and 1 be 

nsider these as 

represent the perigee, then equation 

 (1)

 

 (2)

 

and rearranging, we get  

 (3)

 

Note that this is a simple quadratic equation in the ratio (Rp/r1) 

dimensional parameter of the orbit.  

(4) 

Like any quadratic, the above equation yields two answers. The 

, the periapsis radius. The 
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Please note that in practice spacecraft launches are usually terminated at 

either perigee or apogee, i.e. =90. This condition results in the 

minimum use of propellant.  

 Equation (4.26) gives the values of Rp and Ra from which the 

eccentricity of the orbit can be calculated, however, it may be simpler 

to calculate the eccentricity e directly from the equation  

 

22
2 21 1

1 11 sin cos
rv

e
GM

 
= − γ + γ 

      

 

 To pin down a satellite's orbit in space, we need to know the 

angle , the true anomaly, from the periapsis point to the launch po

This angle is given by  

 

2
1 1

1 1

2
21 1

1

sin cos

tan

sin 1

rv

GM
v

rv

GM

 
γ γ 

 =
 

γ − 
      

 

 In most calculations, the complement of the zenith angle is 

used, denoted by . This angle is called the flight-path angle

positive when the velocity vector is directed away from th

shown in Figure 8. When flight-path angle is used, equations (4.26) 

through (4.28) are rewritten as follows:  
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n practice spacecraft launches are usually terminated at 

=90. This condition results in the 

from which the 

d, however, it may be simpler 

(5)

 

pace, we need to know the 

, the true anomaly, from the periapsis point to the launch point. 

 (6)

 

In most calculations, the complement of the zenith angle is 

path angle, and is 

positive when the velocity vector is directed away from the primary as 

path angle is used, equations (4.26) 
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2 2

1

1,2

4(1 )( cos )

2(1 )
P

C C CR

r C

− ± − − − γ  =  −      (7)

 

 

Where, 
2

2GM
C

rv
=  

 

22
2 21 1 1 cos sin

rv
e

GM

 
= − φ+ φ 

       (8)

 

 

2

2
2

sin cos

tan

cos 1

rv

GM
v

rv

GM

 
φ φ 

 =
 

φ− 
        (9)

 

    

Position in an Elliptical OrbitPosition in an Elliptical OrbitPosition in an Elliptical OrbitPosition in an Elliptical Orbit    

 Johannes Kepler was able to solve the problem of relating 

position in an orbit to the elapsed time, t-to, or conversely, how long it 

takes to go from one point in an orbit to another. To solve this, Kepler 

introduced the quantity M, called the mean anomaly, which is the 

fraction of an orbit period that has elapsed since perigee.  The mean 

anomaly equals the true anomaly for a circular orbit. By definition, 

 
( )o oM M n t t− = −  

 

whereMo in the mean anomaly at time to and n is the mean motion, or 

the average angular velocity, determined from the semi-major axis of 

the orbit as follows:  

 
3

GM
n

a
=

                  (10)
 

 

 This solution will give the average position and velocity, but 

satellite orbits are elliptical with a radius constantly varying in orbit. 

Because the satellite's velocity depends on this varying radius, it 
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changes as well. To resolve this problem we can define an intermediate 

variable E, called the eccentric anomaly, for elliptical orbits, which is 

given by  

 

cos
cos

1 cos

e v
E

e v

+
=

+      

 

where is the true anomaly. Mean anomaly is a function of eccentric 

anomaly by the formula  

 sinM E e E= −       
 

 For small eccentricities a good approximation of true anomaly 

can be obtained by the following formula (the error is of the order e

 
22 sin 1.25 sin 2v M e M e M≈ + +   

 

 The preceding five equations can be used to (1) find the time

it takes to go from one position in an orbit to another, or (2) find the 

position in an orbit after a specific period of time. When solving these 

equations it is important to work in radians rather than degrees, where 

2  radians equals 360 degrees.  

 At any time in its orbit, the magnitude of a spacecraft's 

position vector, i.e. its distance from the primary body, and its flight

path angle can be calculated from the following equations: 

 

2(1 )

1 cos

a e
r

e v

−
=

+       

 

sin
arctan

1 cos

e v

e v
 φ =  + 

     

 

And the spacecraft's velocity is given by,  

 

2(1 )

cos

GMa e
v

r

−
=

φ       
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changes as well. To resolve this problem we can define an intermediate 

, for elliptical orbits, which is 

            (11)
 

is the true anomaly. Mean anomaly is a function of eccentric 

            (12) 

For small eccentricities a good approximation of true anomaly 

can be obtained by the following formula (the error is of the order e3):  

            (13) 

The preceding five equations can be used to (1) find the time 

it takes to go from one position in an orbit to another, or (2) find the 

position in an orbit after a specific period of time. When solving these 

equations it is important to work in radians rather than degrees, where 

ny time in its orbit, the magnitude of a spacecraft's 

position vector, i.e. its distance from the primary body, and its flight-

path angle can be calculated from the following equations:  

            (14)
 

            (15) 

            (16)
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Two Body ProblemsTwo Body ProblemsTwo Body ProblemsTwo Body Problems    

Assumptions: 

 There are two assumptions regard to the model, 

3. The bodies are spherically symmetric. 

4. There are no external nor internal forces acting on the system 

other than the gravitational forces which act along the line 

joining the centers of the two bodies. 

 

The Equation of Relative Motion: 

 Newton’s second law is used to determine the equation of 

relative motion of two bodies. 

 Consider the system of two bodies of mass M and m. 

(X’,Y’,Z’) be an inertial set of rectangular Cartesian coordinates. 

 � = �� − �� 
 

From the Newton’s laws in inertial frame (X’, Y’, Z’), 

 
2m rr

GMm r
mr = − −&&  

 

The above equation can be written as, 

 
3m

r

GM
r r= −&&                  (17) 

And 

 
3M

r

GM
r r=&&                   (18) 

 
Subtracting equation (17) and (18), 
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3

( )
r

g M m
r r

+
= −&&      

 

 The equation (19) is the vector differential equation of the 

relative motion for the two-body problem. 

 The artificial satellites, ballistic missiles, or space probes 

orbiting about some planet or the sun, the mass of the orbiting body, 

m will be much less than that of the central body, M. 

 ( )G M m GM+ ≈  

 

 It is convenient to define a parameter, µ called the gravitational 

parameter as, 

 GMµ ≡  

 

The above equation becomes, 

 
3 0

r
r r

µ
+ =&& . 

    

Orbital ElementsOrbital ElementsOrbital ElementsOrbital Elements    

    

 

 

90 

            (19) 

ial equation of the 

The artificial satellites, ballistic missiles, or space probes 

orbiting about some planet or the sun, the mass of the orbiting body, 

It is convenient to define a parameter, µ called the gravitational 
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 To mathematically describe an orbit one must define six 

quantities, called orbital elements. They are  

∗ Semi-Major Axis (Size), a 

∗ Eccentricity (Shape), e 

∗ Inclination , i  (orientation) 

∗ Right Ascension or longitude of ascending node, Ω 

(orientation) 

∗ Argument of Perigee, ω (orientation) 

∗ Epoch Time (Location within orbit) 

– True Anomaly / time of perigee passage T 

 

 An orbiting satellite follows an oval shaped path known as an 

ellipse with the body being orbited, called the primary, located at one 

of two points called foci. An ellipse is defined to be a curve with the 

following property: for each point on an ellipse, the sum of its distances 

from two fixed points, called foci, is constant (see Figure 4.2). The 

longest and shortest lines that can be drawn through the center of an 

ellipse are called the major axis and minor axis, respectively. The semisemisemisemi----

major axismajor axismajor axismajor axis is one-half of the major axis and represents a satellite's mean 

distance from its primary. EccentricityEccentricityEccentricityEccentricity    is the distance between the foci 

divided by the length of the major axis and is a number between zero 

and one. An eccentricity of zero indicates a circle. 

    InclinationInclinationInclinationInclination    is the angular distance between a satellite's orbital 

plane and the equator of its primary (or the ecliptic plane in the case of 

heliocentric, or sun centered, orbits). An inclination of zero degrees 

indicates an orbit about the primary's equator in the same direction as 

the primary's rotation, a direction called progradeprogradeprogradeprograde    ((((or direct). An 

inclination of 90 degrees indicates a polar orbit. An inclination of 180 

degrees indicates a retrograde equatorial orbit. A retrograderetrograderetrograderetrograde orbit is one 
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in which a satellite moves in a direction opposite to the rotation of its 

primary.  

    PeriapsPeriapsPeriapsPeriapsis (Perigee)is (Perigee)is (Perigee)is (Perigee) is the point in an orbit closest to the 

primary. The opposite of periapsis, the farthest point in an orbit, is 

called apoapsis (apogee)apoapsis (apogee)apoapsis (apogee)apoapsis (apogee).... Periapsis and apoapsis are usually modified to 

apply to the body being orbited, such as perihelion and aph

the Sun, perigee and apogee for Earth, perijove and apojove for Jupiter, 

perilune and apolune for the Moon, etc. The argument of periapsisargument of periapsisargument of periapsisargument of periapsis

the angular distance between the ascending node and the point of 

periapsis (see Figure 4.3). The The The The time oftime oftime oftime of    periapsis passageperiapsis passageperiapsis passageperiapsis passageis the time in 

which a satellite moves through its point of periapsis.  

 Nodes are the points where an orbit crosses a plane, such as a 

satellite crossing the Earth's equatorial plane. If the satellite crosses the 

plane going from south to north, the node is the ascending node

moving from north to south, it is the descending node. The 

the ascending nodethe ascending nodethe ascending nodethe ascending node is the node's celestial longitude. Celestial longitude 

is analogous to longitude on Earth and is measured in degrees coun

clockwise from zero with zero longitude being in the direction of the 

vernal equinox.  

