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Abstract

The ability to substantially reduce the cost of planetary missions lies not only in the cost

reductions to be found ispacecraftdesignbut also inchoice of launctvehicle. Smaller

launch vehicles are cheaper but are also less capable at lofting sufficiently large masses to

interplanetary velocities, while excessive miniaturization epacecraft subsystems
typically leads tohigher cost. Microcosmhas identified anew launch techniquaising
traditional vehiclesand technologies to circumvent these restrictions fioany solar
system exploratiomissions.For the purposes othis paper, we named ithe Modified
Launch Mode (MLM). This method can substantially increase the payload mass
capabilities of all launchsehicles forhigh energy(high G)) missions. It isparticularly
advantageous in missions that require onbgarojpulsion at destinatioand therefore can
make repeated use of that system.

The technigue has beettescribedelsewhereand only a summary ipresentechere. This
paper summarizes the newly available spectrum of lowgtasetarycapability thatthis
techniqgue makes available to the small satellitecommunity usingsmaller, cheaper
vehicles tocarry their spacecrafthen have beercommonly considered asiecessary. A
multi-faceted trade of launch vehicle capability agasgicecraftsize will beappropriate
to minimize overall mission cost or to enhance mission capabilities wstienified cost
constraints. Emphasis iglaced onthe matching ofminimum-costlaunch vehicles to

small spacecraft now being considered for deep-space exploration.

! © Copyright Microcosm 1997.

Summary of the Technique ?

The application of the techniqumasbeen
described at greater length in an
associated pap%r so only a short
summary is presentedhere. The
formulation of the techniquearose

through the need to get extra mass at very

low cost tothe Jupitersystem in support
of a smallstudy. It wasrealized that a
significant fraction of a launch vehicle’s
energy is spentccelerating the empty

2 “Modified Launch Mode”, patent pending.

3 A Low-Cost Modified Launch Mode for High

C; Interplanetary Missions].R. Wertz, H.F.
Meissinger, S. Dawson, AAS/AIAA

Astronautics Conference, Sun Valley, Idaho, 46
August 1997.
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structure and associateslibsystems of
the final upper stage tahe same high
energy transfer orbit aghe payload
spacecraft.

A question was then postulated that if one
were to use integral propulsion to
supplant some ahe energysupplied by
the launch vehicle’sipper stage to the
upper stage/payload staekhat, if any,
would bethe advantage in terms of net
spacecraft mass to thensfer orbit? One
would still use the launch vehicle’s upper
stage to exhaustionaccelerating a larger
mass to a lower energyrbit, for
example, G= 0, or Earth escape velocity
— then use integral propulsion to
accelerate thespacecraft to itsfinal
transfer orbit.

N AIAA/USU Conference on Small Satellites



Through someelatively simpleanalysis
of the questionposed, aconclusion can
be drawn that a substantial massn can
be effectedvhen usingtraditional launch
vehicles,their nominalupper stages, and
integral propulsion. These gains are
present even when using rather
conservative integral  propulsion
performance assumptions itme mass
calculations. Meissinger, et ‘al. give
somequantitativeanalyses othe various
launch vehiclesperformances. Imuch
the samevay that staging a rocket gives
enhanced mass performance to Earth
orbit, a similar ‘staging of the
interplanetary transfer orbitinjection’
enhances payload mass to final orbit.

We believe this technique to be new to the
literature inasmuch as we have failed to
find mention of similar techniques for
enhancing planetarymission payload
mass. The closeswork the authors can
find is work in support ofthe Pluto
Express project where three consecutively
smaller solid upper stagesare stacked
atop aProtonlaunch vehicle toprovide
additional mass gains over singlarge
upper stage This Pluto Express
approach could be viewed as a
‘quantized’ application of the approach

summarized here and detailed in reference

[i. This novel approachhas now,

apparently, been discarded because of the
cost of the Proton launch and upper stage

costs in favor of driple Venus — Jupiter
Gravity Assist(VVVJIGA) trajectory to
Pluto to be launched on Belta or a
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mission operations. In additiothe extra
cost fromthe engineering needed to cope
with the larger thermaloads imposed
upon the spacecraft in the vicinity of
Venus’ orbit must be included in the trade
space of missiorcomplexity andcost.
These changesvould seem to largely
move the savings accrued through
changing launch vehicles to the
operational stage of the mission.

