
“Space Flight Dynamics”.

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

Two-Body Orbital Mechanics

Topic : Introduction

Topic Objective:

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

 Spaceflight

 History

 Reentry and landing/splashdown

 Reentry

 Landing

 Recovery

 Expendable launch systems

 Reusable launch systems

 Space disasters

 Space weather

 Environmental considerations

 Spacecraft

 Human spaceflight

 Weightlessness

 Radiation

 Interplanetary spaceflight

 Life support

 Interstellar spaceflight
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 Intergalactic spaceflight

 Astrodynamics

 Spacecraft propulsion

 Costs, market and uses of spaceflight

Definition/Overview:

Spaceflight: Spaceflight is the use of space technology to achieve the flight of spacecraft into

and through outer space.

Key Points:

1. Spaceflight

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 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 the 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.
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2. History

The realistic proposal of space travel goes back to Konstantin Tsiolkovsky. His most famous

work, "Исследование мировых пространств реактивными приборами" (The Exploration of

Cosmic Space by Means of Reaction Devices), was published in 1903, but this theoretical work

was not widely influential outside of Russia.

Spaceflight became an engineering possibility with the work of Robert H. Goddard's publication

in 1919 of his paper 'A Method of Reaching Extreme Altitudes'; where his application of the de

Laval nozzle to liquid fuel rockets gave sufficient power that interplanetary travel became

possible. He also proved in the laboratory that rockets would work in the vacuum of space; not

all scientists of that day believed they would. This paper was highly influential on Hermann

Oberth and Wernher Von Braun, later key players in spaceflight.

The first rocket to reach space was a prototype of the German V-2 Rocket, on a test flight on

October 3, 1942, although sub-orbital flight is not considered a spaceflight in Russia. On October

4, 1957, the Soviet Union launched Sputnik 1, which became the first artificial satellite to orbit

the Earth. The first human spaceflight was Vostok 1 on April 12, 1961, aboard which Soviet

cosmonaut Yuri Gagarin made one orbit around the Earth. The lead architects behind the Soviet

space program's Vostok 1 mission were the rocket scientists Sergey Korolyov and Kerim

Kerimov.

Rockets remain the only currently practical means of reaching space. Other non-rocket

spacelaunch technologies such as scramjets still fall far short of orbital speed.
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3. Reentry and landing/splashdown

3.1 Reentry

Vehicles in orbit have large amounts of kinetic energy. This energy must be discarded if the

vehicle is to land safely without vaporizing in the atmosphere. Typically this process requires

special methods to protect against aerodynamic heating. The theory behind reentry is due to

Harry Julian Allen. Based on this theory, reentry vehicles present blunt shapes to the

atmosphere for reentry. Blunt shapes mean that less than 1% of the kinetic energy ends up as

heat that reaches the vehicle and the heat energy instead ends up in the atmosphere.

4. Landing

The Mercury, Gemini, and Apollo capsules all landed in the sea. These capsules were designed

to land at relatively slow speeds. Russian capsules for Soyuz make use of braking rockets as

were designed to touch down on land. The Space Shuttle glides into a touchdown at high speed.

5. Recovery

After a successful landing the spacecraft, its occupants and cargo can be recovered. In some

cases, recovery has occurred before landing: while a spacecraft is still descending on its

parachute, it can be snagged by a specially designed aircraft. This mid-air retrieval technique was

used to recover the film canisters from the Corona spy satellites.
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6. Expendable launch systems

All current spaceflight except NASA's Space Shuttle and the SpaceX Falcon 1 use multi-stage

expendable launch systems to reach space.

7. Reusable launch systems

The first reusable spacecraft, the X-15, was air-launched on a suborbital trajectory on July 19,

1963. The first partially reusable orbital spacecraft, the Space Shuttle, was launched by the USA

on the 20th anniversary of Yuri Gagarin's flight, on April 12, 1981. During the Shuttle era, six

orbiters were built, all of which have flown in the atmosphere and five of which have flown in

space. The Enterprise was used only for approach and landing tests, launching from the back of a

Boeing 747 and gliding to deadstick landings at Edwards AFB, California. The first Space

Shuttle to fly into space was the Columbia, followed by the Challenger, Discovery, Atlantis, and

Endeavour. The Endeavour was built to replace the Challenger when it was lost in January 1986.

The Columbia broke up during reentry in February 2003.

The first (and so far only) automatic partially reusable spacecraft was the Buran (Snowstorm),

launched by the USSR on November 15, 1988, although it made only one flight. This spaceplane

was designed for a crew and strongly resembled the U. S. Space Shuttle, although its drop-off

boosters used liquid propellants and its main engines were located at the base of what would be

the external tank in the American Shuttle. Lack of funding, complicated by the dissolution of the

USSR, prevented any further flights of Buran.

Per the Vision for Space Exploration, the Space Shuttle is due to be retired in 2010 due mainly to

its old age and high cost of the program reaching over a billion dollars per flight. The Shuttle's

human transport role is to be replaced by the partially reusable Crew Exploration Vehicle (CEV)

no later than 2014. The Shuttle's heavy cargo transport role is to be replaced by expendable

rockets such as the Evolved Expendable Launch Vehicle (EELV) or a Shuttle Derived Launch

Vehicle.

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

5
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



Scaled Composites SpaceShipOne was a reusable suborbital spaceplane that carried pilots Mike

Melvill and Brian Binnie on consecutive flights in 2004 to win the Ansari X Prize. The

Spaceship Company will build its successor SpaceShipTwo. A fleet of SpaceShipTwos operated

by Virgin Galactic should begin reusable private spaceflight carrying paying passengers in 2008 .

8. Space disasters

All launch vehicles contain a huge amount of energy that is needed for some part of it to reach

orbit. There is therefore some risk that this energy can be released prematurely and suddenly,

with significant effects. When a Delta II rocket exploded 13 seconds after launch on January 17,

1997, there were reports of store windows 10 miles (16 km) away being broken by the blast.

In addition, once in space, while space is a fairly predictable environment, there are risks of

accidental depressurisation, and the potential for failure of equipment that is often very newly

developed.

In 2004 the International Association for the Advancement of Space Safety was established in

the Netherlands to furthering international cooperation and scientific advancement in space

systems safety.

9. Space weather

Space weather is the concept of changing environmental conditions in outer space. It is distinct

from the concept of weather within a planetary atmosphere, and deals with phenomena involving

ambient plasma, magnetic fields, radiation and other matter in space (generally close to Earth but

also in interplanetary, and occasionally interstellar space). "Space weather describes the

conditions in space that affect Earth and its technological systems. Our space weather is a

consequence of the behavior of the sun, the nature of Earth's magnetic field, and our location in

the solar system."
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Space weather exerts a profound influence in several areas related to space exploration and

development. Changing geomagnetic conditions can induce changes in atmospheric density

causing the rapid degradation of spacecraft altitude in Low Earth orbit. Geomagnetic storms due

to increased solar activity can potentially blind sensors aboard spacecraft, or interfere with on-

board electronics. An understanding of space environmental conditions is also important in

designing shielding and life support systems for manned spacecraft.

10. Environmental considerations

Rockets as a class are not inherently grossly polluting. However, some rockets use toxic

propellants, and most vehicles use propellants that are not carbon neutral. Many solid rockets

have chlorine in the form of perchlorate or other chemicals, and this can cause temporary local

holes in the ozone layer. Re-entering spacecraft generate nitrates which also can temporarily

impact the ozone layer. Most rockets are made of metals that can have an environmental impact

during their construction.

In addition to the atmospheric effects there are effects on the near-Earth space environment.

There is the possibility that orbit could become inaccessible for generations due to exponentially

increasing space debris caused by spalling of satellites and vehicles (Kessler syndrome). Many

launched vehicles today are therefore designed to be re-entered after use.

11. Spacecraft

Spacecraft are vehicles capable of controlling their trajectory through space.

The first 'true spacecraft' is sometimes said to be Apollo Lunar Module, since this was the only

manned vehicle to have been designed for, and operated only in space; and is notable for its non

aerodynamic shape.
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12. Human spaceflight

The first human spaceflight was Vostok 1 on April 12, 1961, on which cosmonaut Yuri Gagarin

of the USSR made one orbit around the Earth. In official Soviet documents, there is no mention

of the fact that Gagarin parachuted the final seven miles. The international rules for aviation

records stated that "The pilot remains in his craft from launch to landing". This rule, if applied,

would have "disqualified" Gagarins space-flight. Currently the only spacecraft regularly used for

human spaceflight are Russian Soyuz spacecraft and the U.S. Space Shuttle fleet. Each of those

space programs have used other spacecraft in the past. Recently, the Shenzhou spacecraft has

been used twice for human spaceflight, as has SpaceshipOne.

13. Weightlessness

In a microgravity environment such as that provided by a spacecraft in orbit around the Earth,

humans experience a sense of "weightlessness." Short-term exposure to microgravity causes

space adaptation syndrome, a self-limiting nausea caused by derangement of the vestibular

system. Long-term exposure causes multiple health issues. The most significant is bone loss,

some of which is permanent, but microgravity also leads to significant deconditioning of

muscular and cardiovascular tissues.

14. Radiation

Once above the atmosphere, radiation due to the Van Allen belts, solar radiation and cosmic

radiation issues occur and increase.

Further away from the Earth, solar flares can give a fatal radiation dose in minutes, and cosmic

radiation would significantly increase the chances of cancer over a decade exposure or more.
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15. Life support

In human spaceflight, the life support system is a group of devices that allow a human being to

survive in outer space. NASA often uses the phrase Environmental Control and Life Support

System or the acronym ECLSS when describing these systems for its human spaceflight

missions. 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. 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.

16. Interplanetary spaceflight

Interplanetary travel is travel between planets within a single planetary system. In practice, the

use of the term is confined to travel between the planets of the Solar System.

17. Interstellar spaceflight

Five spacecraft are currently leaving the Solar System on escape trajectories. The one farthest

from the Sun is Voyager 1, which is more than 100 AU distant and is moving at 3.6 AU per year.

In comparison Proxima Centauri, the closest star other than the Sun, is 267,000 AU distant. It

will take Voyager 1 over 74,000 years to reach this distance. Vehicle designs using nuclear pulse

propulsion might be able to reach the nearest star in a few decades however.
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18. Intergalactic spaceflight

Intergalactic travel involves spaceflight between galaxies, and is considered much more

technologically demanding than even interstellar travel and, by current engineering terms, is

considered science fiction.

19. Astrodynamics

Astrodynamics is the study of spacecraft trajectories, particularly as they relate to gravitational

and propulsion effects. Astrodynamics allows for a spacecraft to arrive at its destination at the

correct time without excessive propellant use.

20. Spacecraft propulsion

Spacecraft today predominantly use rockets for propulsion, but other propulsion techniques such

as ion drives are becoming more common, particularly for unmanned vehicles, and this can

significantly reduce the vehicle's mass and increase its delta-v.

21. Costs, market and uses of spaceflight

Current spaceflights are frequently, but not invariably paid for by governments; but there are

strong launch markets such as satellite television that is purely commercial, although the

launchers themselves are often at least partly funded by governments.

Uses for spaceflight include:

 Earth observation satellites such as Spy satellites, weather satellites

 Space exploration

 Space tourism is a small market at present
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 Communication satellites

 Satellite navigation

There is growing interest in spacecraft and flights paid for by commercial companies and even

private individuals. It is thought that some of the high cost of access to space is due to

governmental inefficiencies; and certainly the costs of the governmental paperwork surrounding

NASA is legendary. If a commercial company were able to be more efficient, costs could come

down significantly. Space launch vehicles such as Falcon I have been wholly developed with

private finance, and the quoted costs for launch are lower.