Figure Figure Figure Figure 3: 3: 3: 3: Orbital ElementsOrbital ElementsOrbital ElementsOrbital Elements    

 

 In general, three observations of an object in orbit are required 

to calculate the six orbital elements. Two other quantities often us

describe orbits are period and true anomaly. Period, P, is the length of 
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in which a satellite moves in a direction opposite to the rotation of its 

is the point in an orbit closest to the 

primary. The opposite of periapsis, the farthest point in an orbit, is 

Periapsis and apoapsis are usually modified to 

apply to the body being orbited, such as perihelion and aphelion for 

the Sun, perigee and apogee for Earth, perijove and apojove for Jupiter, 

argument of periapsisargument of periapsisargument of periapsisargument of periapsis is 

the angular distance between the ascending node and the point of 

is the time in 

Nodes are the points where an orbit crosses a plane, such as a 

satellite crossing the Earth's equatorial plane. If the satellite crosses the 

ascending node; if 

. The longitude of longitude of longitude of longitude of 

is the node's celestial longitude. Celestial longitude 

is analogous to longitude on Earth and is measured in degrees counter-

clockwise from zero with zero longitude being in the direction of the 

 

In general, three observations of an object in orbit are required 

to calculate the six orbital elements. Two other quantities often used to 

, is the length of 
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time required for a satellite to complete one orbit. True anomaly

the angular distance of a point in an orbit past the point of periapsis, 

measured in degrees.  

 From Kepler’s Law, the central body is at a focus of the conic 

section 

  
 

Orbital Mechanics:Orbital Mechanics:Orbital Mechanics:Orbital Mechanics:    

 

∗ Orbital mechanics is the study of the motions of artificial 

satellites and space vehicles moving under the influence of 

forces such as gravity, atmospheric drag, thrust, etc.

∗ Orbital mechanics is a modern offshoot of celestial mechanics 

which is the study of the motions of natural celestial bodies 

such as the moon and planets.  

∗ The root of orbital mechanics can be traced back to the 17th 

century when mathematician Isaac Newton (1642

forward his laws of motion and formulated his law of universal 

gravitation.  

a

MG

r

MG
V −=

2
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True anomaly, , is 

the angular distance of a point in an orbit past the point of periapsis, 

ler’s Law, the central body is at a focus of the conic 

 

Orbital mechanics is the study of the motions of artificial 

satellites and space vehicles moving under the influence of 

t, etc. 

Orbital mechanics is a modern offshoot of celestial mechanics 

which is the study of the motions of natural celestial bodies 

The root of orbital mechanics can be traced back to the 17th 

Newton (1642-1727) put 

forward his laws of motion and formulated his law of universal 
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∗ The engineering applications of orbital mechanics include 

ascent trajectories, reentry and landing, rendezvous 

computations, and lunar and interplanetary trajectories.  

∗ Orbital mechanics remain a mystery to most people 

• Difficulty in thinking in 3D 

• Cryptic names given by astronomers 

• To make matters worse, sometimes several different 

names are used to specify the same number.  

∗ Vocabulary is one of the hardest part of celestial mechanics. 

 

Perigee and ApogeePerigee and ApogeePerigee and ApogeePerigee and Apogee    

∗ The point where the secondary is closest to the primary is 

called perigee, although it's sometimes called periapsis or 

perifocus.  

∗ The point where the secondary is farthest from primary is 

called apogee (aka apoapsis, or apifocus). 

 

Vernal EquinoxVernal EquinoxVernal EquinoxVernal Equinox    

∗ For some of our calculations we will use the term vernal 

equinox 

∗ Teachers have told children for years that the vernal equinox is 

"the place in the sky where the sun rises on the first day of 

Spring".  

∗ This is a horrible definition. Most teachers, and students, have 

no idea what the first day of spring is (except a date on a 

calendar), and no idea why the sun should be in the same place 

in the sky on that date every year. 

∗ Consider the orbit of the Sun around the Earth. Although the 

Earth does not orbit around the sun, the math is equally valid 
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either way, and it suits our needs at this instant to think of the 

Sun orbiting the Earth.  

∗ The orbit of the sun has an inclination of about 23.5 degrees. 

(Astronomers use an infinitely more obscure name: The 

Obliquity of The Ecliptic.) 

∗ The orbit of the Sun is divided (by humans) into four equally 

sized portions called seasons. 

∗ In other words, the first day of Spring is the day that the sun 

crosses through the equatorial plane going from South to 

North.  

 

Keplerian ElementsKeplerian ElementsKeplerian ElementsKeplerian Elements    

∗ Seven numbers are required to define a satellite orbit. This set 

of seven numbers is called the satellite orbital elements, or 

sometimes "Keplerian" elements  

∗ These numbers define an ellipse, orient it about the Earth, and 

place the satellite on the ellipse at a particular time. In the 

Keplerian model, satellites orbit in an ellipse of constant shape 

and orientation 

∗ The real world is slightly more complex than the Keplerian 

model, and tracking programs compensate for this by 

introducing minor corrections to the Keplerian model 

∗ These corrections are known as perturbations, and are due to 

the unevenness of the earth's gravitational field (which luckily 

you don't have to specify), and the "drag" on the satellite due 

to atmosphere.  

∗ Drag becomes an optional eighth orbital element 
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The elements are, 

∗ Epoch  

∗ Orbital Inclination  

∗ Right Ascension of Ascending Node (R.A.A.N.)  

∗ Argument of Perigee  

∗ Eccentricity  

∗ Mean Motion  

∗ Mean Anomaly  

 

Conic SectionConic SectionConic SectionConic Section    Eccentricity, eEccentricity, eEccentricity, eEccentricity, e    SemiSemiSemiSemi----major axismajor axismajor axismajor axis    EnergyEnergyEnergyEnergy

Circle 0 = radius < 0

Ellipse 0 < e < 1 > 0 < 0

Parabola 1 infinity 0

Hyperbola > 1 < 0 > 0
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EnergyEnergyEnergyEnergy    

< 0 

< 0 

0 

> 0 
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EpochEpochEpochEpoch    

• A set of orbital elements is a snapshot, at a particular time, of 

the orbit of a satellite. 

• Epoch is simply a number which specifies the time at which 

the snapshot was taken.  

 

Orbital InclinationOrbital InclinationOrbital InclinationOrbital Inclination    

• The orbit ellipse lies in a plane known as the orbital plane. The 

orbital plane always goes through the center of the earth, but 

may be tilted any angle relative to the equator. Inclination is 

the angle between the orbital plane and the equatorial plane.  

• By convention, inclination is a number between 0 and 180 

degrees. 

• Orbits with inclination near 0 degrees are called equatorial 

orbits, or Geostationary. Orbits with inclination near 90 

degrees are called polar. 

• The intersection of the equatorial plane and the orbital plane is 

a line which is called the line of nodes.  

 

Right Ascension of Ascending NodeRight Ascension of Ascending NodeRight Ascension of Ascending NodeRight Ascension of Ascending Node    

• Two numbers orient the orbital plane in space. The first 

number was Inclination, RAAN is the second. 

• After we've specified inclination, there are still an infinite 

number of orbital planes possible. The line of nodes can 

intersect anywhere along the equator.  

• If we specify where along the equator the line of nodes 

intersects, we will have the orbital plane fully specified.  

• The line of nodes intersects two places, of course. We only 

need to specify one of them. One is called the ascending node 

(where the satellite crosses the equator going from south to 
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north). The other is called the descending node (where the 

satellite crosses the equator going from north to south).  

• By convention, we specify the location of the ascending node. 

• The Earth is spinning. This means that we can't use the 

common latitude/longitude coordinate system to specify where 

the line of nodes points. 

• Instead, we use an astronomical coordinate system, known as 

the right ascension / declination coordinate system, which does 

not spin with the Earth.  

• Right ascension is another fancy word for an angle, in this case, 

an angle measured in the equatorial plane from a reference 

point in the sky where right ascension is defined to be zero.  

• Astronomers call this point the vernal equinoxvernal equinoxvernal equinoxvernal equinox. 

• Finally, "right ascension of ascending node" is an angle, 

measured at the center of the earth, from the vernal equinox to 

the ascending node.  

• Draw a line from the center of the earth to the point where our 

satellite crosses the equator (going from south to north). If this 

line points directly at the vernal equinox, then RAAN = 0 

degrees. 

• By convention, RAAN is a number in the range 0 to 360 

degrees. 

 

Argument of PerigeeArgument of PerigeeArgument of PerigeeArgument of Perigee    

• Argument of Perigee is a measurement from a fixed point in 

space to where perigee occurs in the orbit 

•  It is measured in degrees 

• Argument is yet another fancy word for angle. Now that we've 

oriented the orbital plane in space, we need to orient the orbit 
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ellipse in the orbital plane. We do this by specifying a single 

angle known as argument of perigee. 

• If we draw a line from perigee to apogee, this line is called the 

line-of-apsides or major-axis of the ellipse (Green dotted line).  

• The line-of-apsides passes through the center of the Earth.  

• We've already identified another line passing through the 

center of the earth: the line of nodes.  

• The angle between these two (green dotted) lines is called the 

argument of perigee. The argument of perigee is the angle 

(measured at the center of the earth) from the ascending node 

to perigee. 

• Example: When ARGP = 0, the perigee occurs at the same 

place as the ascending node. That means that the satellite 

would be closest to earth just as it rises up over the equator. 

When ARGP = 180 degrees, apogee would occur at the same 

place as the ascending node. That means that the satellite 

would be farthest from earth just as it rises up over the 

equator. 

• By convention, ARGP is an angle between 0 and 360 degrees. 

