116

Chapter 2

Mission Analysis Fundamentals

2.8-4 Homework Problems

2.8-1 Assume that you are a deer hunter sitting around a mountain campfire recalling
the days events. Your companion starts in with one of those “big fish stories”
and claims that she once shot a deer on a ridge over 4000 feet above her
location in the the valley. Knowing the muzzle velocity of her gun is 500 f/s,
either confirm or refute this story.
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2.8-2 The comic on the last page shows a ballistic missile which has been modified to
“deliver” garbage to a remote site (say New Jersey) 600 miles away. Determine
the burnout flight path angle and burnout velocity for this mission. Plot your
results for burnout heights ranging from 5 to 15 miles.
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2.8-3 Some interceptors make use of a two pulse design (with a coast phase in

between) in order to optimize performance. Let’s assume our interceptor is
launched horizontally from an aircraft flying 200 m/s and that each pulse
provides 500 m/s AV. Furthermore, assume that both pulses are 20 seconds in
duration and that the velocity history during the pulse if given by:

2
Vv =Vo(1+a(t—tig) ) a = const

Where V, is the velocity at the start of the pulse and ¢ is the time the pulse is

initiated. During the coast phase, drag acts to reduce the missile velocity
according to:

1+0.01(t-t,)’

Where # is the time of initiation of the coasting phase. Finally, our mission
requires that we cover a range of 30 km in the one minute flight time of the
device.

a) Assuming the first pulse is fired as the missile is launched from the aircraft,
determine the coast time required to accomplish the mission.

b) Sketch the velocity history for this slight, noting velocity values at the start
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and end of each flight segment.

¢) Sketch range as a function of time for the flight, noting velocity values at
the end and start of each flight segment.
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2.8-4 In 1997, the Mars Global Surveyor was captured into a highly elliptic orbit
about the panet. Over the next few months, the spacecraft will use the Martian
atmosphere as an aerobrake to eventually arrive at a low-altitude circular orbit
about the planet. Assuming that the initial ellipic orbit had an apogee of 30,000
Km and a perigee of 50 Km, estimate the Avsaved by using the aerobrake
maneuver. i.e. What Avwould have been required if Mars didn’t have an
atmosphere?
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2.8-5 Suppose we wish to resupply the new space station using Boeing’s Sea Launch

Vehicle. Using a Sea Launch, we don’t have any inclination changes and we
can launch from the equator to minimize Av.

a) Assuming the space station is in a 200 km circular orbit, determine the
total AV required using a conventional launch vehicle approach.

b) An engineer has an idea as outlined below to resupply the station using a
ballistic trajectory in which the payload is deposited on the station as the
missile reaches apogee. Assuming a burnout flight path angle of 30° and a
burnout altitude of 10 km, determine the required burnout velocity of the
missile in this case.

¢) How much Av is saved by using option b)? Is this a good idea? You may
wish to caluclate the horizontal velocity at apogee

Is there an optimal flight path angle for the ballistic missile option?
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2.8-6 Typical ballistic missiles have a burnout height of 100 miles with a maximum

range of 8000 miles. How much extra Av capability would be required to use
the missile as a launch vehicle to orbit payloads in polar orbits (90° inclination)
at the 100 mile altitude?

2.8-7 A small interceptor is launched horizontally from an aircraft flying at M =0.8
at an altitude of 40,000 ft. The rocket motor operates over a one second
duration after release from the aircraft. The missile velocity history during this

time is given by
V=V, (1+ 23in(7z%)) 0<t<1

where V, is the aircraft velocity at the time of release. Guidance experts

indicate that the missile will have adequate agilty to intercept its moving target
as long as its velocity is at least 1000 f/s. Assume that we can neglect drag
during the brief boost phase. During the coast pahse, assume the following:

Missile Mass = 300 1b.
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Avg. Drag Coefficient = 0.2 (i.e., drag not negligible during coast)

Reference Area = 50 in’
Determine:
a) The range at the end of the boost phase.
b) The total range of the missile.
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In this problem, consider an orbital transfer vehicle raising an orbit of radius I,

to a higher orbit of radius r, with no plane change. We would like to determine

the AV penalty (or benefit) in using a spiral trajectory versus a standard
Hohmann transfer for this mission. Let AVs and AVy represent the total AV
required for the spiral and Hohmann trnasfers, respectively.

a) Show that the ratio AVs/AVy depends only on the radius ratio ri/r> and
determine the form of that dependence.

b) If ri/r> =0.2, how much AV penalty (benefit) do we incur by employing the
spiral trasfer (as compared to Hohmann transfer)
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2.8-9 In the Apollo lunar missions, the lunar lander had to rendezvous with the
command module which was orbiting the moon at an altitude of 80 nmi (1 nmi
= 6076 ft). Estimate the Av required to accomplish this mission assuming that
no plane change is required and that gravity losses amount to 20% of the ideal
velocity increment.

