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POREWCRD

This report contains the results of the analysis of the additional ismues
identified in the 50C/Shuttle Interaction Study extension. This data
supplemonts the 30¢/Shuttle Interactions identified in the origimal contracted
affort.

Thire effort was performed under Contract Number #AS9-16153, by the Space
Operations and Satellite Systems Division of Rockwell International for the
National Aeronautics and Space Administration, Johnaon Space Cemter. The
study was administered under the technical direction of the Contracting
Officers Representative (COR), Mr. S. H. Hassiff, Program Development Office,
Engineering and Development Directorate, Johnson Space Center.

The study was performed under the direction of A. J. Stefan, Study
Manager. The following persons made significant contributions to the
completior of the analysis.
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IRTRODUCTION

The Space Operations Center (SOC) is conceived as a peraanent fl:ility in
lov earth orbit incorporating cepabilities for space systems consiruction:

space vehicle assembly, launching, recovery and servicing; and the aerv;cing
of co~orbiting aatellites.

The Shuttle Tranaportation System {57S) ie an integral element of the SOC
concept. It will transport the various elements of the SOC into space and
support the sasembly operation. Subsequently, it will regularly service the
S0C with crew rotations, crew aupplies, construction materials, conatruction

equipnent and components, space vehicle elements, and propelllntu and spare
parts.

Thié report contains the results of the study that anlijzed ic greater
detail the implications to the SOC as a consequence of the Shuttle supporting
operations. The study also addressed programnatic influences associated with

propellant deliveries, apacecraft servicing, and total shuttle flight
operations.

STUDY TASKS

Pour taeis were ideztified for this contrazt extension effori. The four
tasks and the study objective of each task is listed iz Table I-1.

SPACE UPEAATIONS CENTER CCHPIGURATION

The configuration of the space operations center that wae utilized for
reference during the study is illustrated in Figure I-l. This configurstion
is a modification of the configuration supplied by NASA/JSC at the start of
this study. The modification is principally concerned with the facility
configuration for spacecraft servicing operations.

REPORT ORGARIZATIOR

This report is organized into four basic sections that correspond to the

four tasks previocusly described. Supporting reference data is contained in
the appendix which constitutesa the second volume of this repert.
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TABLE I-1 STUDY EXTENSION _MSKS '

TASK 1.0 SHUTTLL FLEET UTILIZATION & PROGLAMMATICS '

CI.IC‘IM DETERMINE SHUTTLE FLECT UTHIZATION RIGUIRTMENTS & RILATED
PROGRLAMMATICS DATA FOR Smﬂll OMRATIONS IN LEQ

TASK 2.0 SOC ASSEMBLY OPLRATIONS

OMRCIIVE: 1O CORE MM THE CAPAMLITY OF THE RMS 10 Abaw'SLE THE 3OC,
& TO DUTUGMINE THE ASSEMBLY OPEEASIONAL M IC, 1IO:4S &
MK BAPLICATIONS 1O THE $OC MODULES

TASK 3.0 SHUTTLE SYSTEM PROPLLLANT SCAVINGING

OACUIVE: DEIERMINE PEINCIPAL FUCTIONAL WPACTS ON Tt SOC DK 1O
PEOMALANT SCAVENGING

TASK 4.0 FLIGHT SUPPORT FACILITY

OMNCTIvE: 10 COMPAKT THE SERVICING/CHEC KOUT LOSIC & COSTS ASICCIATID
WilH PIRIORMING FLIGRHT SUMPORT SERVICES ON FREE-FLYING
SATELLNES & OTvS AT IN( 3OC, ON THE GROUND & TROM
nt Orbtin

B TIEL MoDuLE COMMUNICATION

THERMAL CONTROL

FACRLITY SERVICING
FDCTURE
66 F1)

PIGURE I-1 SPACE OPERATIONS CENTER REFERENCE CONFIGURATION
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1.0 SHUTTLE FLEET UTILIZATION & PROCRAMMATICS

This task deteraines the key interrelationships among the main STS
utilieation variables, with particular emphasia on the differences between 50C
and "non-SOC” scenarios. The analysis investigated the interacting effects of
cargo density, 0TV performance models, and Shuttle logistics performance for
their effects on fleet utilization and fleet sire requirements. In
particular, the analysia examined the potertial bensfita within the S0C
scenario of increasing Shuttle lcad factors by adding high-density propellants
to low-density carge manifestr to alwuys fly the orbiter near its 65K 1b
payload capacity.