The proposed staging sequencihat
depends on usingintegral onboard
propulsion in planetary missions has
elements in common wittthe launch
procedure for some Earth-orbital
missions with  high launch-velocity
requirements. For exampléhe AXAF
(Advanced X-Ray Astrophysical Facility)
satellite to be launched to 20,000 by
140,000 km Earth orbit, in late 1998, will
reach this orbitthrough a sequence of
onboard propulsion burns apogee and
perige€. Giventhe very large(4800 kg)
AXAF net spacecrafinass, the use of
integral propulsion toreach the intended
final orbit is essential, giverthe payload
capability limits of the Shuttle/lUS launch
vehicle.

Negative C ,, Attitude and
Telemetry Acquisition

It hasbeen notetithat the need tthrust
immediately following launch vehicle
separation couldplace aheavy burden
upon the spacecraft in that the normal
mode of initial attitude determination and

[ Extralv to Apogee Period C,
escape Radius
m/s 1000’s km days km?/s?
200 175.98 3.178 —4.36
300 115.69 1.742 —6.51
500 67.46 0.821 -10.75

Table 1 Characteristics of a ‘negative € or phasing

orbit

Russian Molniya vehiclé'. The extra
Venus orbits add approximately 3.5 years
to the trajectory and greatlgomplicate

S. Dawson 2

* Thanks to L. D’Amario of the Jet Propulsion
Laboratory for the question.
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the set-up of ground-to-spacecraft
telemetry link will ke forced into too
small a period of time. Thishortenimy of
availabke time, it was argued could
invalidae the schemes unworkableor,
alternatively eliminae any mas gains
due to tle highe altitude attained before
the integral propulsion system’s ignition.

If these concem are real then aeat
solution to the problemis offered by
restricting tte launch-vehiat provided C,
to a negativevalug tha is the spacecraft
has notattained escape velogitand is
instead ina highly eccentric orlii around
the Earth. A similar, but more lengthy,
schene was employed durig the
Clementie mission. Ths subsequent
‘phasing orbit could be used most
effectively as a time period b allow
attitude determination and contros, \aell
as commencemenf spacecrdftelemetry
sessions fofull system andsubsystem
che& out, pria to the interplanetary
injection burn Another point to be borne
in mind when consideringhe vale of a
phasing orbit is that the injection lbucen
now be initiated aheadof perigee, thus
splitting the bum about the phasing
orbit’s perigee. This tsthe advantagef
lessenig the impactof Av losse due to
the increasing altitudeat which the
spacecratft is thrustingSee Table 1.]

Description of the Technique

Table 2lists the payloadnassat C, = 0
and a C, = 773 km?/se¢ for the Jupiter
missionf resultirg from the conventional
and the modified launch modes (MLM) as
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shown in the two launch vehicle
performance curves (Figure & Figure
2). Also listed in the tablés the payload
mas remaining after insertio into a

Jupiter polar orbit wit the dimensions of
1.1 by 60 Jupiter radiiwhich requiresan

insertion burn 0of0.783 km/sec The

major payloadmas gain due to the

differert launch mode amounts tB2%
for the Taurus, 5% for Delta Il, ard

34% for Atlas Il/Star 48 B launch
vehicles. Clearly, the gan depends
strongly on the mass and specifnpulse
of the LV upper stage ana ¢he specific
impulse (I, = 30 seq thatis assumed
for the onboard engines udein the

modified launch mode.