 

True AnomalyTrue AnomalyTrue AnomalyTrue Anomaly    

• True Anomaly is a measurement from a fixed point in space to 

the actual satellite location in the orbit 

• It is measured in degrees 

    

Multistage Rocket:Multistage Rocket:Multistage Rocket:Multistage Rocket:    

Stage Separation:Stage Separation:Stage Separation:Stage Separation:    

    Multistage rocket uses two or more stages which contains its 

own engines and propellants. A Tandem or serial stage is mounted on 

top of another stage.  By jettisoning stages when they run out of 
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propellant, the mass of the rocket is decreased.  This staging allows the 

thrust of the remaining stages to more easily accelerate the rocket to its 

final speed and height. 

 In serial staging scheme, the first stage is at the bottom and 

largest, the second and subsequent upper stages are above it and 

decreasing in size. 

 In parallel staging scheme solid or liquid rocket boosters are 

used to assist with lift-off, and it is referred as stage 0. 

 When the boosters run out of fuel, they are detached from the 

rest of the rocket with the help of small explosive charge.  Staging 

process is repeated until the final stage motor burns to completion. 

 In same types, the upper stage ignites before the separation and 

the thrust is used to separate the two stages. 

    

Disadvantages:Disadvantages:Disadvantages:Disadvantages:    

 Separation failure Ignition failure and Stage collision. 

    

Tsiolkovsky:Tsiolkovsky:Tsiolkovsky:Tsiolkovsky:    

 A Russian theoretician who identified exhaust velocity and 

mass ratio are the most important performance parameters.  And also 

he identified suitable propellant mixtures (LOX & LH2) having low 

molecular weight and high combustion temperature, and the benefit of 

using multistage rockets to achieve escape from earth’s gravity. 

 Escape velocity = 11185 m/s 

 ( )2

2
1

o

Mrv

GMm r
ε = −

 
 

Where, ε – eccentricity, parabolic orbit ε = 1 

 m  –  body mass  

 v   –  velocity 
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 M  –  another body – 5.975X1024kg 

 ro  –  radius -6.371X106 m 

 G  –  6.67X10-11 Nm2kg2 

    

Tsiolkovsky’s Rocket Equation:Tsiolkovsky’s Rocket Equation:Tsiolkovsky’s Rocket Equation:Tsiolkovsky’s Rocket Equation:    

 
log o

e e

M
v v

M
 =  
 

                 (20) 

 ve – 2000 m/s for gunpowder 

 ve – 4500 m/s for liquid fuels 

 

Two important conclusions:Two important conclusions:Two important conclusions:Two important conclusions:    

(i) A Rocket can travel faster than its exhaust. i.e., v>ve when 

Mo/M > 2.718  

A representative value of mass ratio (Mo/M) = 8 and                

ve = 4500m/s                    (21) 

 Apply the values (2) in eq.(i) which results v <vescape 

(ii) So it is not possible to achieve escape velocity with single stage 

rocket. 

 

Ex: 1 (Single Stage Rocket)Ex: 1 (Single Stage Rocket)Ex: 1 (Single Stage Rocket)Ex: 1 (Single Stage Rocket)    

    Exhaust velocity ve = 4000 m/s 

 Payload     = 1 tonne 

 Structural mass  = 9 tonne 

 Fuel mass  = 90 tonne 

 log o
e e

M
v v

M
 =  
 

 

     = 4000 loge ((1+9+90)/(9+1)) 

   v   = 9210 m/s (Not enough to escape) 

   v <vescape 
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Ex: 2Ex: 2Ex: 2Ex: 2    

    A three stage rocket with each stage having 3 tonnes A three stage rocket with each stage having 3 tonnes A three stage rocket with each stage having 3 tonnes A three stage rocket with each stage having 3 tonnes 

structural mass and 30 tonnes of fuel and a payload of 1 tonne.structural mass and 30 tonnes of fuel and a payload of 1 tonne.structural mass and 30 tonnes of fuel and a payload of 1 tonne.structural mass and 30 tonnes of fuel and a payload of 1 tonne. 

 v1 = 4000 loge((1+9+90)/(60+9+1)) = 1427 m/s 

 v2 = 4000 loge((1+6+60)/(30+6+1)) = 2375 m/s 

 v3 = 4000 loge((1+3+30)/(1+3))  = 8560 m/s 

 v  = v1+ v2 + v3  = 12362 m/s 

 v >vescape 

 

Vehicle Optimization:Vehicle Optimization:Vehicle Optimization:Vehicle Optimization:    

i) Engine: 

 It is possible to optimize the parameters like chamber pressure, 

nozzle area ratio & mixture ratio. This will increase the vehicle 

performance (1 to 5 %), and also improvements in propellant fraction, 

engine volume & cost. 

 

Optimizing a Multistage Rocket:Optimizing a Multistage Rocket:Optimizing a Multistage Rocket:Optimizing a Multistage Rocket:    

 Payload ratio of single stage is P

F S

M
L

M M
=

+
 

 MF – Propellant mass 

 MS – Structural mass 

 MP – Payload mass 

 Structural efficiency S

F S

M

M M
σ =

+
 

 Mass ratio 1 L
R

Lσ
+

=
+
 

 The payload ratio is a measure of the usefulness of the rocket 

and the structural coefficient is a measure of degree of optimization of 

engineering design. Heavy engines increases the structural co-efficient 

which in turn decreases the mass-ratio. 
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 In multistage rockets, the payload for the first stage is the 

combined mass of second & third stages, and then the payload for the 

second stage is the third stage.  So the lower stage should have bigger 

share of propellant than the upper stages, in order for the mass ratio to 

be same. 

 Representing the Fractional mass of three stages by A, B & C. 

 A B C B C
R

B C C

+ + +
= =

+
(Mass ratio of the first two stages) 

 For optimization of third stage the R is given as, 

 
P S

C
R

M Mγ
=

+
 

 γ – Fraction of propellant & structure to be assigned to the 

third stage. 

 
P S

C
M M

R
γ+ =  

 
S P

C
M M

R
γ = −           R = 4.64 

 ( )                  B ( ) F S F SA M M M Mα β= + = +  

 If each stage has the same mass ratio means the velocity 

increment also remains same. 

 Depending on the application, the parameters can be changed 

inorder to improve the vehicle performance. 

 Ex:  The mixture ratio of hydrogen – oxygen engines for 

maximum specific impulse is 3.6, but most engines operate at mixture 

ratio between 5 & 6.  This allows the reduced mass for the propellant 

tanks which results in increased vehicle velocity & reduced vehicle 

drag.  The selection of best nozzle area will also increase the vehicle’s 

performance. 
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Questions:Questions:Questions:Questions:    

1. Describe about the staging of rockets. 

2. A three stage rocket with each stage having 3 tonnes of 

structural mass and 30 tonnes of fuel and a payload of 1 tonne. 

Find its final velocity when, Ve=4000 m/s. 

3. Explain about the orbital elements. 

4. Give details about the launch vehicle trajectories. 
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UNUNUNUNIT IT IT IT 8888    

SPACECRAFT 

    

    

    
    

Preliminary Concepts Preliminary Concepts Preliminary Concepts Preliminary Concepts of of of of Space Space Space Space and and and and SpacecraftSpacecraftSpacecraftSpacecraft    

    Space is the boundless three-dimensional extent in 

which objects and events have relative position and direction. The 

concept of space is considered to be of fundamental importance to an 

understanding of the physical universe. 

 

SpacecraftSpacecraftSpacecraftSpacecraft    

    A spacecraft is a vehicle, or machine designed to fly in outer 

space.  Spacecraft are used for a variety of purposes, including 

communications, earth observation, meteorology, navigation, space 

colonization, planetary exploration, and transportation of humans and 

cargo. 

A spacecraft system comprises various subsystems, depending 

on the mission profile. Spacecraft subsystems comprise the spacecraft's 

"bus" and may include attitude determination and control, guidance, 

navigation and control, communications, command and data handling,               

power, thermal control, propulsion, and structures.  

    PPPPrrrreeeellllimimimimiiiinnnnaaaaryryryry    ccccoooonnnncccceeeeppppttttssss    ooooffff    ssssppppaaaacccceeee,,,,    ssssppppacacacacececececrrrraaaafffftttt....    IIIIntrntrntrntroooodddduuuucccctitititioooonnnn    

totototo    mmmmannedannedannedanned    andandandand    uuuunmannmannmannmannnnneeeed d d d ssssppppaaaacccceeee    mimimimissssssssiiiioooonnnnssss....    SSSSppppaaaaceccecceccecrrrraaaafffft pt pt pt poooowwwweeeerrrr    

ggggeeeennnneeeerrrraaaatitititioooonnnn....    LLLLiiiiffffeeee    susususuppppppppoooorrrrt t t t ssssyyyysssstttteeeemmmm    ffffoooorrrr    mmmmaaaannnnnnnned ed ed ed spspspspaaaacccceeee    mmmmiiiissssssssiiiioooonnnns.s.s.s.    

MMMMaaaatttteeeerrrriiiiaaaalllls fors fors fors for    spaspaspaspacccceeeeccccrrrraaaafffftttt: : : : SSSSeleeleeleeleccccttttionionionionssss    ooooffff    mmmmaaaateteteterrrriiiiaaaallllssss    ffffoooorrrr    

ssssppppacacacaceeeeccccrrrraaaafffftttt----spespespespecccciiiial al al al rrrrequiequiequiequirrrremeemeemeemennnnttttssss    oooof f f f mamamamatttteeeerrrriaiaiaiallllssss    ttttoooo    perperperperfffforororormmmm    

unununundededederrrr    advadvadvadveeeerrrrsssseeee    ccccondondondondiiiittttiiiioooonnnnssss----aaaabbbbllllaaaattttiiiivvvve e e e matmatmatmateeeerrrrialialialialssss. . . . LiLiLiLiffffeeee    timtimtimtimeeee    

eeeesssstimatitimatitimatitimatioooonnnn    ffffoooorrrr    aaaa    ssssatatatateeeellitllitllitlliteeee....    



