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The final report of this study is
presented in three volumes:
I Summary Report
II Technical Repozrt
III Appendixes.

Use of Metric and English Units
in this Report

The results of this study are reported in metric and
English units. The metric notation generally is quoted
first. However, since in the present transition phase
most of the engineering work is still being performed in
terms of English units, some of the supporting calcula-
tions are reported only in these units. In other instances
English units are stated first, with mefric units in
parentheses, e.g., in reference to a 12-foot {3. 66 meter)
antenna digh.
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APPENDIX A

STATE OF PROPULSION TECHNOLOGY

L. BACKGROUND

Propulsion systems to be used in the multi-mission propulsion
module must satisfy criteria that are unique to the missions considered

in this study, including the following:
® Mission life may approach 10 years ’L

e Fluorine may be required as oxidizer to provide the high
performance essential to the missions (high specific
irmnpulse) .

¢  Multiple restarts are required with long dormant périods,
€.g., major AV impulse at earth departure is followed by
the planctary orbif insertion maneuver many years later

° The system must be compatible with different thermal
"conditions in extremely hot (Mercury orbiter) or cold
{outer-planet orbiter) mission environments

¢ The system must conform with strict safety requirements
of the Shuttle orbiter as launch platform, i.e., safety of
propellant handling and storage; remote leak detection:
rapid disposal of propellants by overboard dumping. etc.

© Multi-pur};;ose use of propellants is desired,‘\‘:vith_ main-’ -
thrust and auxiliary thrust engines to be supplied by 2 -
commeon tankage and pressurization system.

A prudent design approach must be taken which satisfies the long -
mission life requirement without demanding extraordinary advances in
technology. It must minimize risk due to possible component unreliaw -
bility by adding component redundancy and functional redundancy and by

avoiding sources of wearout failure.

A system with a 10~year lifetime cannot be tested practically in
real time. Accelerated life tests may be performed in some instances -
at elevated operating temperatufes, higher than normal pressure, in-
creased cycle rates or other intensified conditions that tend to expose
design weaknesses, improper materials selection, or faulty fabrication
techniques. Howéver, such a test approach may not be truly re‘pre-'

sentative of failure mechanisms and combined degradation effects that

. A-1
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occur under prolongéd use in actual missions. Therefore, it is obvious
that the problem of developing systems for extremely long life missions
without prohibitive demonstration cost will continue to be a technical

challenge.

0

For systems using earth-storable propellants, a primary objective
is extension of the demonstrated capability from about 2 years up io
about a decade. Propulsion systems using earth-storable bipropellants
'("NZO 47\MMH) ‘have demronstrated lifétimes on the order o=£ Z years in
actual flight programs. Monopropellant hydrazine {N"ZH 4) propulsion

systems have a somewhat longer demonstrated life.

For space -storable systems with fluorine oxidizers the technology
base is guite limited and a considerably greater advancement in the state -
of the art is necessary. Although technology efforts and advanceéd de-

velopments have been started, no fluorine system has flown thus far.

An important question relates to long-term storage and isolation of
the flu_orine oxidizer. -A properly passivated elemental {ﬁon——alloy)
metallic tank containing pure fluorine should be capable of indefinite
storage. Practical considerations include effects of alloy materials in

the tank, impurities in the tank and imperfections of manufacture.

Planetary orbit missions with total impulse requirements in the -
3000 to 4500 m/sec class, suchas the missions -considered here, may
well be the first missions to justify flight application of flugrine pro-

pulsion. Other applications may then follow.

The applicable technology, including materials, components, engine
characteristics, cooling techniques, and feed systems will be reviewed

here, Areas where additional development is required will be indicated,

2., TECHNOLOGY STATUS

Table A-1 summarizes the technology status, or state of the art, .

that existed as of 1974 and forms the basis of this study.

‘For earth-storable systems, the state of the art is represe_ﬁ’ced

by systems using cold-gas pressurized NZO4 and MMH with pressure-fed
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Table A-1. Initially Assumed Specific Impulse and Propulsion
Module Inert Weight Data

Item ..

farrasm sy s o

Propellant Type ;

‘N,0 4/ MMH,

F2/N2H4 .

Specific impulse

(For ¢ = 52.° h
F =600 lbr‘n, 2730 N)

‘296 sec

363 sec (demonstrated)

376 sec (alnticipa.te.d) '

-

Propulsion module
inert weight

(for total mass between
1000 and 6000 lb,,;

. 441 and 2720 kg)

"Mass fraction.

W; = 0.163 W +27.2 ke

=0, 82

W, = 0.163 W +36.3 ke

Does not include mission-peculiar equipment
such as sun ghades, etc.
(see later revision, Section 7} .

~0.82 ..

‘thrust force '

..F

=1}_T’0't_e,‘: € = nozzle expansion ratio




ablative, conduction or radiation cooled engines operating at 100 to

200 psi (7 to 14 bar) chamber pressures. BSpacecraft propulsion systems
utilizing this propulsion technology include TRW's Multi~Mission Bipro-
pellant Propulsion System (MMBPS); Mariner and Viking propulsion
systems of the Jet Propulsion Laboratory (JPL); NASA's Apollo Service
Module, Lunar Descent {LMDE) and Lunar ascent propulsion systems; the
Titan Transtage and sevéral reaction control systems {RCS}. The
MMBPS, Mariner, and Viking are those most similar to the systems con-
sidered in this study.

No space-storable propulsion systems have been flown or even
qualified, Much of the recent interest in such systems has been at the
Jet Propulsion Laboratory, where in~house and sponsored work aimed

at planetary retropropulsion applications has been conducted for several

yvears,

JPL has sucessfully tested a complete (although not flight-weight)
fluorine propulsion system at their facilities at Edwards Air Force Base,
California, with good success (Refexence 1),

The technology baselines used in this study are defined as follows:

i) Earth-storable (N204/L4MH)

a) TRW MMBPS

b) JPL Mariner (Reference 16)

2} Space-storable (LFZINZH 4) _

a) JPL Flz/NzHé test propulsion system (Reference 1) ©

b) TRW design or in NAS7-750 (Reference 4}

¢} F,/N_H, engines as described in "Comparison Study of
Ffuorine/Hydrazine Engine Concepts’ performed for JPL
NAS7-100 PO 953943 (Reference 17)

d) - FZ/N2H4 engine experience at TRW

e} T compatibility as described in '"Compatibility Testing of
Spacecraft Materials and Space-Storable Liquid Propel-

lants' performed for JPL by TRW under NAS7-100 task
order RD-31 and 93 (Reference 18}

f)  Other liquid fluorine experience as described in the
literature.
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Table A-2 summarizes applicability of the data base. Pertinent
characteristics of the baseline technology for N,0,/MMH and LF,/ N,Oy,

are summarized in Tables A-3 and A-4, respectively.
3, ENGINE TECHNOLOGY

3.1 Typical Characteristics

The staté of the art in NZO4/ MMH engines includes both radiation-
cooled and regeneratively-cooled engines in the size and chamber pres-
sure range of 100 to 1000 1bf (445 to 4450 N) and 80 to 200 psi (5.5 to 13.8
bar), Radiation-cooled engines, in general, are lighter than ablative

0., s
engines, Five examples of existing engines are given in Table A-5.

Characteristics of a rocket engine under development by Marquardt
for the Space Shuttle RCS application are also shown in Table A-5. Its
film~cooled columbium combustion chamber operates at a throat tem-
perature of 1800 to 2200°F (980 to 1200° C) and is designed for very long
life, Operating parameters are optimized for the Space Shuttle mission
and are not typical of an engine designed for a planetary orbiter

mission,

Radiation-cooled columbium chambers have been successfully used
In vacuum with throat temperatures of at least 25 00°F (1370°C) at a
chamber pressure of around 100 psia (7 bar)., One engine with a molyb-
denum chamber is quoted as operating at 100 lbf {445 N) thrust at
170 psia (11,7 bar) chamber pressure, with specific impulse of 290
seconds and z throat temperature of 2500°F (1370°C), Operating tem-
perature of up to approximately 2500°F (1370°C) is thus considered the
state of the art of 1974 for radiation-cooled N204/MMH engines,

3,2 Cooling Techniques

Combustion chamber cooling techniques on engines in the range of
interest are embodied primarily by two types of chambers: radiation-
cooled or silica-phenolic ablatively~cooled chambers, with or without
throat inserts. The lightar radiation cooling approach is preferred if
suitable for the configuration. In both cases boundary-layer film

cooling is used as a supplementary cooling method but with a resulting



Table A-2, Spacecraft Propulsion System Data Base Used in. Study. .

Earth-Storable Systems
(N204!MMH)

Space-Storable Systeras
(F2/N2H4)

Propulsion system

Flight experience

Engines

Materials

Ground operations

MMBPS™ (TRW)
Mariner Mars '71 (JPL)

Apolio lunar module descent stage
{TRW)

Publighed literature

Extensgive {TRW, JFPL, and others)

TRW family of scalable engines:
lunar medule descent engine,
MMBPSE

Mariner '71

Egtablished technology

TRW flight programs
Mariner

No F,fN,H, flight systems
Published literature

TRW space-storable thermal con-~ .

trel technology study (under JPL,
contract) .

0

TRW propellant isolation shutof{ - ’

valve study (under JPL contract)

Cxidizer
Fo negligible
Other cryogemic: extensive
with LO,
Fuel
NZH4: extensive
Other amine bipropellants:
extensive :
TRW advanced developments
JPL advanced developments

TRW Fz materials compatibility
tegt program {under JPL contract)
TRW test site experience

TRYW and JPL monopropellant
flight programs {{uel side, nol LF,)

Published literature

*MMBPS ~ Multimission bipropellant propulsion system (TRW)



L=V

Table A-3., Characteristics of-State-of-the-Azrt N204/MMH Propulsion System Technology

Component Area

Mariner Mars '71

Other Avallable Technology

i. Propellant containment
material

2. Pressurant containment

3. Pressurant isolation

4. Propellant igolation

5, Propellant acquisition

6. Engine operating modes

7. Engine cooling method

8, Thermal control

9. Micrometeoroid protection

10, Structure

Heal treated 6Al-4V titanium
Uy = 160 -~ 175, 000; SFB =2

Annealed 6Al~4V titanium
4000 psig, a, = 135, 000 pai;
UY = 125, 0007psai; SF = 2

Pyrbtechnic actuated shears
parent metal

Pyrotechnic actuated shears
parent metal

Bladders and standpipe
Bipropellant

Boundary layer/conduction —
radiation nozzle; Isp = 288 gec

Absorptivity/emissivity
control

Beryllium tube truss; mag-
nesium and steel fittings

Aluminum; cryoformed stainless
steel

Centrifugal action; surface ,
tension

Bipropellant/monopropellant
dual mode {bimodal)

Radiation cooled, ablative; re-
generative; Iﬁp = 296 sec

Electric heaters; radioisotope
heating units

Metal honeycomb; quartz fabric

Titanium truse; aluminum fittings

Note: Oy = yvield strength
o, = strength ultimate
SFB = buragt safety factor




8-V

Table A-4, Technology Applicable to (or in Advanced Development for)
Space-Storable (FZ/N2H4) Propulsion Systems™

Propulsgion System
Component Area

Assumed a3 Baseline

Other Techneology

1. Propellant containment

Z. Propellant isolation

3. Propellant acquisition

4. Engine operating modes

5. Engine cooling method

6. Propellant thermal control

7. Thermal control

8. Micrometeoroid protection

9. Insulation

CRES stainless steel,
6AL-4V titanium - alloy

Aluminum and geld metal-
to-metal seals

Active expulsion devices not
applicable to LF; tank;

use settling rocket (non-
spinner} or centrifugal
action (apinner)

Bipropeliant {liquid-liquid)
Ablative with throat ingert

Thermal shielding for LF,
tanks (insulation alone not
sufficient)

Absorptivity/emissivity con-
trol by zones on tank

Silica fabric cover (Beta
cloth)

Closed-cell PBI foam on LFp
tanks, multilayer insulation
on NpHy4 tanks

6A1-4V titanium alloy
2219 aluminum or nickel liner

Dual mode (gas-liquid combustor)

possible

Radiation~-cooled graphite with
barrier cooling

Metal honeycomb or feils

“Entries apply to LFz {oxidizer) part of system, exceptions noted
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Table A-5, Characteristics of Existing Earth-Storable Bipropellant Engines

MBB

Weight kg (lbm)

MMEBPS . Shuttle RCS Symphonie Mariner 71 P-50 ISPS
#*
Propellant N204/MMH N204/MMH NZO4/A 50 N204/MMH HDA/USO
Thrust, N (lbf) 391 - (88) 2880 (872) 391 ° (88) 1317 {296) 396 (89)
Specific Impulse (sec) 295 290 303 287 272
Chamber Pressure 6,2 (91) 10,3 {152} 7 (102) g8 (115) 6.4 (94)
Bar {psi)
Nozzel Area Ratio 52:1 22:1 77:1 40:1 52:1
4,54 (10) 6,6 (14.5) 1.95 (4. 3) 7.8 (17.1) 3.5 (7.7}

% HDA (High-Density Acid)

USO (Lockheed designation)

- 54% HNO3/44% N,0,

- 99% UDMH/1% silicon oil




loss in specific imp;.tlse performance. These engine;s' have used earth-
storable propellants (N JO‘%/MMH or similar). Radiation-cooled engines
have been limited to about 100-psia chamber pressure. Cooling of

LF, / N,H, is acdomplished predominantly with carbon or graphite liners,
often with addition of silica-phenolic hackup layers.