The further fleet utilization benefits of scuvenging ET residual
propellants have also been investigated. This technique is particularly
suited to the SOC scenzrio whore propellant storage capability in space would
be provided as part of the 30C flight support activity.

The potential ground turnaround benefits which can be attained with an
orbiter dedicated to SOC resupply missions was also investigated. The task
focus is on traffic analyses based on a mission model derived with RKockwell
discretionary resources. Each major sector of the mission model {commercial
communications, NASA R&D, DOD, etc.) has been analyzed to syntheaize
representative spacecraft and/or STS manifest elements for later conversion
into STS flight rates. The total mission model has bteen acreered to catalog
missions into candidate SOC related and non-SOC missions.

The representative manifest data is utilized to determine the amount of
unused cargo bay space and payload weight capability that could exist on each
SOC delivery flight. Further analyses determined how much propellunt could be
delivered to the SOC on these missiona using payload top-off and propellant
scavenging techniques. Payload top-off involves bringing the orbiter up to
its maximum payload capability by adding propellants in the unused space of
the various flight manifeats. Propellant scavenging refers to the concept of
recovering unused propellants from the ET and the main propulsion system
before ET jettison. This includes propellant amounts ranging from the 9500
1bs associated with maximum payload launchea to the 70,000 1b plus valus
associated with the "dry launch” concept for a tanker Ilight [orbiter is

launched with an empty tank as its only payload which results in approximately
70,000 lbs of unused propellants).

The total propellants per year delivered to the SOC in this way are
compared to the 0TV propellant requiremsnts to determine how many tanker
flights are required to support the mission model previously defined.

The representative manifest data ia further uved to derive standard
squipment sets suitable for use with an orbiter dedicat-d to SOC resupply
missjion.

The mission needs, wvhen analyzed in conjunction with miasion satellites
defined, generates the payload and orbit transfer venicle (0TV) requirements
defining the misaion model. The ST3S traffic models are developed for three
accommodation modes, one which utilizes the S0C with a space based
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reusable OTV and two options without a SOC utilizing a ground based reusadle
OTV or a ground design expendable 0TV. These accomodation modes together with
the conatraints ¢f shuttle crew task and hours requirementa, shuttle cargo
manifesting limitationa, and logistic support requirements astablished the
shuttle and OTY traffic models. One model was jefined for each of the three
accommodation modes. Theose three traffic models were then evaluated to -
determine the required amounts of support system hardware ‘Shuttlea, OTV's,
Logistic Kodules, etc.) to complete the Shuttle Pleet Utilization Studies and
provide the basis to complete the baaic trade analysis of execution of the
misaion model either with or without incorporation of a S0C.

1.1 MISSIO§ MODEL DESCRIPTION

The eatablishment of the traffic models begina with an analysis of user
needs to determine their demands and launch freguency requirements reflecting
mission models. Each mission area was reviewed individually to establish the
moat reasonable grouping of mission needs into low, medium, and high mission
area requirements from which a solid medium misaion model was projected.

The mission model assembled defines all STS spacecraft launches for KSC
and VAPB thru the year 2000, those miassions which go to GEO or to LEO at
28.5 inclination {to the GEQ Node) and are; therefore, candidates for
interfacing with the initial SOC; were defined in more detail.

The mission model schedule for various mission areas is shown in
figure 1-1. With the S0C IOC of 1990, &ll affected mission areas are shown to
be fully on line with the exceptions of space proceasing and space
construction. Space processing is still in the prrcess development phase and
operational space construction missions are not shown to begin until 1995.