Topic : Two-Body Orbital Mechanics

Topic Objective:

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

 Orbital Mechanics

 Rules Of Thumb

 History

 Practical Techniques

 Escape Velocity

 Formulae For Free Orbits

 Mathematical Techniques

 Conic Orbits

 The Patched Conic Approximation

 The Universal Variable Formulation

 Perturbations

 Non-Ideal Orbits
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Definition/Overview:

Orbital Mechanics or Astrodynamics: It is the application of celestial mechanics to the

practical problems concerning the motion of rockets and other spacecraft.

Key Points:

1. Orbital Mechanics

Orbital mechanics or astrodynamics is the application of celestial mechanics to the practical

problems concerning the motion of rockets and other spacecraft. The motion of these objects is

usually calculated from Newton's laws of motion and Newton's law of universal gravitation. It is

a core discipline within space mission design and control. Celestial mechanics treats more

broadly the orbital dynamics of systems under the influence of gravity, including both spacecraft

and natural astronomical bodies such as star systems, planets, moons, and comets. Orbital

mechanics focuses on spacecraft trajectories, including orbital maneuvers, orbit plane changes,

and interplanetary transfers, and is used by mission planners to predict the results of propulsive

maneuvers. General relativity is a more exact theory than Newton's laws for calculating orbits,

and is sometimes necessary for greater accuracy or in high-gravity situations (such as orbits close

to the Sun).

2. Rules Of Thumb

The following rules of thumb are useful for situations approximated by classical mechanics

under the standard assumptions of astrodynamics. The specific example discussed is of a satellite

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

12
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



orbiting a planet, but the rules of thumb could also apply to other situations, such as orbits of

small bodies around a star such as the Sun.

 Kepler's laws of planetary motion, which can be mathematically derived from Newton's

laws, hold strictly only in describing the motion of two gravitating bodies, in the absence

of non-gravitational forces, or approximately when the gravity of a single massive body

like the Sun dominates other effects:

o Orbits are either circular, with the planet at the center of the circle, or elliptical,

with the planet at one focus of the ellipse.

o A line drawn from the planet to the satellite sweeps out equal areas in equal times

no matter which portion of the orbit is measured.

o The square of a satellite's orbital period is proportional to the cube of its average

distance from the planet.

 Without firing a rocket engine (generating thrust), the height and shape of the satellite's

orbit won't change, and it will maintain the same orientation with respect to the fixed

stars.

 A satellite in a low orbit (or low part of an elliptical orbit) moves more quickly with

respect to the surface of the planet than a satellite in a higher orbit (or a high part of an

elliptical orbit), due to the stronger gravitational attraction closer to the planet.

 If a brief rocket firing is made at only one point in the satellite's orbit, it will return to that

same point on each subsequent orbit, though the rest of its path will change. Thus to

move from one circular orbit to another, at least two brief firings are needed.

 From a circular orbit, a brief firing of a rocket in the direction which slows the satellite

down, will create an elliptical orbit with a lower perigee (lowest orbital point) at 180

degrees away from the firing point, which will be the apogee (highest orbital point). If the

rocket is fired to speed the rocket, it will create an elliptical orbit with a higher apogee

180 degrees away from the firing point (which will become the perigee).

The consequences of the rules of orbital mechanics are sometimes counter-intuitive. For

example, if two spacecraft are in the same circular orbit and wish to dock, unless they are very

close, the trailing craft cannot simply fire its engines to go faster. This will change the shape of

its orbit, causing it to gain altitude and miss its target. One approach is to actually fire a reverse

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

13
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



thrust to slow down, and then fire again to re-circularize the orbit at a lower altitude. Because

lower orbits are faster than higher orbits, the trailing craft will begin to catch up. A third firing at

the right time will put the trailing craft in an elliptical orbit which will intersect the path of the

leading craft, approaching from below.

To the degree that the standard assumptions of astrodynamics do not hold, actual trajectories will

vary from those calculated. For example, simple atmospheric drag is another complicating factor

for objects in Earth orbit. These rules of thumb are decidedly inaccurate when describing two or

more bodies of similar mass, such as a binary star system. (Celestial mechanics uses more

general rules applicable to a wider variety of situations.) The differences between classical

mechanics and general relativity can also become important for large objects like planets.

3. History

Until the rise of space travel in the twentieth century, there was little distinction between orbital

and celestial mechanics. The fundamental techniques, such as those used to solve the Keplerian

problem (determining position as a function of time), are therefore the same in both fields.

Furthermore, the history of the fields is almost entirely shared.

Johannes Kepler was the first to successfully model planetary orbits to a high degree of accuracy,

publishing his laws in 1605. Isaac Newton published more general laws of celestial motion in his

1687 book, Philosophi Naturalis Principia Mathematica.

4. Practical Techniques

4.1 Transfer orbits

Transfer orbits allow spacecraft to move from one orbit to another. Usually they require a

burn at the start, a burn at the end, and sometimes one or more burns in the middle. The
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Hohmann transfer orbit typically requires the least delta-v, but any orbit that intersects both

the origin orbit and destination orbit may be used.

4.2 Gravity assist and the Oberth effect

In a gravity assist, a spacecraft swings by a planet and leaves in a different direction, at a

different velocity. This is useful to speed or slow a spacecraft instead of carrying more fuel.

This maneuver can be approximated by an elastic collision at large distances, though the

flyby does not involve any physical contact. Due to Newton's Third Law (equal and opposite

reaction), any momentum gained by a spacecraft must be lost by the planet, or vice versa.

However, because the planet is much, much more massive than the spacecraft, the effect on

the planet's orbit is negligible.

The Oberth effect can be employed, particularly during a gravity assist operation. This effect

is that use of a propulsion system works better at high speeds, and hence course changes are

best done when close to a gravitating body; this can multiply the effective delta-v.

4.3 Interplanetary Transport Network and fuzzy orbits

It is now possible to use computers to search for routes using the nonlinearities in the gravity

of the planets and moons of the solar system. For example, it is possible to plot an orbit from

high earth orbit to Mars, passing close to one of the Earth's Trojan points. Collectively

referred to as the Interplanetary Transport Network, these highly perturbative, even chaotic,

orbital trajectories in principle need no fuel (in practice keeping to the trajectory requires

some course corrections). The biggest problem with them is they are usually exceedingly

slow, taking many years to arrive. In addition launch windows can be very far apart.

They have, however, been employed on projects such as Genesis. This spacecraft visited

Earth's Lagrange L1 point and returned using very little propellant.
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4.4 Laws of astrodynamics

The fundamental laws of astrodynamics are Newton's law of universal gravitation and

Newton's laws of motion, while the fundamental mathematical tool is his differential

calculus.

Standard assumptions in astrodynamics include non-interference from outside bodies,

negligible mass for one of the bodies, and negligible other forces (such as from the solar

wind, atmospheric drag, etc.). More accurate calculations can be made without these

simplifying assumptions, but they are more complicated. The increased accuracy often does

not make enough of a difference in the calculation to be worthwhile.

Kepler's laws of planetary motion may be derived from Newton's laws, when it is assumed

that the orbiting body is subject only to the gravitational force of the central attractor. When

an engine thrust or propulsive force is present, Newton's laws still apply, but Kepler's laws

are invalidated. When the thrust stops, the resulting orbit will be different but will once again

be described by Kepler's laws. The three laws are:

o The orbit of every planet is an ellipse with the sun at one of the foci.

o A line joining a planet and the sun sweeps out equal areas during equal intervals

of time.

o The squares of the orbital periods of planets are directly proportional to the cubes

of the semi-major axis of the orbits.

5. Escape Velocity

The formula for escape velocity is easily derived as follows. The specific energy (energy per unit

mass) of any space vehicle is composed of two components, the specific potential energy and the

specific kinetic energy. The specific potential energy associated with a planet of mass M is given

by
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while the specific kinetic energy of an object is given by

Since energy is conserved, the total specific orbital energy

does not depend on the distance, r, from the center of the central body to the space vehicle in

question. Therefore, the object can reach infinite r only if this quantity is nonnegative, which

implies

The escape velocity from the Earth's surface is about 11 km/s, but that is insufficient to send the

body an infinite distance because of the gravitational pull of the Sun. To escape the solar system

from the vicinity of the Earth requires around 42 km/s velocity, but there will be "part credit" for

the Earth's orbital velocity for spacecraft launched from Earth, if their further acceleration (due

to the propulsion system) carries them in the same direction as Earth travels in its orbit.

6. Formulae For Free Orbits

Orbits are conic sections, so, naturally, the formula for the distance of a body for a given angle

corresponds to the formula for that curve in polar coordinates, which is:

.

The parameter θ is known as the true anomaly, p is the semi-latus rectum, while e is the

eccentricity, all obtainable from the various forms of the six independent orbital elements.
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Circular orbits

Although most orbits are elliptical in nature, a special case is the circular orbit, which is an

ellipse of zero eccentricity. The formula for the velocity of a body in a circular orbit at distance r

from the center of gravity of mass M is

where G is the gravitational constant, equal to

6.672 598 10−11 m3/(kgs2)

To properly use this formula, the units must be consistent; for example, M must be in kilograms,

and r must be in meters. The answer will be in meters per second.

The quantity GM is often termed the standard gravitational parameter, which has a different

value for every planet or moon in the solar system.

Once the circular orbital velocity is known, the escape velocity is easily found by multiplying by

the square root of 2:

7. Mathematical Techniques

7.1 Kepler's equation

One approach to calculating orbits (mainly used historically) is to use Kepler's equation:

.
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where M is the mean anomaly, E is the eccentric anomaly, and is eccentricity.

With Kepler's formula, finding the time-of-flight to reach an angle (true anomaly) of θ from

periapsis is broken into two steps:

o Compute the eccentric anomaly E from true anomaly θ

o Compute the time-of-flight t from the eccentric anomaly E

Finding the angle at a given time is harder. Kepler's equation is transcendental in E, meaning

it cannot be solved for E analytically, and so numerical approaches must be used. In effect,

one must guess a value of E and solve for time-of-flight; then adjust E as necessary to bring

the computed time-of-flight closer to the desired value until the required precision is

achieved. Usually, Newton's method is used to achieve relatively fast convergence.

The main difficulty with this approach is that it can take prohibitively long to converge for

the extreme elliptical orbits. For near-parabolic orbits, eccentricity e is nearly 1, and plugging

e = 1 into the formula for mean anomaly, E − sinE, we find ourselves subtracting two nearly-

equal values, and so accuracy suffers. For near-circular orbits, it is hard to find the periapsis

in the first place (and truly circular orbits have no periapsis at all). Furthermore, the equation

was derived on the assumption of an elliptical orbit, and so it does not hold for parabolic or

hyperbolic orbits at all. These difficulties are what led to the development of the universal

variable formulation, described below.

7.2 Perturbation theory

One can deal with perturbations just by summing the forces and integrating, but that is not

always best. Historically, variation of parameters has been used which is easier to

mathematically apply with when perturbations are small.
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8. Conic Orbits

For simple procedures, such as computing the delta-v for coplanar transfer ellipses, traditional

approaches[clarification needed] are fairly effective. Others, such as time-of-flight are far more

complicated, especially for near-circular and hyperbolic orbits.

9. The Patched Conic Approximation

The transfer orbit alone is a poor approximation for interplanetary trajectories because it neglects

the planets' own gravity. Planetary gravity dominates the behaviour of the spacecraft in the

vicinity of a planet. It severely underestimates delta-v, and produces highly inaccurate

prescriptions for burn timings.