3.3 LF /N H4 Engines

Considerable expenience with the LI / ]\ZH 4 Propellant combination
has been accumulated. However, this ca.nnot compare with the experi-

" ence gained on the many ﬂight'systems_which use earth-storable propel-

lants. A considerable amount of testing with. LF?,/NZHé was conducted

in the 1950's and 1960's. Recent tests have used heat-sink and carbon-

containing liners such as pyrolytic graphite or carbon fibers (e.g.,

Carb-i-tex combinations). These are more durable under exposure o

the reaction products of LFZINZH4 than are silica materials,

3.4 Dual Mode Engines

Dual mede, also called bimodal, engines are also considered in
this study. A dual mode engine operates either on bipropellants or
alternatively, on NzH 4 ThOnOpT opellant, Flexibility achieved by bimodal
operation offers such advantages as: 1) small impulse maneuvers can be
accomplished accurately, 2) propellants can be settled without acquisi-
tion devices in the oxidizer tank, and 3) in the case of systems using
)

velocity or attitude maneuvers without advance apportionment to either

H, as fuel, reserve propellant can be tanked and used either for

mode of engine operation. For the propulsion systems considered in
this study, the conventional bipropellant {or liguid-liquid) engine is
adopted. Principal reasons for this selection are design conservatism

and unceriainty regarding prospects of dual-mode engine development,

3.5 Auxiliary Thruster State-of~the~Art

Several auxiliary thrusters are presently available in the size
range of interest (see Table A-6), Monopropellant hydrazine is the
state-of~the-art propellant for low thrust engines, although a flight

system using NZOélAerozine—SO has been developed in Europe.

A-10
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Table A-6, Examples of Candidate Auxiliary Thrusters

<

Bipropellant Thrusters

Monopropellant
Thrusters Symphonie Technology
(European) Program
Propellant N,H, NzO4/A.-5O N,O,/MMH
Status Qualified Qualified Under
Development
Thrust levels (1bf) 0.35t0 1.2 2tc3 2tob
(N) {1.6 to 5.5) (9.1 to 13,6} (9.1 to 22.7)
Minimum impulse bit (lbf-sec) 0.03 0.04 0. 04
Specific impulse {sec) ' 212 to 230 293 290 to 300
at steady state (typical) {sec) 220 290
with minimum impulse bit (sec) 110 200 to 220




- Pf:rfcrr‘nwce oI the auxiliary thrusters in the pulsed mode is a

fL'thlO”l 0f puise uratlon as illustrated in Figure A-1 and A-2 for

_mono*oropc lant and bipropellant, respectively. Selection of appv*oprla.te
a,u_xz.lla::y Lhrugters for the mission in question depends on the state of -

:development ar\o on, system performance tradeoffs,

In the thrust cla.ss of less than 5 lbf {22.2 MY and for near-term
applications, with a development cycle of only a few years, the flight
proven NZ 4 monopropella,nt thrusters are'the best choice. AN 04/
- MMH blpropellant system with a 2 to 5 lb, thrust level (8.9 to-22.2 N)
has undergone a considerable amount of testing and may become opera-
tional within a few y;aa,rs. A similar Eufopean—developed 2.2 lbf (10 N)
bipropellant thruster using N,O,/Aerozine 50 is being used on the
German-French Symphonie satellite.

In the class of less than 1 lbf (4.5 N) of thrust, monopropellant
N2H4 thrusters are the best choice, considering their low costl and . high
reliability, even at the low Isp level (200 to 220 sec) characteristic of
2H4, the hydra- .

zine can serve a8 monopropellant for the auxiliary thrusters. For the

these thrusters, In the propulsion module using FZ/N
earth-storable (N204/MMH) systems, auxiliary thrusters of the bi-

‘propellant type can be used ifa 2 to 5 1bf (8.9 te 22,2 N) thrust level is

acceptable.

A-12
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APPENDIX B

SUMMARY OF FLUORINE SYSTEM SAFETY
CONSIDER.ATIONS AND LAUNCH SITE ASSEMBLY SEQUENCE

This appendix pre‘sénts a summary of results of related ‘studies
dealing with Shuttle safety implications with regard to l‘oa-,ding, trans-
porting and launching of payloads that include liquid fluorine as pro-
pellant, and with launch site assembly procedures. This material
augments the discussion of LFZ. ha.ndlmg and stora,ge presented in
Section 5 of Volume IL . }

1, SAFETY IMPLICATIONS

Results of a concurrent study of Shuttle safety implications per-
formed by TRW (Reference 8) are directly applicable to this study and
were used in assessing safety characteristics and providing safety
features of the space-storable propulsion system. The following para-
graphs give a brief summary of the objectives of that study and the
results obtained. ° . .

The study objectives were:

1) To identify any unique system requirements and constrzaints
imposed by the use of LF, as oxidizer in the propulsion sys-
tem of a planetary spacecrait launched by Shuttle orbiter,

-

2} To compare the safety interfaces between the Shuttle {(crew
and hardware) and the spacecraft propulsion system when
LFZ’ instead of NZOA’ is used as oxidizer.

The primary hazard to personnel is leakage of LF ;:luring pro-
pellant loading operations. Loading is similar to routlne transfers of -
Ly, from tanker trucks to industrial user facilities. The operations
involved should be isolated from 1ocat10ns where personnel ; and fac111tles

are concentrated.

Transportation and installation of thé loaded proPulsmn mod’ule
rank next in the list of potential hazards. Safety of these 0perat10ns ca.n :
be mproved by applying stricter regulations and standards fha'a thase
currently adhered to when transporting the chem1ca1 on publm .',ughwavs- -

Regardmg the installation of the 1oa.ded propu151on modnle onma..rd the



Shuttle cargo bay, regular safety reguirements rnust be enforced and

careless handling (e.g., high shock loads) is ruled out.

) If the prc;pu].Sion system has been loaded, transported, and installed
“in accordance with strict safety requirements and procedures, and if
" external hazards from other systems in the Shuttle cargo bay are mini-
mized, any residual hazards dﬁring normal flight operatione; appear low.
Clearly, the risk of performing a Shuttle.aboxrt and emergency landing
with a large quantity of liguid fluorine onboard would be too high and
dumping provisions must be made available to disPos;e: of the fluorine
along with the other propellarts (e.g,, those carried b:)r the Shuttle uppex
stage) that also must be dumped prior to an abort. To handle the dumping
procedure of LFZ during Shuttle orbital operations is comparable to
dumping of other hypergolic propellants eaxcept for requiring a specially

treated (passivated} dump line.

‘The overall rationale for acceptling the risks inherent in using I_.".E‘2
as oxidizer in Shuttle-launched interpalahetary spacecralt compared with

NZOAL is summarized as follows:

1) The likelihood of accidents involving N O is comparable to
and at least not higher than when this ox1§1zer is carried for
other uses, particularly for the Shuttle orbit maneuvering

system (OMS Kits), because in the spacecraft propulsion
module there are fewer and smaller tanks, and no external
lines containing the oxidizer.

2) The likelihood of accidents involving LF.,, can be ma.de com-
parable to N204 or even lower through Zﬁrlcter safety ¢
provisions.

3} In both cases the chance of accidents can be made remots by
adhering to strict safety standards in all phases of handling
and operafion,

Key safety recommendations of the referenced study are summar- )

in éd as follows:

© Isolate oxidizers by confinement in tanks only, i,e.,
eliminate oxidizers from pipes while in transit

® Use all-welded construction and double-walls for
propellant tanks

o Provide appropriate remote propellant loading facilities

B-2



e Automate leak detection and warning at the launch site

¢ Institute appropriate safegusrds and handling procedures
at the launch site and during flight

¢ Provide appropriate safety features on the Shuttle orbiter,
' especially to prevent hazards from other systems

@ Provide liquid nitrogen cooling of the LF, tanks until
) liftoff :

e Provide iaropellant status instrumentation and display
to the Shuttle crew

¢ Provide a dump system for immediate safe disposal of all
propulsion module propellants in the event of leak or other
un_sa.fe“conditions; also, if integrity of the LF, or N 2O 4
tanks is threatened by malfunction of other systems]
and in preparation for a mission abort.

A second study recently completed by TRW Systems under contract
with NASA, Kennedy Space Center {Reference 31) covered the various
phases of ground processing of Shuttle payloads that use fluorine propul-
sion stages. The study confirmed the feasibility of processing such sys-
tems for launch by the Shuttle orbiter without undue safety hazards and
without significant immpact on the environment (ecology). The study defines
ground processing and ground safety criteria that must be adhered to
when- handling the toxic, corrosive and highly flasnmable chemical, and
compares these requirements with the conventional safety provisions that
apply in handling nitrogen tetroxide (Nzo4)' It recommends development
of caution-and-warning senscors to be installed at the assembly and load-
ing stations and onboard the Shuttle orbiter and the further development

of protective clothing for ground support personnel.

2, FPROPELLANT LOADING

Loading of propellant presumably occurs at a location remote

from the Space Shuttle launch pad 39. The loading operation consists of;

@ Receiving the propulsion system from the point of manu-
facture and inspecting it for damage. o

o Ensuring that the fluorine components are "fluorine~-clean"

¢ Pasgsivating the system with first diluted and then pure
fluorine gas



e ‘Chili'i‘ﬁ'g_- down the tank with LNZ in the cooling coil

& {Jo(':‘;.'ding LF,; by gra.vity feed or by cryopumping as the
. fank is, chilled by LN,

o The loaded propulsion system is capped and transported
"+ te a storage shed pending installation into the Shuttle
© orbiter, ' )

Stor:ag_e should be at a temperature near the LF, normal boiling -
point of ~306°F. - The normal boiling point of LN, is -321°F, which

allows a convenient margin.
3. ILLAUNCH SITE ASSEMBLY SEQUENCE

The selected baseline sequence corresponds to Option 3 identified
in previous JPL and TRW studies (References 8 and 32), This option,
even though the most difficult to implement, was selected because it is

the safest, The specific sequence is as follows {also see Figures B-1
s and B-2):

1) Either the interim upper stage or Tug (IUS/Tug), or whatever
upper stage is used, is installed horizontally in the orbiter
cargo bay. This is done in the Orbiter Processing Facility
{OPF), The orbiter will then be erected in the Vehicle
Assembly Building {VAB) and transported in a vertical posi~
tion to launch pad 39A or B. Also, the upper stage has an
interstage truss installed in the OPF.

2} The Pavload Changeout Facility (PCF) is used to install
solid propellant kick stages to eliminate safety hazards to
the OPF or VAB, This may affect the timeline ‘as the PCF
will not be available to accommodate the spacecrafl and its
propulsion until after the solid rocket is installed. The kick
stage is attached to a thrust case which is mounted te the

" interstage truss.

3} When the Shuttle upper stages are ready, the Pioneer or.
Mariner type spacecraft and integrated propulsion module(s)
will be tiransported to the pad, disconnected from their
coolant supply in the case of LI, and hoisted into the PCF.
Cooling will then be reconnected.

4} The flight spacecraft will be installed within the cargo bay,
and cooling reconnected through the lines which enter the
cargo bay via the umbilical.

5} The spacecraft will be joined at all disconnect points and

through its field joint (interface) to the IUS/Tug. (Resume
LN, cooling and check out the GHe prechill cooling mode. }
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6) _ When cooling of the fluorine tanks has resumed, checkout of
the spacecraft to IUS/Tug interface will be performed.

7). Flights using fluorine and carrying Dufnp Kit Peculiar
Fluorine (DKPT) -lines from the spacecraftl interface through
_ the orbiter are passivated with gaseous fluorine,

8) The Shuttle cargo bay doors are closed.

9) Other operations preparatory io launch are accomplished as
‘shown in Figure B-1 (Reference 5, JPL Study) m_ludung
cabin closeout, orxbiter external tank propellant servicing
(loading) and IUS/Tug hypergolic propellant servicing {loading),
etc., prior to launch,

10} After doors are closed and prior to the scheduled launch the
L¥, cooling may be changed from normal LN, to GHe pre-
Chl%l mode to provide.greater heat soak capability in the
propellant,

A possible variation to thé above is currently being investigated
to provide more convenient access to separation joints on the flight
spacecraft and interstage adapter. This involves steps 1 through 4
of the sequence. Instead of mating the flight spacecraft to the inter-
stage adapter {and possibly solid propellant motor) alfeady-insfalled
on the IUS/Tug in the Shuttle orbiter bay, these units are mated first.
outside the bay, and then installed in the bay together,



APPENDIX C

STRUCTURAL ANALYSIS
This appendix presents the structural analysis documentation
including stress analyses and preliminary weight assessments for four
configurations: L
1} Tandern Pioneer 1. This configuration includes a
750-pound Pioneer spacecraft supported by a pair

of tandem propulsion modules that use earth-storable -
propellants for an inbound mission,

2) Tandem Pioneer 2. Same configuration as Pioneer 1
except that it is sized for the lower-volume :
space-storable propellant,

" 3) Tandem Mariner 1, This configuration includes a
1210-pound Mariner Spacecraft supported by a pair
of tandem propulsion modules that use earth-storable
propellants for an inbound mission, Also included is
an adapter between the spacecraft and upper module,

4) Tandem Mariner 2. Same configuration as Mariner 1
except that it is sized for the space-storable propellant,
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APPENDIX D

PERFORMANCE DATA FOR VARIOUS -
SHUTTLE/UPPER STAGE COMBINATIONS

This appendix presents supporting data’on the performance of ’
various Space Shuttle/upper stage combinations that were designated by
NASA for purposes of this study as launch vehicle candidates {see
Secti.on 7 of Volume II).