Space Mechanics and Launch Vehicles 

 

 

Dr. R. Mukesh 106 

AttitudAttitudAttitudAttitude controle controle controle control 

A Spacecraft needs an attitude control subsystem to be 

correctly oriented in space and respond to external torques and forces 

properly. The attitude control subsystem consists of sensors and 

actuators, together with controlling algorithms. 

    

GNCGNCGNCGNC 

Guidance refers to the calculation of the commands needed to 

steer the spacecraft where it is desired to be. Navigation means 

determining a spacecraft's orbital elements or position. Control means 

adjusting the path of the spacecraft to meet mission requirements.  

 

Command and Data HandlingCommand and Data HandlingCommand and Data HandlingCommand and Data Handling 

The CDH subsystem receives commands from the 

communications subsystem, performs validation and decoding of the 

commands, and distributes the commands to the appropriate spacecraft 

subsystems and components. The CDH also receives housekeeping 

data and science data from the other spacecraft subsystems and 

components, and packages the data for storage on a data recorder or 

transmission to the ground via the communications subsystem. Other 

functions of the CDH include maintaining the spacecraft clock and 

state-of-health monitoring. 

 

CommunicationsCommunicationsCommunicationsCommunications 

Spacecraft, both robotic and crewed, utilize various 

communications systems for communication with terrestrial stations as 

well as for communication between spacecraft in space. Technologies 

utilized include RF and optical communication. In addition, some 

spacecraft payloads are explicitly for the purpose of ground–ground 

communication using receiver/retransmitter electronic technologies. 
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PowerPowerPowerPower 

Spacecraft need an electrical power generation and distribution 

subsystem for powering the various spacecraft subsystems. For 

spacecraft near the Sun, solar panels are frequently used to generate 

electrical power. Spacecraft designed to operate in more distant 

locations, for example Jupiter, might employ a radioisotope 

thermoelectric generator (RTG) to generate electrical power. Electrical 

power is sent through power conditioning equipment before it passes 

through a power distribution unit over an electrical bus to other 

spacecraft components. Batteries are typically connected to the bus via 

a battery charge regulator, and the batteries are used to provide 

electrical power during periods when primary power is not available, 

for example when a low Earth orbit (LEO) spacecraft is eclipsed by 

Earth. 

    

StructuresStructuresStructuresStructures 

Spacecraft must be engineered to withstand launch loads 

imparted by the launch vehicle, and must have a point of attachment 

for all the other subsystems. Depending on mission profile, the 

structural subsystem might need to withstand loads imparted by entry 

into the atmosphere of another planetary body, and landing on the 

surface of another planetary body. 

 

Thermal controlThermal controlThermal controlThermal control 

    Spacecraft must be engineered to withstand transit through 

Earth's atmosphere and the space environment. They must operate in a 

vacuum with temperatures potentially ranging across hundreds of 

degree Celsius as well as (if subject to reentry) in the presence of 

plasmas. Material requirements are such that either high melting 

temperature, low density materials such as beryllium and reinforced 

carbon–carbon or tungsten or ablative carbon–carbon composites are 
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used. The thermal control subsystem can be passive, dependent on the 

selection of materials with specific radiative properties. 

    

Spacecraft propulsionSpacecraft propulsionSpacecraft propulsionSpacecraft propulsion 

 A propulsion system is also needed for spacecraft that perform 

momentum management maneuvers. Components of a conventional 

propulsion subsystem include fuel, tankage, valves, pipes, and thrusters. 

The thermal control system interfaces with the propulsion subsystem 

by monitoring the temperature of those components, and by 

preheating tanks and thrusters in preparation for a spacecraft 

maneuver. 

 

PayloadPayloadPayloadPayload 

The payload depends on the mission of the spacecraft, and is 

typically regarded as the part of the spacecraft "that pays the bills". 

Typical payloads could include scientific instruments (came(came(came(cameras, ras, ras, ras, 

telescopes, or particle detectors), cargo, or a human crew.telescopes, or particle detectors), cargo, or a human crew.telescopes, or particle detectors), cargo, or a human crew.telescopes, or particle detectors), cargo, or a human crew.    

    

Ground segmentGround segmentGround segmentGround segment 

The ground segment, though not technically part of the 

spacecraft, is vital to the operation of the spacecraft. Typical 

components of a ground segment in use during normal operations 

include a mission operations facility where the flight operations team 

conducts the operations of the spacecraft, a data processing and storage 

facility, ground stations to radiate signals to and receive signals from 

the spacecraft, and a voice and data communications network to 

connect all mission elements. 

    

Launch vehicleLaunch vehicleLaunch vehicleLaunch vehicle 

The launch vehicle propels the spacecraft from Earth's surface, 

through the atmosphere, and into an orbit, the exact orbit being 
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dependent on the mission configuration. The launch vehicle may 

be expendable or reusable.  

 

Unmanned Space MissionsUnmanned Space MissionsUnmanned Space MissionsUnmanned Space Missions 

Unmanned space missions use remote-controlled spacecraft.  

The first unmanned space mission was Sputnik I, launched 

October 4, 1957 to orbit the Earth. Space missions where animals but 

no humans are on-board are considered unmanned missions. 

    

Manned Space MissionsManned Space MissionsManned Space MissionsManned Space Missions 

Human spaceflightHuman spaceflightHuman spaceflightHuman spaceflight (also referred to as manned spaceflightmanned spaceflightmanned spaceflightmanned spaceflight) 

is space travel with a crew aboard the spacecraft. When a spacecraft is 

crewed, it can be operated directly, as opposed to being remotely 

operated or autonomous. 

    

Spacecraft power generationSpacecraft power generationSpacecraft power generationSpacecraft power generation    

Electrical power systemElectrical power systemElectrical power systemElectrical power system    
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Energy StorageEnergy StorageEnergy StorageEnergy Storage 

Silver Silver Silver Silver Zinc CellsZinc CellsZinc CellsZinc Cells 

i) Wide use in industry 

ii) High energy density, high discharge rate capability, fast 

response 

iii) Short lifetime 

iv) Vent gas during discharge 

v) Potentially rechargeable but few cycles 

    

Lithium CellsLithium CellsLithium CellsLithium Cells 

i. Higher energy density than silver zinc 

ii. Wide temperature range 

iii. Low discharge rate (high internal impedance) 

 - Rapid discharge may cause rupture 

iv. Slow response  

    

Nickel Cadmium CellsNickel Cadmium CellsNickel Cadmium CellsNickel Cadmium Cells 

i. Long space heritage 

ii. High cycle life, high specific energy 

iii. Relatively simple charge control systems 
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iv. Battery reconditioning necessary to counteract reduction in 

output voltage after   3000 cycles. 

    

Nickel Hydrogen CellsNickel Hydrogen CellsNickel Hydrogen CellsNickel Hydrogen Cells 

i. Potentially longer life than NiCads 

- Hydrogen gas negative electrode eliminates some 

failure modes 

- Highly tolerant of high overcharge rates and reversal 

ii. Individual, common and single pressure vessel types. 

 

Lithium Ion CelLithium Ion CelLithium Ion CelLithium Ion Cellslslsls 

i. Recently developed system, may provide distinct advantages 

over NiCd and NiH2. 

ii. Operating voltage is 3.6 to 3.9 v which reduces the number of 

cells. 

iii. 65% volume advantage and 50% mass advantage over state of 

the art systems. 

    

Fuel CellsFuel CellsFuel CellsFuel Cells 

i. Output voltage per cell 0.8 volts in practice 

ii. Consumes hydrogen and oxygen, produces water as by-

product (1 Pint/kW h) 

iii. High specific power (275 W/kg) 

iv. Shuttle fuel cells produce 16 kW peak 

v. Reaction is reversible so regenerative fuel cells are possible.  

 

Fuel Cells:Fuel Cells:Fuel Cells:Fuel Cells: 

Er   – -∆G/nF 

∆G  –  Change in Gibbs free energy 

n  –  No of electrons transferred 

F  –  Faraday constant (9.65 X 104 c/mol) 
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1)  Ex: In Reaction of H2/O2 cell, two electrons are transferred per 

mole of water formed and ∆G has a value of -237.2 KJ/mol at 

25oC. 

 Er = -∆G/nF = (-237.2 x 103) / (2 x 9.65 x 104) 

  = 1.23 V 

 

Radioisotope Thermoelectric GeneratorsRadioisotope Thermoelectric GeneratorsRadioisotope Thermoelectric GeneratorsRadioisotope Thermoelectric Generators 

i. Used in some interplanetary missions 

ii. Natural decay of radioactive material provides high 

temperature source 

iii. Temperature gradient between the p-n junction provides the 

electrical output 

iv. High temperatures 

- Lead telluride (300 – 500 deg C, silicon germanium > 600 

deg C 

v. Excess heat must be removed from the spacecraft. 

    

Advantages of RTGsAdvantages of RTGsAdvantages of RTGsAdvantages of RTGs 

a. Do not require sunlight to operate 

b. Long lasting and relatively insensitive to the chilling cold of 

space and virtually invulnerable to high radiation fields. 

c. RTGs provide longer mission lifetimes than solar power 

systems. 

- Supplied with RTGs, the Viking landers operated on 

Mars for four and six years respectively. 

- By Comparison, the 1997 Mars pathfinder spacecraft, 

which used only solar and battery power, operated 

only three months. 
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d. They are lightweight and compact.   In the kilowatt range, 

RTGs provide more power for less mass (when compared to 

solar arrays and batteries). 

e. No moving parts or fluids, conventional RTGs highly reliable. 

f. RTGs are safe and flight-proven.  They are designed to 

withstand any launch and re-entry accidents 

g. RTGs are maintenance free. 