A relatively simple way to get a first-order approximation of delta-v is based on the patched

conic approximation technique. One must choose the one dominant gravitating body in each

region of space through which the trajectory will pass, and to model only that body's effects in

that region. For instance, on a trajectory from the Earth to Mars, one would begin by considering

only the Earth's gravity until the trajectory reaches a distance where the Earth's gravity no longer

dominates that of the Sun. The spacecraft would be given escape velocity to send it on its way to

interplanetary space. Next, one would consider only the Sun's gravity until the trajectory reaches

the neighbourhood of Mars. During this stage, the transfer orbit model is appropriate. Finally,

only Mars's gravity is considered during the final portion of the trajectory where Mars's gravity

dominates the spacecraft's behaviour. The spacecraft would approach Mars on a hyperbolic orbit,

and a final retrograde burn would slow the spacecraft enough to be captured by Mars.

The size of the "neighborhoods" (or spheres of influence) vary with radius rSOI:
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where ap is the semimajor axis of the planet's orbit relative to the Sun; mp and ms are the masses

of the planet and Sun, respectively.

This simplification is sufficient to compute rough estimates of fuel requirements, and rough

time-of-flight estimates, but it is not generally accurate enough to guide a spacecraft to its

destination. For that, numerical methods are required.

10. The Universal Variable Formulation

To address the shortcomings of the traditional approaches, the universal variable formulation

was developed. It works equally well on circular, elliptical, parabolic, and hyperbolic orbits; and

also works well with perturbation theory. The differential equations converge nicely when

integrated for any orbit.

11. Perturbations

The universal variable formulation works well with the variation of parameters technique, except

now, instead of the six Keplerian orbital elements, we use a different set of orbital elements:

namely, the satellite's initial position and velocity vectors x0 and v0 at a given epoch t = 0. In a

two-body simulation, these elements are sufficient to compute the satellite's position and velocity

at any time in the future, using the universal variable formulation. Conversely, at any moment in

the satellite's orbit, we can measure its position and velocity, and then use the universal variable

approach to determine what its initial position and velocity would have been at the epoch. In

perfect two-body motion, these orbital elements would be invariant (just like the Keplerian

elements would be).

However, perturbations cause the orbital elements to change over time. Hence, we write the

position element as x0(t) and the velocity element as v0(t), indicating that they vary with time.

The technique to compute the effect of perturbations becomes one of finding expressions, either

exact or approximate, for the functions x0(t) and v0(t).
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12. Non-Ideal Orbits

The following are some effects which make real orbits differ from the simple models based on a

spherical earth. Most of them can be handled on short timescales (perhaps less than a few

thousand orbits) by perturbation theory because they are small relative to the corresponding two-

body effects.

 Equatorial bulges cause precession of the node and the perigee

 Tesseral harmonics of the gravity field introduce additional perturbations

 lunar and solar gravity perturbations alter the orbits

 Atmospheric drag reduces the semi-major axis unless make-up thrust is used

Over very long timescales (perhaps millions of orbits), even small perturbations can dominate,

and the behaviour can become chaotic. On the other hand, the various perturbations can be

orchestrated by clever astrodynamicists to assist with orbit maintenance tasks, such as station-

keeping, ground track maintenance or adjustment, or phasing of perigee to cover selected targets

at low altitude.

In Section 2 of this course you will cover these topics:
Geocentric Orbits And Trajectories

Time Of Flight

Topic : Geocentric Orbits And Trajectories

Topic Objective:

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

 Geocentric Orbits
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 Geocentric Orbit Types

 Altitude classifications

 Inclination classifications

 Directional classifications

 Geosynchronous classifications

 Special classifications

 Non-geocentric classifications

 Trajectory

 Physics of trajectories

Definition/Overview:

Geocentric Orbits: A geocentric orbit is an orbit of any object orbiting the Earth, such as the

Moon or artificial satellites.

Key Points:

1. Geocentric Orbits

A geocentric orbit is an orbit of any object orbiting the Earth, such as the Moon or artificial

satellites. Currently there are approximately 2465 artificial satellites orbiting the Earth and 6216

pieces of space debris as tracked by the Goddard Space Flight Center. Over 16,291 previously

launched objects have decayed into the Earth's atmosphere.
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2. Geocentric Orbit Types

The following is a list of different geocentric orbit classifications.

3. Altitude classifications

Low Earth Orbit (LEO) - Geocentric orbits ranging in altitude from 0 - 2000 km (0 - 1240

miles); one revolution takes 90 minutes, the speed is 8 kilometers per second.

Medium Earth Orbit (MEO) - Geocentric orbits ranging in altitude from 2000 km - to just below

geosynchronous orbit at 35,786 km (22,240 miles). Also known as an intermediate circular orbit.

Geosynchronous Orbit (GEO) - Geocentric orbit with an altitude of 35,786 km (22,236 statute

miles) above mean sea level. The period of the orbit coincides with the rotation period of the

earth: 24 hours; the speed is 3 km/s.

High Earth Orbit (HEO) - Geocentric orbit higher than 35,786 km (22,236 statute miles)

4. Inclination classifications

Inclined Orbit - An orbit whose inclination in reference to the equatorial plane is not 0.

Polar Orbit - A satellite that passes above or nearly above both poles of the planet on each

revolution. Therefore it has an inclination of (or very close to) 90 degrees.

Polar Sun-synchronous Orbit - A nearly polar orbit that passes the equator at the same local time

on every pass. Useful for image taking satellites because shadows will be the same on every

pass.
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4.1 Eccentricity classifications

Circular Orbit - An orbit that has an eccentricity of 0 and whose path traces a circle.

Hohmann transfer orbit - An orbital maneuver that moves a spacecraft from one circular

orbit to another using two engine impulses. This maneuver was named after Walter

Hohmann.

Elliptic Orbit - An orbit with an eccentricity greater than 0 and less than 1 whose orbit

traces the path of an ellipse.

Geosynchronous Transfer Orbit - A geocentric-elliptic orbit where the perigee is at the

altitude of a Low Earth Orbit (LEO) and the apogee at the altitude of a geosynchronous

orbit.

Geostationary Transfer Orbit - A geocentric-elliptic orbit where the perigee is at the

altitude of a Low Earth Orbit (LEO) and the apogee at the altitude of a geostationary

orbit.

Highly Elliptical Orbit (HEO) - Geocentric orbit with apogee above 35,786 km and low

perigee (about 1000 km) that result in long dwell times near apogee.

Molniya Orbit - A highly elliptical orbit with inclination of 63.4 and orbital period of of a

sidereal day (roughly 12 hours). Such a satellite spends most of its time over a designated

area of the planet.

Tundra Orbit - A highly elliptical orbit with inclination of 63.4 and orbital period of one

sidereal day (roughly 24 hours). Such a satellite spends most of its time over a designated

area of the planet.

Hyperbolic orbit - An orbit with the eccentricity greater than 1. Such an orbit also has a

velocity in excess of the escape velocity and as such, will escape the gravataional pull of

the planet and continue to travel infinitely.
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Parabolic Orbit - An orbit with the eccentricity equal to 1. Such an orbit also has a

velocity equal to the escape velocity and therefore will escape the gravatational pull of

the planet and travel until it's velocity relative to the planet is 0. If the speed of such an

orbit is increased it will become a hyperbolic orbit.

Escape Orbit (EO) - A high-speed parabolic orbit where the object has escape velocity

and is moving away from the planet.

Capture Orbit - A high-speed parabolic orbit where the object has escape velocity and is

moving toward the planet.

5. Directional classifications

Prograde orbit - an orbit in which the projection of the object onto the equatorial plane revolves

about the Earth in the same direction as the rotation of the Earth.

Retrograde orbit - an orbit in which the projection of the object onto the equatorial plane

revolves about the Earth in the direction opposite that of the rotation of the Earth.

6. Geosynchronous classifications

Semi-Synchronous Orbit (SSO) - An orbit with an altitude of approximately 20,200 km (12544.2

miles) and an orbital period of approximately 12 hours

Geosynchronous Orbit (GEO) - Orbits with an altitude of approximately 35,786 km (22,240

miles). Such a satellite would trace an analemma in the sky.

Geostationary orbit (GSO): A geosynchronous orbit with an inclination of zero. To an observer

on the ground this satellite would appear as a fixed point in the sky.

Clarke Orbit - Another name for a geostationary orbit. Named after the writer Arthur C. Clarke.
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Supersynchronous orbit - A disposal / storage orbit above GSO/GEO. Satellites will drift west.

Subsynchronous orbit - A drift orbit close to but below GSO/GEO. Satellites will drift east.

Graveyard Orbit - An orbit a few hundred kilometers above geosynchronous that satellites are

moved into at the end of their operation.

Disposal Orbit - A synonym for graveyard orbit.

Junk Orbit - A synonym for graveyard orbit.

7. Special classifications

Sun-synchronous Orbit - An orbit which combines altitude and inclination in such a way that the

satellite passes over any given point of the planet's surface at the same local solar time. Such an

orbit can place a satellite in constant sunlight and is useful for imaging, spy, and weather

satellites.

Moon Orbit - The orbital characteristics of Earth's Moon. Average altitude of 384,403 kilometres

(238,857 mi), elliptical-inclined orbit.

8. Non-geocentric classifications

Horseshoe Orbit - An orbit that appears to a ground observer to be orbiting a planet but is

actually in co-orbit with it. See asteroids 3753 (Cruithne) and 2002 AA29.

Exo-orbit - A maneuver where a spacecraft approaches the height of orbit but lacks the velocity

to sustain it.

Sub-Orbital Spaceflight - A synonym for Exo-orbit.
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9. Trajectory

Trajectory is the path of a moving object that it follows through space. The object might be a

projectile or a satellite, for example. It thus includes the meaning of orbit - the path of a planet,

an asteroid or a comet as it travels around a central mass. A trajectory can be described

mathematically either by the geometry of the path, or as the position of the object over time.

In control theory a trajectory is a time-ordered set of states of a dynamical system. In discrete

mathematics, a trajectory is a sequence of values calculated by the iterated

application of a mapping f to an element x of its source.

10. Physics of trajectories

A familiar example of a trajectory is the path of a projectile such as a thrown ball or rock. In a

greatly simplified model the object moves only under the influence of a uniform homogenous

gravitational force field. This can be a good approximation for a rock that is thrown for short

distances for example, at the surface of the moon. In this simple approximation the trajectory

takes the shape of a parabola. Generally, when determining trajectories it may be necessary to

account for nonuniform gravitational forces, air resistance (drag and aerodynamics). This is the

focus of the discipline of ballistics.

One of the remarkable achievements of Newtonian mechanics was the derivation of the laws of

Kepler, in the case of the gravitational field of a single point mass (representing the Sun). The

trajectory is a conic section, like an ellipse or a parabola. This agrees with the observed orbits of

planets and comets, to a reasonably good approximation. Although if a comet passes close to the

Sun, then it is also influenced by other forces, such as the solar wind and radiation pressure,

which modify the orbit, and cause the comet to eject material into space.

Newton's theory later developed into the branch of theoretical physics known as classical

mechanics. It employs the mathematics of differential calculus (which was, in fact, also initiated

by Newton, in his youth). Over the centuries, countless scientists contributed to the development
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of these two disciplines. Classical mechanics became a most prominent demonstration of the

power of rational thought, i.e. reason, in science as well as technology. It helps to understand and

predict an enormous range of phenomena. Trajectories are but one example.

Consider a particle of mass m, moving in a potential field V. Physically speaking, mass

represents inertia, and the field V represents external forces, of a particular kind known as

"conservative". That is, given V at every relevant position, there is a way to infer the associated

force that would act at that position, say from gravity. Not all forces can be expressed in this

way, however.

The motion of the particle is described by the second-order differential equation

with

On the right-hand side, the force is given in terms of, the gradient of the potential, taken at

positions along the trajectory. This is the mathematical form of Newton's second law of motion:

mass times acceleration equals force, for such situations.