1. CANDIDATE LAUNCH VEHICLES

The launch vehicle combinations considered include the following
twenty: ' ’ -

Shuttle Upper Stage Kick Stage

Centaur D-1S {planetary)

1. Centaur D-1S Burner II (2300)

2. Centaur D-1S . TE 364-4 {2300}, spin-stabilized
3. Centaur D-18 . APM-I ]

4, Centaur D-1S APM-1, spin-stabilized

5. Centaur D-18 ’ PM (2300)

6. Centaur D-1S (plus spin

table)
7. Centaur D-1S

Space Tug

8. Space Tug . Burner II (2300)

9. Space Tug TE 364-4 (2300}, spin-stabilized

" 10. Space Tug APM-I
1. Space Tug APM-I, spin-stabilized
12. Space Tug " PM (2300}
13. Space Tug (plus spin
table)

14. Space Tug

Transtage
i5. Dual short Transtage - Kick stage (4400)
16. Dual short transtage Kick stage (4400), spin-stabilized



. j'f Dua.l short Transtage
’.ta D.1a1 short Transtage
(plLs spin table)
In addltlon, the nerformance of two Titan ITI-class expendable 1aunch

|V8hlclf‘s was COnavdered (for comparlson only):

. Tltan IIIE/Centaur D~1T  Burner II (2300)
Titan 1IIE/Centaur D-1T TE 364-4 (2300), spin-stabilized.

Note that the deéignati’ons used above are not firmly established. Num-
bers in parentheses following the designation of the kick stage indicate )
the propellant loading (in lbm). The kick stage denoted as APM-I, cur-
rently in advanced design, was formerly designated as SPM (1800),

where 1.800 is the propellant mass ‘plus motor case (in kg).

~ The term SPM (1800) was used consistentiy in the body of this.
report (Volume II}), Performance data for'the first 14 upper stage com-
binations listed above were generated by TRW.  The data on the final

6 combinations were reproduced from external sources.
2. PERFORMANCE CHARACTERISTICS

_ "A detailed and precise launch phase trajecfory simulation was per-
formed taking all velocity losses into account. The following 16 charts
with 5 columms of entries defined as follows, give performance detail:

Column 1: Twice the total vehicle enexrgy at kick stage burnout,
C3
Coh‘l'xnn 27 Net.launch vehicle payload (injected mass)

Column 3: Vehicle mass at first burn ignition. This column will
) show where off-loading of the upper stage begins (if
requlred)

Column 4: Total gravity loss of injection maneuver (both stages)

: is defined by

G 7 &re, " Amvp,

where AVRc = the ideal stage AV capability as cofnputed
from the rocket equation, and AV p = the propulsive -
AV that must be added to the upper stage ignition speed
in order to increase the total vehicle energy to the
actual stage burnout energy.

D-2



Colu.mn 5: Total vehicle AV. This is the difference between the
vehicle speed at kick stage burnout and at upper stage
ignition.

Above the tabular data several additional lines of information are

printed out. The first line gives the spin-table mass (zero for three-
axis stabilized payloads), The second line identifies the upper stage

and its mass and performance parameters (in the order slated):
1} Usable fuel mass (kg)
2} Burnout mass (kg)
3) Adapter mass (kg)
4) Nonirnpulsive inert mass (kg)
5} Specific impulse (sec})
6} Thrust magnitude (1b)
7) Maximum allowable first ignition mass

The third line (if present) identifies the kick stage and its characteristics
{items (1) through (6)).

Figures D-1 to D-3 present the launch vehicle performance char-~
acteristics in terms of net payload mass versus injection C3 {columns 1-

and 2 of the tabulated data).

The performance of single upper stages {Centaur class and Space
Tug) are‘compared in Figures D-4 and D-5. These stages are considered
for use in the Mercury orbiter mission only, where the required C3 b
values are so low as to make the addition of a solid kick stage

unnecessary.

Assumptions used in simulating the mass characteristics, specific
1mpulse and thrust levels of the various vehlcles are summa.rlzed as

follows: )
a) First burn ignition occurs ina circular earth o¥bit &t 160 ¥m
altitude. The earth is assumed to be a sphere ‘Wlth a radlus
of 20, 925, 673 feet {6, 378, 222 km). Lo .
b) The thrust and specific impulse of both upner s»a:ua and klck‘
stage are assumed to be specified constants s gzve;l in- .
Table D-1. T



SPINTABLE MASS C.C R

SPACE~TUG({EXPEN) 22622.C  Z642.0  184.5  109.7 456,59 15365.u 28377.0
APY - y - 171C.C l44.0 3.0 J03 297.0 150302 :
C3(KM/SECu=2) NET PAYLOACIKG) INI. MASSIKG) GRAV. LOSS{MPS) TGTAL Ly (28)

» .
I.l...ﬂﬂ...OaGDﬂ.ﬁﬂ...-.na.D.‘I'!.i..ﬂ‘....la..OCODQIHIBG‘n.ﬂ'.ﬁnﬁ.jﬂo.I-I'Jowuo.s'nl

159.832 160 £ .0C0 26376€.5%9 BZi.712 T 7381 .02%
146.501 1200.0CC 25376.6$5 560,278 65965 .897 "
135,325 L4t OG0 28376.569 479,815 - 6613.490
125.706 1600.6C0 Z837¢.6%9 460,216 5307 . 414
117 .2632 180 .06C 2837€.S69 441,403 6036.97
109.737 20GJ.CCO 2837¢.659 423,316 5794 .8G4
102.946 2205, S0 $837£.56% 45,846 5575 .654
96.757 2400.GCC 28378.559 389.134 5373.637
91.u7h 266 300 cB37€.659 372.966 5191 .791
B5.808 2800.CCO 2E376.559 357.373 5021,818
8L .91 TN BRI HL 28376.566 342,328 4863 .89
76.329 3200.0C0 2B37¢,.5%59 327.808 47164540
T2 0325 247 .000 28376.6%9 313.794 4578 565
67 .96¢ 3600.CC0 28376.656¢9 3C0.26% G468 950
644,125 380 JOG0 28374.55% 287.2L4% 4326 ,852
60.479 4000.0CC 28376.655%9 274.596 4211.5%4
57 0210 4207 QG0 2837£.599 262.425 4102 .427
53.700 4400 .CC0 2837¢.65%9 258.678 3998 ,96 "
5ic 538 4614 W18 2837£.559 239,347 39N .66
47 .5006 48L00.0CC e837¢.569 228,403 385974135
44 .597 5003 .0G0 2837€.659 217.851 3717.997
41.802 5200.6CC £8376.659 Z20T.674 3632.925
39 .11 E 401 0 Z837£.566 167.862 3551L.628
26,514 5E6C0.CGCC 263784669 188. 405 3473.835
34401412 58003 .000 26376.669 7 179.292 2399 ,.337
31.591 L6000 .CLC 2837¢6,55Y 17C.515 3327 .815 .
29.25 GZE WUk £837¢.656 1624 b4 3239.1753
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SPINTAELE WMASS

SPACE~TUC{EXPEN) - 2262%40 cbhilT V) 1429,7 456.5 1506:.0 28377 .0
EII(2300]) 1o42,12 c2&a 1247 ile? 283,07 LE -l
[=}

CHIKM/SEC#%Z) NET PAYLUAC(KG) INI- MASS(KG) 5HRAV. LOSS(MPS) TCTAL BV (MFS)

LB BE N B B AR AN A A A A A N NN NN N ENENENW RN REER AR A A R B RN B R RN NN IR SRR B R R I BE N RN RN RE R B RN BN I R B B N B B AN

126,158

1430915 1000 .00 47824, 135G 542.390 6£878.243
133,862 L2t oGk, ZRC 44,369 £2Y94765 65454371,
125.337 LeC0 L. CC 2B264,269 517.767 62564624
117 .56¢6 Lovul 009 283764659 C 5QL.772 6304 w49
110 .284 18030 G0 ZE37€.669 ©481:711 577351
103.732 20 a0y . CB3TE.SGG 462, 385 SESY L84,
97 .68k I W9 I Z837€.635Y9 i TSE 354,733
924 1%4 2l o8 e, ZE€37E.55Y 425,778 5186 .,217
87 003 2600 .0C4 2B376.65%9 48,432 5020.775
B82.205 280 WL 28376.55% 391,080 4866087
77.7C5 3563.0C0 2B2T6.599 375,515 4722 .571
T3.467 A ZE3TE.CSY 359,396 4587.33)
69 462 . 3400 .,000 Zb37€.669 34l A3Y 4450 ,943
85.663 EX- NI NI £837¢.55%. 337,534 4339,72°
62.051 2800 .CCC ZBRTE.G59 2164154 4225 ,9A%
58,608 AT Y ZB376.699 302,532 118,110
55,317 4 200,000 2B37£.669 239,412 4015.66.
52.167 G4y W ZERTELSSS 276.72. 3515, 18
49,145 5640000 EBATE, SS9 FElby63 3625 ,294 -
46,242 G e 0 i1 L837L.556 25ha.627 37364653
43,448 H0G0 LG0T ‘ZB3T76.649 241,200 3651 ,962
40,755 5265 o {4 ZB37€.655 237,171 3570 .94
38,157 5400 .0L0 28376.599 219.528 .3493.34>
35,647 5630 .00 ZE3T7(.559 209,269 3418,.935
33.219 IER O o 26376.656 1649.35% 3347.512
34568 B L oF b, 2B3TE6.555 189,812 C BALTR .89
128,590 600,008 2E3T6.599 1AC.612 3212.892

8‘4 [-'t .C G '.%

276544253

55%.733

T275.10%



SPINTAELE MASS SN B 3 _ .
SPACE-TUG(EXPEN) 22625.C 2642.0  1e4.5 10 90T 45608 1o ! . 28377
PMLZ 2, ) . 1043.8 17E.C 14,0 Cufl . 282.0 1:G37.0

C3(KM/SECH=2) NET ‘PAYLOAD(KG) INI. MASS{KG} GRAV, LOSS(MPS) TCTAL CV {(NFS )

SO0 DN DR S B DR PARD R SRS IR R RS0 EE E LS A DSOS SO DS NO N RD SO S ED OB A LSRG LD O eD BN

9-ad

159 .774 800°0CY 275642.159 559.547 T390.625
146,837 1000.CC0 27762,159 545.591 6973 479
136.315 1200.CCQ 27982.159 53>.184 LHIT 6272
127.451 146E 504 - 28202.159 521,124 6331.64%
119.634 1600 .0C0 2837€.5%9 567,470 6070 « 422
112.147 18G0.CC6 283764556 487204 5831 .4 78
11i5.398 2000.600 £B276.559 48T 676 5612.907
99.247 2264,008 2837£.659 448,855 5414,743
93.591 2400 .3CC 2837€.559 430, 703 5232 .51
88.351 £ 26C0.C¢C 2837£.559 413.186 51,63 LBEY
83.468 28G0.CCG 28376.599 396.277 4906 .9732
78.894 2000 068 ZE37€.599 379.949 4761237
T4.590 3260.C0¢ 28376.555 364,179 4622 .BT5
70,526 3402.0C0 Z837€.556 348,947 4493 .522
664673 2600 .0C6 2837£.669 334.232 4371480
63 .61 16 3800.,067 2837¢6,55¢ 324,116 4256.081
59 .529 4900 .0C¢C 2837€.559 306,283 146,71
564199 42G0.CC¢ 2837¢.559 263.0-16 442,873
534 13 4ql0,L80 2837€£.559 280,262 394,111
49 .958 4 btk 0 EH ZE37€.5%9 267.325 385y .333
47.023 48G0.5CT 2837¢.55% 255,873 5763.291
44,201 5600.0¢C 2837£.65% 244.334 36074.374
41,482 5200.0CC 2837¢.559 233.196 3592.591
38.859 547 30 E Z8376.559 | 222.44¢6 3514,397
36.325 5600 .0C0 Z837€.559 212,376 ' 3433.856
33.876 58CC.CCC 2837£.659% 2 2t T3 3364 .5%4
3145 5 BLCC.LCCE 28374.653 1674429 36974299
29 .27 62003 L0 e§37¢.659 183,134 323 .0607


http:2837,6.9s
http:28376.SS
http:28376.99

SPINTAELE KASS Y

SFACE-TUE( eXPEN} S 22628.%  Zodizav luda 2 9.7 46,5 LTO02.0 DB3ITTLE
CEU';-: Y - 233!'.’ l:"il *

TE364-4{2350) 104240

. .. ! '
C3{KM/SECanZ) NET PAYLORAU{KG) INl. MASSIRKG)Y GRAV, LOSS(\"’F_"SI TCTAL DVIVMPS)

L B I R L R I R R I I I R I L I T R R O I I I I I T I A R N N R N N A N NN
! v

2004 d0

)

i
SI #EDVd TyNIOTE0

ALrivy

T 166.1906 BCR.LC2 "£T451.16% 565,472 1564 4433
151.894 T W £TETLe LG ANL.E 67 To37 BT
14U .47Y 12C3.CC0 ¢TBS1. 147 53H.456 BTh% « 240
131,989 1400 .0C7 z8111.169 B24.0335 54504319
122.8790 1600 .6CC 28331.199 5la,z17 6177 .022
115.179 RN ER " 2837¢.569 492,583 5927 .479
103.141 2G0D .0 cE37¢.599 470, 752 5741 .21
1V1.754 2260 .09¢ ZB2T7L.€69 456,643 5495 ,519
95.901 240 JCC7 ZE3TE.G65 &3h.215 338 .95