These resuttshow that a minimum-or a
medium-size Jupiter orbite can be
launched by the Taurus XL/$ the Delta
Il 7925, respectively by using the MLM
launchmode.Alternatively, theDelta LV
would be able to launchtwo separate
orbiters of nearly 180 kg each. This
would allow simultaneous observations
of physical phenomena from different
Jupiter orhi locations therely greatly
enhancing the scientifi mission yield.
Also, a trade betweewnboardpropellant
mass ad payloal massat destinationis
mack possible by separating the
spacecraft fromthe uppe stage at an
intermediate € value,e.g., at C, = 20
km?#seé, thus reducirg the required
onboard propellantmass The final
spacecrdf mass inthis cag would be
abou 385 kg i.e., 25 percent more than
in the conventional launch mode.

In the Jupiter orbite mission the

Table 2 Payload Performance Improvement In Jupiter Mission by the

Modified Launch Mode

Launch Payload at Jupiter Arrival Payload in Jupiter Orbit
Vehicle
Conventional Modified | Conventionall Modified
Taurus XL/S 60 kg 169 kg 46 kg 130 kg
Delta Il 7925 308 kg 468 kg 237 kg 360 kg
Atlas Il/Star 48B 530 kg 712 kg 408 kg 548 kg
S. Dawson 3 11" AIAA/USU Conference on Small Satellites
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Propellant loads Propellant Tank Mass Engine Mass
< 100 kg 8% of propellant load 2 kg
<1000 kg 6% of propellant load 5 kg
> 1000 kg 4% of propellant load 10 kg

Table 3 Rule of Thumb for Tankage Mass Sizing

spacecraft's onboard propuleicsystem
to be used at Edrtdepartue will be used
a secondtime for the orbt insertion

maneuver The multipleuse of onboard
propulsion in ths example makeghe

modified launch moel particulary mass-
and cost-effective.

The above datdo not reflect theextra
mass required for éhonboad propulsion
subsystem.A suggestd rule of thumb
for assessip the extra mass to be

allocated for ‘tankage’ over thaormally

to be found onboardan interplanetary
flyby spacecraft has been describadin

Table 3.

The use ofthe above ruleof thumb in
subtracting fromthe injected mass is
intended to illustrate the differergcen a
levd playing field betweera traditional
launcher’s injected mass and the Modified
Launch Mode’s‘useful injectad mass.
If, however a mission were totake
further advantage of the integral
propulsion such adn a planetary orbital
insertion maneuver duign an orbiter
mission, then tl subtractio of this rule-
of-thumb mass from a MLM insertion can
be clawed back into trade spaafeMLM
versts traditional launb modes without
hesitation. Indeedit would seem for
smalle missions, whex the propellant
tark sizing is most expensive in terms of
loss d usefd mass thenMLM becomes
more practical n situations wherethe
propulsion system iso be used fora
least a second time.

® As suggested by E. Keith, Senior Propulsion
Engineer, Microcosm, Inc.

S. Dawson 4

Generic Payload Gain
Characteristics of the Modified
Launch Mode

To showv the payload gain obtainablsy

the modifi@l laundh mode compared
with the conventionalaundh mode, the
ratio of the final payloadmass fo each
mock is derivedas a function of launch
energy. h the conventional lautcmode
the mass ratio between the initiatldimal

mass is expressed by:

A
mCO+mS QTVl
—2———=¢e”* =1,

Mg, +Mg
where:

m. .= mas of the conventional launch

vecﬁ)ic_le and spacecraftpayload, but
without the dry mass of the upper stage,

m., = mas of the conventional
spacecrdf payload on reaching its
destination,

m, = dry mass of the launch vehicle upper
stage,

g = gravitational acceleration constant,

ls, = specifc impulse of the launch
vehicle

Av, = velocity impulse to reachthe
energy G of the desired transfer
trajectory, and

r, = initial to final mass ratio.