[ YEARS
SHUTTLE FLIGHTS hoedsa]seJes[sa ez [a oo m oz v [os | vs [0s |97 ) 98] vo prove
Er'lm soc As0C 0
$0C DELIVERY A
PROPELLANT/TANKS A
cnvsqcnocur:s . lj;-orvuu: 3
COMMUNICATIONS . '

PHOCESS A —A—4
SPACE POCESSING AEXPERUDAENT & DEVELOPMENT
SPACE CONSTRUCTION W
SATELLITE SEAVICING

{ o |

NASA RED, LIFE SCIENCES [ & s |

DOD GEO NDOE [ ]

NASA PLANETARY a A A [« 3

NASA/DOD SHUTTLE ONLY | ' §
AL L ' A YAFS IOC

CNL, NASA, DOD [ o |

FIGURE 1.1. MISSION MODEL SCHEDULE
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The resulting GEO Yode Mission Model is summarized in Table 1-1 for the
S0C operational era under analysis (1990-2000). These data are shown for the
S0C and Ho SOC Accommodation Options. Included are the total number of
mission payloads for each mission area as well as the total numher of STS
flights and extended mission flights required {n these years in order to
accomplish the mission defined. As can be seen, the SOC offers a considerabls
reduction in the number of STS flighta required as well as the added advantage
of none of these flights being required to be extended mission flights. The
advantage of reduced SIS flights shown for the 30C accommodation option is
considerable despite the fact that SOC element delivery and logistica missiouns
are included in these requiremsnts. The increased number of U.S. and foreign
commercial communication peyloads shown for no SOC accommodation option C-2 is
because of the reduced payload capability of the ground design reusadle OTV
which leads to more {smaller) communication spacecraft being required in order
to meet the transponder demand identified.

T: TABLE 1.1 NMEDIUM MISSION MODEL SUMMARY

OPTIONS
200 + o 20C wo#oc
':::i::;;:::::::;.,o TPACE-BASEQ EXPENDABLE | GROUNDBASED
QED NODE RAEUSABLE DTV oTv REUSABLE OTV
* SR FLIGHTS
& TOTAL FLIQHTS " m "
& 38 DAY MISEION FLINTS ] m &7
® OEO NODE BHSBION AREA S/
PAYLOADS
© U5 COMMERCIAL COMM Ly ] w
© POREION COMMERCIAL COMM n »n -
® D PAYLOADS IGED) Lot ~ »
& MASA PLANETARY 17 ” 12
® SPACE PROCESSING o s e
® NASA RAD, LIFE SCIENCE = n Ll
& SATELLITE SERVICING L] -» L 4
o SPACE CONSTRUCTION 2 2 ?
& TOTAL MISSION $/C PAYLOADS = o -

1-3
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The objective of the GEQ node niésions is to deliver selected spacecraft
to spscific locations in » gecaynchromous equatorial orbit.This dslivery task
requires the interactzon of aeveral apace elements, e.g., Shuttle and OTV.

Two delivery modes have been considered, {1) the use of Shuttle for LEO P
delivery with some form of mecond stage for delivery to GEO, and {2) the use ’ o
of a space operations center. Utilizing the space operations center provides -
the capability to decouple various mission elements of a GEO node mission.

Thus, spacecraft of differing missions can be delivered to the SOC on a
single, high-density, STS mission, mated with an 0TV that was delivered by a
separate Shuttle mission, or reused after refurbishment, and transferred to
GEQ orbit at a time compatible with the specific mission(s). The net effect
is that, with careful attention, it is possible to obtain Shuttle launches
with mass density factors {actual delivered masa divided by theoretical loads)
approaching 95 percent.

1.1.1 GEO Hode Payloads Hission Models Description

The rationale associated with the development of the number of puayloads
for each category a3 liated in Table 1-1 is described in the following section.

Comgunications Mission Model

Communication satellites are a profitable reality today and as such can
provide a known data point of departure for projections into the future.
Therefore, it was only natural that communication mission scen.rios be
developed and used to show programmatics comparisons and poteatial benefits ¢f
Space Base operations. Table 1-2 provides a comparison of present snd future
system characteriatics for space communi-ation satellites.