S e Mg FET3E480 i s ozl oY

L= f228 L/ _ o

s main, Vg TO (em cfoeed? Fitat LRT eodE )
J}’f'd': K{:’,—V f = S'_'z.sﬂ -;f/f 5 .

Leer

AVyu s o 5288 =joft Al S

L Bhs ANy raly < LIRG e

2.8-10 A ballistic missile has a maximum range of 3000 km when launched on the
earth. If we use an identical missile on Jupiter, what will it’s maximum range
be? You may assume that the burning time of the missile is so short that it
effectively burns out at the surface of the planet (i.e., zero altitude).
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2.8-11 A ballistic missile is launched so as to maintain a 70°angle with respect to the
local horizon during the burn. The acceleration history for the vehicle is given

by
a=10+0.8t 0<t<50 sec

where a is in m/s>. Determine the range of this missile.
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2.8-12  The U.S. launches the bulk of its satellites from Cape Kennedy (inclination
28.5°) while the French launch the Ariane from New Guinea (inclination 3°).

a) Determine the advantage the French have in terms of lower ideal velocity
requirements if an 85 nmi equatorial orbit is desired.

b) How do the two launch sites compare for a 90 nmi orbit which passes over
the center of the continental U.S. (inclination 35°).
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2.8-13  Compare the ideal AV between a Hohmann and spirla transfer from LEO to
GEO. Assume the LEO orbit is circular at 150 km altitude for your calculation.

LED = j50Km  GEO = 35, §55 km => = Yetg = 6528 Km

* 2, = = #2,233 Km
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2.8-14  An interceptor has a velocity history:
V(t)=at—bt> ab constants  t<t,
a) If the total mission time is t_, determine the range of the interceptor, Z, in
terms of a, b, tp, and 1.

b) If a<2bt, determine the burn time which maximizes the range.

c) What is the mazimized range, Zmax, corresponding to the optimized burn
time derived in Part (b) above.



133

) 2 = range = [ Ve + 4V (o= 2,) akenc V- V) Ay Hefertoom
—f k- bp) e 4 A~ bt - 2)
SRR - ShAE + Aty -t bin bl bR
= &xf - Ga b )4 + ak, 2, /

Tt A
b) /5-5 %"-WM/‘?}’-M %b:&
dE, = 2b 2, - (a+ 2bia) ¢, + 2k,

£, = (@ +abe,) r[(a-{-?b.t @LIabXax‘my‘

- £a+;1bfm).t & —2;,2;)

#b AT S A

mmmM /'bvnyt M/ba_/n’u.—r\ /'l-a‘ry,e |

o2 2 mﬂyﬁfm’
Ax, %tb—(a_-f-zbr ﬁr_ b Z*z—(i lbfm)ﬁa_zcsz*

—(‘Qb't '—‘{) a. < lbﬁi

A2 = 25 =36(8) - Gar bt &)+ at, %)
3 <

’ a i 2

= 2p> ~ I - + a‘fm
:3 L SN

= - A Xxn . /A [~ 8
2%2+ & ab) [52‘":" 6

2.8-15 As many of you know, airbreathing engines (scramjets, etc.) have been
proposed as a means to develop a singe stage to orbit (SSTO) vehicle. The
airbreather operates over a portion of the trajectory at which point the vehicle
transitions to a rocket-propelled mode. The other option is a pure rocket
vehicle. Assume a Scramjet engine can accelerate the vehicle to Mach 15 at
150,000 feet, and that a 90 nmi circular orbit is desired (no plane change).
What fraction of the ideal energy is constant? Suppose the mass varies with
time (as it really does). How would this fraction be effected?
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2.8-16 What Av is required to travel from Earth’s orbit (around the sun) to Mars’
orbit? The radii from the su to earth and mars are 1.5x10° km and
2.28x10° km, respectively.
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2.8-17  Determine the burnout flight path angle and burnout velocity for a ballistic
missile with a maximum range of 5000 miles. Plot your results as a function of
the height at burnout (%s,) for 10 miles < /5, < 100 miles.
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2.8-18  Estimate the Av required to reach a 100 nmi polar orbit assuming southerly
launch from Vanderberg AFB.
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2.8-19 A very important orbit utilized by many satellites has a period of 24 hours. This
orbit, called a Geostationary Earth Orbit (GEO) is such that a satellite remains
fixed with respect to a point on the ground (obviously desirable for
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communications).