{ «496 2000 W0, ZE83TL£.665 220,430 5135 .870
85,470 28CN.CLL 2E37€.669 453,276 4971.25%
Bii.772 3000 .0€0 ZB27£.669 386,708 4B20 . 505
Th.359 3200 L0 26376.659 379,797 tuT79.333
72.199 3‘!{‘ -H:”l 2837&hC,GS 3550!1.5.} ‘1'5‘1‘6.682
68.261 3600 .C0C 28376459 347,326 4421 4 6T4
64 .524 3800 .0C4 Z837£.55% 325,901 4303.575
6U.967 4060 LCC 2637€.5%99 311.968 4191.749
57.573 G214 W1 2837£.659 298,538 4085 ,654
54 .%29 4400 .CL0 2837£.669° ZR%.5%7 39684 ,82 -
51.220 . 4600 .60CC z8276,569 272.5448 1u8R.821
43,236, 48G1,.00G 2E837¢.559 260.821 2767 .311%
45.368 IO ITAT S 283744569 F49,119 3709.947
47 607 S2¢0.0CC 28376,G69 237.39% 3626.43%
39 .944 5400 .00 c8376.569 226,895 . 33464513
37.374 5600 .CCC 2837€.669 2164367 3449 .53%
34 .89 L R SR 2B837¢.559 eCo.nll. 3396 .49
32.487 600G L CCO 2E837¢.5%9 195,419, 3325 .968
31,159 6200 .0C35 2837¢.54%9 186,980 3258.183

rrvnR WeY %%
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SPINTAELE VASS het
C-1S (PLANET ARY) 12536.C  2816.0¢  61.0  18:i0  439.8 3740%.0 28377.0
1712.6 144.0 9.9 Cod  297.0 15C83.0

ﬂFN“I y

C3(KM/SECx=2) NET PAYLOAD{KG) .INI. MASISIKG) GRAV. LOSS{MPS) TCTAL CVIMPS)

...0OOBDOI'.‘OI.II...‘“‘DQD.'.......‘.l....‘u....ﬂ...I‘....OOU‘B-D.'D...'IO.GIDDQO-

1%% ,393 BC0L.CLY 18310. 000 57.975 TB8753.%3%
143.723 " 8t} W1 06 1853¢ . QU 63.414 8125.579
128.096 10CC.CCC 1875(.CCG 59.694 7637.522
115.654 12Ut 807 1897C.CCH 56.543 7237 .849
105,372 1400.CCC 1619C.CC0 53,803 6900 .594
96 L 6L 1606 a1 194 1.6, 31.377 66%59.333
89.127 1800.0C6 1963(.0C0 49,167 5353,296
B2.511 20486 .904 1985(.CCO 47.219 6125,.091
T6.620 22C0.G6CC 20UT¢.CCO 45,408 5919.426
71.439 Ao e 20260 L (iny 43,739 5732..38%
66.549 2600.CCC- 2051¢.CC0 42.192 5561 .99.3
62,177 283G A Z073G.CCO 40,751 5402.951
58,162 3000.0C0 2095¢.CC0 39.403 5256 .414
54.456 3204 WGy 2117y 38,139 5119.912
51.02¢ 3400.CC6 2135C.C00 36. 958 4992,239
47.819 3604 .78 21610, (LG 35.828 4872.397
44 4,829 T 38Q0.0CC - 21.83C.CCO 34,766 4759.547
42,025 GUETS 157 2R BT 0L 33,761 4652.981
39.389 4280 ,0C0 2227C.CLC 32, 816 C4552.095
36,994 4408 0 22450, CC0 31,698 4455,363
34,556 4680 .0C0 2271¢.CCU0 31,4033 4365.347
32.333 CEBOG S T 22634 L4, 31 .21.8 4778.538
30.223 5C00.0CC 2315C.CC0 29,420 4195 ,894
28,218 52847 640 2337¢.CCH 264667 4116.804
26 .309 54€0.CCC 23560.CC0 27.946 4041 .108
24 .489 AT O v o 3814 L, 27,235 3968.889
22.751 E800.00¢C " Z4G30.LC0 26,592 '3898,917
S 21.0284 660 £ 2428C. L34 25,956 3332.01% .
19.497 62C0.CCT 24470, CCC 25,345 3767660 -
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SPINTAELE MASS

C-1STFLANET 2RY) 13826 .0 221%.9 eiell 12.4¢ 439,82 3002000 28377.0
EEI{EBO)) 10‘13;3 2260'3 J.E.T 1_-;’: 283.'. ;.E‘fp'l st
CI(KM/SEC®%2) NET PAYLUAB{KG) INT. MASE{KGY GRavV. LECIS{MPS) TCTAL Cv(MPS)

LI R I A N B B O B I N BN B I IR N B I L N R N B RO BN N TR B B RN NE N N BN NC BE BE N N BN BRI B BN BN IR NS R R R R I B

6-a

188 .47 200 .3C8 17224.2C% 67,586 9502 062
159.263 4G .00 ¢ 178 %, . 20 6. 41:9 8645 .
133,942 6C0LCCC 17740.2C0 509,673 824,514
123.279 AR 17964 42 oo 56,776 7520 ,917
111.779 10€3.0C0 1818C.2¢% B4, 107 7134,516
0l,126 1230.C8 8 Y YRS 51729 53 4.997
9z e743 14C0 L0100 18620+ 3Gy 49,497 65224327
§5,.518 Lo Wi 18844421, 47, 604 GZT4 o L6M
79.172 1830 .30 19CEC. 200 L 4h, 852 6054 .213
T2.53) 20C0 .00 1928 .2y 44,193 HERL 53
68 .458 zzcc.eca 195CC. 2¢w 4oy EBS ST HG
63 .8E81 2481 . 16720 420 blvg .3 55 :3,779
59 .641 ‘2680.uu3 1694C. 288 3%, 848 535%,537
55,768 2860.CCC LULEL L 20 38.572 5213.214
524180 300C..CCC 2038L.200 37.363 5087 .400
434859 3200 G0 DL .2V 36,2350 4952 ,97%
45.756 3450 .008 E:azr.::: 25,151 LHBR L ITH
L 42.351 366).0CC ° 21064, o 2o 34,127 4724 024
T4 124 1800.0CC 212604200 23,153 4674 ,257
3T .556 4500 00 clagu.2u 32.226 <4525 .312
<35 .31322 4700.050 2170C 200 31,342 4431 ,293%
32-08£)O ‘Q‘QGQ -CCC 2192‘.02(»1 0 ’ ?" -ffc.}b' 4:34:.‘-78"‘&
3 WAEL &600.L0C . f2140.2CU 9, 691 TSI
28,502 4800 JGT Z23E L2 28,921 4174857
© 26,538 SOGO 000 £258L.2CG 28,151 4096 4822
1244767 52CC.CCC ZeBOL o 20, 27.472 4.224357
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SPINTAELE }MASS (5 ‘ . , -
C-LS{FLANET ARY) 125326.0 221S.0 1.0 lo.id 429,.8 3CCO).v 28377.0
P {2300} 10432 .8 1TE.Q 14.0 GG 283.0 1B, e, A

C3(KM/SECx22) NET PAYLDAG(KG) INI. MASS{KG) GRAV. LOSS(MPSY: TCTAL FV(MPS)

-.oo.--.eoa.un.---v---oo..nq..ooo-.oooao.eaoo-n.-.acoooo-ooquoonnoaouafonpoqso

01-a

"22736.CC0

199 .290 200.CC0 17269.CC0C 68 937 '9810:336.",
166.116 400.GCG 1746%.CC0 .498 8850.671
143,708 TBEN, W 176754 L0 50.772 8172.123
126 .895 860 .0CC 17855660 57.545 7645.,21}
113.980 1869 .0CC 18116.CCY 54,777 7229.253
103.543 12060.CCC 18335.C0u 524337 6685.518
94.811 140G WGt 18586 .Goe 50,145 5592 .427
87.320 1600 .0C¢ 18776, Guw 4%.152 . 6336.805
BOLTTE 1800.0CC 18566.0C0 46,322 6110.064
74,965 2000.CCC 19216.CCG 44,630 5976 . 232
59 .755 2200 it 15435 10 43,056 5721.136
65,036 2400.6CC 19655.0¢Y 41.586 555L.612
61) o729 2600.0C0 19876.£60 40,208 ' 5395,278
56.774 2800.0C6 2C055.CC0 38.912 5254 2 269
53.12% 30007 L 2t 315605 37,590 5115.103
49.729 3200.6CC 20536.C00 36,534 - 4988 .,581
46,569 2400 .00C ZC756.LC0 35,440 4869.71b
43.615 3600.0CC 20975, €C0 34.402 4757 .684
4() 4842 385 WG 2116504, 334415 4651.805
38.234 4000 .CC0 21415.6400 32.475 4551 . 477
35.773 42690 .,0C8 21635.CC0 31.580 4456,207
33,447 4400 .CCC 21856, ccu 30.725 4365 .53
31.243 460, JIEE 2t TS5 29.909 4279.094
294150 48C0.0CC 22255 (i) 29.128 4196.557
27 .160 5000 .0CC L 22515.00D 28.380 4117.612
25.265 5200.GCC 274664 40,41.999°



SPINTAELE MASS Lo .
C~15 (PLANET ARY ) 1252646 221%.9 6le0 LELO 839,58 3909iey 2837740
TE364-4 (2301 ) 16 43 . BE. i« Sa, L 283, 1Rt

C3I(KM/SECH#2) NET PAYLOADIKG) INI. MASS(KG) GRAV. LOSS(MPS) TCTAL Dv{VMPS)

LI N I BRI L B LI I L B N B BN B O B LN NN Y N B N N R R Y N RN RE I BN R BRI L NN U R BN BN N Y R B BE B B R B BN B BN RE N BN RN NN K N IR N RN N BN A N R N

Fr-C

222.674 200 .0 GO 17177.CCC 71.1986 123458 ,082
179 .305 408, S0 0 I377.401 6b.416 9238.293
152,519 &Gl .. LCC 17587.CC¢C 62..309 5441.76¢
133.22:2 Bt o T8 17807« 0w E8. 825 7848 B4
119.718 1OCO .GCO 168027.CC0 5%. 888 7392.724
107 .¢65 L20e of 18247 .01 854373 TL22.11
98.2B3 1400.CCC 18467.0CC 5la.035 67TL9.811
9i}.222 LeUE LHG 18687.0G4 48,964 6423 .777%
83.41u 1800 .CCC 18967.000 47,07 6201 .786
77314 2 WS 16127400 45,322 2553.6705
Tl.868 2200 ,00¢ 18954647, 008 42,701 5794 .483
£b.9E5 241 000 16567 i 4% 4189 55620.7T%
62.484 26C0 0C6 19787.CC¢ 40.774 545%.179
56 .388 28I, o 2 T WU, 39, 445 £31,9.634
54 614 3062 .0CC 20227.0C0 38.192 5171.812
51.117 3200 0Oy PRy R Y 37.01¢ 50411 .504
47 .864 3403 .0GC0 206€7.009 35.891 4914 .545
G4 827 ARG Y Wl Y BET LU 34,483 483791
41.981 3800 .0CC 211CT7. 000 33.822 4695,37%
36,3208 GO0 o6 2132700k 324863 4592 .791
36,785 420Q.0CC 21547, CL0 31.944. 4495 ,459
34,404 Gttt 21767040 31l.°78 441.2,91%
32.150¢ 4600.0CC 23GET.CGC 304248 4314.753
3001z 4 8CE MG c2ZCT 080 29,450 4230 .621
27.981 SGO0 CCH €2427.0G0 Z2.089 4150.205
26 .047 Setl of L4 2641000 27,960 4.73.229
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SPINTAELE ¥ ASS. 112.4 .
SPACE~-TUG({EXPEN) 226z8.C Z75E.4 1C4.5 1¢9.7 486.5 1&5Talw. 28377.0
APM~I ’ 17TiC.C.  287.4 2.0 Cel . 297.0 L50D0.5

C3(KM/SEC*22) NET PAYLDAC(KG) INI. MASS(KG) GRAV. LOSS(MPS) TCTAL CVINES)

.-.'OIC.DU‘O.C'C.I'.OCOU.'..0nﬂe......oﬁ.v...n.l‘.D."BO‘Q.DD'I..0‘.0..90“0.06'

21-a

157.207 1000 .LCC 28376.659 51145 73.9.a09
144,438 120y o444 283764569 490,363 6897 .37.
133.093 1408 .0G) 2€376.559 4740234 6548 . 214
123,509 160G .0CH 2837¢.556 480.956 6245 ,177
115,178 1800.0CC 2837£.655 432,452 5977.572
037,753 UK ERGET 28376.599 414,662 5738 .069
10 1.654 22040 .00 2E3T6.559 397,567 55214419
94,948 Z400.060 2837£.655 381.045 5323.75%
89,333 2606.0CC £B37£6.656 365,145 5142.11%
84,146 280G 00, 28378, 559 '349.810 4974 ,233
79,3213 3000 .£03 2837¢.559 335.:215 4818 .282
T4.793 3200 .0GC Z8376.559 322.738 4672 793
70,545 3400.0CC 28376.655 3 6. 959 4536 584
66,538 360G C 28376.599 293.658 4408538
62.74¢ 3800.060 2637£.559 28%.819 4285 .124
59,146 4000 .00G 2B37¢€,558 268.426 4174 ,326
55,729 4200.CCC 263764559 256.464 4166 .633
52.451 G40 AT 2837€.559 24ba 929 3964.511
49,225 4607 GCE 2837€.559 233,782 3867 .497
46,333 4800 .0C0 2837€.569 223,136 3775.179
43,456 500G .GCQ 2837£.659 Zl2.671 36587.193%
4 693 52 WG 2037¢.5%9 o 2C2.877 2603 ,229
3843322 5408 L0 T ZE37€.599 193,443 3522.96%
35.467 5600 .00C cE2T7¢.659 183,759 3446 .152
32,999 S5800.6CC 283764559 174.815 3372.53%
31,596 biid" o 283764659 Lo6. 202 3301.952
28.279 620L LU 2837¢€.55% 157.612 3234.138
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SPINTAELE MASS 112.4 o )
SPACE-TUC(EXPEN)} 22625,0 27%5%.4 1Ca,5 104, 4E5.5 l'.x'. 28377 W
TE364-4(23M ) 14247 2ile4 ERRY S 283.0 150090