By eliminating the laurit vehicle upper
stage dry masm, in the modified launch

11" AIAA/USU Conference on Small Satellites



Payload Mass (kg)

mode, the ratio of initial to finalmass

becomes:
rnM,O
mM,l

where:

S. Dawson

Payload Mass (kg)
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m, = initial mass of the spacecraft in the
modified launch mode, and

m,, = final mass of the modified
spacecraft in this mode.

The above chartshowthe advantages of
the MLM method for a range of

=r,

5 1M AIAA/USU Conference on Small Satellites



traditional launchvehicles.All the charts
are ‘referenced’ to a baselindrop-off’
C, of 0 knT/s’, that is theMLM method
takes over onlywhen the launch vehicle
has already burned to exhaustion at
exactly Earth escape velocity.

As a simplifying assumption,the same
specific impulse (}, = 300 sec) is used in
both launch modes althougihe upper
LV-stage typicallyhas a somewhdarger
|, value. Also,the massesn,, , andm, ,
at the reference point,G O areassumed
to be equal. Thideads to anexplicit
expression foithe relative payloadnass
gain ®) which is derived fronthe two
preceding equations,

R:rnl\/l,l_ 1

Mg, B 1- m
,0

(1)

Figure 3 obtainedor the Taurus XL/S
launch vehicle withm. , = 475 kg shows
representative curves tie payload gain

SSC97-I1X-5

is used in definingthe r-ratio is related
tov, and hence to by the equation

\/1 = VeS,O(/\“‘l+ C3/VES:,02 _1

where . is the escape velocity at the
initial altitude. This formula isused in
deriving the payload gainurvesshown
in Figure 3.Each of theseurves has a
pole at the rvalue given by

rn=1+ mw/my

where the denominator in the equation for
R goes to zero.

As a specific examplehe Taurus XL/S
launch vehicle with a representative upper
stagedry massm, = 164 kg, aninitial
massm. , = 475 kg, and a mass ratip=
2.863 corresponding to ,C= 77.3
km?seé for the assumed Jupiter transfer
trajectory,the MLM payload massgain
will be 2.816, i.e., anncrease of 182

(Taurus/Star FM)
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Figure 3 Payload Gain vs. ¢ by Modified Launch Mode

versus G for several assumed upper

percent in payloadnass overthe mg,

stage dry-mass values, ranging from 100 value of 60kg, aspreviously shown in

to 400 kg.The velocity impulsé\v, that

S. Dawson
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Table 2.
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Analysis of the Delta-V Penalty
Associated with the Modified
Launch Mode

The net payloadnassgain achievable by
the modified launch mode will be
adversely affected by the increase in the
required departure velocity. This
increased velocity is due to the higher
burnout altitude resulting from the
increased thrust phasguration. In the
conventional launch mode the much
higher thrust level of the launch vehicle’s
upper stageassures a very short thrust
phase,and henceminimizes the delta-V
penalty. To keep the MLM mode
performance penaltysmall, onboard
engines with a sufficiently largéhrust
level must be used.

A simplified analysis isused toestimate

SSC97-I1X-5

the delta-V penalty, assuminghat an
equivalentimpulsivethrust isapplied at
some point orthe escape parabola before
the end of thetotal thrust phase. The
propellant mass, and hence, the biinre
is derived from the nominal velocity
impulse that igoroduced bythe onboard
propulsion system. Tobtain upper and
lower brackets ofthe prolonged burn-
time effect, the assumed equivalent
impulsive thrust isapplied at dime t =
0.75 or 0.5T,. Figure 6 illustrates the
flight path geometry used in this
approximation. The upper and lower
limits of the delta-V penaltyhus obtained
are conservativeestimates, with results
that depend on thenboard thrust force
and the accelerationlevel. For more
precise results, actual ascent flight
histories should beomputedfor several

