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Pegasus is a 1ow cost system which can carr a 600 pound pa load to
nautical mile polar orbits as well as larger payloads lower
altitude/lower inclination orbits or suborb1ta1 tra]ectones The
craft is carried aloft by a conventional transport/bomber-class
aircraft and | aunched from level flight at a proxlmate y 40,000 ft.

The first fh?ht of Pegasus was made on April 0 over the Western
Test Range a an altitude of 43,000 feet usmg t e NASA B-52. The
unmanned launch vehicle was developed jointly g Qrbital Science
Corporation éQSC) and Hercules Rerospace cmpa lRan the first flight

which reached a 320 nmi orbit was con ucted Defense Advance

Research Projects Agency) and NASA's chdard Space Fllght Center,

The Pegasus launcher is 49.2 feet in length, has 2 diameter of 50
inches and a aross weight of 41,000 pounds. The payload can have a
len%th up to 72 inches and a dlameter of 46 inches, R 3-azis, gravity

ent or spin-stabiliged sptacecraft can be achieved or a number of
small satellites can he inser

A preliminary propulsion de51€n ana1y51s for the launching of a small
geosynchronous Earth satellite a oard Pegasus was performed. The
profile for the gosmtmnmg the satellite is presented with
%hau on the eftects of orbltal parameters such as the Low-Earth
LED) altltude. progel ant, and auncﬁ site latitude on the
spacecraft s fpropel ant budget and begi inning of llfe BOL) mass. &
comparison a conventmnal Taunch vehicles and the Pegasus launch
vehicle is_also presented. A Pegasus fourth stage was sized based on
the prapellant mass re 1red for osynchrcncus orblt (GEO) injection.
Recommend atmns or a aunc profile were made based dpon mmmzm%
the pro%e ant use in the apogee boost motor (ABM) an gengee hoos
motor (PBM) or fourth stage used to place a sma. ellite into
geosynchronous orbit.

INTRODUCTION

Conceived in 1987 and successfully flown only three years later,
Pegasus is a paramount achievement of the U.S. commercial space industry
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which opens the door for low cost launching of light weight satellites
[lightsat]. The development of Pegasus comes in the wake of a strong
military, scientific and commercial need to have quick and unrestrained
access to space for the growing number of small satellite applications. 08C
has stated that it can perform 12 launches per year with its current
facility, and expects that this demand will increase at the rate of one
launch per month during the early 1990's with the international market.

The low cost of Pegasus can be attributed to conservative design
practices which lead to a simple design and utilization of current
technologies in many of the on-board components. The nozzle thrust vector
control systems on the second and third stages use the same control
electronics. Also, the bus used to link the main flight computer with the
subsystems is nearly identical to links that are currently found on many
terminal/mainframe systems. All of these factors allowed a low cost
production as well as making the on board systems easy to test. In
addition, rapid call-up and turnaround, and elimination of refurbishment
costs are offered by Pegasus. The launcher has the ability tolavoid bad
weather and other conventional ground launch pad bottlenecks”.

Fig. 1 shows an artist's conception of the launch of Pegasus from a
B-52. The first flight of Pegasus was deemed a complete success and has
given the small satellite community a chance to evaluate the vehicle's
performance. Factors such as the flight regime, vibration, and heating
characteristics were all analyzed on this flight. After being accelerated up
to a speed exceeding Mach 8, much data concerning hypersonic flight was
gathered which up until now has come only from sources of computational
fluid dynamics.

The advantages Pegasus provides over conventional vehicles and the
trend toward small satellites suggest that Pegasus could also provide
advantages in the GEO market, even though the vehicle is currently
designed for LEO applications ranging from 200-450 kg. Many payloads for
lightsat in LEO are now being discussed including commercial,
communication, scientific and defense related applications. Only a few ideas
for geosynchronous applications, however, have so far been developed.
Some suggestions have been made regarding communication systems in GEO.
Several other possibilities are suggested here.

The concept of the solar-sail is yet to be tested. Doing a plane
change in GEO by tacking would demonstrate the viability of solar-sailing
for long term interplanetary propulsion. Long term monitoring of the limb
of the earth to observe concentration, variations, etc. of atmospheric
components (eg. oxygen-nitrogen, ozone, water vapor) is another possible
GEO application. Another area for use of GEO lightsat is in specific
astronomical observations, such as a study of the directional properties of
cosmic dust.