a) Find the altitude of this orbit in feet, miles, and kilometers.

b) What ideal AV would be required for a launch vehicle to deliver a payload
to this altitude.
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2.8-20  Prove that the ideal AV required to travel from earth to the moon and return to

earth is 88,900 f/s. What is the ideal value assuming we can use the earth’s
atmosphere as an “aerobrake” during the descent pahse in the return to earth?
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2.8-21  The Titan Launch vehicle boosts on IUS and payload to a 85x90 nmi

equatorial parking orbit. Assuming the first stage of the IUS fires from the
apogee of this orbit determine:
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a) The Av required by the IUS first and second stage burns required to place
the satellite in GEO orbit.

b) The ideal Av input by Titan to attain the parking orbit including
contributions for the plane change to equatorial orbit.
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2.8-22  Suppose we wish to replace the IUS with an electric OTV. What Av would be
required by this vehicle assuming the same initial and final orbits?
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2.8-23  What ideal AV is required to travel from a LEO of 200 km to Mars and back?
Include AV budget to actually land on the Martian surface.
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2.8-24  An interceptor is required to travel a distance Z in a mission time, #,. Because
the rocket motor on the interceptor has a thrust which decreases with time, the
velocity of the missile during rocket operation can be expressed:

v(t) =Kt”® +K, O<t<t,
where K, and K, are constants and t, is the motor burn time.
a) Derive and expression for Z in terms of K, K,, t_, and t,.

b) If the missile is intially at rest, determine vales for K, and K, in terms of
Zt,,andt,.

¢) Suppose K,=30f/s"°, K,=100f/s, t,=30sec, and t =9sec.
Determine the range Z at t =t_ and the portion of this range attained during

the coasting period.



139

v OZ,L<(‘__)
vikys K, €7 v WK,

ay Z = Stb vit) e =~ OV (. ’kb) ANV = () = K *‘;.2 o

__)'5\)&, 1n X \/w\-ejrne_

e (\/\\{f s, Y em —4s) (]

- 34 - b 1 1\( e
e) Z= B RES TRkt UKE S (R
}\/‘QSO K’L:loo {"'\: ‘BO ‘kb; (1

(=) = Sit30 fr|

e —39%
iy R P i Caagr\r,j (g5
LZC/;@ £ e Tlobe Aacrance

2.8-25  An ambitious student wishes to launch a rocket into low Earth orbit from
his/her backyard. Nearby power lines inhibit an easterly launch, so the student
elects to launch in a westerly direction. The Isp of the vehicle is 300 sec.
Assuming the launch site is at a latitude of 35 degrees, and a 200 km circular
orbit is desired, what ideal velocity increment would be required to complete
this mission.

27 4e cos TEC

e : . 25
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2.8-26  We would like to modify our analysis of mission requirements for Earth
escapes to take into account dissipation due to atmospheric drag. Assume we
can write the average drag during the ascent as
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D= Average drag force
C, = Drag coefficient
;

Average atmospheric density during ascent

NS

Average velocity during ascent
A = Vehicle cross-sectional area

a) Using this expression, derive a relation (analogous to 4.17) for the
impulsive velocity to attain a height Z(u.) in terms of the parameters above,
the body mass (m) and known characteristics of planet Earth.

b) How much additional impulsive velocity (above the case with no drag) will
be required if Cy 0 A/Mm=1x10"m™ and z = 100 km?
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2.8-27  What AV is required to escape Jupiter’s gravitational field assuming one starts
on the surface of the planet and drag is neglected?
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2.8-28  The initial portion of the return trajectory for a future Mars probe would
involve a launch from the surface of Mars to a temporary circular orbit 150 mi
above the planet’s surface. Assuming the probe is departing from the equator,
estimate the AV required to accomplish this portion of the mission. Hint: The
length of a Martian day is 97.5% that of a day on Earth.
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2.8-29  The “g-t” loss for a typical launch from Earth is roughly 5000 f/s. Can you
estimate the loss for a launch from the surface of Venus? Carefully state all
assumptions required to make this estimate.
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2.8-30  What altitude would be attained by a projectile launched vertically at half of
earth’s escape velocity?
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2.8-31 We have had considerable discussion on the Av estimates for launch vehicles.