Table 4 Payload Mass and Mass Penalty Varying With Assumed Impulse

Application Time, T,

T, mJ/m, Taurus Delta Il
(min) m (kg) | Am, (kg) | Loss (%) m(kg) | Am, (kg)| Loss (%
0* 0.3560 169 0 0 468 0 0
4 0.3393 161.2 7.8 4.6 441.1 26.9 5.8
8 0.3053 145.0 24 14.2 396.8 71.2 15.2
12 0.2747 130.5|] 38.5 22.8 357.1 110.9 23.7
16 0.2525 119.9] 49.1 29.1 328.3 139.7 29.9
20 0.2353 111.8] 57.2 33.5 305.9 162.1 34.6

* |dealized condition

Table 5 V., AV, and Payload Mass Ratio Varying with Assumed Impulse

Application Time, T,

Impulsive thrust case)

Impulsive Thrust | Radial Distancg Vesqg AV, Payload Mass
Time, T; (min.) rr, (km/sec) (km/sec) Ratio, m/m,

o* 1.0 11.052 3.073 0.3560

4 1.15 10.306 3.243 0.3393

8 1.48 9.085 3.560 0.3053

12 1.89 8.039 3.876 0.2747

16 2.29 7.303 4.129 0.2525

20 2.69 6.739 4.341 0.2353

* |dealized condition (Impulsive thrust case)

S. Dawson
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Escape
Parabola

Injection at C,=0

(C4=0) \

£=0.5T,
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Approximate Finite
Burn Time Departure

Impulsive Burn
Departure (High C;)

Burnout Time Tb

Figure 6 Geometry of Finite Burn-Time Departure
Approximation Description of the Trade

Space
different initial thrust acceleration levels.

Table 5 gives the valuesof the radial
distance the escape velocityat that
distance the required velocityncrement
AV, and the payloadthas ratio m/m, =
exp (-AVy/ g | ) tha correspondo the
assumed impulsive thrusapplication
times t. Table 4 shovs the resulting
payload mass decrease with chaigthe
impulse-applicatio time for the Taurus-
ard Delta Il- launched spacecraft ithe
Earth-to-Jupiter mission discussedrlier
(seeTabk 2). The payloadmass los is
reasonably small oyl for impulse
application times, tthat ae lower than 8
minutes.

From these data the variatioof the
payloal loss & function of the onboard-
propulsion thrustevel is derived for the
two spacecraft sizes bgnconsidered.
The results are shawin Figure 4 for the
assumed upper dnlower equivalent
impulse application times. Fohe Taurus

launch the loss is between 3 and 5 percent

at 600 Ipthrust, for Dela Il it is between
about 4 an@® percen for 14001b, thrust.
The losses wou be unacceptably high
for thrug levels below300 and 1200b,
respectively, inthe two launch vehicle
examples. Corresponding resultare
shown in Figure 5,with payloadloss as
function of the initial accelerationlevel,

S. Dawson
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a,. The losses become acceptably small
for initial accelerations above about 0.5 g.
Thus, a sufficiently largeonboard thrust
level will reducetheselossesto a small
fraction of the payload gain achieved.
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Description of the Trade
Space

The trade space thabow opens to
designers ofinterplanetarymissions is
multi-faceted in its  possible
implementations.

1. The designer can use the MLM
method to increasenass over the
nominal mission on the chosen launch
vehicle. Alternatively, the mission
designercan choose to not use the
extra mass butinstead fly on a
smaller, nominally less powerful
vehicle.

2. The designer can use the same launch
vehicle as would be chosen
traditionally andusethe massmargin
afforded byMLM to trade onmass
optimization versus cost of mass
optimization.

3. As an adjunct to Trades 1 and 2, the
designercan use some othe mass
margin afforded by th&ILM method
to trade against £thus widening the
mission’s launch window.

Examining Trade 1 in greater detail, one
realizes thatthis trade is an ‘either-or’
kind of trade. Either the designer builds a
larger, heavier spacecraft, adding
instrumentation and capability desired,
and sticks with the nominal launch
vehicle, or the designer chooses a
smaller, but cheapelaunch vehicle and
stays withthe nominal capability of the
mission. This trade has possibly the
greatest allurefor mission designers
giving maximum leeway in design
parameters such as capability versus cost.