    

Disadvantages of RTGsDisadvantages of RTGsDisadvantages of RTGsDisadvantages of RTGs 

a. The nuclear decay process cannot be turned on and off.  An 

RTGs is active from the moment when the radioisotopes are 

inserted into the assembly, and the power output decreases 

exponentially with time. 

b. An RTG must be cooled and shielded constantly. 

c. The conversion efficiency is normally only 5%. 

d. Radioisotopes, and hence the RTGs themselves, are expensive. 

 

Flywheel Energy Storage Modules (FESM) could replace batteries Flywheel Energy Storage Modules (FESM) could replace batteries Flywheel Energy Storage Modules (FESM) could replace batteries Flywheel Energy Storage Modules (FESM) could replace batteries 

on Earthon Earthon Earthon Earth----orbit satellitesorbit satellitesorbit satellitesorbit satellites 

i. While in sunlit orbit, the motor will spin the flywheel to a 

fully charged speed 

- Generator mode will take over to discharge the 

flywheel and power the satellite during the eclipse 

phase 

- Present flywheel technology is about four times better 

than present battery technology on a power stored vs. 

weight comparison. 

ii. Weighing less than 130 lbs, the FESM is 18.4 in. in diameter 

by 15.9 in. in length 
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- Delivers 2 kW h of useful energy for a typical 37 

minute LEO eclipse cycle 

- High speed of up to 60000 rpm 

iii. The current average for commercial GSO storage is 2400 lbs 

of batteries, which is decreased to 720 lbs with an equivalent 

FESM. 

iv. Honeywell has developed an integrated flywheel energy storage 

and attitude control reaction wheel. 

- Energy stored in non-angular momentum change 

mode 

 

Solar CellsSolar CellsSolar CellsSolar Cells 

a. Long heritage, high reliability power source 

b. High specific power, low specific cost 

c. Elevated temperature reduce cell performance 

d. Radiation reduces performance and lifetime 

e. Most orbits will require energy storage systems to 

accommodate eclipses. 

    

Solar Array ConstructionSolar Array ConstructionSolar Array ConstructionSolar Array Construction 

a. Construct arrays with cells in series to provide the required 

voltage 

b. Parallel strings provide required current 

c. Must plan for minimum performance requirements 

- Radiation affects at end of life, eclipse seasons and 

warm cells. 

Shadowing can cause cell hot spots and potentially cascading failure. 
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Power Distribution SystemsPower Distribution SystemsPower Distribution SystemsPower Distribution Systems 

a. Power switching usually accomplished with mechanical or 

solid-state FET relays 

b. Load profiles drive PDS design 

c. DC-DC converters isolate systems on the power bus 

d. Centralized power conversion used on small spacecraft 

e. Fault detection, isolation and correction 

    

PPT Power DistribPPT Power DistribPPT Power DistribPPT Power Distribution Systemsution Systemsution Systemsution Systems 

 Peak Power Tracker (PPT) extract the exact power required 

from the solar array 

 -  Uses DC to DC converter in series with the array 

 -  Dynamically changes the solar array’s operating point 

 -  Requires 4 – 7% of the solar array power to operate 

 

Det Power Regulation SystemsDet Power Regulation SystemsDet Power Regulation SystemsDet Power Regulation Systems 

a. Directed Energy Transfer (DET) systems dissipates unneeded 

power. 

- Typically use shunt resistors to maintain bus voltage at 

a predetermined level 

- Shunt resistors are usually at the array or external 

banks of resistors to avoid internal heating. 

Typical for systems less than 100 W. 

    

Life Support System Life Support System Life Support System Life Support System for for for for Manned Space MissionsManned Space MissionsManned Space MissionsManned Space Missions 

 In human spaceflight, a life support systemlife support systemlife support systemlife support system is a group of 

devices that allow a human being to survive in space. The life support 

system may supply air, water and food. It must also maintain the 

correct body temperature, an acceptable pressure on the body and deal 

with the body's waste products.  
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 Shielding against harmful external influences such as radiation 

and micro-meteorites may also be necessary. Components of the life 

support system are life-critical, and are designed and constructed 

using safety engineering techniques.  

 

Human physiological and metabolic needsHuman physiological and metabolic needsHuman physiological and metabolic needsHuman physiological and metabolic needs 

 A crewmember of typical size requires approximately 5 kg or 

11.0231 lb(total) of food, water, and oxygen per day to perform the 

standard activities on a space mission, and outputs a similar amount in 

the form of waste solids, waste liquids, and carbon dioxide. The mass 

breakdown of these metabolic parameters is as follows: 0.84 kg of 

oxygen, 0.62 kg of food, and 3.52 kg of water consumed, converted 

through the body's physiological processes to 0.11 kg of solid wastes, 

3.87 kg of liquid wastes, and 1.00 kg of carbon dioxide produced. 

These levels can vary due to activity level, specific to mission 

assignment, but will correlate to the principles of mass balance. Actual 

water use during space missions is typically double the specified values 

mainly due to non-biological use (i.e. personal cleanliness).  

 Additionally, the volume and variety of waste products varies 

with mission duration to include hair, finger nails, skin flaking, and 

other biological wastes in missions exceeding one week in length. Other 

environmental considerations such as radiation, gravity, noise, 

vibration, and lighting also factor into human physiological response in 

space, though not with the more immediate effect that the metabolic 

parameters have. 

 

AtmosphereAtmosphereAtmosphereAtmosphere 

 Space life support systems maintain atmospheres composed, at 

a minimum, of oxygen, water vapor and carbon dioxide. The partial 

pressure of each component gas adds to the overall barometric pressure. 
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 By reducing or omitting diluents (constituents other than 

oxygen, e.g., nitrogen and argon) the total pressure can be lowered to a 

minimum of 21 k Pa, the partial pressure of oxygen in the Earth's 

atmosphere at sea level. This can lighten spacecraft structures, reduce 

leaks and simplify the life support system. 

 Most modern crewed spacecraft use conventional air 

(nitrogen/oxygen) atmospheres and use pure oxygen only in pressure 

suits during extravehicular activity where acceptable suit flexibility 

mandates the lowest inflation pressure possible. 

    

WaterWaterWaterWater 

 Water is consumed by crew members through drinking, 

cleaning activities, thermal control, and emergency uses. It must be 

stored, used, and reclaimed (from waste water) efficiently since no on-

site sources currently exist for the environments reached in the course 

of human space exploration.  

 

FoodFoodFoodFood 

 Life support systems could include a plant cultivation system 

which allows food to be grown within buildings and/or vessels. 

However, no such system has flown in space as yet. Such a system 

could be designed so that it reuses most (otherwise lost) nutrients. This 

is done, for example, by composting toilets which reintegrate waste 

material (excrement) back into the system, allowing the nutrients to be 

taken up by the food crops. The food coming from the crops is then 

consumed again by the system's users and the cycle continues.  

 

Selection Selection Selection Selection of of of of Materials Materials Materials Materials for for for for SpacecraftSpacecraftSpacecraftSpacecraft 

 An important factor that must be considered when designing a 

structure for space is the type of materials the structure will utilize. 

Choosing the proper materials will provide the optimal operational 
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environment for the structure. The materials selected must meet three 

main criteria. These criteria are the number of launches required, the 

structural support provided, and the ability to survive the space 

environment. 

    

Number of LaunchesNumber of LaunchesNumber of LaunchesNumber of Launches 

 Among the main criteria considered in material selection, the 

number of launches required to transport an SPS is one of the most 

important factors. The number of launches is directly related to cost.  

    

Survivability of Space Environment Survivability of Space Environment Survivability of Space Environment Survivability of Space Environment  

 The survivability of materials in space also influences material 

selection. The interaction between the materials and the space 

environment must be intensely considered to design an effective 

spacecraft. The spacecraft must be able to survive many elements of the 

space environment. These elements of the harsh space environment 

include radiation, magneticinclude radiation, magneticinclude radiation, magneticinclude radiation, magnetic    influences, plasma fields, large thermal influences, plasma fields, large thermal influences, plasma fields, large thermal influences, plasma fields, large thermal 

differentials, near zero atmospheric pressure, and travelling debris.differentials, near zero atmospheric pressure, and travelling debris.differentials, near zero atmospheric pressure, and travelling debris.differentials, near zero atmospheric pressure, and travelling debris. 

 

Structural SupportStructural SupportStructural SupportStructural Support 

 A third criteria that must be considered when choosing 

materials for spacecraft is the amount of structural support the material 

will provide. Any material must supply the required amount of 

structural support to prevent the structure from folding or bucklingfolding or bucklingfolding or bucklingfolding or buckling. 

Specifically, the SPS structure must keep the array planar and pointed 

continuously at the sun. A material must resistmaterial must resistmaterial must resistmaterial must resist    fracture and fatigue, fracture and fatigue, fracture and fatigue, fracture and fatigue, 

while possessing high strength and stiffness. The structure must while possessing high strength and stiffness. The structure must while possessing high strength and stiffness. The structure must while possessing high strength and stiffness. The structure must 

also be able to withstand gravitational forces from the sun, Earth, also be able to withstand gravitational forces from the sun, Earth, also be able to withstand gravitational forces from the sun, Earth, also be able to withstand gravitational forces from the sun, Earth, 

and moon. and moon. and moon. and moon.  

 These gravitational forces acting on the structure were 

calculated to be: 
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 Fsun = 0.00581 N (0.001306 lbf)  

 Fearth = 0.3172 N (0.0713 lbf)  

 Fmoon = 0.000009 N (0.0000064 lbf) 

 

Selecting MaterialsSelecting MaterialsSelecting MaterialsSelecting Materials 

 Selecting materials for a spacecraft, whether it be for use in the 

structure or in the onboard systems follows a similar procedure to the 

selection of materials for any engineering product. 