The highly simplified result that Av=Vv_ —

Vo (with v, evaluated at earth’s

surface) works okay for orbits very near the surface of the earth (neglecting
gravity and drag losses, of course). For Kennedy Space Center, this technique

gives Av of 7.5 km/s.

a) How does this estimate compare with a Hohmann transfer from Kennedy

Space Center to a 150 km orbit inclined at 28.5°7?

b) Which approach do you prefer and why? Do you have a better suggestion?
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Typical ballistic missiles have a burnout height of 100 miles with a maximum
range of 8000 miles. How much extra Av capability would be required to use
the missile as a launch vehicle to orbit payloads in polar orbits (90° inclination)
at the 100 mile altitude?
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2.8-33  Recently, the Mars Global Surveryor was captured into a highly elliptic orbit
about the planet. Over the next few months, the spacecraft will use the Martian
atmosphere as an aerobrake to eventually arrive at a low-altitude circular orbit
about the planet. Assuming that the initial elliptic orbit had an apogee of 30,000
Km and a perigee of 50 Km, estimate the Av saved by using the aerobrake
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maeuver. i.e. What Av would have been required if Mars didn’t have an
atmosphere?
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2.8-34 A solid rocket motor is to be utilized for propulsion on an air-launched missile
whose drag characteristics are shown in the plot below. Assuming the missile is
launched at M_ =0.9, discuss the implications of the SRM grain design on the

missiles performance. Which grain design should be used (regressive, neutral,
or progressive) assuming that each one provides the same total impulse?
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Additional Problems

1)
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Determine the bumnout flight path angle and burnout velocity for a ballistic missile
with a maximum range of 7000 km. Plot your resnits as a function of the height at
burnout (hy,,) for 100 km < hy,, < 500 km.
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1) You have been directed to decide on Propulsion System Alternatives for a vertically
launched sounding rocket with a payload of 150 kg and an empty weight of 1500 kg
(excluding the payload). The rocket employs twin liquid engines with a storable
propellant combination which provides an average Isp of 280 sec. The payload
contains sensitive instruments which cannot withstand acceleration levels in excess

of 4 g’s.

i) Assuming negligible drag and that the engines are not throttleable, determine
the propellant load, engine burn time, and engine thrust level which will
maximize the performance (Av) of this vehicle. What is the Av achieved under
these conditions?
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ii) Being the bright young engineer that you are (must be a Purdue thing), you '
suggest that the rocket may have additional performance if we are able to shut
one engine down at some appropriate point in the flight. Determine the
burning times, propellant consumption, thrust level, and Av achieved during

both phases of the flight.
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3.) Refers to problem above

©2) Determine the burnout and apogee heights the soundmg rocket in Pmblcm 1 attains
for both condlr.mns stated in that problem.
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4.)

On OTV orbits the earth at an altitude of 200 Km (circular orbit). The vehicle
utilizes a LRE with an Isp for 450 sec. and has an initial gross mass of 15,000 Kg.
The engine is ignited and burns for 300 sec. at a thrust level of 75 KN to initiate
the first burn in a Hohmann transfer. Determine:

a) The AV imparted by the first burn.
b) The apogee height attained as a result of the first burn.

The engine is reignited to circularize the elliptic orbit formed as a result of the first
burn. Assuming another constant thrust firing at 75 KN, determine:

c) The AV required to circularize the orbit,

d) The firing duration required to attain this AV.
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5.

An expedition sent out to mine near-earth asteroids is exploring economical alternatives to
bringing the minerals back into low earth orbit. In this connection, they propose to
capture the payload in a highly elliptic orbit about earth with apogee at 50,000 km and
perigee at 100 km. They intend to use aerobraking to ultimately arrive at a 100 km
circular orbit which could then be a starting point for re-entry to earth. How much Av is
saved by the aerobraking process assuming we would need to use retro-rockets if this
option weren’t employed?
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