Co{KM/SECs#2) NET PAYLOAC(KG) INI. MASSIKG) OGRAV. LPSS(ﬁpl) TCTAL CV(NFS)

L N B BN B B BN L BN B N BB B N B NN B N BN B N RE BN CNERE BN B BN N N BE N B N BN R N N R N BN CRE NN A NN RN R Y R NN NN N N CRE R R RN BN N N R RN W NN B BN W

¢I-a

162,417 860 ..0CH Z1564.55% 256, 157 7310.99)
149,213 16C3.CCe 27784,566 E4n, 141 752 671
138 .1l 1260 owoas 281 { 44569 527,309 6690 .453
128,770 140G L0 28224.%559y 82,0144 6379 363
123 .557 16CH .07 2637¢.665 505.690 6194 4514
112.542 1800 .CCC ZE3T€.559 435,461 386,417
1.5.922 2N cBATEL6GG L5598 5630 .04
99 L6 4G 22CC 00 c83T€.655 447.2 ¢ 5432 .84]
$3.891 2600 .CC7 2837€.559 42943180 T 5247.153
8B .375 2600.0C3 Z837£.666 411,629 573,765
83,633 2B L 0 283764654 396, TH0 4916 ,.677
79.01% 30CG.0C. ZE3TE.55G 373.483 4768 .3792
T4 .669 3200.0C3 Z837€.659 3624759 4629 .36%
70 .574 34G3 .CCG Z837£.€65 367 ,57¢ 44G5.818
66 .698 EYZEN 28374.65y. 3372.898 4375 ;798
63.018 38CC.00. 2£37¢6.559 318,725 4259,571
59 .514 4500 .8C0 7B837€.5%9 375,033 4149 ,.517
© 564172 42C0,CCC ZE3T€.669 £91.300 be 45,099
52.972 Gept L6 28376,66¢ t79.031 3945 850
49,907 4&eCC .00 Z837£.6566G 264,693 3351.35:
46 964 4860 ,00C Z837£.699 2E4, 77k 3761 .267
444135 5A0N LCE 2637€¢.695 243,276 3675 o 249
41.41, B2 o 2B375.665 732,175 3593 ,01%"
38.783 B4CC.OCH 2837€.656% 221,488 3514.3%2
36 4245 %600 .CC Z8376,6659 All.122 1435 RTS
33,793 38C00.,0CC ZU3TE.56G 2514153 33bb 510
31.419 YT T ZERTLLEGY 191.541

3297 017
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SPINT AELE MASS
C-1S(PLANET 2RY )
APM-~1

C3{KN/SECRHZ)

161.899
141 .447
126 .44
113.718
193.57%8
94,9873
87 .5335
81,0332

5.225
T0.025
&5 -3&5
57 .042

52.391

Bl JUft4
46 .850
43,9903
41,140
38 .541
36,9091
32.77¢
31.584
29 .5(3
27 .525

25,642

23.846

11244
12525,
171C.¢

NET PAYLOAC(KG)

666} 040
BCO.CCH
LMo o 0
12060.0C0
1400 .00y
1606 .0C0
181 LG
2000 .CCC
22“{] 00 Cr'

2400 . 000
2601 LB

2860.0CC
30U L0
3200 ,CCC
EL LN SN Y
3660.LCC
2848 L8
4000 .CCC
4204 SO0
4460 ,0L0
4 {.H‘_.‘J .':S {_ f:
48005 .CCG
AN T
5200.0CC
5S4t UG
560¢.CCC

INI. MASS{KG)

18423.4C90
186432.4C9
188634444,
190832,.4CC
193C2.400
19522.400
197424 4y,

"1GGEZ2.4CC

201820400
204C2,4C0
2‘:623 o 4‘;‘;

. 2CB432.400

clu €3 400
Z12E3.4C3
2186 3, 4%,
21722.40C9
21%42.4C8
Z22163.4C0
22383, 44
z26C2.4CC
2Z82Z4 60D

- 23042,4C0

232634404
23482.4C0

227C2.4C0.
13922, 4035

«t 28377.0

L8 439.3 3O,
.\:-& 2979‘:} 15“.‘“‘3—’.‘13‘1

GRAV. LGSS(MPS) TCTAL
' 8681575
C8U58 763

£7.067
62.5632
58,893
£5, 787
53.4289
50,700
48.556
4H.61
4iv, 8§29
43,187
4] o 656
40,249
38,924
37,681
36.511
A5, 407
34,363
33.374
32.4635
31.841
33, 694
Z9.878
2G.11 3
25.361
27.651
26.971

T573.399
TITT7 083
6842.934
6554 .5172
6301 .97

T 6TE L3117

56T1.899
568@.9@7
5517 .504%
5361.271
5216.431
5J81,.513
4955 .33
4836.894
4T725.362
4620.039
4521323
“*4250?,"‘1
4335.733
4250.017
4168 .214a
921
4015.172
3943 ,421

CVINPS)
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SPINTAELE MASS L. 113.¢4 ' " : .
C~1S{PLANET ARY) 13526.68 Z32z.4 €la.¥ 130 439,8 38500, 2837749
TE364-4(2300) 10432 .G 2Gl.4 S.C Lol 28247 1F302.0

C2{KNM/SECH=2) NET PAYLUAC(KG) INI. MASS{KG)}) GRAvV. LCSS{MPS) TC1aAL CVIMDPS)

.II‘.d..-n-!'.'-....-.‘......'..-‘..-..I'..l...‘...i..'_.."'....I....."...'..3

s7-a

218.8438 2ui W06 1725w 44 6%, 4k 1. 356,607
175.951 400 .G CY 1745C. 4C0 6%.251 9143 .299
149.510 &G0 .0CE 17700 40, 61:221 B352.83°

13, 1621 8LC,.GCC 1792C, 400 57.812 7765 ,6002°
116.542 1L oF e 1814c, 41 £4,338 73146 ,379
105.387 120 .0C2 16260, 403 S52.431 6945 .571
96.183 1400 .C L2 PN G W 190 064 442
88 .368 1600 .CCC 188C¢.aly 4A.173 6374.193
814385 1866 o8 151 24 . 447, 454322 6139.677
7546006 2000 .30 1924, 400 44,616 $93),03%
TU.265 2E0 608 1G4El 40 43,43k 2T4. J4b6T
65,447 24600 LCC 16680, 444 41955 5567 b4 1
61l.362 2604, 486 16607 4t 44,171 54084339
57,945 Z800.00T el12C,4C0 36,872 5261.097
53.34] 3060 OCG 20346 Jhyy 37,647 512441153
49,91, D206 L6 2056C.4CG 354490 4996 .10
45,714 34011 el 2T R L by 314,395 457ThH 31
43,736 3600 3L 216CC.aly 34,356 4762 .941

40,941 38GCD «3CC 2122 . 4w 33.369 46564197
3B.314 _40GC.OCE 21442.,43G 32,429 4555 4137
'35.838 200,002 21667 . 44 31.3534° 4459 ,232
33,.498 4400 ,9C% Z1B8L.4CY 3346380 4363.033

»334283 4660 .00 L2100 4y, 254865 4ZR1,142
29.1B1 w8l .CCC G232C. 40 29, 084 4198 4207
27.183 RO BCY 22544, 40U 28.337 " 4118,923
25,280 5200 .0CC 22760 440 27.062% 4043 ,017
229 e‘-- . tll,'(. 2':)- ‘935 397.r cZ‘l’H

"23,4646

5400 .CCC
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SPINTAELE MASS
SPACE-TUG(EXPEN) 2
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(a3
L8]
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2
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126.7  456.5 15Q00.0 28377.0

C3(KM/SEC#%2) NET PAYLOACI(KG) INI. MASSIKG) GRAV, LCSS{MPS) TCTAL CV(MpST

,.l-.....l..lﬁ.e..ﬂ.ﬂﬂ..‘O.l'...l.‘....'.-".‘-‘.."‘.-I.ﬂﬁﬂltﬂiﬁ‘.‘f*ﬂ..oﬂ.‘.ﬁﬂ;ﬂ
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162,303 ier.ece 2564 2,699 698,847 ST435 .59
154 4146 400 .6C0 258032.699 6£0.002 7177.092
146,126 600 .CCO 26013.699 661 .39% 6925 .897
136 .537 Bl 0] 26233,669 643,056 6682 .095
131.575 10CC.CC0 Z6452.669 625,775 455,588
125.159 1200-.0C0 cEE73.,£59 639,445 6244 .6462
119.22V 1400.0C¢C 6853, €59 £93.975 6UAT . 257
113.7C4 1664 W30 27112.659 579.287 5862097
108.562 18C0.CCC 273223, 6€59 565.314 2687 .937
12,757 2000.CC0 2T5E2.¢59 551.995 5523.723
99.251 22C0.0C0" 27772.663 539.279 5368 .54%
$5.0 17 24(4 26 275524669 5274221 5221.460%
91,027 Z6C0.0C0 28212.£59 515.478 582,21
87.072 .2800.0C0 28376.559 5Gl.89% 4947 ,376
£2.783 3000.6CC 28376.559 481 4957 48124499
78.693 3200 G 2837¢.599 462,720 4684, 127
74.786 34C5.0CC 283784569 444,158y 561,811
T1.348 3600 .0C0 2827€.699 426,218 4445 . 140
574467 3800.CCC 28376.66% 48,893 4333.767
54 ..,31 AL 60 Z28378.599 392.160 ¢227.327
60.729 4260.0CC 283764599 3764453 4125.532
57455 4400 .0CC 2837¢.559 2604379 4328 .094
54,494 4600 .0CC Z837¢.65S 345,283 3934 .76%
51.544 48l A1 2837¢,559 330,695 3845,39%
48.697 50GC.0CC 2837£.559 316.597 3759.465
45 .9 40 5200.0C0 2837€.559 302.973 3677.073
. 43,285 540G.0CC ZB37¢€.599 289.813 35Q7.924
42 o7 i 560 G 283764655 277,097 5521.833
38.214 $800.CCC 2837£+599 264.8153 3448 46351
35.795 6000 .0C 3 Z837¢.669 282.953 3378.201



SPINTABLE MASS
C~1S{PLANET £RY) . 1

Nal ¢!
-
S )

430-'3 B:I:_l‘. . 2837? -;:\‘

(XS]
L&)
[ 1%}

C3{KM/SECa=2} NET PAYLOADI(KGY INI. MASS(KG) GRAV. LCSS{MPS) TCT AL LV (MPS)

L B I BN B BN I B BN I BN RN BN BN RE BN LR RN ORE Y NN NN IR RN R RN N BN N YO TN CEE R R R I B RN RN RN BN N B RE RN BN K T B N EE NN BN NN N Y B RE Y R N BN IR NN BN R B IR )

L1-a

128 .442 206 UL 160G (Ll  Twe233 77354133
i19.608 ol OO0 1e2¢ 3.0 7 872 74564575
111.282 6C0.CCG 1413, 000 67543 7T187.579
1i12.424 BUC WL G 16622.8w. 4544 6933.297
5.343 1360 .50 168682, (C3 5] 598 on9h . 2A5
89.897 1201 W0 1T T2 0 RG, T 547T6.98%
B84 .00 1400 .CCC 17293.000 SE et b BiTwae9%1
T8.596 1664 10 175134400 54,488 uUBT 429
2.609 1800 .0CG 17732, 0C4 h2e286 5912 .45
48,9913 2ida Wil 17552440, Ro.322 5745 .653
'.5"'-70.5 ZCGQ .CCC 1817--’:(:3 ’+£’lo£|83 :59’+.9;i3
"hi.TIL 247 4t 18262, 00 LL.T55 %459,199
46 .980 2600 .60 16612.CL0 4%,135 5313%3.692
53.485 28 W 18823 43 .00, 56 5184 ,651
£0.202 30C6.GCC 19€87. (L0 42,163 33624410
47,115 20T WL 1S272.080 4,798 4G40 .H420
Hb o200 3400 .502 15463, L0y 343,530 48936,157
41.451 A6l G 16712, 35,2581 4731.173
338.848 3BCa.0CC 19925, (2 37118 4631 18
- 36,276 4104 ”?: ZJ1E2 . 36.1312 4535 .51,
'34,3358 4260 .0 ZU0373.¢ 344959 G444 ,15%
3 laRaY 44!L.th- el 893 .0 33.957 4356 .,699
29.484% 44010 050 cuBli.0Cx 35 .000 272,899
-gr &é] - 4884 10 210330000 A7 .08% 4192.807
254729 5005 .00 ZL2E82,004 31.2153 4115 .304
£23.883 52t (6L 21473411 3,378 T D R R
22.117 54C0.CCC 214663,(CO 29.579 3969.71%
Qi 25 SeLG ULt 21912.4 6, 28.2813 3900.964%
z22132.0C9 3034,714

+18.803

G800 GC0

2%.078
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SPINTAELE MASS 112.4 .
SPACE-TUC{EXPEN) 22625.,4 ZT78Z.4° 7.0 10G.7 456.5 12202.0 28377 .0

C3(KM/SEC®22) NET PAYLGACIKG) INI. MASS(KG) GRAV. LOSS(NMPS) TCTAL BV {MPS}

LR N B N N R B A I A R I B I A O BB A B A O R I NN N N I R I Y B BN Y R A I I 2 A A O N R R R N A B N )