 Material selection involves converting a set of inputs – the 

design specification – into a set of outputs which are the viable 

materials.  Choice of material may involve: 

a. Analysis 

b. Synthesis 

c. Similarity 

d. Inspiration  

 

    AnalysisAnalysisAnalysisAnalysis is the procedure with which engineers are generally 

most at ease.  The inputs are the technical requirements which are 

obtained from an analysis of the components for which the material analysis of the components for which the material analysis of the components for which the material analysis of the components for which the material 

is to be usedis to be usedis to be usedis to be used.  This is then used to identify or to develop equations 

that measure the material performance requirements.  Constraints in 

the material choice are identified, and the process leads to material 

properties which then enable a choice to be made. 

 SynthesisSynthesisSynthesisSynthesis is based on previous experienceprevious experienceprevious experienceprevious experience.  Material selection 

involves looking at other “solved” design problems that have features 

common with the “new” problem.  Difficulties in this approach are 

that since the process depends on previous experience, innovation or 

radically new solutions are not immediately obvious. 

 SimilaritySimilaritySimilaritySimilarity is similar to the synthesis approach.  Can be 

particularly applicable to spacecraft systems in that the component 
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design may be close to that used before, but perhaps a material change 

is needed for environment material should match the properties of that 

material previously used except in the areas of concern.  

 

InspirationInspirationInspirationInspiration 

 Material selections may be the result of a sudden flash of sudden flash of sudden flash of sudden flash of 

inspirationinspirationinspirationinspiration, but the approach is unlikely to be particularly applicable 

to spacecraft and spacecraft systems as the design requirements and the 

operating environment are so rigid. 

 

Environment concerns fall into two categories, 

 Firstly there is the operating environment of the product, the 

temperature, the atmosphere in which the product will be used, and 

the acceptable service life.  In the current climate of litigation, some 

thought might also be put into the potential liability if the product 

should fail. 

 The second aspect of environmental consideration is the 

recyclability or disposal of the product at the end of its life, but for 

many spacecraft this is not an important issue.  

 Material possess a combination of properties, and the choice is 

usually made because one particular property is more applicable to the 

design requirement. 

 

The overall material properties can be loosely grouped into: 

a. Mechanical 

b. Chemical 

c. Physical 

    

MechanicaMechanicaMechanicaMechanical properties are: 

 Strength 

 Stiffness 
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 Ductility 

 Toughness 

and these are important in the load bearing structure of a spacecraft. 

 

ChemicalChemicalChemicalChemical properties are: 

 Oxidation resistance 

 UV resistance 

 Radiation resistance 

 Outgassing or sublimation 

 These properties assume a much greater importance in 

spacecraft where the operating environment is more severe than on 

earth and where materials that are stable on earth may suffer 

degradation processes. 

    

Physical Physical Physical Physical Properties are: 

 Density 

 Thermal conductivity 

 Electrical conductivity 

 Magnetic properties 

Of these, density, and therefore mass is particularly important, but for 

the systems the electrical and magnetic properties and more particularly 

the way in which these may be affected by the environment are crucial.  

 

Materials can be considered to fall into four groupings. 

i) Plastics 

ii) Metals 

iii) Ceramics 

iv) Composites 

 Each of these groups have their characteristic general 

properties. 
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In general, plastics are: 

∗ Weak 

∗ Compliant (i.e. deform easily) 

∗ Durable (don’t corrode, although degrade in UV conditions), 

and wear easily. 

∗ Temperature sensitive (few plastics have a working 

temperature above 100oC) 

∗ Electrically insulating  

∗ Low thermal conductivity  

 

Metals are: 

 Strong, strength can be modified by alloying or by heat 

treating. 

∗ Ductile – can be bent into shape. 

∗ Stiff, characterised by a high Young’s modulus 

∗ Tough, making crack propagation difficult and producing 

good fatigue and impact performance. 

∗ Electrically conducting 

∗ High thermal conductivity 

∗ Generally wear well, although some metals are poor with 

regard to corrosion. 

 

The main properties of ceramics are: 

∗ Strong 

∗ Brittle – break easily in tension 

∗ Durable for both wear and corrosion 

∗ Electrically insulating 

∗ Have a low thermal conductivity  
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 Composites have a wide range of properties according to the 

volume fraction of fibers in the composite and the material used for the 

fibers and the matrix.  However, in general, composites are: 

∗ Strong 

∗ Stiff 

∗ Light (have a low density) 

 A disadvantage is that most composites are anisotropic (their 

properties vary in different directions).  

 

    PropertyPropertyPropertyProperty    

General Cost 

Density 

Mechanical Elastic modulus 

Shear modulus 

Strength 

Fracture toughness 

Fatigue endurance 

Thermal Conductivity 

Specific heat 

Melting point 

Glass transition temperature 

Creep resistance 

Wear  Wear constant 

Corrosion Corrosion rate 

 

The component performance is described by the equation 

 p – f [Functional requirement (F), Geometry (G), Material 

property (M)] 

 

Where f means “some function of” 

 p = performance = f [F,G,M] 

 

If the parameters are separated, then 
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 p = f 1(F) f 2(G) f 3(M) 

Where f1, f2& f3 are separate functions which can be multiplied 

together.  

 The performance of all F & G can be maximised by 

maximisingf3(M).  The material choice therefore becomes independent 

of the design, it is the same for all geometries. 

f3(M) is the material selection index. 

 The combination of the F and G factors to the overall 

performance is related to the structural efficiency or the structural 

index.  

 

Developing Material Selection IndicesDeveloping Material Selection IndicesDeveloping Material Selection IndicesDeveloping Material Selection Indices    

1. Define the design requirements    

a. What does the component do? (What is its 

FUNCTION?) 

b. What is to be maximised or minimised? (What is the 

OBJECTIVE) 

c. What are the essential requirements that must be met? 

(stiffness, strength, corrosion resistance, etc.,), and what 

are the CONSTRAINTS? 

d. Develop an equation for the objective in terms of the 

functional requirements, the geometry, and the material 

properties.  This is known as the Objective Function. 

    

2. Identify free variable in the objective function (i.e. variables 

that are not fixed by the design requirements, but which 

influence the objective function).  Be careful not to include 

material properties in these. 



Space Mechanics and Launch Vehicles 

 

 

Dr. R. Mukesh 125 

3. Develop equations for the constraints (e.g. no yield, no 

buckling, restricted deflection etc.,).  These equation usually 

come from the basic engineering behaviour equations. 

4. With material properties, loading, geometry conditions, etc., 

5. Use the constraint equations to isolate expressions for the free 

variables identified in step 3, and substitute these into the 

objective function developed in step 2.  This will produce an 

equation based on the objective function, but which no longer 

has the free variables.  The variables remaining in this equation 

will only be those concerned with material properties, loading, 

geometry, conditions, etc., 

6. Group the variables in the equat6ion into the three groups.  (1. 

Functional Requirements (F), 2. Geometry (G), 3. Material 

properties (M)) 

i. Performance characteristics =  f 1(F) f 2(G) f 3(M) 

7. From this read the material index M which maximises the 

performance characteristic. 

 

Qualifying MaterialsQualifying MaterialsQualifying MaterialsQualifying Materials 

 Use of the selection index approach shows that the 

requirements for materials to be used in the structure of a spacecraft are 

those of specific strength (strength/ unit mass) and specific stiffness 

(stiffness/ unit mass).  In each case materials having the higher value are 

preferable (assuming other considerations are met)  

 

Aluminium (and its alloys)Aluminium (and its alloys)Aluminium (and its alloys)Aluminium (and its alloys) 

 ρ=2698 kg m-3, melting point=933.5 K 

∗ Most commonly used conventional material (used for 

hydrazine and nitrous oxide propellant tanks). 

∗ Low density, good specific strength 
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∗ Weldeable, easily workable (can be extruded, cast, machined 

etc). 

∗ Cheap and widely available 

∗ Doesn’t have a high absolute strength and has a low melting 

point (933 K). 

 

Magnesium (and its alloys)Magnesium (and its alloys)Magnesium (and its alloys)Magnesium (and its alloys) 

 ρ=1738 kg m-3, melting point=922 K 

∗ Higher stiffness, good specific strength 

∗ Less workable than aluminium. 

∗ Is chemically active and requires a surface coating (thus 

making is more expensive to produce). 

 

Titanium (and alloys)Titanium (and alloys)Titanium (and alloys)Titanium (and alloys) 

 ρ=4540 kg m-3, melting point=1933 K 

∗ Light weight with high specific strength 

∗ Stiff than aluminium (but not as stiff as steel) 

∗ Corrosion resistant 

∗ High temperature capability 

∗ Are more brittle (less ductile) than aluminium/steel. 

∗ Lower availability, less workable than aluminium (6 times 

more expensive than stainless steel). 

∗ Used for pressure tanks, fuels tanks, high speed vehicle skins. 

 

Ferrous alloys (particularly stainlessFerrous alloys (particularly stainlessFerrous alloys (particularly stainlessFerrous alloys (particularly stainless    steel)steel)steel)steel) 

 ρ =7874 kg m-3, melting point (Fe)=1808 K 

∗ Have high strength 

∗ High rigidity and hardness 

∗ Corrosion resistant 
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∗ High temperature resistance (1200K) 

∗ Cheap 

∗ Many applications in spacecraft despite high density (screws, 

bolts are all mostly steel). 

 

Austenitic steAustenitic steAustenitic steAustenitic steels (high temperature formation)els (high temperature formation)els (high temperature formation)els (high temperature formation) 

∗ Non-magnetic. 

∗ No brittle transition temperature. 