The same kind of innovative thinking that went into the design of
this new launcher can be employed to develop new payload concepts unique
to GEO. State-of-the-art methods such as micron and submicron chip
technology, fiber optics, data compression, low power drain electronics,
high efficiency inflatable solar cell technology, holographic optics, micro
control systems, subminiature IMU's, Cray on a chip, etc. all await
harvesting by innovators of lightsats.
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PROPULSION STUDY

The orbital stages and nomenclature relevant to launch and
positioning of a small geosynchronous satellite are shown in PFig. 2. The
most efficient process for placement of a satellite into GEO is by using a
minimum energy Hohmann transfer. The three major portions of orbit
injection consist of a parking orbit in LEO, an elliptical geosynchronous
transfer orbit (GTO), and a geostationary circular orbit (GEO). The jump
from LEO to GTO is called the Perigee Boost and the circularization of GTO
to GEO is called the Apogee Boost. Note also that when the spacecraft is

in LEO and GTO that the orbital plane is inclined at an angle approximated
by the launch site latitude,

INJECTION INTO
GEOSYNCHRONOUS ORBIT
[APOGEE BURN ]

GEOSYNCHRONOUS .
ORBIT [GEO] b, 35788 KM
2y e N \
Y
\ \
' PARKING
\ ORBIT [LEO]

EQUATORIAL PLAN N
\ E c & Z
' P
A = APOGEE OF TRANSFER ORBIT INJECTION INTO ZORBIT [GTO]
P = PERIGEE OF TRANSFER ORBIT TRANSFER ORBIT &
[PERIGEE BURN ]

Fig. 2 Orbit parameters for Geosynchronous Launch Sequence

Propellant Budget

The propulsion analysis performed in this study was based primarily
upon parameters which affect the beginning of life (BOL) mass
requirements of a geosynchronous satellite and the amount of propellant
required to move the satellite from the launch vehicle parking orbit to the
final desired geosynchronous orbit.

The life of a satellite is limited to a large extent by the fuel
remaining once it is placed into GEO. For this reason, it is desired that
the launch vehicle final stage will place the spacecraft directly into GTO
so that the propellant mass required for the Perigee Boost Motor (PBM) can
be counted among launch vehicle hardware and will have no direct effect
on limiting the BOL mass of the spacecraft. The current Pegasus vehicle,
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however, would prove to be inadequate for placing the spacecraft directly
into GTO. In consulting with Hercules and Orbital Science Engineers it was
generally agreed upon that the currexat Pegasus' three-staged vehicle could
not place more than 50 lbs into GTO‘. For this reason, we assumed that
the spacecraft under present program constraints would require both a
perigee and an apogee boost motor for orbit injection or that a fourth
stage would need to be designed as an upgrade or option for the current
Pegasus vehicle.

The analysis included in this section considers three parameters:
propellant type, parking orbit altitude and launch site latitude, which
effect the launch propulsion system for placement of a satellite by Pegasus
into geosynchronous orbit. Once the propellant mass analysis is performed
a theoretical 4-stage launch sequence is presented.

1. Propellant Type

There are several factors involved in the choice of the type of
propellant to use for apogee and perigee injection. In general, there are
two types of system to be examined: 1) a bipropellant, which consists of
liquid fuel and oxidizer combined for combustion, and 2) a solid propellant
which combines the oxidizer and fuel into a single substantial combustible.

The propulsion system for solid propellants is simpler, and thus less
expensive, than that for liquid engines which make use of a complicated
feed mechanism with pumps, valves and plumbing for a controllable
combustion process. Solid systems, on the other hand, are typically
ignited and burn to completion, and therefore require less hardware to
implement. The key issue which favors a bipropellant propulsion system
is based on the ability to "shut down" the combustion process. If a
Unified Propulsion System (UPS) is implemented, propellant left over from
the apogee motor burn can be used for station keeping and repositioning
once the satellite is deployed. Solid fuel would, on the contrary, be
wasted and thus take away from valuable payload space.