Trade 2 is a more subtle overlying trade-
space on that of Trade 1. Tilesigner
choosing to fly onthe nominal launch
vehicle and usethe extramass margin
afforded bythe MLM method can then
trade among mass-optimized equipment
traditionally utilized on interplanetary
spacecraft, and heaviemore standard
equipment to befound, say, on LEO
spacecraft. Traditionally,interplanetary
missions have spent large sums of money

S. Dawson 10
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on massoptimization of subsystems and
instruments. The MLM method can allow
designers totrade gained mass for
cheaper, less involvedngineeringusing
heavier equipment. Additionally, the
designer coulduse some ofthe mass
gained as radiation shielding allowing
less tolerant, but more modern amehce
faster, electronics to be used.

Trade 3 is an additional overlying trade to
be added to the mix generated by Trades
1 and 2. By increasing thenission’s
launch window increasingly relaxed
launch activities could based so as to
allow repeated launch attempts within the
same campaign and hence achieve greater
mission cost savings iterms of less
burdensome on-pad operations.

Example Missions

The earlier introductory section alluded to
results for a Jupiteorbiter mission and
the gainstherein that theMLM method
could make available to trend-user. The
associated paper [i] coverthe same
mission and othesimilar missions such
as a Europa orbiter. In addition, the
authors present an alternative scenario for
a 100 kg Taurus or 250 kBelta 7925
mission to Pluto.

Fast Mars Transfer

As a simple example of the MLM
versatility a hypotheticaiission to a ¢
of 30 knf/s’ is outlined. The chosen
launch vehicle is aTaurus XL/S.
Assuming the mission is a fastMars
intercept and Mars is nominally
positioned at its average soldrstance
from the Sunthensuch a mission would
have the following characteristics.

1M AIAA/USU Conference on Small Satellites
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C, = 30 kn¥/s’

C, = 30 knf/s
Time to Mars’ average orbital distance fropm= 120.30 days
the Sun

(assumes no plane change) = 0.3 years
Baseline Taurus XLS performance to = 202.8 kg

Table 6 Baseline Characteristics of a ‘Fast-Mars’ Transfet

The abovemass numbecompars well
with the associatt mass numbers
calculatel for a nominal high G MLM
mission The assumptions useth the
MLM modéd were as abay but include
the additionamas penalties due tthe
non-standard usef dankage and heavier
rocket enginessadiscussd in Table 3as
well as an assumed onbodsp d 300
seconds The following Figure 7 shows
resuls availabke from a Taurus XL/S
launch vehicle injectip the Mars-bound

350

stretched significantly ovethat of the
nomind mission. Ths is despite thefact
that a substantiajl lower C, has been
employed overthat C, for which the
MLM was originally conceived ands
indicative of the regine for which MLM
shouldbe used At lower and lower Cs
the relative advantageof the MLM
method is larggl swampe by the higher
efficiencies of traditional launch
technique as empiricaly noted in the
‘rule-of-thumb’ given in Table 3. Only by

300
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o m—
—
— —

200 - =

T e —

Mass (kg)
[]
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= Total Mass in final orbit
50 +—— = = ™ =Propellant Mass
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Figure 7" Taurus XL/S Capability to a ‘Fast-Mars’ Transfer using
MLM for a range of launch vehicle-provided C, values.

spacecraft to a range of Zalues. going to higher C's does the

- . disadvantageof launchinglarge, heavy,
As can beseen inthe above figurehe .
capabilities of the Taurus havebeen burnt-out upper stages become evident.

S. Dawson 11 11" AIAA/USU Conference on Small Satellites



Solar Probe to 2.5 solar radii
via Jupiter GA

The use of MLM really comes into its
own whea considerig small cheap
missions ¢ the outer reached the solar
system. Ti8 is especially true ifthe
onboard propulsion system weto be
used again, perhaps, in a Jupjewered
gravity assist to one of the outer planets.