Topic : Time Of Flight

Topic Objective:

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

 The Flight Time

 Sub-Orbital Spaceflight

 Orbital Spaceflight

 Leaving Orbit

 Other Ways Of Reaching Space
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 Launch Pads And Spaceports, Takeoff

Definition/Overview:

The Flight Time: The most commonly used definition of outer space is everything beyond the

Krmn line, which is 100 kilometers (62 mi) above the Earth's surface. (The United States

sometimes defines outer space as everything beyond 50 miles (80 km) in altitude.)

Key Points:

1. The Flight Time

The most commonly used definition of outer space is everything beyond the Krmn line, which is

100 kilometers (62 mi) above the Earth's surface. (The United States sometimes defines outer

space as everything beyond 50 miles (80 km) in altitude.)

In order for a projectile to reach outer space from the surface, it needs a minimum delta-v. This

velocity is much lower than escape velocity.

It is possible, indeed routine, for a spacecraft to leave a celestial body without reaching the

surface escape velocity of a body by propelling itself after take-off. However, it is more fuel-

efficient for a craft to burn its fuel as close to the ground as possible, keeping escape velocity a

consideration.
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2. Sub-Orbital Spaceflight

On a sub-orbital spaceflight the spacecraft reaches space, but does not achieve orbit. Instead, its

trajectory brings it back to the surface of the Earth. Suborbital flights can last many hours.

Pioneer 1 was NASA's first space probe intended to reach the Moon. A partial failure caused it to

instead follow a suborbital trajectory to an altitude of 113,854 kilometers (70,746 mi) before

reentering the Earth's atmosphere 43 hours after launch.

On May 17, 2004, Civilian Space eXploration Team launched the GoFast Rocket on a suborbital

flight, the first amateur spaceflight. On June 21, 2004, SpaceShipOne was used for the first

privately-funded human spaceflight.

3. Orbital Spaceflight

A minimal orbital spaceflight requires much higher velocities than a minimal sub-orbital flight,

and so it is technologically much more challenging to achieve. To achieve orbital spaceflight, the

tangential velocity around the Earth is as important as altitude. In order to perform a stable and

lasting flight in space, the spacecraft must reach the minimal orbital speed required for a closed

orbit.

4. Leaving Orbit

Achieving a closed orbit is not essential to interplanetary voyages, for which spacecraft need to

reach escape velocity. Early Russian space vehicles successfully achieved very high altitudes

without going into orbit. In its early Apollo mission planning NASA considered using a direct

ascent to the moon, but abandoned that idea later due to weight considerations. Many robotic

space probes to the outer planets use direct ascent -- they do not orbit the earth before departing.

It is possible, indeed routine, for a spacecraft to leave a celestial body without reaching the

surface escape velocity of a body by propelling itself after take-off. However, it is more fuel-
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efficient for a craft to burn its fuel as close to the ground as possible, keeping escape velocity a

consideration.

Plans for future crewed interplantary spaceflight missions often include final vehicle assembly in

Earth orbit, such as NASA's Project Orion and Russia's Kliper/Parom

tandem.

5. Other Ways Of Reaching Space

Many ways other than rockets to reach space have been proposed. Ideas such as the Space

Elevator, while elegant are currently infeasible; whereas electromagnetic launchers such as

launch loops have no known show stoppers. Other ideas include rocket assisted jet planes such as

Reaction Engines Skylon or the trickier scramjets. Gun launch has been proposed for cargo, but

this would incinerate the cargo due to air friction.

6. Launch Pads And Spaceports, Takeoff

A launch pad is a fixed structure designed to dispatch airborne vehicles. It generally consists of a

launch tower and flame trench. It is surrounded by equipment used to erect, fuel, and maintain

launch vehicles. A spaceport, by way of contrast, is designed to facilitate winged launch vehicles

and uses a long runway. Both spaceport and launch pads are situated well away from human

habitation for noise and safety reasons.

A launch is often restricted to certain launch windows. These windows depend upon the position

of celestial bodies and orbits relative to the launch site. The biggest influence is often the rotation

of the Earth itself. Once launched, orbits are normally located within relatively constant flat

planes at a fixed angle to the axis of the Earth, and the Earth rotates within this orbit.
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In Section 3 of this course you will cover these topics:
Interplanetary Tranfers

Vehicle And
Booster
Performance

Topic : Interplanetary Tranfers

Topic Objective:

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

 Interplanetary Transport Network

 Application To Interplanetary Travel

 Low-Thrust Transfer

 Worst Case, Maximum Delta-V

 Basic Procedures Of Hohmann Transfer To Lunar Orbit

 Example

 Calculation

 Interplanetary Tranfers

Definition/Overview:

The Hohmann Transfer Orbit: It is an orbital maneuver using two engine

impulses which, under standard assumptions, move a spacecraft between two
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coplanar circular orbits. This maneuver was named after Walter Hohmann, the

German scientist who published a description of it in 1925.

Key Points:

1. Interplanetary Tranfers

1.1 Hohmann transfer orbit

In orbital mechanics, the Hohmann transfer orbit is an orbital maneuver

using two engine impulses which, under standard assumptions, move a

spacecraft between two coplanar circular orbits. This maneuver was named

after Walter Hohmann, the German scientist who published a description of

it in 1925. In Soviet literature, such as Pionery Raketnoi Tekhniki, the term

Hohmann-Vetchinkin transfer orbit is sometimes used, citing the

presentation of the elliptical transfer concept by mathematician Vladimir

Vetchinkin in public lectures on interplanetary travel given 1921-1925.

1.2 Explanation

The Hohmann transfer orbit is one half of an elliptic orbit that touches both

the orbit that one wishes to leave (labeled 1 on diagram) and the orbit that

one wishes to reach (3 on diagram). The transfer (2 on diagram) is initiated

by firing the spacecraft's engine in order to accelerate it so that it will follow

the elliptical orbit; this adds energy to the spacecraft's orbit. When the

spacecraft has reached its destination orbit, its orbital speed (i.e., orbital

energy) must be increased again in order to make its new orbit circular; the
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engine is fired again to accelerate it to the required velocity.

The Hohmann transfer orbit is theoretically based on impulsive velocity

changes to create the circular orbits, therefore a spacecraft using a Hohmann

transfer orbit will typically use high thrust engines to minimize the amount

of extra fuel required to compensate for the non-impulsive maneuver. Low

thrust engines can perform an approximation of a Hohmann transfer orbit, by

creating a gradual enlargement of the initial circular orbit through carefully

timed engine firings. This requires a delta-v that is up to 141% greater than

the 2 impulse transfer orbit, and takes longer to complete.

Hohmann transfer orbits also work to bring a spacecraft from a higher orbit

into a lower one in this case, the spacecraft's engine is fired in the opposite

direction to its current path, decelerating the spacecraft and causing it to drop

into the lower-energy elliptical transfer orbit. The engine is then fired again

in the lower orbit to decelerate the spacecraft into a circular orbit.

2. Calculation

For a small body orbiting another (such as a satellite orbiting the earth), the total

energy of the body is just the sum of its kinetic energy and potential energy, and

this total energy also equals half the potential at the farthest point, 'a' (the semi-

major axis):

Solving this equation for velocity results in the Vis-viva equation,
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where:

 is the speed of an orbiting body

 is the standard gravitational parameter of the primary body

 is the distance of the orbiting body from the primary

 is the semi-major axis of the body's orbit

Therefore the delta-v required for the Hohmann transfer can be computed as

follows (this is only valid for instantaneous burns):

, Delta-v required at periapsis.

, Delta-v required at apoapsis.

where:

 is radius of lower orbit, and periapsis distance of Hohmann transfer

orbit,

 is radius of higher orbit, and apoapsis distance of Hohmann transfer

orbit.

Whether moving into a higher or lower orbit, by Kepler's third law, the time

taken to transfer between the orbits is:

(one half of the orbital period for the whole ellipse)

where:
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 is length of semi-major axis of the Hohmann transfer orbit.

3. Example

For the geostationary transfer orbit we have r2 = 42,164 km and e.g. r1 = 6,678

km (altitude 300 km).

In the smaller circular orbit the speed is 7.73 km/s, in the larger one 3.07 km/s.

In the elliptical orbit in between the speed varies from 10.15 km/s at the perigee

to 1.61 km/s at the apogee.

The delta-v's are 10.15 − 7.73 = 2.42 and 3.07 − 1.61 = 1.46 km/s, together 3.88

km/s.

Compare with the delta-v for an escape orbit: 10.93 − 7.73 = 3.20 km/s.

Applying a delta-v at the LEO of only 0.68 km/s more would give the rocket the

escape speed, while at the geostationary orbit a delta-v of 1.46 km/s is needed

for reaching the sub-escape speed of this circular orbit. This illustrates that at

large speeds the same delta-v provides more specific orbital energy, and, as

explained in gravity drag, energy increase is maximized if one spends the delta-v

as soon as possible, rather than spending some, being decelerated by gravity, and

then spending some more (of course, the objective of a Hohmann transfer orbit is

different).

4. Basic Procedures Of Hohmann Transfer To Lunar Orbit

These procedures assume that a Hohmann transfer computer has been installed

on the spaceship to calculate the delta-v and injection point. The procedures

begin after takeoff.
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1. After achiving low-earth orbit (LEO), the spaceship will burn main engines at

positive (or negative) orbital normal directions at ascending and descending

nodes to align orbits to reduce the relative inclination between the Moon's orbit

and the ships orbit.

2. Once the alignment is complete, computer must be set for the injection. This

is done by entering a delta-v value to the computer and setting an injection point

on the ships orbit.

3. At the injection point, main engines are fired at prograde direction until the

delta-v value the computer reads reaches zero. Main engines are killed once the

ship reaches orbital speed plus the delta-v.

In time, the ship will enter an orbit around the moon. Unless done accurately, the

ships orbt around the moon won't be perfect and will require a correction burn in

order to maintain a full orbit. After the orbit is achieved, the ship may boost

engines at retrograde direction to reduce orbital speed and get out of lunar orbit

to land on the moon.

5. Worst Case, Maximum Delta-V

A Hohmann transfer orbit from a given circular orbit to a larger circular orbit, in

the case of a single central body, costs the largest delta-v (53.6% of the original

orbital speed) if the radius of the target orbit is 15.6 (positive root of x3 − 15x2 −

9x − 1 = 0) times as large as that of the original orbit. For higher target orbits the

delta-v decreases again, and tends to times the original orbital speed

(41.4%). (The first burst tends to acceleration to the escape speed, the second

tends to zero.)
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6. Low-Thrust Transfer

It can be derived that going from one circular orbit to another by gradually

changing the radius costs a delta-v of simply the absolute value of the difference

between the two speeds. Thus for the geostationary transfer orbit 7.73 - 3.07 =

4.66 km/s, the same as, in the absence of gravity, the deceleration would cost. In

fact, acceleration is applied to compensate half of the deceleration due to

moving outward. Therefore the acceleration due to thrust is equal to the

deceleration due to the combined effect of thrust and gravity.

Such a low-thrust maneuver requires more delta-v than a 2-burn Hohmann

transfer maneuver, requiring more fuel (for a given engine design). However, if

only low-thrust maneuvers are required on a mission, then continuously firing a

very high-efficiency, low-thrust spacecraft propulsion engines might be able to

generate this higher delta-v using less fuel and a smaller engine than a high-

thrust engine using a "more efficient" Hohmann transfer maneuver. This is due

to the fact that low thrust high impulse engines require much longer burns to

achieve the delta-v required for Hohmann transfer. This is more efficient for a

small satellite because the additional mass of the propellant, especially for

electric propulsion systems, is lower than the added mass would be for a separate

high thrust system.