∗ Weldable, easily machined. 

∗ Cheap and widely available. 

∗ Susceptible to hydrogen embrittlement (hydrogen adsorbed 

into the lattice make the alloy brittle). 

∗ Used in propulsion and cryogenic systems. 

 

Beryllium (BeCu)Beryllium (BeCu)Beryllium (BeCu)Beryllium (BeCu) 

 ρ=1848 kg m-3, melting point=1551 K 

∗ Stiffest naturally occurring material (beryllium metal doesn’t 

occur naturally but its compounds do). 

∗ Low density, high specific strength 

∗ High temperature tolerance 

∗ Expensive and difficult to work 

∗ Toxic (corrosive to tissue and carcinogenic) 

∗ Low atomic number and transparent to X-rays 

∗ Pure metal has been used to make rocket nozzles. 

 

 

Other alloysOther alloysOther alloysOther alloys 

‘Inconel’ (An alloy of Ni and Co) 

∗ High temperature applications such as heat shields and 

rocket nozzles. 



Space Mechanics and Launch Vehicles 

 

 

Dr. R. Mukesh 128 

∗ High density (>steel, 8200 km m-3). 

a. Aluminium-lithium 

∗ Similar strength to aluminium but several percent lighter. 

b. Titanium-aluminide 

∗ Brittle, but lightweight and high temperature resistant. 

 

Refractory metals:Refractory metals:Refractory metals:Refractory metals: 

Main metals are W, Ta, Mo, Nb. 

∗ Generally high density. 

∗ Tend to be brittle/less ductile than aluminium and steel. 

∗ Specialised uses. 

 

Carbon and boron reinforced plasticsCarbon and boron reinforced plasticsCarbon and boron reinforced plasticsCarbon and boron reinforced plastics 

∗ High strength and stiffness 

∗ Excellent thermal properties 

a. Low expansivity 

b. High temperature stability 

∗ Used for load bearing structures 

 E.g. spacecraft struts 

a. Titanium end fittings. 

 

MetalMetalMetalMetal----matrix composites:matrix composites:matrix composites:matrix composites: 

∗ Metals can overcome limits of epoxy resin (‘GFRP’ etc have to 

be stuck together, or bonded inside a resin). 

∗ E.g. aluminium matrix containing boron, carbon or silicon-

carbide fibres. 

∗ Problem: the molten aluminium can react with fibres (e.g. 

graphite) and coatings. 

∗ Boron stiffened aluminium used as a tubular truss structure. 
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Films, fabrics and plasticsFilms, fabrics and plasticsFilms, fabrics and plasticsFilms, fabrics and plastics 

MylarMylarMylarMylar 

∗ Most commonly used plastic 

∗ Strong transparent polymer 

∗ Can be formed into long sheets from 1µm thick and upwards 

∗ Can be coated with a few angstroms of aluminium to make 

thermally reflective ‘thermal blankets’ 

 

KaptonKaptonKaptonKapton 

∗ Polyimide (e.g. ‘Vespel’) 

∗ High strength and temperature resistance (also used for 

thermal blankets) 

∗ Low outgassing  

∗ Susceptible (like most polymers) to atomic oxygen erosion and 

is thus coated with metal film (normally gold or aluminium) 

or teflon. 

 

Teflon (PTFE Teflon (PTFE Teflon (PTFE Teflon (PTFE ––––    polytetraflouroethylene) and polyethylenepolytetraflouroethylene) and polyethylenepolytetraflouroethylene) and polyethylenepolytetraflouroethylene) and polyethylene 

∗ Smooth and inert 

∗ Good specific strength 

∗ Can be used as bearings, rub rings etc. without the need for 

lubricants (which can freeze and outgas). 

 

 Properties to be considered when selecting a material for use in 

space vehicles. 

∗ Strength 

∗ Stiffness 

∗ Mass 

∗ Corrosion resistance 
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∗ Fatigue performance 

∗ Thermal effects 

∗ Outgassing 

∗ Embrittlement 

∗ Radiation 

 

StrengthStrengthStrengthStrength 

 Required to resist launch and re-entry forces. 

 Launch forces-dependent upon payload mass 

 low mass payload-high acceleration - ~ 14g 

 high mass payload (eg space shuttle )low acceleration~3g 

 

Shock loadsShock loadsShock loadsShock loads 

 transition from subsonic to supersonic flight firing of explosive 

bolts for stage separation  

 Impact from space debris space debris space debris space debris [space debris also called as space 

junk created by Humans. E.g. Spent rocket stages dust and slug from 

solid rocket motors,.], meteoritesmeteoritesmeteoritesmeteorites [meteorites is a natural object 

originating in outer space] etc. 

 Shell needs to be strong enough to protect occupants or 

instruments 

 Cold makes many materials brittle 

 Heat makes materials softer (affects stiffness not strength) 

 A high vacuum environment enhance strength. 

 E.g. glass has threefold increase in strength in atmosphere of  

10-3   atmospheric pressure 

 

StiffnessStiffnessStiffnessStiffness 

 The material stiffness is dependent upon the E value (Young’s 

modulus). 
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 It influences the deformation under load, and affects the 

natural frequency of vibration (vibration occurs due to the running of 

machinery, and acoustic and Buffeting effects, particularly on launch). 

 

Mass (material density)Mass (material density)Mass (material density)Mass (material density) 

 Launch costs are a function of weight, and may be $50000 per 

kg, hence mass of the spacecraft needs to be a minimum. 

 The best material may not have lowest absolute density, as 

other properties need to be considered together with me material 

density. 

 Hence the use of “specific strength”, “specific stiffness” 

etc.(strength/kg, stiffness/kg)in material selection. 

e.g. A titanium alloy of density 4400 kg/m3  has a greater density than 

an aluminium alloy with a density of 2700 kg/m3. However the yield 

strength of the Ti is about 825Mpa and that of the al. about 300Mpa, 

so that the specific strength (strength/density) of the titanium is 0.1875 

and that of the al. alloy 0.111, making  the titanium a better performer 

for a stress related application. 

 However, titanium costs approximately 110 $US/kg, whereas 

aluminium is about 9.5 $US/kg.  If material costs are taken into 

account, the strength/cost ratio of the two materials becomes 20.6 

Mpa/$US for the Al.  Showing that if a large amount of material is to 

be used, the extra cost of the Ti need to be considered. 

    

Corrosion ResistanceCorrosion ResistanceCorrosion ResistanceCorrosion Resistance    

 There are two main types, stress corrosion and electrolytic 

action. 

 Stress corrosion occurs when materials under tension form 

microcracks at grain boundaries.  The presence of a corrosive medium 

can cause these cracks to develop leading to material failure at a stress 

well below that normally considered safe for the material. 
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 The problem of stress corrosion may be more acute in regions 

of welds, because the heat involved in the welding process may cause 

discontinuities in the microstructure of the material. 

 The European space agency has produced a rating of the 

resistance to stress corrosion cracking (SCC) for the commonly used 

metallic materials. 

 Electrolytic corrosion is the result of galvanic action between 

to dissimilar materials that are in contact in the presence of a suitable 

electrolyte.  A galvanic cell is therefore produced in which material 

from the anode is eroded and deposited on the cathode.  

 

Material selection for corrosion resistanceMaterial selection for corrosion resistanceMaterial selection for corrosion resistanceMaterial selection for corrosion resistance 

∗ Choose alloys having good SCC performance 

∗ Use conservative stress levels 

∗ Detailed inspection of areas of likely stress concentrations and 

weld areas 

∗ Removal of residual stresses introduced by the manufacturing 

process 

∗ Avoidance of material combinations that give galvanic action. 

∗ Avoidance of corrosive atmospheres.  

 

FatigueFatigueFatigueFatigue 

∗ Fatigue is the growth of cracks under cyclic loading until the 

cracks reach a critical length and fast fracture occurs.  Loads 

must be cyclic and involve tensile forces. 

∗ Cyclic loads may be occur due to the running of machinery, to 

vibrations at launch, to acoustic effects, or to restrained 

thermal expansion/contraction (which gives rise to thermally 

induced stresses). 
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∗ Fatigue life is generally improved by a high vacuum 

environment.  The improvement can be as much as an order of 

magnitude.  

∗ This is thought to be due to either the easier diffusion of 

oxygen or gas into the bulk material, or because  at low 

vacuum pressures, gases are absorbed into surface cracks 

thereby hindering crack propagation. 

 

CreepCreepCreepCreep 

∗ Creep is the deformation [change in shape due to an applied 

force] with time under a steady load. 

∗ Creep is not seen as a particular problem in spacecraft 

structures mainly because the materials used (as specified by 

other constraints) tend to have good creep resistance.  

 

Thermal ProblemsThermal ProblemsThermal ProblemsThermal Problems 

 Mainly come from the cyclic heating/cooling as an orbiting 

spacecraft passes in and out of the earth’s shadow.  Effects are to give a 

potentially cyclic load which if resisted can produce fatigue conditions. 

 

OutgassingOutgassingOutgassingOutgassing 

 Sometimes termed sublimationsublimationsublimationsublimation, this is the vaporization of vaporization of vaporization of vaporization of 

surface atoms from a materialsurface atoms from a materialsurface atoms from a materialsurface atoms from a material in an ambient pressure that is 

comparable with its own vapour pressure.  Such pressures (10-11 Pa to 

10-15 Pa) occur at spacecraft altitudes. 

 The rate of the process increases with temperature but unless 

the temperature is very high the rate of sublimation is low.  

 The effect of outgassing is that the material erodes from the 

surface, but the rate is sufficiently low that structural problems are 

considered unlikely. 
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 More important is that the outgassing products can be 

deposited on other components causing problems on optical or 

electrical components. 

 Traditional lubricants have a high vapour pressure, so outgas 

rapidly.  Hence specialized lubricants are necessary.  