157 . 5 3 200 LU 25717.£659 6EB8.124 72864534
149 .4681 400 (G Z5917.C59 669.812 TJ)39.,055
142,130 600 .CCQ 26127.659 651.802 6797.914
134.876 805 .CCO 26347.C59 634,025 Y 6563,338
123 .264 106G LT Z65BE7.059 617245 6245 ,499
122.042 1200 .0CQ 26787.CS9 501 .369 614,239
116.328 14C0.CCC Z7CC7.7.56 B8G.311 565, .37 1
111 .13 16C0.CEC 27227.C%y 571.999 5771.02.
106 Ji46 1803 .04 27447.659 5584 374 5602.111
101 .399 20673 .CC0 27667.0569 545,368 85442 o664
97 036 2200 .0CQ ZTERT.USS 532.543 5291.82%
92.931 2400 .CCC 28107.CSY 521.057 5148 ,.85%
89 .06 260G S04 28327.469 519, 667 50134100
84.835 2800.0C9 26376.556 4G1.528 4877 .G11
B0 .651 3000 .0CC Z8376.559 471.556 4745 546
T6 657 3200 .CCC 2837545599 453,066 G020 . 349
72.839 3407 004 2837¢.659 434, 829 450,994
69.184 3000 .0C0 ¢B37£.5%9 417216 4387 .09%
65.678 3800.0CC Z8376.669 401 22 4278 302
62,313 4006 .CCC Z8376.659 B3, 764 4174.295
59 0717 LG 208 LG ZB3T7€.S59 267.881 4,744,781
55,962 I 4400.0C0 2827€.559 352.533 3979 .492
52 .960 ? 4600 00T 28375.55Y 337701 3888 ,17%
5 i 64 £8CG.CLC 28376.599 323,368 3800.5613
47,267 IR R, 2637£.566 366,517 3716.58)
44,564 S200.0C0 TZ8376.55% 266.134 38635 .,882
41,947 54G0 +GCC Z837£.559 283.2.6 3558.334
39 .414 E6L0.LLC 283764559 27,713 3435 ,763
36.95% B 40 837,569 255,646 34120003

34,876 6000 .CCN ¢h3T£.669 246999 3342 ,907
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SEINTAELE ¥ASS 113 .4 . S :
‘C-1S(PLANET ARY) 13526,C  2332.4  27.0  1:«D  439.2 3uth, . 2B377.0
C3(KM/SECe%2) NET PAYLDAG(KG) INT. M3SS(KG) GRAV. LOSS(MPS) TCTAL LV {MPS)
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122.314 202 .0C 3 16llc.40 . 10,291 T37T4.147
115.002 450G .CCC 16316440 69.093 T328.011
137134 SRR Y 16528464 ft.Gl2 72524283
99 .692 800 L LG 1674¢€.44 53,748 66,187
92.94¢ 1080 .{Ca 1e9€e. 409 60,319 6579.924
86.7%¢ 1200 .0LC 171 8E.44u0 57,793 637, W71
Blalbl LRI N ¢ VU 1740 ¢uany 55.461 6176.629
T5.978 legl .CCC 1762¢ . 443 53.286 53995 .767
71.185 18006.0¢2 1784€.400 51.257 5326.703
64 . T44 2000 .Cc0 180€6.4CG 494359 HG6R,21H
62512 2201 6 1828¢ .44, 473897 55.9.24%1
58.757 24C0 £C13 1854 4y 4%.9%9 5378.8493
55,150 2600 .GCC 18726400 44,335 52464291
51.768 2BCQ,GCC 18946.4C0 42.852 512,332
48 .588 Ay e ISles 4l 41,450 5301.88%
45,5913 3200 .CCG 1G3EEL. 40y, 4h..124 4588.893
42.765 3400 .0C8 196G€. 400 3R.867 4781.411
40,092 AHGCLHCL 1982¢:.4C35 37.674 4678.99%
37.559% 380y W SLL AL Ly 3bh.861 581,279
35.156 *40C0..0C0 2u2éc, 4t 35.463 4437 .914
32.873 4200 .GC0 ZU4BELALD 34,437 4398.,602
30,7090 4400 .CCC 2070e 400 33.4548 4313.062
2B 463 L& WL N 921 4 4L 32.524 4231.04%
26-054 48".{:}'.{:(:!: leﬁt.‘lv.‘ 31»032 4152.325
24.763 E26C.2CT z13EF 400 AgL.T78 4375.,693
22.963 5C0.CCC El58E.400 2G.962 403,961
214236 B4LF JOGT 218064 41 . 2£9.180 3933.95%
19.581 22u2€ .43 3860.51F

5600 .CCC

284430
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FIGURE D-1. SPACE-TUG/3-AXIS STAB. KICK STGS.
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‘FIGURE D-2. CENTAUR D-1S/3-AXIS STAB. KICK-STGS.



(A A

PAYLOAD MASS (KG)
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FIGURE D-3. SPACE-TUG/SPIN STAB. KICK STGS.
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Only the prmmpal term of the earth's gravita‘ional potential
{i.e., /r) is 1nc1uded in the burn simulation ( = 1.4076468
x 101 6 ft3/secl), The resulting equations of motion are inte~
grated numerically.

The thrust vector is always aligned with the current 1ner1.1a1
velocity vector of the vehicle.

The total vehicle mass at upper stage ignition is required to be _
less than or equal to a specified upper limit, Wyp (see table
below). This corresponds to the nominal Shuttle payload capa-~
bility in a 160 km circular orbit {65,000 1b,,). The combined
mass of the vehicle and adapter-pallet must not exceed

65, 000 1by, The values of Wyyp are a function of the upper
stage only.

Upper Limit of Vehicle Mass
at Upper Stage Ignition

Upper Stage WUB (kg)
Space-Tug 28, 622
D-1iS Centaur '_ ) 26,137

If the mass of the fully loaded vehicle would exceed Wyjp the
upper stage fuel is off-loaded until the total vehicle mass equals
WyRr. The kick stage is never off-loaded.

Each stage is burned until its, fuel is depleted.

After a stage has burned out it is jettisoned. The jettisoned mass
includes the burnout mass plus the interstage adapter.

The time interval between upper stage burnout and kick stage
ignition is assumed to be zero.

The burn simulation algorithmn permits specification of the
following parameters for the upper stages and kick stages.
{Values used in this study are given in Table D-1.}

o  Upper stage burnout mass

e Upper stage usable propellant mass

e  Upper stage nonimpulsive inert mass. This mass consists
of the propellant and other fluids that are present at first
burn ignition but consumed at upper stage burnout. They
do not confribute to the vehicle thrust. This mass is )
assumed to be expended at uniform rate from a specified
value at first burn ignition to zero at upper stage burnout.

.D-25



Table D-1. Propulsion and Mass Characteristics of Stage Vehicles

Used in Performance Evaluation

92-a

. Usable Nonimpulsive N . .
Blv\.ltirnouL Propellant Inerts T'Rt;:stfﬁe Specific Thrust
Stage Data Source ;ss Mass Mass kP Impulse | Magnitude
(lbg ) kg leg (lbg } {sec) (lbf)
m (1o ) (1b_) m
D-18 Centaur Centaur/Shuttle Integration Study | 2219 13539 18 61
{(Planetary) Final Report {Vol. II) (4892) (29854) {40) (135} 4%9.8 320000
Contract NAS3-16786 '
Space-Tug Baseline SpacerTug Configura- 2642 22625 109 104
(Expendable) tion Deafinition, (5825) (49889) {241} {230} 456, 5 15000
MSFC 68MQ0039-2, MSFC
Science and Eng. Dir,
MSFC-EA-EPO0L, 15 July 1974,
pPp 41-42, pp 79 and 25
Burner II (2300 Report No. BMI-NLVP-TM- 226 1043 i1.2 12,7
73-4 on Space Shuttle Expen. {498.2) {2300} (24. 8) (28} 283 15000
Upper Stages to NASA, Con~ ‘
tract No, NASw-~-2018,
28 Dec. 1973, pp B~4
TE 364-4 (2300) (Pioneer F version) 88 1043 0 9
R. Hofstetter, Pioneer Launch {194) (2300) 0 19,8 283 1500
Vehicle and Operations,
Mar. 1973
APM-1 T. W. Behm, JPL (informal 144 1710 0 9 297 15000
Formerly designated | communication) £318) {3771 0 19.8
SPM (1800)
PM {2300} D. Dugan, NASA Ames 175 1043 0 14
{informal communication} {386) (2300) 0 3t 283 1500

q00d 0
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1)

o ° Upper stage/kick. stage adapter mass

s Kick st;a.ge burnout mass

o Kick stage usable propellant mass

e Kick stage nonimpulsive inert mass

o Kick stage/ pa.yloa.d adapter mass. This mass equals a

specified constant plus the term MAX [0 0.10 (pa.yloa.d
mass - 500 kg}l.

The net payload determined by the simulation consists of every~
thing abowve the kick stage adapter. - -

If the mission requires a spin-stabilized kick stage the spin
table mass is assumed to be 113.34 kg. In the simulation the
spin table mass is added to the upper stage burnout

mass.,
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APPENDIX E

OPTIMIZATION OF PLANETARY INSERTION MANEUVERS

An zutomatic search routine is described which is designed to
determine pla‘neta'ry insertion maneuvers with minimum propellant
requirements. Maneuver constraints such as fixed thrust orientation
or constant rate of change of thrust orientation can be irnposed readily

on the search routine.

Assumptions and constraints in defining the optimization approach

and the algorithm used in the study are described below.
For purposes of illustration a vehicle with two propulsion modules
operating in tandem (i.e., the Mercury orbiter) is assumed. Generali-

zation to other configurations can be made without difficulty.
i. ASSUMPTIONS AND CONSTRAINTS

1} The vehicle being inserted into planetary orbit consists of a

payload of mmass m_, and two similar stages. IEach stage is required to

P
have the same fuel capacity, me. The inert mass is cyp t Cyq M
for the first stage and o + ¢, m~ for the second stage. There is an

interstage adapter of mass m The

A PA’
quantities ™, Cyys c21, CiZ’ Coos Mps Mg s are all specified constants.,

and a payload adzpter of mass m

2} The thrust and specific impulse of the first stage, Fy Ii’ and -

of the second stage, FZ’ 1‘2, are specified constants.

3} The thrust vector is required to be coplanar with the plane of ‘

the planetary approach hyperbola.

4) The in~plane thrust direction must be specified although it is

unrestricted.
5} ' The magnitude of the incoming V-infinity vector, V_, is

specified. The periapse radius of the incoming hyperbola, Rp, is

unspecified. RP will be determined by the algorithm.

FOn

“The propulsion module will be referred to as "stage" in the discussion
that follows. )
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6) The periapse radius and total energy of the target orbit, RT

and E'T’ are specified.
7) The time of first burn ignition, T, is specified. T = 0 at

periapse, of the approach hyperbola.

8) The coast time between burns is zero. This condition could

be relaxed without difficulty.

9) A preinsertion propellant budget (for midcourse corrections,
ete. ), Mo and a post-insertion propellant reserve;, mp, are specified

' S =
constants. mPI mC and mR = mc.
2. PROBLEM DEFINITION

.Given Mys Cyys Cpys Cyps Cooo My, Mpa, Fi’ Ii’ Fss IZ’ the in-
plane thrust direction, a Voo’ RT’ ET and T, the algorithm described
below shall determine RP and the smallest value of My~ which resulis in
attainment of the specified targets RT and ET. Initially, all propellant
tanks are full, and at burnout of the insertion maneuver only the propel-

lant reserve, mR, remains.

3. ALGORITHM

i =
) (Set R =Ry

2}  Obtain an initial guess for mq~. This number may eithér be

externally supplied or computed assuming ideal thrust maneuvers,

3} Compute the vehicle state vector at periapse of the approach

hyperbola assumning no insertion burn occurs

Solt) = R, -
Sol2) = 0

S4(3) = 0

So4) =0

So(5) =4/2 E. + Z,U/RP

S4(6) = 0

The coordinate.system has its x-axis along the line of apsides of the in-
coming hyperbeola and the z-axis along the angular momentum vector of th
incoming hyperbola. The time is zero at periapse on the incoming hyper-

bola assuming no insertion burn,
E-2



4} Propagate*the periapse state (i.e., _S'_O) backwards to T. Call
this state vector é:

5) . Compute the first-stage burn time, tBi = (mc - mPI) IilFi
o  The mass of the fully loaded vehicle, Mgy s is given by
Mpy, SWp tmg T oy t ey mp tmg tey,

: - tey,me tmy Fmy,

¢ The vehicle mass at the beginning of the first burn is
My T Mpr

¢ The propellant used during the first insertion burn is
given by: me - Mpg.

6} Propagateh.s_-i to T +1ig,. Call the new state _S_Z.

7} Compute the second-stage burn time, tgy = (mc - mR) IZ/F2

.o The vehicle mass at the beginning of the second insertion
burn is: myp, + Cyn + Coo T~ + me~ -I-_mPA

@ The propellant used during the second insertion burn is:
me - mp

¢ The ignition time of the second insertion burn is the same
as the burnout time of the first insertion maneuver (i.e.,

T
T +ig)
8) Propagate S, to T + tey ttg,- Call the new state S,. -

3) Compute the periapse radius and total energy correspoending

to S3. Call these variables T and er respectively.

10y 1If Ir,l_ - R.,I.] and IeT - ETI are less than specified tolerances
the problem is solved (i.e., the current values of Rp and m define the
" insertion trajectory that meets the given targets). If the tolerances are

not met, continue.

2%

This means update the state vector by numerical integration or any
other means. The fidelity of the simulation is constrained only by
the conditions explicitly called out above. Note that the gravitational
model is unconstrained but the thrust, specific impulse and thrust
direction are.



11} Compute-a new estimate of Rp. A simple offset method works
very well. More specifically, the new estimate of RP is given by the
formula: RP + (rT - R,I.). : _—

" 12) - Compute a new estimate of m e~ {see details in the next section).

13) ‘Return to step 3}.