7. Application To Interplanetary Travel

When used to move a spacecraft from orbiting one planet to orbiting another, the

situation becomes somewhat more complex. For example, consider a spacecraft

travelling from the Earth to Mars. At the beginning of its journey, the spacecraft

will already have a certain velocity associated with its orbit around Earth this is

velocity that will not need to be found when the spacecraft enters the transfer

orbit (around the Sun). At the other end, the spacecraft will need a certain
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velocity to orbit Mars, which will actually be less than the velocity needed to

continue orbiting the Sun in the transfer orbit, let alone attempting to orbit the

Sun in a Mars-like orbit. Therefore, the spacecraft will have to decelerate and

allow Mars' gravity to capture it. Therefore, relatively small amounts of thrust at

either end of the trip are all that are needed to arrange the transfer. Note,

however, that the alignment of the two planets in their orbits is crucial the

destination planet and the spacecraft must arrive at the same point in their

respective orbits around the Sun at the same time.

A Hohmann transfer orbit will take a spacecraft from low Earth orbit (LEO) to

geosynchronous orbit (GEO) in just over five hours (geostationary transfer

orbit), from LEO to the Moon (lunar transfer orbit, LTO) in about 5 days and

from the Earth to Mars in about 259 days. However, Hohmann transfers are very

slow for trips to more distant points, so when visiting the outer planets it is

common to use a gravitational slingshot to increase speed in-flight.

8. Interplanetary Transport Network

In 1997, a set of orbits known as the Interplanetary Transport Network was

published, providing even lower-energy (though much slower) paths between

different orbits than Hohmann transfer orbits.

Topic : Vehicle And Booster Performance

Topic Objective:

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

 cOther uses

 Booster
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 Types of launch vehicles

 Vehicle assembly

 Derivation and related terms

 Suborbital launch vehicles

 Orbital Launch vehicles

 Regulation

 Solid Rocket Boosters

 Liquid Rocket Booster (LRB)

Definition/Overview:

Booster: In spaceflight, a booster may be either:

 an entire launch vehicle or "launcher" used to lift a spacecraft. Initially

all boosters used for human spaceflight and most unmanned boosters

used liquid propellant, at least for the core launch vehicle.

 a strap-on rocket, (either a solid rocket booster or liquid rocket booster)

used to augment the lift capability of a core launch vehicle

Key Points:

1. Booster

In spaceflight, a booster may be either:

 an entire launch vehicle or "launcher" used to lift a spacecraft. Initially
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all boosters used for human spaceflight and most unmanned boosters

used liquid propellant, at least for the core launch vehicle.

 a strap-on rocket, (either a solid rocket booster or liquid rocket booster)

used to augment the lift capability of a core launch vehicle

2. Other uses

Another use of the term "booster" in spaceflight is the Booster Systems

Engineer, whose call sign is, Booster. This is a support position at NASA's

Mission Control Center.

In aviation, boosters are often called JATO rockets. Solid rocket boosters were

planned for the some Air Force programs such as the X-20 Dyna-Soar, but were

ultimately never used.

Various missiles also use solid rocket boosters. Examples are;

 2K11 (SA-4) which uses SRBs as a first stage, and then a ramjet.

 S-200 (SA-5) which uses SRBs as the first stage, followed by a solid fuel

rocket.

 Surface launched versions of the turbojet powered Boeing Harpoon use

an SRB.

In spaceflight, a launch vehicle or carrier rocket is a rocket used to carry a

payload from the Earth's surface into outer space. A launch system includes the

launch vehicle, the launch pad and other infrastructure. Usually the payload is an

artificial satellite placed into orbit, but some spaceflights are sub-orbital while

others enable spacecraft to escape Earth orbit entirely. A launch vehicle which

carries its payload on a suborbital trajectory is often called a sounding rocket.
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3. Types of launch vehicles

Expendable launch vehicles are designed for one-time use. They usually separate

from their payload, and may break up during atmospheric reentry. Reusable

launch vehicles, on the other hand, are designed to be recovered intact and used

again for subsequent launches. For orbital spaceflights, the Space Shuttle is

currently the only launch vehicle with components which have been used for

multiple flights.

Launch vehicles are often characterized by the amount of mass they can lift into

orbit. For example, a Proton rocket has a launch capacity of 22,000 kg (48,500

lbs.) to low Earth orbit (LEO).

Launch vehicles are also characterized by the number of stages they employ.

Rockets with as many as five stages have been successfully launched, and there

have been designs for several single-stage-to-orbit vehicles. Additionally, launch

vehicles are very often supplied with boosters. These supply high thrust early on

in the flight in parallel with other engines on the vehicle. Boosters allow the

remaining engines to be smaller which reduces the stages burnout mass and thus

allows for bigger payload.

Other frequently-reported characteristics of launch vehicles are the nation or

space agency responsible for the launch, and the company or consortium that

manufactures and launches the vehicle. As examples, the European Space

Agency is responsible for the Ariane V, and the United Launch Alliance

manufactures and launches the Delta IV. Many launch vehicles are considered

part of an historical line of vehicles which share a name. For example, the Atlas
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V is the latest member of the Atlas rocket family.

Non-rocket spacelaunch alternatives are at the planning stage.

4. Vehicle assembly

Various methods, each with specialized equipment, are used to get an assembled

launch vehicle on its launch pad. In some launch systems, like Delta II, the

vehicle is assembled vertically on the pad, using a crane to hoist each stage into

place. The Space Shuttle orbiter, external tank, and solid rocket boosters are

assembled vertically in the Vehicle Assembly Building and then a special

crawler-transporter moves the entire stack upright to the launch pad. The Soyuz

rocket is assembled horizontally in a processing hangar, transported horizontally,

and then brought upright once at the pad.

These assembly activities take place as part of the overall launch campaign for

the vehicle.

5. Derivation and related terms

The term derives from the American satellite program, Project Vanguard, as a

contraction of the phrase "Satellite Launching Vehicle" abbreviated as "SLV" as

a term in the list of what the rockets were allocated for: flight test, or actually

launching a satellite. The contraction would also apply to rockets which send

probes to other worlds or the interplanetary medium.

In the English language, the phrase carrier rocket was used earlier, and still is in

some circles in Britain. A translation of that phrase is used in German, Russian,

and Chinese. The U.S. Air Force detested the term carrier, which would refer to

their competition, the aircraft carriers of the U.S. Navy. For this reason they

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

44
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



called one airplane which carried another a conveyor.

6. Suborbital launch vehicles

Current suborbital launch vehicles include SpaceShipOne.

7. Orbital Launch vehicles

7.1 Orbital launch

The delta-v needed for orbital launch is generally between 9300 and 10,000

m/s, although there is no upper limit.

The delta-v needed can be considered to be a combination of air-drag

(determined by ballistic coefficient), gravity losses, altitude gain and the

horizontal speed necessary to give a suitable perigee.

Minimising air-drag means having a reasonably high ballistic coefficient

which generally means having a launch vehicle about 10-20m long (longer

still for hydrogen fueled stages as hydrogen has low density), as well as

leaving the atmosphere early on in the flight, giving an air drag of around

300 m/s.

The horizontal speed necessary is around 7800 m/s..

The delta-v for altitude gain varies, but is around 2 km/s for 200 km altitude.

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

45
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



The calculation of the total delta-v for launch is complicated and in nearly all

cases numerical integration is used; adding the delta-v's gives a pessimistic

result since the rocket can thrust at an angle to reach orbit, which saves fuel

as it can gain altitude and horizontal speed simultaneously.

8. Regulation

Under international law, the nationality of the owner of a launch vehicle

determines which country is responsible for any damages resulting from that

vehicle. Due to this, some countries require that rocket manufacturers and

launchers adhere to specific regulations to indemnify and protect the safety of

people and property that may be affected by a flight.

In the US any rocket launch that is not classified as amateur, and also is not "for

and by the government," must be approved by the Federal Aviation

Administration's Office of Commercial Space Transportation (FAA/AST),

located in Washington, DC

9. Solid Rocket Boosters

Solid rocket boosters (SRB) (or motors, SRM) are used to provide the main

thrust in spacecraft launches from the launchpad up to burnout of the SRBs.

Many launch vehicles include SRBs, including the Ariane 5, Atlas V, and the

NASA Space Shuttle. The NASA Space Shuttle uses two Space Shuttle SRBs,

which are the largest of their type.

The solid-fuel SRBs are advantageous for the purpose of boosting launches

compared to liquid-fueled rockets because they provide greater thrust and do not

have the refrigeration and insulation requirements of liquid-fueled rockets.
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Adding detachable SRBs to a vehicle also powered by liquid-fueled rockets

eases the amount of liquid-fuel needed and lowers the launch vehicle mass. This

is known as staging.

One example of the increased performance from SRBs is the Ariane 4 rocket.

The basic 40 model with no boosters could lift 2,175 kilograms payload to

Geostationary transfer orbit . The 44P model with 4 solid boosters has a payload

of 3,465 kg to the same orbit .

Solid boosters are usually cheaper to design, test, and produce compared to

equivalent thrust liquid boosters. However, the costs on a per-flight basis tend to

be equivalent.

It is difficult to stop a solid rocket motor before normal burnout. This can be

done by explosively separating the nozzle and/or splitting the case lengthwise

with a linear shaped charge. The latter method is common in range safety

destruct systems. Either method terminates thrust by reducing combustion

chamber pressure and propellant burn rate, though the propellant (usually in

many pieces at this point) will continue to burn vigorously.

SRB failure rates are about 1%. They usually fail in sudden, catastrophic

explosions due to case overpressurization. (The SRB failure mode on Challenger

was an exception.)

These are all serious risk factors for manned spacecraft.

Solid rocket motors also present a significant handling risk on the ground. Once

their propellant is poured into place and cured, they are always loaded and could

catch fire or explode in an accident. Such an accident on August 22, 2003 killed

21 technicians at the Brazilian VLS rocket launch pad.

The manned and unmanned Shuttle Derived Launch Vehicles currently planned

as part of NASA's Vision for Space Exploration both rely heavily on modified
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versions of the current Space Shuttle solid rocket boosters; the manned vehicle

would use a single, expanded solid rocket booster as its first stage.

Delta II rocket (blue). Two boosters (white) can be seen already attached]

10. Liquid Rocket Booster (LRB)

A Liquid Rocket Booster (LRB) is similar to a solid rocket booster (SRB)

attached to the side of a rocket to give it extra lift at takeoff. A Liquid Rocket

Booster has fuel and oxidiser in liquid form, as opposed to a solid rocket or

hybrid rocket.

Like solid boosters, liquid boosters can considerably increase the total payload

to orbit. Unlike solid boosters, LRBs can be throttled down and are also even

capable of being shut down safely in an emergency, providing additional escape

options to manned spacecraft.

For the R7 missile, which later evolved into the Soyuz launch vehicle, this

concept was chosen because it allows all of its many rocket engines to be ignited

and checked for function with the rocket still on the launch pad. This avoided the

complications of starting the engines of the second stage in-flight as in a

"traditional" staged design.

The Soviet Energia rocket of the 1980s used four Zenit liquid fueled boosters to

loft both the Shuttle Buran and the experimental Polyus space battlestation in

two separate launches.

Two versions of the Japanese H-IIA space rocket use (or will use) one or two

LRBs to be able to carry extra cargo to higher geostationary orbits.
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The Ariane 4 space launch vehicle also optionally could use two or four LRBs

(the 42L, 44L, and 44LP configurations). As an example of the payload increase

that boosters provide, the basic Ariane 40 model with no boosters could launch

around 2,175 kilograms into Geostationary transfer orbit . The 44L configuration

could launch 4,790 kg to the same orbit with four liquid boosters added .