 

EmbrittlementEmbrittlementEmbrittlementEmbrittlement 

 Embrittlement is material damage caused by exposure to material damage caused by exposure to material damage caused by exposure to material damage caused by exposure to 

UV radiationUV radiationUV radiationUV radiation.  It particularly affects polymer materials, and in 

spacecraft causes difficulties with solar panels on which both the cover 

sheets and the adhesives used darken thereby reducing the panel 

efficiency. 

 

Atomic oxygen erosionAtomic oxygen erosionAtomic oxygen erosionAtomic oxygen erosion 

 Occurs because atomic oxygen forms a major element of the 

atmosphere for space flight, particularly in low earth orbit (LEO).  

Atomic oxygen provides an aggressive environment for materials due to 

chemical activity, and also because the orbit velocity of the spacecraft 

means that atomic oxygen particles will be travelling at about 8km/s 

relative to the spacecraft itself.  

 Interaction between atomic oxygen and spacecraft surfaces 

produces erosion, formation of voids, scattering and reflection and 

chemical luminescent glow. 

 The effect of this is to degrade the optical, thermal, mechanical 

and electrical properties of the materials.  This process is irreversible, 

and must be considered when selecting materials. 

 An ablative heat shield consists of a layer of plastic resin; the 

outer surface of which is heated to a gas which carries the heat away 

by convection. Such shields were used on the Mercury, Gemini and 

Apollo spacecraft. 
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Ablative Ablative Ablative Ablative material for spacecraftmaterial for spacecraftmaterial for spacecraftmaterial for spacecraft 

a. The dissipation of heat generated by atmospheric friction, 

especially in the atmospheric reentry of a spacecraft or missile, 

by means of a melting heat shield. 

b. The reduction or removal of heat protective surface material by 

aerodynamic friction as from a heat shield.  

 In spacecraft design, ablation is used to both cool and protect 

mechanical parts and/or payloads that would otherwise be damaged by 

extremely high temperatures. Two principal applications are heat 

shields for spacecraft entering a planetary atmosphere from space and 

cooling of rocket engine nozzles. 

 

AblationAblationAblationAblation    

∗ Ablation is a means of thermal protection based on 

physicochemical transformations of solid substances by 

convective or radiation heat flow. 

In other wordsIn other wordsIn other wordsIn other words    

∗ Ablation is energy management through material 

consumption. 

Ablative Materials for HeatshieldsAblative Materials for HeatshieldsAblative Materials for HeatshieldsAblative Materials for Heatshields    

∗ Ablative materials for heatshield design are typically 

composites. 

∗ Composite materials are made from two or more constituent 

materials with significantly different physical or chemical 

properties, that when combined, produce a material with 

characteristics different from the individual components. The 

individual components remain separate and distinct within the 

finished structure. 



Space Mechanics and Launch Vehicles 

 

 

Dr. R. Mukesh 136 

∗ Reinforcement materials include carbon, glass, and/or organic 

polymers that can react with the flowfield gases to oxidize, 

melt, or sublimate 

∗ Matrix materials are usually polymer resins like phenolic or 

silicone that react and decompose when heated, losing mass 

and leaving some carbon behind (charring) 

 

How an AblatorHow an AblatorHow an AblatorHow an Ablator    WorksWorksWorksWorks    

∗ Hot gases in the boundary layer convectively heat the surface 

∗ Radiant flux from the shock layer heat the surface 

∗ Heat is either re-radiated out or conducted into the surface 

∗ The polymer in the composite begins to decompose and 

pyrolysis gases are formed, carbon remains and a char layer 

begins to form 

∗ The thermal front moves through the material, causing more 

decomposition 

∗ The pyrolysis gases, formed deeper in the composite are at a 

lower temperature than the near surface char, so as they flow 

through the char, they cool it  

∗ The charred surface reacts (oxidation, sublimation, etc)  with 

the boundary layer and material is removed, causing recession 

(this may be either exo- or endothermic) 

∗ As the pyrolysis and gases formed at the surface blow into the 

boundary layer, they thicken it and reduce the convective 

heating  
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Lifetime Lifetime Lifetime Lifetime of of of of SpacecrafSpacecrafSpacecrafSpacecraf    

Thefactors limit the lifetime of a spacecraft are listed below, 

i. Power System duration 

ii. Mechanical wear 

– a. thermal cycling 

– b. impact damage 

– c. operational vibration 

– d. friction wear 

iii. radiation damage 

Material choices 

 

Power System DurationPower System DurationPower System DurationPower System Duration 

 There is no more fundamental need on a spacecraft than a 

source of power. Except for some of the earliest satellites, spacecraft are 

fundamentally electronic systems. 

 While the radio-thermal generator is a long duration device, 

their primary failure point is the corrosion of the thermocouples. The 

470We output of the Voyager probe is now significantly reduced - it 
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should, based upon the fuel decay, still be around 350We... but it's 

under 300 watts at present. Many earlier generation probes have ceased 

function due to RTG thermocouple corrosion. 

 Solar panels also degrade over time, tho' how fast is a 

combination of other factors. Still, when the solar fails, the satellite is 

dead. 

 A full nuclear reactor is one of the most compact and powerful 

sources of electricity for spacecraft. It has the issues of the thermal to 

electric conversion systems, not dissimilar to those of RTGs, of 

corrosion and radiation damage, plus the limit of fuel. Once the fuel is 

used, it's used. Further, the fuel decays whether or not it is used; for 

uranium-233, 234, 235, 238, the decay is trivial, but can itself cause 

damage to other systems.  

 

Mechanical WearMechanical WearMechanical WearMechanical Wear 

 Several sources of mechanical wear are important. The most 

important is the thermal cycling thermal cycling thermal cycling thermal cycling ----    as an object heats, it expands as an object heats, it expands as an object heats, it expands as an object heats, it expands 

(with a few exceptions, like water below 4°C), and as it cools, (with a few exceptions, like water below 4°C), and as it cools, (with a few exceptions, like water below 4°C), and as it cools, (with a few exceptions, like water below 4°C), and as it cools, 

contracts. This can cause flexion and brittleness, and even cracking contracts. This can cause flexion and brittleness, and even cracking contracts. This can cause flexion and brittleness, and even cracking contracts. This can cause flexion and brittleness, and even cracking 

of components.of components.of components.of components. The sources of this include operation of instruments, 

received sunlight, and venting of operational fluids (intentional or not). 

 Most spacecraft are in motion. This means also that they are 

likely to encounter other objects in the local space environment. 

Impact with such objects is a pImpact with such objects is a pImpact with such objects is a pImpact with such objects is a primary cause of failures of solar rimary cause of failures of solar rimary cause of failures of solar rimary cause of failures of solar 

panels, and can cause failures of a variety of sensors as wellpanels, and can cause failures of a variety of sensors as wellpanels, and can cause failures of a variety of sensors as wellpanels, and can cause failures of a variety of sensors as well. It's also 

both quite predictable for low level events (like solar wind damage), 

and quite unpredictable for high energy events (what people might 

term "impacts"). 

 Operational vibration can be generated by instrument vibration can be generated by instrument vibration can be generated by instrument vibration can be generated by instrument 

operational cycling, motors to move instruments, and minor operational cycling, motors to move instruments, and minor operational cycling, motors to move instruments, and minor operational cycling, motors to move instruments, and minor 
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impactsimpactsimpactsimpacts. As with thermal expansion, this results in flexion damage of 

the same kinds. It's also noted for loosening connectors if they are not 

properly designed; most space agencies account for this. 

 Friction wear is any wear caused by part A moving over part 

B.It's usually predictable, but is also a source of heating, and thus the 

mechanical wear of thermal expansion. Most friction wear is 

predictable for spacecraft; for landers/rovers, it's less so, due to 

environmental variables. 
    

Radiation DamageRadiation DamageRadiation DamageRadiation Damage 

 Radiation has multiple effects on spacecraft. 

 Radiation can directly set values in solid-state electronics; the 

smaller the microcircuitry, the more impact this has. This effect is 

usually not significant in terms of long-term lifespan, but can result in 

sudden terminations due to altered code. It's also routinely shielded 

against. 

 Radiation on materials, especially alpha and beta versus metals, 

can result in isotopic changes and/or fission (even of normally "non-

fissionable" materials); over time, this can progressively result in 

changes in conductivity, brittleness, and tensile strength. These changes 

are particularly slow, but are part of the considerations needed for 

RTGs and Nuclear Reactors. 

 Radiation can also do direct damage to circuitry by removing 

bits of circuit (particulate), or by overloading circuitry (EMF and 

electron radiation).These can be shielded against, and are generally 

predictable, but subject to variations. 

 The largest issue with radiation is that spacecraft carry multiple 

radiation sources - antennae, RTGs and/or nuclear reactors - and must 

be designed to account for both onboard and offboard sources.  
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Material ChoicesMaterial ChoicesMaterial ChoicesMaterial Choices 

 Not all materials used are long-term stable. Some are chosen 

for their very reactivity - this is true of reagents in chemical 

experiments, and of fuels - and others for specific properties during the 

expected operational lifespan. 

 Examples of reactivity by choice include hydrazine for 

thrusters, and the many chemistry experiments on various Martian 

landers. 

 Examples of specific desired properties include gasket materials 

on fuel systems - the gaskets are a weak point and decay over time, but 

are stable enough for their expected durations. The gaskets used on the 

NASA SRB's are a different material than the gaskets on, say, a set of 

compressed gas valves, or on an ISS airlock door. 

    

Questions:Questions:Questions:Questions:    

1. Discuss about the special requirements of spacecraft materials 

to perform under adverse conditions. 

2. Describe about the spacecraft power generation. 

3. Give details about the life time estimation for a satellite. 
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