4, m UPDATE PROCEDURE

On the very first iteration m e~ is determined by step -2 above. For

the second and third passes m_ in incremented by a constant. For the

G

fourth and subsequent iterations the following procedure is used.

Let “;i’ STID AT and s denote: stage propellant capacity, the

approach hyperbola periapse radius, the periapse radius at ipsertion
maneuver burnout, and the totai energy at insertion maneuver burnocut
on the ith iteration. The physical problem is such that when Wy and %,
are given,‘ ‘yi and z; are c:mjnpute:d by the above algorithm. The problem‘
+ 1 such that: :¥i+1 = R

and Ziaq = ET' Closed form solutions for these quantities do not.exist;

at best, a convergent sequence may be calculated. As noted previously

considered here.is that of determining Wy and %

T

- Fypg T Tl - Ry
is used here as an estimate for hyperbolic radius,
Clearly,

z, : £ is unknown

14 T f (w,

141 T4t

or, equivalently,

2 = Wy H AW, 3+ Ax)

Now, assuming Aw and Ax are small it follows that

Z .

= of of , ...

In the region near w; and x. it may be further assumed that the partial
derivatives of f are constants. This leads to f:he relation '

Zipp % T AWy s W AT Oy o) B



or
Zogg =% T Wiy Wl A+(y; -Rp) B (1)

where A and B are constants. Now, since i in the above equation ma.:y ‘b‘i’
any integer it follows that

2By S Wy mwy ) Ay - Re) B

and ' - i>2
Biaq "% S Wil "Wl A0y - Ryl B
From these two equations A and B may be computed then substituted into

equation (1) and W; .4 may be computed {for this calculation Ziy T ET).

5. MINIMUM PROPELLANT PLANETARY INSERTION

The above algorithm determines the minimum propellant mass -
reguired for insertion into a spectified orbit when T and C are given
where C denotes the set of constants: M, Cii.’ Coqs Cypi 622, mys
T a0 Fi’ Ii’ Fz, I?.’ Voo’ RT’ ET. To find the va-lue of T that yields
the overall minimum propellant mass a2 one-dimensional optimization
problem, requiring repeated applications of the algorithm, must be
solved. The computer program implementing this approach employs
-the above algorithm and a " golden section optimization routine' to deter- .
mine the absolute minimum propellant mass when the set of constants,

- C, is given.



APPENDIX F

SUPPORTING DATA ON ORBIT INSERTION PERFORMANCE

i. MERCURY ORBIT INSERTION WITH FIXED

AND VARIABLE THRUST ORIENTATION

Optimum and near-optimum orbif insertion modes at Mercury were

determined by a systematic performance optimization technique (see
Appendix E) for given arrival conditions and a specified periapsis alti-
tude {500 kan), periapsis location and eccentricity of the capture orbit.
Resul‘%s were summarized in Section 7 of Volume II. Table F-1 lists
maneuver requirements for tandem and single-stage Mercury orbit
insertion, for earth- and space-storable propellants, and for fixed and
variable thrust orientations. The maneuver requirements correspond
to mission option 1 {see Section 2, Volume II} and propellant mass
characteristics reflect the initial inert weight assumptions stated in that
section. Although these results do not represent the final performance
characteristics given in Section 7, they are useful in illustrating the
relatively minor performance differences between the optimum fixed -
thrust pointing mode and the variable thrust pointing mode, where the

thrust vector is oriented parallel and opposite to the velocity vector.

Comparison of the single-stage and tandern-~stage orbit insertion E
modes shows the very large increase in propellant mass and total
spacecraft mass if the inefficient single~-stage insertion procedure were
to be used., This would make the use of the Mercury mission module for

outer -planet orbit missions quite impractical.

Figure F-1 illustrates the sensitivity of initial spacecraft mass
and propellant requirements to thrust initiation time for both variable
and fixed thrust orientations. It also shows the comparatively small

difference between the two thrust pointing modes.

Mariner class spacecrait can implement a variable thrust pointing
maneuver quite readily, using a stored program of orientation commands
and an attitude gyro. Pioneer class spacecrafl preferably maintain a

fixed attitude during the maneuver. The results presented above show

*
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Table F-1. Mercury Orbit Insertion Performance Characteristics
. and Propulsion Module Sizing Data
. Now of Thrust Maneuver Timing Approach Periapsis Weight Characteristics, kg (lbm)
sp ) . . Thrust Hyperbola Angl Flight
Stages Orientation Initiation E.’“r“z Periapsis Shiﬂ.(3 Spacecraft Stage Propellant
{sec) Used Mode Ti Time Altitud A Inert
. ime (sec) titude {deg) Initial Mags? Mass
(sec) {km) Mass
Module A, Payload Mass 340 kg
376 ° 2 Variable ~734 557 604 21,0 1291 (2847) 7L (157) | 404 (891)
Fixed ~734 561 483 22.0 - 1297 (2860 72 {(159) | 407  (897)
296 2 Variable -1059 767 649 25.0 2002  {4414) | 125 (276) | 706 (1557)
Fixed -1068 778 458 26,0 2028 (4472) | 126 (278) | TI7 {1581}
376 1 Variable -889 1350 640 25.0 1492 (3290} } 172 (379) |} 979 (2i59)
Fixed -892 1365 469 26.0 1505 (3319) | 4175 {386) | 990 (2183)
296 i Variable -1824 2457 790 18.0 3003 {6622} | 400 (882) | 2264 {4992)
Fixed -1752 . | 2468 . 364 30.0 3015  (664B) | 401 {884} | 2274 ({50:4)
Module B, Payload Mass 550 ke’ ,
376 2 Variable -1278 939 699 29.6 2152 (4745) | 120 {265} | 681 {1502)
" Fixed ~1295 953 426 30.4 2177 (4800) 122 (269) 692 (1526)
296 2 Variable -193% 1327 772 281 3426 {7510} | 216 (476) | 1222 (2695)
Fixed -1946 1357 332 32.3 3492 ({7700} | 221 (487) | 1250 .(2756)
376 i Vazriable ~-1561" | 2318 763 36.0 2528 (5574) | 296 , (653) | 1681 (3707)
Fixed -1624 | 2383 - 369 34,0 2583  (5096) | 305 ' (673) |1728 (3810)
296° . Variable® ~a211 | 5492 1308 6 65037 (14339) | 893 {1969) | 5060 {11156)
Assumptions: } Legend:
Thrust level 600 1by (2730 N} 1

. Misgion Type [ (launch date 19 June 1988)

Midcourse and orbat trim maneuvers not included
Preliminary inert weight scaling laws:’

LH =0.163 Wp+18.1 kg (40 lbm .
Mercury orbit: " periapsis altitude 500 kmj e = 0.8

)

2Each stage

Relative to periapsis passage of approach hyperbola

BAngle between apsidal line of incoming hyperbola and
elliptical orbit

4ManeuveF not feasible with fixed thrust orientation

in this case

5G1’-oss masg exceeds Shuttle/Space 'fug capability

B gova TOOrE0
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Figure F-2. Performance Gomparison of Two Retro-Thrust Modes
Versus Ignition Time for Mercury Ozrbiter
that the greater simplicity of a fixed maneuver attitude in the case of
Pioneer class payload outweighs the performance gain obtainable by

introducing the more sophisticated maneuver mode.
2. OUTER PLANET ORBIT INSERTION PERFORMANCE

" Orbit insertion performance characteristics at Saturn and Uranus
are presented in Tables F-2 and F-3 for a preliminary multi-mission
propulsion size derived from data given in Table F-1i for the Mercury
orbit mission. Only results for space-storable propulsion and for a
Mariner class payload {680 kg) are listed. For this case the propellant
capacity of the propulsion module would be about 700 kg as indicated by

the first two rows {under Module B) in Table F-1, see last column.

For the range of trip times covered in Tables F-2 and F-3, 1250
to 1750 days for the Saturn orbiter and 2560 to 4360 days for the Uranus
orbiter, the propellant requirements vary over a ratio of more than 2:1
and exceed the available propellant capacity (700 kg) for missions with
the shortest trip times in both cases, as indicated by asterisks. Note
that in the case of the Saturn.orbiter the plane change maneuver require-

ments are included.
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Table F~2. Propellant Required for Orbit Insertion and Plane Change in 1985 Saturn
Oxrbit Mission (Mariner Class Payload; Space-Storable Propellants)
Propellant Requirements in kg (1b_)
: Orbit Insertion Maneuver
"I‘I'_rlp v Plane
ne oo Variable Fixed Thrust Orientation Change -
Days Thrust at Thrust Angle P {deg) Maneuver
(km/sec) . .
(Years) O.r1enta.t10n 250 240 270 280 290
:':3 b £ i £ £
1250 9.73 893" 974 | 912 | 893 | 912 | 974 128
(3. 42) {(1969) (2148)| {2014} (1969)| (2011) | (2141) (282)
1400 8.31 656 709" | 668 | 656 | 669 | 711" 142
(3.84) (1445) (1563} (1473)| (1446)}! (1475){(1568) (313)
1550 7.23 518 559 528 518 528 561 156,
(4. 25) (1142} (1233)] (1464)| (1142)] (1164)|(1237) (344}
1750 6.22 409 441 418 409 416 441 167
{4.79) (902) (972) | {922) | £902) [{917) [(972) (368)
Assumptions: Saturn orbit dimensions 2.5 % 61,1 Rg
Payload mass 680 kg
Maximum propellant capacity 700 kg . )
Propulsion module inert mass 130 kg Defined for Mercury orbiter
Specific impulse 375 sec
Thrust level
Notes:

1Nea.r-op?t:i.rnurn thrust orientdtion, antipdrallel to velocity vector

zDefined Elockwise from radius vector; Y = 270 degrees antiparallel
to velocity at periapsis

3Asterisk indicates that propellant mass exceeds propellant capacity
of multi-mission module
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Table F-3. ‘Propellant Required for Uranus Orbit Insertion (1985 Mission)
(Mariner Class Payload; Space-Storable Propellants)

Trip

Propellant ReqU:ir ements in kg (lbm)

. v
Time © Variable Fixed Thrust Orienta.ti%n
Davys (ke /sec) 'Jlfhrus’f: at Thrust Angle ¥ (deg)
{Years) Orientation 250 260 270 280 290
"'23 o b3 % 0 e
2560 9,91 829" 899" | 853" 837 852" 903"
{7.01) : (1829) {1982) | (1882) | (1848) | {1879) | (1991)
2860 8.57 601 644 616 605 614 543
{7.83) - {1325) (1421) | {1357) | {1335}  (1354) | (144i8)
3260 T.23 431 453 438 433 439 456
. {8.93) { (951) (1008) | (965) {955) {967) (1006)
3660 6.25 334 354 339 335 339 353
(10, 02) {736) {(781) (747) {739) {747) (779)
‘4360 5.21 251 269 255 252 256 267
I(,ii. 90) . {(554) {592) {563) {656) {(564) (590)

'T{ot.es: ,
f iNear—c:pti.murn thrust orientation, antiparallel to velocity vector

_AS‘sﬁrﬁed Uranus orbit dimensions 1.1 X 32.1 Ry,

A_ssu'ri'xptic;ns otherwise identical to those for Saturn Orbiter, Table F-2°

Defined clockwise from radius vector; Y = 270 degrees antiparallel
to velocity at periapsis

- 3.A.sterisk indicates that propellant mass exceeds propellant capacity

.. of multi-mission module




The rPsulLs mlj.ow that orbit insertion pr0pellant requlrements at
both pJ,aner..b are qulte insensitive to the selected maneuver mode.
Dlﬁerepces net\veen optimumn fixed thrust and variable thrust pomnng
modes are not dlscermble in the case of the Saturn orbiter, and are

1 percent or less An the case of the Uranus orbiter. Dev1a.t10ns from
opulmum fixed thrust orientation (tangential to the velocity vector at
perlapsa.s) ca.use only minor performance penalties, 1,e., less than
2.5 percent for a 10-de gree orientation offset, in both Saturn and

Uranus orbit missions.

3. REVISED PROPULSION MODULE SIZING DATA

Results of design iteration and performance analysis of the Mercury
orbiter are reflected in the propellant mass, inert mass and tank size
data listed in Table F-4. Indicating a size reduction from the values
Jlisted previously in Table 4-1 {Volume II), these data conform with the
-mass values given in Table 7-1,

Table F-4. Propellant Mass, Tank Volume and Dimensions
Adopted for Mercury Orbiter

Tank Volume* ' Dime‘.nsi.onshE
Propellant . re
: o Inert Without With 15%
Propul._f‘;;r; Module Mass" Mass® Margin Margin 2 Spheres 4 Spheres
{1} {1b} m” {in. ™) e (in. )
Module A
Eazth storable 894 209.4 0.976 1,122 jez. 1 81,0
{1971) (462} {59,478} (68, 400) {40.2) (31.9)
Space storable 551 175.1 0. 530 0.609 74.0 58.7
. {1215) {386) (32,312)  (37,159) | (32.9} (26.1)
Module B
Earth storable 1272 247.2 1.388 1.596 1i14.9 91.2
{2805) (545) {84,626)  {97,320) | (45.2) {35.9)
Space storable | _ 781 198.1 | 0.751 0.864 93.7 T4. 4
{1722) {(437) (45,801} (52,671} | (36.9) {29.3)

“Each module

e

““Each tank

MNote:

Nodule A: Fixed thrust angle asswned with 5-degree offset from optimum orientation
Module B: Variable retro-thrust pointing angle assumed

F-6




APPENDIX G -

DYNAMICS AND-ATTITUDE GONTROL OF
PROPULSION MODULE A

This appendix considers dynamic and attitude-control character-
.istics of the selected spinning spacecraft/propulsion module configura‘:- ‘

-tion.from a feasibility standpoint. Of primary interest are:
® Thrust accelerations

.8 Deployment and control of the flexible, spin-sf:abilized-
spacecraft sun shade in the inbound mission

2 The effect of solar pressure unbalance due to addition of
the propulsion module and sun shade

s  Control of principal axes of inertia in the outbound
missions

2 Dynamic effects of main thrust a;pplicatién.
1. THRUST ACCELERATIONS

Figure G-1 shows thrust accelerations acting on the flight space-~
craft versus spacecraft mass for four thrust levels. Mass variations for
the mission classes and propulsic;n system types for both spinning and
nonspinning payload vehicles are indicated at the bottom of the graph, -
Maximum thrust acc‘elerations are about 0.7 g.in the inbound, and 0. l6g
in the outbound Pioneer class rr;issions, and 0,48 g and 0. 104 g,

respectively, for Mariner class missions,

The lazge acceleration of the Pioneer Mercury orbiter requires
retraction of the sun shade to prevent unaccaptable deformations. The
payload spacecraft itself (Pioneer Venus) can withstand much larger
thrust levels since it is designed for solid rocket thrusts of several

thousand pounds in the original Venus orbiter application.