For the purposes D this papera solar
probe to 4 solar radthat takes advantage
of the MLM methodology was
considered The use of the onboard
propulsion system at Jupiteas not been
considered here buher would clearly
be a trade setup among manyfactors.
Some of those factormay be 1) the
difficulty of keeping larger than normal
guantitiesof propellant onboar all the

SSC97-I1X-5

way out toa Jupiter encounter,)?2the

extra Av that could b savedat Earth by

performing a burn at Jupiter 3) the

complexity of the maneuve at Jupiter,
and 4) the possibé radiation shielding
advantagesrém using onboard buma

Jupiter to effecthe sane ‘turn angle’ but
at a greater jovicentric distance.

A sample trajectorjor the mission is as
shown in Table 7 *". This gravity assist
maneuver reduces theheliocentric
velocity © 2.35 km/s thatis on a highly
eccentric ¢ = 0.9953 orbit aboutthe
Sun Perihelion velocity reaclse the
staggering valueof 3901 km/s and
perihelion distance is only 2.5 solar radii.

Leave Earth to Jupiter 5/29/98 @ aC, value of 116.094 kAs®

Arrival at Jupiter 9/4/99

Jupiter gravity assist turns spacecraft through 130.09°

Perijove 13.8 Rj

Table 7 Jupiter Transfer Details
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Figure 8 Taurus XLS Mass Performance Using MLM to a ‘Solar Probe’
Trajectory for a range of Launch Vehicle-provided G

Values.

S. Dawson

12

11" AIAA/USU Conference on Small Satellites



SSC97-I1X-5

1200.0 ‘

\

[

1000.0

= = = =Propellant Mass
= = 'Useful Mass' in

Total Mass in final orbit

final obit

800.0

600.0

Mass (kg)

400.0

—

200.0

0.0

0.00 10.00 20.00 30.00 40.00

Gy (km?/s?)

50.00

60.00 70.00 80.00

Figure 9" Delta 7925 Mass Performance Using MLM to a ‘Solar
Probe’ Trajectory for a range of Launch Vehicle-

provided C,Values

Applying the Modified Launch Mael to
the desired trajectoryproduces the
following results as showin Figure 8
and Figure 9. As can e seen the
possibilities of usig the Taurus XLS for

a viablemissionto suchan extreme G
value would seem to stretchthe
capabilities of spacecraft manufacterar
producea 50 - 75 kg interplanetay craft
capable of withstandig the immense
thermal loads plackupon it at such close
solar quarters. T&Delta 7925, however,
would seem to represent feasible
alternative —the 7925 modé has the
capability of launching approximately 120
kg to this high energy orbifhis valueis
producedby extrapolatingthe published
data tothis extraordinarily hig C, value
and so shodl be treatel with appropriate
caution. The 120 kg capability afdirect
throw’ to Jupiter compares with the MLM
values of~ 200 kg fo a launch vehicle-
supplied G of 10 km?*s>. Unde MLM
approximatgl 800 kg of the launch
vehicle’s capabilityis usedto launchthe
Jupiter-bound spacecradt’ propellant.
This propellant load, in purely ratio
terms, dwarfsonventional tankageand
mug be kept in mind befer such
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schemes are recommendéd fact, some
of the MLM gain might b offset in terms
of an upgrade attitude controlsystem
that might becom necessary to control
such an unwieldy spacecratft.