The use of bipropellant or liquid fuels for apogee and perigee burn
results in burn times an order of magnitude larger than for solid burns.
This is because the solid burn takes place at a much higher thrust level
than its counterpart. The AV for bipropellants and liquids is not
therefore, "impulsive” in nature as it is in the case of a solid boost. This
degrades maneuver effectiveness. A liquid burn is traditionally split into
incremental burns so that realignment procedures occur throughout the
injection process and the spacecraft remains correctly oriented during the
entire orbit transfer.> There are however, in addition to the advantages
of a UPS already discussed, strong arguments for using bipropellant or
liquid over a solid propellant for orbit injection. To compensate for the
loss in efficiency over impulsive maneuvers, one benefits from better
orbital injection accuracy because of more time to refine telemetry. Errors
caused by thrust misalignment are smaller because thrust is lower ?nd the
spacecraft attitude can be corrected after each incremental burn.

In most cases, more propellant mass will be needed for a solid motor
than for a liquid engine due to its lower specific impulse, I;;,. The specific
impulse of solid propellants is typically on the order of 285 seconds while
bipropellants are higher at 300 seconds.

With considerations of burn time with respect to alignment
requirements and based on the benefits of UPS in reducing the mass
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expense of BOL fuel, it is probable that a satellite to be launched by
Pegasus would use a liquid bipropellant system for the Apogee Boost Motor
and a solid motor for the fourth stage or PBM. Bipropellant left over from
apogee burn could then be used for in-orbit station keeping and attitude

control. The propulsion calculations which follow are based upon this
particular scenario.

2. Orbit Parameters

For a geosynchronous mission, it is most advantageous to do
maneuvering (i.e. orbit transfer) at as low an altitudse as possible, while
still being relatively clear of the Earth's atmosphere’. Pegasus has the
ability to place a satellite in either a circular or elliptical Low Earth
Parking Orbit. It is however evident that the minimum energy orbit,
namely one which is circular, is the most advantageous for initiating an
orbit transfer. Anything more would waste Pegasus third stage propellant
and reduce the total weight carried to LEO.

The orbital dynamics eqguations used in the following section are
standard for clei:.er:rm'.m’.m;6 the velocity increment, AV, for transfer and
circularization maneuvers®. Once the velocity increment for each stage of
the launch is known, the propellant mass required for the maneuver can
be estimated from the specific impulse of the rocket propellant.

The parking orbit velocity, Vp, can be calculated using the following
equation:

V - p' (1)

Note that Eq. (1) can also be used to calculate synchronous orbit velocity,
Vs, where a = 42,164.2 km.

The geosynchronous transfer orbit is a minimum energy elliptical
orbit with the perigee at parRing orbit altitude and the apogee at
synchronous altitude. The transfer orbit velocity at the perigee and
apogee are given by Egs. (2) and (3) respectively.

V - Z“OII (2)
@ (r, + ),

I
Vea = th}‘g , (3)

With the velocities known at each of the critical stages in the launch
profile, the velocity increments are simply the vector difference of the
velocities at each state. The velocity change required to transfer the
satellite from the parking orbit to GTO without a plane change is:

AV, = Vo, - V,

(4)




Because the transfer orbit is inclined, the velocity increment to attain
synchronous orbit must, in addition to providing kinetic energy, correct
for the orbit inclination. Eq. 5 is the velocity increment from GTO to GEO.

AV, = J(Vsin{)? + (V, - V,c080)? (5)

3._Propellant Mass Analysis

To calculate the mass of apogee motor and the Pegasus fourth stage,
the following relationship was used:

Av | _
M Mo[exp(gl_'p) 1] (6)

A BOL mass for a small satellite was assumed. Using AV, the
velocity increment required for circularization of the transfer orbit, the
propellant mass for the spacecraft's apogee motor was calculated. The
calculation was repeated for the Pegasus fourth stage motor using AV:, ,
the velocity increment required to move the spacecraft from LEO to GEO.
The total mass in transfer orbit was taken to be the sum of the perigee
motor inert, satellite mass BOL, and the apogee motor propellant where the
apogee motor mass inert was assumed to be part of satellite hardware.

This process was iterated for various orbit inclinations and parking
orbit altitudes. The values for specific impulse were assumed to be 300
seconds for bipropellant  (apogee motor) and 285 seconds for solid
propellant (perigee rm':tm:).7

It was assumed that the third stage Pegasus avionics would be
kicked off prior to Perigee Boost and that the fourth stage casing inert
would be dropped prior to Rpogee Motor Firing (AMF). To include this in
the profile analysis, the dry mass of the apogee and perigee motors was
estimated at 10% and 7% of thd mass of the propellant for solid and
bipropellant systems, respectivelyg.