Various LRBs were considered early in the Space shuttle development program.

More recently, after the Challenger accident, LRBs were considered to replace

the existing SRBs, and four companies proposed booster designs to NASA.

While very attractive from the performance and safety perspective, the cost of

developing the systems resulted in the decision to stick with (and improve as

much as possible) the existing solid boosters.

In Section 4 of this course you will cover these topics:
Atmospheric Entry

Orbital Elements And Earth Tracks

Topic : Atmospheric Entry

Topic Objective:

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

 Atmospheric Entry

 History

 Thermal protection systems
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Definition/Overview:

Atmospheric Entry: Atmospheric entry refers to the movement of human-made

or natural objects as they enter the atmosphere of a planet from outer space, in

the case of Earth from an altitude above the "edge of space."

Key Points:

1. Atmospheric Entry

Atmospheric entry refers to the movement of human-made or natural objects as

they enter the atmosphere of a planet from outer space, in the case of Earth from

an altitude above the "edge of space." This article primarily addresses the

process of controlled reentry of vehicles which are intended to reach the

planetary surface intact, but the topic also includes uncontrolled (or minimally

controlled) cases, such as the intentionally or circumstantially occurring,

destructive deorbiting of satellites and the falling back to the planet of "space

junk" due to orbital decay.

Vehicles that typically undergo this process include ones returning from orbit

(spacecraft) and ones on exo-orbital (suborbital) trajectories (ICBM reentry

vehicles, some spacecraft.) Typically this process requires special methods to

protect against aerodynamic heating. Various advanced technologies have been

developed to enable atmospheric reentry and flight at extreme velocities.
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2. History

The technology of atmospheric reentry was a consequence of the Cold War.

Ballistic missiles and nuclear weapons were legacies of World War II left to

both the Soviet Union and the United States. Both nations initiated massive

research and development programs to further the military capability of those

technologies. However before a missile-delivered nuclear weapon could be

practical they lacked an essential ingredient: an atmospheric reentry technology.

In theory, the nation first developing reentry technology had a decisive military

advantage, yet it was unclear whether the technology was physically possible.

Basic calculations showed the kinetic energy of a nuclear warhead returning

from orbit was sufficient to completely vaporize the warhead. Despite these

calculations, the military stakes were so high that simply assuming atmospheric

reentry's impossibility was unacceptable, and it was known that meteorites were

able to successfully reach ground level. Consequently a high-priority program

was initiated to develop reentry technology. Atmospheric reentry was

successfully developed, which made possible nuclear-armed intercontinental

ballistic missiles.

The technology was further pushed forward for human use by another

consequence of the Cold War. The Soviet Union saw a propaganda and military

advantage in pursuing space exploration. To the embarrassment of the United

States, the Soviet Union orbited an artificial satellite, followed by a series of

other technological firsts that culminated with a Soviet cosmonaut orbiting the

Earth and returning safely to Earth. Many of these achievements were enabled

through atmospheric reentry technology. The United States saw the Soviet

Union's achievements as a challenge to its national pride as well as a threat to

national security. Consequently, the United States followed the Soviet Union's

initiative and increased its nascent space program, thus beginning the Space

Race.

The concept of the ablative heat shield was described as early as 1920 by Robert
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Goddard, "In the case of meteors, which enter the atmosphere with speeds as

high as 30 miles per second, the interior of the meteors remains cold, and the

erosion is due, to a large extent, to chipping or cracking of the suddenly heated

surface. For this reason, if the outer surface of the apparatus were to consist of

layers of a very infusible hard substance with layers of a poor heat conductor

between, the surface would not be eroded to any considerable extent, especially

as the velocity of the apparatus would not be nearly so great as that of the

average meteor."

4. Thermal protection systems

4.1 Ablative

The type of heat shield that best protects against high heat flux is the

ablative heat shield. The ablative heat shield functions by lifting the hot

shock layer gas away from the heat shield's outer wall (creating a cooler

boundary layer) through blowing. The overall process of reducing the

heat flux experienced by the heat shield's outer wall is called blockage.

Ablation causes the TPS layer to char, melt, and sublime through the

process of pyrolysis. The gas produced by pyrolysis is what drives

blowing and causes blockage of convective and catalytic heat flux.

Pyrolysis can be measured in real time using thermogravimetric analysis,

so that the ablative performance can be evaluated. Ablation can also

provide blockage against radiative heat flux by introducing carbon into

the shock layer thus making it optically opaque. Radiative heat flux
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blockage was the primary thermal protection mechanism of the Galileo

Probe TPS material (carbon phenolic). Carbon phenolic was originally

developed as a rocket nozzle throat material (used in the Space Shuttle

Solid Rocket Booster) and for RV nose tips. Thermal protection can also

be enhanced in some TPS materials through coking. Coking is the

process of forming solid carbon on the outer char layer of the TPS. TPS

coking was discovered accidentally during development of the Apollo-

CM TPS material (Avcoat 5026-39).

.The thermal conductivity of a TPS material is proportional to the

material's density. Carbon phenolic is a very effective ablative material

but also has high density which is undesirable. If the heat flux

experienced by an entry vehicle is insufficient to cause pyrolysis then the

TPS material's conductivity could allow heat flux conduction into the

TPS bondline material thus leading to TPS failure. Consequently for

entry trajectories causing lower heat flux, carbon phenolic is sometimes

inappropriate and lower density TPS materials such as the following

examples can be better design choices:

4.2 SLA-561V

"SLA" in SLA-561V stands for "Super Light weight Ablator". SLA-561V

is a proprietary ablative made by Lockheed Martin that has been used as

the primary TPS material on all of the 70 degree sphere-cone entry

vehicles sent by NASA to Mars. SLA-561V begins significant ablation at

a heat flux of approximately 110 W/cm but will fail for heat fluxes

greater than 300 W/cm. The Mars Science Laboratory (MSL) aeroshell

TPS is currently designed to withstand a peak heat flux of 234 W/cm.
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The peak heat flux experienced by the Viking-1 aeroshell which landed

on Mars was 21 W/cm. For Viking-1, the TPS acted as a charred thermal

insulator and never experienced significant ablation. Viking-1 was the

first Mars lander and based upon a very conservative design. The Viking

aeroshell had a base diameter of 3.54 meters (the largest yet used on

Mars). SLA-561V is applied by packing the ablative material into a

honeycomb core that is pre-bonded to the aeroshell's structure thus

enabling construction of a large heat shield.

4.3 PICA

Phenolic Impregnated Carbon Ablator (PICA) was developed by NASA

Ames Research Center and was the primary TPS material for the Stardust

aeroshell. Because the Stardust sample-return capsule was the fastest

man-made object to reenter Earth's atmosphere (12.4 km/s or 28,000 mph

relative velocity at 135 km altitude), PICA was an enabling technology

for the Stardust mission. (For reference, the Stardust reentry was faster

than the Apollo Mission capsules and 70% faster than the reentry

velocity of the Shuttle.[original research?]) PICA is a modern TPS material

and has the advantages of low density (much lighter than carbon

phenolic) coupled with efficient ablative capability at high heat flux.

Stardust's heat shield (0.81 m base diameter) was manufactured from a

single monolithic piece sized to withstand a nominal peak heating rate of

1200 W/cm2. PICA is a good choice for ablative applications such as

high-peak-heating conditions found on sample-return missions or lunar-

return missions. PICA's thermal conductivity is lower than other high-

heat-flux ablative materials, such as conventional carbon phenolics.
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4.4 SIRCA

Silicone Impregnated Reuseable Ceramic Ablator (SIRCA) was also

developed at NASA Ames Research Center and was used on the

Backshell Interface Plate (BIP) of the Mars Pathfinder and Mars

Exploration Rover (MER) aeroshells. The BIP was at the attachment

points between the aeroshell's backshell (also called the "afterbody" or

"aft cover") and the cruise ring (also called the "cruise stage"). SIRCA

was also the primary TPS material for the unsuccessful Deep Space 2

(DS/2) Mars probes with their 0.35 m base diameter aeroshells. SIRCA is

a monolithic, insulative material that can provide thermal protection

through ablation. It is the only TPS material that can be machined to

custom shapes and then applied directly to the spacecraft. There is no

post-processing, heat treating, or additional coatings required (unlike

current Space Shuttle tiles). Since SIRCA can be machined to precise

shapes, it can be applied as tiles, leading edge sections, full nose caps, or

in any number of custom shapes or sizes. SIRCA has been demonstrated

in BIP applications but not yet as a forebody TPS material.

Early research on ablation technology in the USA was centered at

NASA's Ames Research Center located at Moffett Field, California.

Ames Research Center was ideal, since it had numerous wind tunnels

capable of generating varying wind velocities. Initial experiments

typically mounted a mock-up of the ablative material to be analyzed

within a hypersonic wind tunnel.

4.5 Thermal soak

Thermal soak is a part of almost all TPS schemes. For example, an
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ablative heat shield loses most of its thermal protection effectiveness

when the outer wall temperature drops below the minimum necessary for

pyrolysis. From that time to the end of the heat pulse, heat from the

shock layer soaks into the heat shield's outer wall and would eventually

convect to the payload. This outcome is prevented by ejecting the heat

shield (with its heat soak) prior to the heat convecting to the inner wall.

Thermal soak TPS is intended to shield mainly against heat load and not

against a high peak heat flux (a long duration heat pulse of low intensity

is assumed for the TPS design). The Space Shuttle orbit vehicle was

designed with a reusable heat shield based upon a thermal soak TPS. It

should be emphasized that the tradeoff for TPS reusability is an inability

to withstand a high heat flux, e.g. a Space Shuttle TPS would not be

practical as a primary thermal protection for lunar return. A Space

Shuttle's underside is coated with thousands of tiles made of silica foam,

which are intended to survive multiple reentries with only minor repairs

between missions. Fabric sheets known as gap fillers are inserted

between the tiles where necessary. These gap fillers provide for a snug fit

between separate tiles while allowing for thermal expansion. When a

Space Shuttle lands, a significant amount of heat is stored in the TPS.

Shortly after landing, a ground-support cooling unit connects to the

Space Shuttle's internal Freon coolant loop to remove heat soaked in the

TPS and orbiter structure.

Typical Space Shuttle's TPS tiles (LI-900) have remarkable thermal

protection properties but are relatively brittle and break easily, and

cannot survive in-flight rain. An LI-900 tile exposed to a temperature of

1000 K on one side will remain merely warm to the touch on the other

side. An impressive stunt that can be performed with a cube of LI-900 is

to remove it glowing white hot from a furnace and then hold it with one's
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bare fingers without discomfort along the cube's edges.

4.6 Passively cooled

In some early ballistic missile RVs, e.g. the Mk-2 and the sub-orbital

Mercury spacecraft, radiatively cooled TPS were used to initially absorb

heat flux during the heat pulse and then after the heat pulse, radiate and

convect the stored heat back into the atmosphere. However, the earlier

version of this technique required a considerable quantity of metal TPS

(e.g. titanium, beryllium, copper, et cetera). Modern designers prefer to

avoid this added mass by using ablative and thermal soak TPS instead.

Radiatively cooled TPS can still be found on modern entry vehicles but

Reinforced Carbon-Carbon (also called RCC or carbon-carbon) is

normally used instead of metal. RCC is the TPS material on the nose

cone and leading edges of the Space Shuttle's wings. RCC was also

proposed as the leading edge material for the X-33. Carbon is the most

refractory material known with a one atmosphere sublimation

temperature of 3825 C for graphite. This high temperature made carbon

an obvious choice as a radiatively cooled TPS material. Disadvantages of

RCC are that it is currently very expensive to manufacture and lacks

impact resistance.