Maximum accelerations occurring in the outer planet missions,
by contrast, require some structural stiffening of the payload spaceczaft

appéndages but are readily tolerated by the propulsion module,
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Figure G~1, Thrust Accelerations Versus Spacecraft
Mass For Several Thrust Levels

2., SUN-SHADE DEPLOYI\/E_ENT AND CONTROL L
(PIONEER MERCURY ORBITER) .
Only the Fioneer Mercury orbiter requires a deployed sun shade.
The deployment of this flexible structure by centrifugal action is initiated

and controlied by individual drive motors, one each per roll-up mandrel.

Slow deployment by the drive motors is necessary to limit deploy-
ment transients due to Coriolis effects and to prevent ripping of the shade

material when the shade reaches full deployment.
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Tension forces in the deployed shade depend on its size and con-
figuration and on the spin rate, The equilibrium between sheet tension,
cable tension and centrifugal force in the indented, four-leaf shade
configuration shown in the design drawing (Figure 4-12) depends on the
angle of attachment of the deployed sheet and, therefore on the depth of
indentation, A simplified analysis shows that in first-order

approximation the sheet tension is given by

and the total cable tension by

in
o= 5 (84

c Pc sin (45 + o)

where Pc = resultant centrifugal force in each gquadrant of the sheet

o = angle between sheet tension force and circular tangent at
cable attachment points as identified in diagram,
Figure G-2

FC=2 FsSlNa

Fc

S S S
2 SIM (45 +a)

Figure G-2. Force Equilibrium on Deployed Sun Shade
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Figure G-3 shows the sheet and cable tensions as functions of the attach-
ment angle o. For zero attachment angle the cylindrical sheet would
theoretically be self-supporting with no cable tension acting at the
attachment points. Actually, to give slability to the deployed sun shade
it is necessary to provide a sizeable cable tension., This produces
restoring forces and damping if the sun shade is deflected from the
symmetrical steady state configuration as & result of small torques

or AV maneuvers.
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Figure G-3, Variation of Sheet and Cable Tension
with Attachment Angle

Figure G-4 illustrates cable deflections due to forces acting
parallel to the spacecraft Z axis, e.g., as a result of a precession
maneuver by which the sun shade is deflected from its alignment with
the X~Y plane. The combined effect of centrifugal forces and cable
tensions will restore the sun shade to the steady staie position through

a series of slow oscillations, dissipating energy through cable and
sheet deformations.



Figure G-4. Deflection of Sun Shade and Retention Cables
During Coupled Nutation of Body and Sun Shade

In the design for the space-storable propulsion configuration shown
in Figure 4-12 an attachment angle (&) of 28, 6 degrees was selected such
that the cable tension equals half the centrifugal force per sun-shade

quadrant, or 3.5 ].bf {16 N) for the weight, dimensions and nominal spin
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rate of the system.

An approximate value for frequency of oscillations that would

result from a small sun shade deflection, neglecting interaction with the

precession of the spacecraff is given by

=t QJ . -
fg = Pxi F.g/Wg b, =0.155 cps

where WS

4

C

1]

——>Fc
— 5 F
——> Fc

15 1b (6.8 kg) = the mass of the sun shade

8 ft {(2.44 m) = length of radial cable.

3. PRECESSION MANEUVERS (MERCURY ORBITER) -~

Actually, a spacecraft precession maneuver leads to coppled oscil-
lations involving the spacecraft and center body and the deploved nprl-

rigid sun shade that are not reflected in the simplified expression givén .

above.



1*" Rgme G- 5 shows the nature of the dynamic coupling. A preces-
s:mn to.r. que app..; cl ;o deﬂect the angular momentum vector H by AHi
produces 2 rea.ctlon torque, from the sun shade retention cables, with
“the sun. shao.o 1111!:1 ally retaining its former inertial orientation. The
reaction torque has the effect of introducing a small secondary angular
.momentum mc"ement AHZ oriented normal to’ AHi’ which sets up a
small nutation.” The reaction on the sun shade is to produce a corres-

ponding nutation in dpposite direction.-

INITIAL ANGULAR MOMENTUM

i PRIMARY MOMEMTUM CHANGE
DUE TO PRECESSION THRUST

p SECONDARY MOMENTUM CHANGE
DUE TO SUN-SHADE LAG

PRIMARY'PRECESSION TORQUE

SECONDARY PRECESSION TORQUE
DUE TO SUN-SHADE LAG

Fis™

e

Ny iy

_ Figure G-5. Bffect of Sun Shade on Precession
" Maneuver

Structural damping and propellant sloshing will ultimately reduce
these nutations to zero, with the effect that the sun shade aligns ‘itself

with the new spin axis orientation of the center body.

Even without further analysis of the dynamic response of the
coupled system, the following qualitative criteria and rules of operation

can be deduced:
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@ Precession maneuvers should be performed infrequently
and at a slow rate, {Actually, the nominal cruise orienta-
tion can be maintained for long intervals W1thout requ1r1ng
precession rmaneuvers. ) .

e Any precession maneuver is accompanied by slowly
damped coupled nutations. Enough time should be
allowed for nutations to be damped out before orbit
correction maneuvers or attitude-sensitive scientific
observations are conducted, The required interval is
estimated as about I hour,

@ The use of teardrop tanks is beneficial in pi:oviding
increased damping due to propellant sloshing.

e Damping can be further increased by incorporating an
- appropriately tuned nutation damper, e.g., a mechanism-
actuated by cable deflections.

n «

"As a general rule, other dynamlc effects such as angular accelera-
tions during spin-up and despin maneuvers and Coriolis acceleration -
during shade deployment and retraction sequences can also be minimized -
by performing these maneuvers at a slow rate. Generally, there are no

time constraints.demanding rapid maneuver completion.
4, SOLAR PRESSURE UNBALANCE (MERCURY ORBITER)

In the Mercui'y orbiter mission the large deployéd sun shade, with-
its center of pressure offset by several feet irom the spacecraft mass . -
center, causes an appreciable solar pressure unbalance torque. The
unbalance torque increases with time as the center of mass shifts upward
along the Z axis due to a) propellant depletion and b)- fir'st propulsion
module staging, Unless counterbalanced by intermittent precession
mane{lvers, the unbalance torque will cause a spin axis precession iﬁ
the plane normal to the .sun line, Typically, at closest sclar distance
the precession rate ranges from 50 to 75 degrees per day, depenliing
on whether the sun shade is-partially or fully deployed. During the
earth-to-Mercury transit phase the unbalance effect and, hence, the )

precession rate are of course less pronounced,

Unchecked precession of the spin axis is undesirable since it can
interfere with effective earth communication, Propellant requirements

for intermittent precession maneuvers necessary to retain the nominal
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cruise attitude are appreciable, Figure G-6 shows th-e time history of
the unbalanced solar pressure torque and the resulting propellant require-
ments, The figure shows results for three sun shade deployment modes:
1} fully deployed throughout the mission, {2) partially rectracted after
staging the first propulsidn module, and 3} partially retracted and with:

the lower shade portion jettisoned at the time of propulsion module

staging.
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Figure G-6. Average Solar-Pressure Unbalance Moment
. . and Propellant Required for Compensation
in Pioneer Mercury Orbit Missions

The expenditure of between 20 and 30 pounds (9,1 to 13, 6 kg) of
attitude control propellant for unbalance compensation is an unattractive
side effect of retaining the second propulsion module and sun shade during

" the entire orbital mission phase,. The option of jettisoning that module



when only minor maneuver requirements remain should therefore be
seriously considered, This would require that, in the case of the Mercury
orbiter, a second set of auxiliary thrusters be carried by the payload

spacecraft along with the monopropellant tanks available in its original

design, -

5. INCREASED SPIN RATE DURING HIGH THRUST MANEUVERS

Spacecraft operation at a higher than nominal spin rate will be re-
guired to 1) increase orientation stability during high thrust maneuvers
to achieve gr;;:i—:;r thrust pointing accuracy and reduced residual pointing
errors, and_Z) to provide additional bending stiffness of deployed append-

ages against thrust acceleration loads.

Due to unavoidable small thrust vector misalignments, the high
thrust maneuver introduces a buildup of precession and nutation angles.
After completion of the maneuver, the nutation angle will decay gradually
through wobble-damper action and/or inherent damping of deployed

structures.

Figure G-7 {A) and (B) show typical pointing errors caused by the
main thrust maneuver in Mercury and outer-planet orbiter configurations.
The maximum value of the pointing error varies with the inverse sguare
of the spin rate as shown by solid lines, After thrust termination the
wobble portion of the pointing error will decay exponentially, leaving a
residual pointing error which is shown by the dotted lines in Figure G-7,
These results are based on data from the recent Pioneer outer-planet
orbiter study (Reference 6). Upper bounds of the pointing error for the
Mercury orbiter at the increased spin rate of 30 rpm are 1.2 to 3.5
degrees. For the outer-planet orbiter, at 15 rpm spin rate, they are

0.5 to 0.6 degrees

' Spin rate variations due to worst-case thrust misalignment can be
as large as %2 rpm during a large AV maneuver with a duration of 25
to 30 minutes. This effect is comparatively small for the selected ma-
neuver phase spin rate of 15 rpm. If a spin rate of only 10 rpm were
selected,a 2-rpm deviation would be significant by causing a large

(56. percent) increase in maxinyum pointing errors.
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6. APPENDAGE DEPLOYMENT OF OUTER-PLANET SPACECRAFT

The Pioneer outer planet flyby spacecraft configuration has an
asymmetrical lateral distribution of deployed masses which must be
carefully controlled so as to keep the principal axis of inertia oriented
parallel to the spacecraft centerline in the deployed configuration.
Addition of the large propulsion module lowers the center-of-mass loca-
tion on the Z axis such that an asymmetrical lateral mass distribution
on the payload spacecraft would tend to produce a principal-axis tilt,

As a result, unless the principal axis is restored to the centerline,
there would be a conical motion of the centerline, degrading high-gain _

antenna operation.

This can be avoided by assuring that the center of mass.of the
deployed appendages cf the payload spacecraft remains on the centerline
in all stages of deployment, This requires that adeployment counterweight
be placed at the tip of the 20-foot (6.1 -m) magnetometer boom. Secondly,
in contrast to the sequential deployment procedure used in Pioneer 10/i4,
simultaneous deployment is required. The occurrence of large nutation
angles during the deployment phase which would impose excessgive struc-
tural loads on the RTG support arms and the magnetometer boom is

thereby precluded.

Results of dynamic analyses performed as part of the Pioneexr
outer-planet-orbiter study {Reference 6) showed that nutation angles and
structural loads can be adequately controlled if start and termination of

the deployment phase of the three appendages occur at the same time,

Lateral dynamic loads imposed on the magnetometer boom due to
Coriolis acceleration can be adequately controlled by limiting the maxi-
mum deployment rate. In consequence, the structural load on append-
ages due to deployment dynamics can be effectively reduced, az{d any
boom stiffening requirements are largely those. due _to ?1:11"1;51‘;: é.c:‘cele_r.atipn.

7. STRUCTURAL STIFFENING OF DEPLOYED APPENDAGES
(OUTER-PLANET ORBITERS) R

Axial loads on deployed payload appenda.cres mduced by mb-z fhro.st |

a.pphcatmn combine with radial loads due to the cent nuga,l e*‘fec.. A "



thé s.'b‘:ln i'é;té is ir;éiléas ed this leads fo an-effective stiffening of the de-
ployed appcﬂdag s against bending due to axial acceleration. Figure G-8
schema.tlcallf 111ustrates the stiffening effect due to high spin rates .

as a result o1C the vector combmatmn of axial (F \ and radial (F } reac-

tion forces ST

Figure G-8, Cantllevered Boom Under Axlal (F )
and Radial (¥ ) Load

'ihe magnetometer boom tends to align itself with the resultant
‘reaction force vector at the tip, Since it is hinged at the root with a
‘+3-degree deflection range, only boom .deflections in excéss of £3 degrees

ctually induce bending stresses, Previous analysis of ber;ding effects on
" the appehdages of the Pioneser Jupitér orbiter (Reference 24) indicate that
the axial and centrifugal load interaction tends to keep the tip deflections
of the magnetometer boom and the RTG booms approximately egual.
Asymmetry of mass distribution due to boom deflections and, hence, .

tilting of the princinal axis of inertia can thus be minimized, .

Consideration was given to the pos'sibility of providing additional
stiffening by guy wires extending from deployment reels mounted at the
top of the high-gain antenna feed structure. However, this would tend to
interfere with- wobble damper action by the magnetometer boom,

which makes the concept unacceptable,

The present conceptual design relies on structural reinforcement
added to the deployment booms and on stiffening due to the increased

spin rate.
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