Conclusions

The proposeé modified launch moel can
provide a very significangain in payload
mass compared with the traditional launch
mode The results shw that the payload
mas gain for a given launch vehiel can

be 50 to 100 percent or more.
Converselya smaller lower-cos launch
vehicle can ofte be used fora spacecraft
of given mass to reach the desired
destination. Generally, this permits a
trade between lauhc vehicke size,
payloal mass flight time and other
mission characteristics, tachieve the
highest  cost-effectiveness Launch
vehicle cost is a major factor this trade,
with Taurus in the $ 20 million, drDelta

Il in the $50 million rang compare with
the larger, more costly launch vehicles
traditionally required to perform high
launch-energy planetary missions.
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It must be bora in mind tha some of
the® missiors require major deep-space
maneuvers, such asbit insertion at the
targeé planet The onboard propulsion
subsystem carried for the modified launch
mock would then & usel more than
once, whith makes this launchmode
more attractive. Téarequired enlargement
of the propellah tark size in such
missions only presents a minor loss in net
payload-mass Even if onboard
propulsion isto be usal only during the
laundh phase the extradry massard
added development cost appear affordable
in view of the cost and performance
benefits to be gained. €ldelta-V penalty
inherent in te MLM mode has been
analyzed andound to be manageableit
can be held within reasonabimits if the
initial thrust acceleration is of¢orde of

0.5 gor greater. Clearly, further study is
required in termf integrating an ascent
trajectoy so as to fully validate the
analytica assumptions regardinthe Av
penalty associated witthe longe than
usual thrust time. Howeverthere are
reasonsd believe theanalysis performed
to date is sound and conservativein
nature.

A generic analysioof the performance
beneft of the modified launch mode
shows that the payload gaiincreases
rapidly with the required launch energy
C,. Therefore, tts modeis most suitable
for high-C, missions e.g, those to
Jupiter ad beyond The benefits
obtainable in ta Jupiter-orbiter, Europa-
orbiter, and fast Pluto flyby missioree
good examples.

Further studies shoulde conductedto
look at specificcandida¢ missions their
launch vehia and payloal requirements,
representative maneuveequencesard
design and cost implications of adding the
onboard propulsion capability for
implementing the modified lauhanode,
and to derive the full spectrunof
advantages that can be realized.

S. Dawson 14

SSC97-I1X-5

' H. .F. Meissinger S. Dawsonard J.R Wertz,
“A Low-Cog Modified Launch Mode for High

C; Interplanetay Missions”,  AAS/AIAA
Astronautics Conference, Sun Valldgaho,4-6
August 1997.

I Richard S. Caputo and Robert L. Staehle, JPL,
“Pluto Express”, Chapter 12, in “Reducing Space
Mission Cost”, James R. Wertz & Wiley

Larson, Microcosm Press and Kluwer Academic
Publishers, 1996.

i J. A. Sims, et al., “Trajectory Options to
Pluto via Gravity Assists from Venus, Mars and
Jupiter”, J. of Spacecraft and Rockets, Vol. 34,
No.3, May—June 1997.

v Jwens, R. and R. E. Rose, “AXAF Mission
Overview an Spacecraft Design”, AIAA
Spacecraft Programs and Technology Conference,
Huntsville, AL, 24-26 Sept. 1996.

v Andrey B. Sergeyevsky & Gerald C. Snyder,
“Interplanetary Mission Design Handbook,
Volume 1, Part 3: Earth to Jupiter Ballistic
Mission Opportunities, 1985 - 2005”, JPL
Publication 82-43, December 1, 1982.

Vi Andrey B. Sergeyevsky, Gerald C. Snyder &
Ross A. Cunliff, “Interplanetary Mission Design
Handbook, Volume 1, Part 2: Earth to Mars
Ballistic Mission Opportunities, 1990 - 2005”,
JPL Publication 82-43, September 15, 1983.

vVi' S, Dawson, “Solar Probe Study 1994: Icarus
and Daedalus”, University College London, Dept.
of Space & Climate Physics.

Vil J, E. Randolph (ed.), “Solar Probe: Mission
and System Design Concepts 1989”, JPL
document D-6798, December 1989.

*In Figures 7, 8, & 9 the abcissa vaue of C;,
represents the S/C departure energy at time of
separation from launch vehicle.

11" AIAA/USU Conference on Small Satellites