Some high-velocity aircraft, such as the SR-71 Blackbird and Concorde,

had to deal with heating similar to that experienced by spacecraft at much

lower intensity, but for hours at a time. Studies of the SR-71's titanium

skin revealed the metal structure was restored to its original strength

through annealing due to aerodynamic heating. In the case of Concorde

the aluminium nose was permitted to reach a maximum operating

temperature of 127 C (typically 180 C warmer than the sub-zero ambient
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air); the metallurgical implications (loss of temper) that would be

associated with a higher peak temperature was the most significant factor

determining the top speed of the aircraft.

A radiatively cooled TPS for an entry vehicle is often called a "hot metal

TPS". Early TPS designs for the Space Shuttle called for a hot metal TPS

based upon titanium shingles. Unfortunately the earlier Shuttle TPS

concept was rejected because it was incorrectly believed a silica tile

based TPS offered less expensive development and manufacturing costs.

A titanium shingle TPS was again proposed for the unsuccessful X-33

Single-Stage to Orbit (SSTO) prototype.

Recently, newer radiatively cooled TPS materials have been developed

that could be superior to RCC. Referred to by their prototype vehicle

"SHARP" (Slender Hypervelocity Aerothermodynamic Research Probe),

these TPS materials have been based upon substances such as zirconium

diboride and hafnium diboride. SHARP TPS have suggested

performance improvements allowing for sustained Mach 7 flight at sea

level, Mach 11 flight at 100,000 ft altitudes and significant

improvements for vehicles designed for continuous hypersonic flight.

SHARP TPS materials enable sharp leading edges and nose cones to

greatly reduce drag for air breathing combined cycle propelled space

planes and lifting bodies. SHARP materials have exhibited effective TPS

characteristics from zero to more than 2000 C, with melting points over

3500 C . They are structurally stronger than RCC thus not requiring

structural reinforcement with materials such as Inconel. SHARP

materials are extremely efficient at re-radiating absorbed heat thus

eliminating the need for additional TPS behind and between SHARP

materials and conventional vehicle structure. NASA initially funded (and

discontinued) a multi-phase R&D program through the University of

Montana in 2001 to test SHARP materials on test vehicles.
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4.7 Actively cooled

Various advanced reusable spacecraft and hypersonic aircraft designs

have been proposed to employ heat shields made from temperature-

resistant metal alloys that incorporated a refrigerant or cryogenic fuel

circulating through them. Such a TPS concept was proposed for the X-30

National Aerospace Plane (NASP). The NASP was supposed to have

been a scramjet powered hypersonic aircraft but failed in development.

In the early 1960s various TPS systems were proposed to use water or

other cooling liquid sprayed into the shock layer, or passed through

channels in the heat shield. Advantages included the possibility of more

all-metal designs which would be cheaper to develop, more rugged, and

eliminating the need for classified technology. The disadvantage is

increased weight and complexity, and lower reliability. The concept has

never been flown, but a similar technology (the plug nozzle) did undergo

extensive ground testing.

Example/Case Study:

History's most difficult atmospheric entry

The highest speed controlled entry so far achieved was by the Galileo

Probe. The Galileo Probe was a 45 sphere-cone that entered Jupiter's

atmosphere at 47.4 km/s (atmosphere relative speed at 450 km above the

1 bar reference altitude). The peak deceleration experienced was 230 g

(2.3 km/s). Peak stagnation point pressure before aeroshell jettison was 9
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bars (900 kPa). The peak shock layer temperature was approximately

16000 K (the solar photosphere is merely 5800 K). Approximately 26%

of the Galileo Probe's original entry mass of 338.93 kg was vaporized

during the 70 second heat pulse. Total blocked heat flux peaked at

approximately 15000 W/cm. By way of comparison, the peak total heat

flux experienced by the Mars Pathfinder aeroshell, the highest

experienced by a successful Mars lander, was 106 W/cm, and the Apollo-

4 (AS-501) command module, re-entering at 10.77 km/s (atmosphere

relative speed at 121.9 km altitude) experienced a peak total heat flux of

497 W/cm.

Conservative design was used in creating the Galileo Probe. Due to the

extreme state of the Galileo Probe's entry conditions, the radiative heat

flux and turbulence of the shock layer along with the TPS material

response were barely understood. Carbon Phenolic was used for the

Galileo Probe TPS. Carbon phenolic was earlier used for the Pioneer

Venus Probes which were the design ancestors to the Galileo Probe. The

Galileo Probe experienced far greater TPS recession near the base of its

frustum than expected. Despite a safety-factor of two in TPS thickness,

the Galileo Probe's heatshield almost failed. The precise mechanism for

this higher TPS recession is still unknown and currently beyond

definitive theoretical analysis.

After successfully completing its mission, the Galileo Probe continued

descending into Jupiter's atmosphere where the ambient temperature

grew with greater depth due to isentropic compression. In the depths of

Jupiter's atmosphere, the ambient atmospheric gas temperature became

so hot that the entire probe, including its jettisoned heat shield, were

vaporized into monatomic gas.
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Topic : Orbital Elements And Earth Tracks

Topic Objective:

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

 Elements Of An Orbit

 Number Of Parameters Needed

 Keplerian Elements

 Alternative Parametrizations

 Euler Angle Transformations

 Perturbations And Elemental Variance

Definition/Overview:

Elements Of An Orbit: In celestial mechanics, the elements of an orbit are the

parameters needed to specify that orbit uniquely. Orbital elements are generally

considered in classical two-body systems, where a Kepler orbit is used (derived

from Newton's laws of motion and Newton's law of universal gravitation). There

are many different ways to mathematically describe the same orbit, but certain

schemes each consisting of a set of six parameters are commonly used in

astronomy and orbital mechanics.
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Key Points:

1. Elements Of An Orbit

In celestial mechanics, the elements of an orbit are the parameters needed to

specify that orbit uniquely. Orbital elements are generally considered in classical

two-body systems, where a Kepler orbit is used (derived from Newton's laws of

motion and Newton's law of universal gravitation). There are many different

ways to mathematically describe the same orbit, but certain schemes each

consisting of a set of six parameters are commonly used in astronomy and orbital

mechanics.

A real orbit (and its elements) changes over time due to gravitational

perturbations by other objects and the effects of relativity. A Keplerian orbit is

merely a mathematical approximation at a particular time.

2. Number Of Parameters Needed

Given an inertial frame of reference and an arbitrary epoch (a specified point in

time), exactly six parameters are necessary to unambiguously define an arbitrary

and unperturbed orbit.

This is because the problem contains six degrees of freedom. These correspond

to the three spatial dimensions which define position (the x, y, z in a Cartesian

coordinate system), plus the velocity in each of these dimensions. These can be

described as orbital state vectors, but this is often an inconvenient way to

represent an orbit, which is why Keplerian elements (described below) are

commonly used instead.

Sometimes the epoch is considered a "seventh" orbital parameter, rather than
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part of the reference frame.

If the epoch is defined to be at the moment when one of the elements is zero, the

number of unspecified elements is reduced to five. (The sixth parameter is still

necessary to define the orbit; it is merely numerically set to zero by convention

or "moved" into the definition of the epoch with respect to real-world clock

time.)

3. Keplerian Elements

The traditional orbital elements are the six Keplerian elements, after Johannes

Kepler and his laws of planetary motion.

Two elements define the shape and size of the ellipse:

 Eccentricity ( ) - shape of the ellipse, describing how flattened it is

compared with a circle. (not marked in diagram)

 Semimajor axis ( ) - similar to the radius of a circle, its length is the

distance between the geometric center of the orbital ellipse with the

periapsis (point of closest approach to the central body), passing through

the focal point where the center of mass resides. (violet line in diagram,

partially obscured)

 Two define the orientation of the orbital plane in which the ellipse is

embedded:

 Inclination - vertical tilt of the ellipse with respect to the reference plane,

measured at the ascending node (where the orbit passes upward through

the reference plane). (green angle in diagram)

 Longitude of the ascending node - horizontally orients the ascending

node of the ellipse (where the orbit passes upward through the reference

plane) with respect to the reference frame's vernal point. (green angle

in diagram)
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 And finally:

 Argument of periapsis defines the orientation of the ellipse (in which

direction it is flattened compared to a circle) in the orbital plane, as an

angle measured from the ascending node to the semimajor axis. (violet

angle in diagram)

 Mean anomaly at epoch ( ) defines the position of the orbiting body

along the ellipse at a specific time (the "epoch").

The mean anomaly is a mathematically convenient "angle" which varies linearly

with time, but which does not correspond to a real geometric angle. It can be

converted into the true anomaly , which does represent the real geometric angle

in the plane of the ellipse, between periapsis (closest approach to the central

body) and the position of the orbiting object at any given time. Thus, the true

anomaly is shown as the red angle in the diagram, and the mean anomaly is not

shown.

The angles of inclination, longitude of the ascending node, and argument of

periapsis can also be described as the Euler angles defining the orientation of the

orbit relative to the reference coordinate system.

Note that non-elliptical orbits also exist; an orbit is a parabola if it has an

eccentricity of 1, and it is a hyperbola if it has an eccentricity greater than 1.

4. Alternative Parametrizations

Keplerian elements can be obtained from orbital state vectors (x-y-z coordinates

for position and velocity) by manual transformations or with computer software.

Other orbital parameters can be computed from the Keplerian elements such as

the period, apoapsis and periapsis. (When orbiting the earth, the last two terms

are known as the apogee and perigee.) It is common to specify the period instead
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of the semi-major axis in Keplerian element sets, as each can be computed from

the other provided the standard gravitational parameter, GM, is given for the

central body.

Instead of the the mean anomaly at epoch, the mean anomaly , mean

longitude, true anomaly , or (rarely) the eccentric anomaly might be used.

Using, for example, the "mean anomaly" instead of "mean anomaly at epoch"

means that time t must be specified as a "seventh" orbital element. Sometimes it

is assumed that mean anomaly is zero at the epoch (by choosing the appropriate

definition of the epoch), leaving only the five other orbital elements to be

specified.

5. Euler Angle Transformations

The angles Ω,i,ω are the Euler angles (α,β,γ with the notations of that article)

characterizing the orientation of the coordinate system

where signifies the polar argument that can be computed with the standard

function ATAN2(y,x) (or in double precision DATAN2(y,x)) available in for

example the programming language FORTRAN.

6. Perturbations And Elemental Variance
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Unperturbed, two-body orbits are always conic sections, so the Keplerian

elements define an ellipse, parabola, or hyperbola. Real orbits have

perturbations, so a given set of Keplerian elements accurately describes an orbit

only at the epoch. Evolution of the orbital elements takes place due to the

gravitational pull of bodies other than the primary, the nonsphericity of the

primary, atmospheric drag, relativistic effects, radiation pressure,

electromagnetic forces, and so on.

Keplerian elements can often be used to produce useful predictions at times near

the epoch. Alternatively, real trajectories can be modeled as a sequence of

Keplerian orbits that osculate ("kiss" or touch) the real trajectory. They can also

be described by the so-called planetary equations, differential equations which

come in different forms developed by Lagrange, Gauss, Delaunay, Poincar, or

Hill.

In Section 5 of this course you will cover these topics:
The Ballistic Missile

Attitude Dynamics And Control

Topic : The Ballistic Missile

Topic Objective:

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

 Elements Of An Orbit

 Number Of Parameters Needed

 Keplerian Elements
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 Alternative Parametrizations

 Euler Angle Transformations

 Perturbations And Elemental Variance

Definition/Overview:

Ballistic Missile: A Ballistic Missile is a missile that follows a sub-orbital

ballistic flightpath with the objective of delivering a warhead (usually nuclear) to

a predetermined target.