The results of the propellant mass analysis are shown in Figs. 3-6.
The required propellant mass for the fourth stage motor and Apogee Motor
was calculated over a 100-600 km parking altitude range for orbits of 0-90°
inclination for satellite BOL masses of 80, 100, 120, and 140 kg. It is noted
that the propellant mass required for the respective motors depends on
both the parking orbit altitude and orbit inclination as shown in Figs. 3-6,
but that the latter parameter dominates the propellant mass figures. It
would appear also, that an advantage would be gained by firing the fourth
stage at a higher altitude so that less propellant mass would be required
for the PBM and ABM. It is important to stress, however, that the mass
decrement in the LEO payload capability in higher parking orbits outweighs
the benifit to the fourth stage, as will be shown in the following section.
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Pegasus Fourth Stage Design
Propellant Mass vs. LEO Altitude
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By summing the propellant mass of the Apogee and Perigee Motors

with the inert/avionic mass and BOL mass assumed for the satellite, the
total mass in LEQ was calculated for several LEQO altitudes. Since the
Pegasus 3-stage motor can only put a certain weight of payload into a
given parking orbit, the LEO payload performance represents the limiting
factor on the mass BOL of the satellite. Fig. 7 shows the maximum BOL
mass obtainable in GEO for a given LEO altitude aboard the current
Pegasus vehicle. This is based on ideal launch conditions at 0° inclination
and ideal performance of the launch vehicle. For an equatorial 200 km
parking orbit launch, Pegasus could carry a maximum 130 kg of usable
satellite payload into GEO. As the satellite mass BOL goes down, the
dependance on parking orbit as a limit is relaxed. Note however from Figs.
3-6 that as the inclination is increased the propellant mass increases, thus
reducing the GEO payload potential of Pegasus.

Mass in LEO lkgl]

470 - 130 kﬂ
420 T 1m0 kﬂ
370 T 90 kg
320 +
70 kg
270 + . . .
Linea indicate Satellite Mass BOL
220 i i 1 N i { !
0 100 200 300 400 800 600 700 800

Parking Orbit Altitude [km]
squatorial launch

Fig. 7 Pegasus 4-stage GEO payload performance payload mass versus
parking orbit altitude for an egquatorial launch.

Four-stage Launch Profile

Based on a comparison of the mass of the third and fourth stage
motors a rough estimate of the dimensions of the fourth stage PBM was
made. Fig. 8 shows a modified Pegasus where the first three stages remain
current with the additional stage inserted before the payload faring. Fig.
9 is a closeup drawing of the Perigee and Apogee Motor sections.
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Fig. 9 Comparison of forward section of Pegasus vehicle and modified

Four-stage Pegasus. Note that the ABM is included in the
payload envelope and that the PBM is part of the Pegasus
launch vehicle,
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calculated and the fourth stage sized. It was concluded that for an ideal
0° inclination launch a fourth stage modified Pegasus could place 130 kg
usable payload into geosynchronous orbit.
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NOTATION

The following set of symbols were used as mathematical symbols in
the equations presented in this report:

He = Gravitational consl:?nt2 multiplied by the mass of the
Earth, 398,601.2 km’/s

a = Parking orbit altitude from the Earth's center, km.

Vip = Transfer orbit velocity at perigee, km/s.

Via = Transfer orbit velocity at apogee, km/s.

Vo =z Parking orbit }velocity, km/s.

r, = Transfer Orbit Apogee Altitude, km.

rp = Transfer Orbit Perigee Altitude, km.

Vs = Synchronous Orbit Velocity, km/s.

AVyp = Velocity increment from LEO to GTO, km/s.

AVg = Velocity increment from GTO to GEO, km/s.

M, = Final Mass of System after a given burn, kg.

M = Propellant mass for a given~burn, kg.

g = Gravitational acceleration constant, 9.81 m/s"2.

Isp = Specific Impulse,thrust per unit mass of fuel burned

multiplied by the burn time, s.
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AV = Velocity Increment, km/s.
4 = Inclination or Launch Site Latitude, °.
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