Key Points:

1. Ballistic Missile

A Ballistic Missile is a missile that follows a sub-orbital ballistic flightpath with

the objective of delivering a warhead (usually nuclear) to a predetermined target.

The missile is only guided during the relatively brief initial powered phase of

flight and its course is subsequently governed by the laws of orbital mechanics

and ballistics. To date, ballistic missiles have been propelled during powered

flight by chemical rocket engines of various types.
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2. History

The first ballistic missile was the A-4, commonly known as the V-2 rocket,

developed by Nazi Germany in the 1930s and 1940s under direction of Walter

Dornberger. The first successful launch of a V-2 was on October 3, 1942 and

began operation on September 6, 1944 against Paris, followed by an attack on

London two days later. By the end of World War II May 1945 over 3,000 V-2s

had been launched.

A total of 30 nations have deployed operational ballistic missiles. Development

continues, with around 100 ballistic missile flight tests (not including those of

the US) in 2007, mostly by China, Iran and the Russian Federation.

3. Flight

A ballistic missile trajectory consists of three parts: The powered flight portion,

the free-flight portion which constitutes most of the flight time, and the re-entry

phase where the missile re-enters the Earth's atmosphere.

Ballistic missiles can be launched from fixed sites or mobile launchers,

including vehicles (Transporter Erector Launchers, TELs), aircraft, ships and

submarines. The powered flight portion can last from a few tens of seconds to

several minutes and can consist of multiple rocket stages.

When in space and no more thrust is provided, the missile enters free-flight. In

order to cover large distances, ballistic missiles are usually launched into a high

sub-orbital spaceflight; for intercontinental missiles the highest altitude (apogee)
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reached during free-flight is about 1200 km.

The re-entry stage begins at an altitude where atmospheric drag plays a

significant part in missile trajectory, and lasts until missile impact.

4. Missile Types

Ballistic missiles can vary widely in range and use, and are often divided into

categories based on range. Various schemes are used by different countries to

categorize the ranges of ballistic missiles:

 Tactical ballistic missile: Range between about 150 and 300 km.

 Battlefield range ballistic missile (BRBM): Range less than 200 km.

 Theatre ballistic missile: Range between 300 and 3500 km.

 Short-range ballistic missile (SRBM): Range 1000 km or less.

 Medium-range ballistic missile (MRBM): Range between 1000 and 3500

km

 Intermediate-range ballistic missile (IRBM) or long-range ballistic

missile (LRBM): Range between 2500 or 3000 and 5500 km.

 Intercontinental ballistic missile (ICBM): Range greater than 5500 km.

 Submarine-launched ballistic missile (SLBM): Launched from ballistic

missile submarines (SSBNs), all current designs have intercontinental

range.

Short- and medium-range missiles are often collectively referred to as theatre or

tactical ballistic missiles (TBMs). Long- and medium-range ballistic missiles

are generally designed to deliver nuclear weapons because their payload is too

limited for conventional explosives to be efficient (though the U.S. may be

evaluating the idea of a conventionally-armed ICBM for near-instant global air

strike capability despite the high costs).
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The flight phases are like those for ICBMs, except with no exoatmospheric

phase for missiles with ranges less than about 350 km.

5. Quasiballistic Missiles

A quasiballistic missile (also called a semiballistic missile) is a category of

missile that has a low trajectory and/or is largely ballistic but can perform

manoeuvres in flight or make unexpected changes in direction and range.

At a lower trajectory than a ballistic missile, a quasiballistic missile can maintain

higher speed, thus allowing its target less time to react to the attack, at the cost of

reduced range.

Missiles that combine a maneuverable reentry vehicle (MaRV) with a terminal

guidance system, allowing them to adjust the flight path as they near their target,

are thought to be under development in China for use as anti-ship ballistic

missiles.

6. Anti-Ballistic Missile

An anti-ballistic missile (ABM) is a missile designed to counter ballistic

missiles (a missile for missile defense). A ballistic missile is used to deliver

nuclear, chemical, biological or conventional warheads in a ballistic flight

trajectory. The term "anti-ballistic missile" describes any antimissile system

designed to counter ballistic missiles. However the term is more commonly used

for ABM systems designed to counter long range, nuclear-armed

Intercontinental ballistic missiles (ICBMs).

Only two ABM systems have previously been operational against ICBMs, the

U.S. Safeguard system, which utilized the LIM-49A Spartan and Sprint missiles,
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and the Russian A-35 anti-ballistic missile system which used the Galosh

interceptor, each with a nuclear warhead themselves. Safeguard was only briefly

operational; the Russian system has been improved and is still active, now called

A-135 and using two missile types, Gorgon and Gazelle. However the U.S.

Ground-Based Midcourse Defense (GMD, previously called NMD) system has

recently reached initial operational capability. It does not have an explosive

charge, but launches a kinetic projectile.

Three shorter range tactical ABM systems are currently operational: the U.S.

Army Patriot, U.S. Navy Aegis combat system/Standard SM-3, and the Israeli

Arrow. The longer-range U.S. Terminal High Altitude Area Defense system is

scheduled for deployment in 2009. In general short-range tactical ABMs cannot

intercept ICBMs, even if within range. The tactical ABM radar and performance

characteristics do not allow it, as an incoming ICBM warhead moves much

faster than a tactical missile warhead. However it is possible the higher

performance Terminal High Altitude Area Defense missile could be upgraded to

intercept ICBMs.

Latest versions of the U.S. Hawk missile have a limited capability against

tactical ballistic missiles, but is usually not described as an ABM. Similar claims

have been made about the Russian long-range surface-to-air S-300 and S-400

series.

For current US developments, see Missile Defense Agency. For other short-

range missiles, see Sea Wolf, Aster 15 and Crotale missile.

Topic : Attitude Dynamics And Control

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

 Attitude Dynamics And Control

 Attitude Control

 Relative attitude sensors

 Gyroscopes

 Motion Reference Unit

 Absolute attitude sensors

 Horizon sensor

 Orbital Gyrocompass

 Sun sensor

 Star Tracker

 Algorithms

Definition/Overview:

Attitude Dynamics And Control: The attitude of a vehicle is its orientation with

respect to a defined frame of reference.

Key Points:

1. Attitude Dynamics And Control

The attitude of a vehicle is its orientation with respect to a defined frame of

reference.
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Attitude dynamics is the modeling of the changing position and orientation of a

vehicle, due to external forces acting on the body. Attitude control is the

purposeful manipulation of controllable external forces (using vehicle actuators)

to establish a desired attitude, whereas attitude determination is the utilization of

vehicle sensors to ascertain the current vehicle attitude.

Mathematical and physical treatment of the basic aspects of these topics is well-

developed, but the field is quite active with respect to advanced topics and

applications.

2. Attitude Control

Attitude control is the exercise of control over the orientation of an object with

respect to an inertial frame of reference or another entity (the celestial sphere,

certain fields, nearby objects).

Controlling vehicle attitude requires sensors to measure vehicle attitude,

actuators to apply the torques needed to re-orient the vehicle to a desired

attitude, and algorithms to command the actuators based on (1) sensor

measurements of the current attitude and (2) specification of a desired attitude.

The integrated field that studies the combination of sensors, actuators and

algorithms is called Guidance, Navigation and Control (GNC).

3. Relative attitude sensors

Many sensors generate outputs that reflect the rate of change in attitude, these

require a known initial attitude, or external information to use them to determine

attitude. Many of this class of sensor have some noise, leading to inaccuracies if

not corrected by absolute attitude sensors.
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4. Gyroscopes

Devices that sense rotation in 3-space, without reliance on observation of

external objects. Classically, a gyroscope consists of a spinning mass, but there

are also "Laser Gyros" utilizing coherent light reflected around a closed path.

Another type of "gyro" is a hemispherical resonator gyro, where a crystal cup

shaped like a wine glass can be driven into oscillation as a wine glass "sings" as

a finger is rubbed around its rim. The orientation of the oscillation is fixed in

inertial space, so measuring the orientation of the oscillations relative to the

spacecraft can be used to sense the motion of the spacecraft with respect to

inertial space.

5. Motion Reference Unit

Motion Reference Units are single or multiaxis motion sensors. They utilize

Micro-Electro-Mechanical-Structure (MEMS) sensor technology. These sensors

are revolutionizing inertial sensor technology by bringing together micro-

electronics with micro-machining technology, to make complete systems-on-a-

chip with high accuracy. Typical applications for Motion Reference Units are:

 Antenna motion compensation and stabilization

 Dynamic positioning

 Heave compensation of offshore cranes

 High speed craft motion control and damping systems

 Hydro acoustic positioning

 Motion compensation of single and multibeam echosounders

 Ocean wave measurements

 Offshore structure motion monitoring

 Orientation and attitude measurements on AUVs and ROVs
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 Ship motion monitoring

6. Absolute attitude sensors

This class of sensors sense the position or orientation of fields, objects or other

phenomena outside the spacecraft.

7. Horizon sensor

An optical instrument that detects light from the 'limb' of the Earth's atmosphere,

i.e., at the horizon. Thermal Infrared sensing is often used, which senses the

comparative warmth of the atmosphere, compared to the much colder cosmic

background. This sensor provides orientation with respect to the earth about two

orthogonal axes. It tends to be less precise than sensors based on stellar

observation. Sometimes referred to as an Earth Sensor.

8. Orbital Gyrocompass

Similar to the way that a terrestrial gyrocompass uses a pendulum to sense local

gravity and force its gyro into alignment with earth's spin vector, i.e. point

North) an orbital gyrocompass uses a "horizon sensor" to sense the direction to

earth's center, and a gyro to sense rotation about an axis normal to the orbit

plane. Thus, the horizon sensor provides pitch and roll measurements, and the

gyro provides yaw. See Tait-Bryan angles
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9. Sun sensor

A device that senses the direction to the Sun. This can be as simple as some solar

cells and shades, or as complex as a steerable telescope, depending on mission

requirements.

10. Star Tracker

An optical device that measures the position(s) of star(s) using a photocell

(charge-coupled device) or a camera. Several types of models are currently

available. Star trackers, which require high sensitivity, may become confused by

sunlight reflected from the spacecraft, or by exhaust gas plumes from the

spacecraft thrusters (either sunlight reflection or contamination of the star tracker

window). Star trackers are also susceptible to a variety of errors (low spatial

frequency, high spatial frequency, temporal, ...) in addition to a variety of optical

sources of error (spherical aberration, chromatic aberration, ...). There are also

many potential sources of confusion for the star identification algorithm (planets,

comets, supernovae, the bimodal character of the point spread function for

adjacent stars, other nearby satellites, point-source light pollution from large

cities on Earth, ...). There are roughly 57 bright navigational stars in common

use. However, for more complex missions, entire starfield databases are used to

determine spacecraft orientation. A typical star catalog for high-fidelity attitude

determination is originated from a standard base catalog (for example from the

United States Naval Observatory) and then filtered to remove problems stars, for

example due to apparent magnitude variability, color index uncertainty, or

general "unreliability" based on location within the Hertzsprung-Russell

diagram. These types of star catalogs can have thousands of stars stored in

memory onboard the spacecraft, or else processed using tools at the ground

station and then uploaded.
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11. Algorithms

Control Algorithms are computer programs that receive data from vehicle

sensors and derive the appropriate commands to the actuators to rotate the

vehicle to the desired attitude. The algorithms range from very simple, e.g.

proportional control, to complex nonlinear estimators or many in-between types,

depending on mission requirements. Typically, the attitude control algorithms

are part of the software running on the hardware which receives commands from

the ground and formats vehicle data Telemetry for transmission to a ground

station.
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