TABLE 1-2. U.S. SPACE COMMUNICATIOJS
PRESENT AND PUTURE SYSTEM CHARACTERISTICS

U.§. SPACE COMMUNICATIONS TODAY FUTURE {2030 A.0.) :
§
9 DOMESYIC SATELLITES in ORMIT _50-100 ;
2N TRANSPONDERS /SATELLITE 150-24G I
191 TRANSPOWDENS IN GXO, 30 TO 353 10,000
CROMTH RATE PER YEAR 20%3-30%
A° SPACING OF SATELLITES 1°-3*
500 TO 600 TVO-WAY TELEPHONE CALLS PER 1500
TRANSPORDER
18,000 SIMILTANEOUS LONC DISTANCE CALLS .
~1.530F ALL U.S. LONC DISTANCE TELEPRONE 303-A08 OF ALL U.3. LONG BISTANCE
RAFF TELEPHONE TRAFFIC
1c
C-0, Ru-BAND, 2-4 MULTI-BEARS PER Ea-BAND, 15 TO 100 MULTI-SEAMS PER .
ATEWA NITENMA :
§50 LE/TRANSAONOER (TOTAL $.C.) 50
. 1206 10 L000 LB SPACTCRAFT _ 8000 T0 12,000 L8
1 KW TO 2.5 X0 CONT. POVER 7070 Vb
£ 10 7.5 YEAR LIFITINE 7.5 T0 20 YEARS
2 T0 3 METER DIAMETER AMTENRAS WP TO J0-METER DIARETER
USERS: COMSAT/ATAT/CTE 3 SATELLITES |
VESTERN (orion 3 SATELLITES ,
(19 1 SATELLITLS R
88 1 SATELLITE }
1-4
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No single communicationa demand model {8 available. Projections of
future demand vary with individuals. A medium mission model was defined for
the period from 1980 through the year 2000 to show anticiputed demand in
equivalent transponders required to provide voice, data, vidao‘distribution.
and video telecoaferencing servicea (Pigure 1-2). This model was selected as
the basis for determining the annval buildup rate, the replacement
requiremants, and the number and type of satellites required. Based or this
demand, communication miasions scenarios were developed for the three space
support system options:

The traditicnal functions which the scenario addresses are satellite
launching, LEQO checkout and deployment, and satellite tranafer to
geostationary orbit. In this scenario, a communication satellite aud/or OTV
is launched from KSC aboard the Shuttle space vehicle into a low earth orbit
inclined at 28° and at an altitude of 200 nmi. Arfter checkout, OTV mating,
and deployment {from the orbiter or Space Bass), the satellite is transserred
by the OTV to a geostationary equatorial orbit located at 1107 west
longitude.

- Br— COMMUNICATIONS DeunD | HIGH
13,000 e mm&fm 14,000 PRECICTIONS ~ 2008 AD .Q
¥ - U.S. COMMERCIAL N
: =
z - §
2 X N
-s N
x Mo - - B }
T N
- N
N
r \
st §
) i R}-tow
£} s
- N
D
- \
a Nl ST BT | LS W | ] N
”» s » " 200 AMA/ FUTURL GEN FORDVCE AlAA
COMSAT SYST DYN SVEY
YEAR
' ] GLOBAL
- [ u.s.omy
& 1 N/YEAR GROWTH RATE
FISURS 1-2. COMMUNICATION DEMARD PROJECTIONS
1-5
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The communication requirements were established by combining the U.S.
commercial requirements with the foreign communication requirements {assumed
to be 50% of U.S. requirements). A total of 142 satellites were included to
Doet the medium demand over the 1982-2000 time frame. This total was
determined by utilizing the available satellite options/capability in
Table 1-3 to provide yearly tuildup rate of tranaponders consistent with —
mission requirements, includirg replacements dus to lifetize expiration. A
sunpary of these 142 satellites is provided in Table l-4.

Increasing service life of a communication matellits can have very large
economical banefits. Initial analysis has defined poten*tial satellite
servicing concepts. :

Satellite design philoaophy for incorporating servicing capability includes
the replacement of "life-limiting” components on a scheduled basis or
accommodating failure by replacement of failed aubsystems as required.

TABLE 1-3. CAHDIDATE SPACECRAPT OPTIONS

TRANSPONOERS MAX NO, |  MAX NO,

uee | mass SATELLITES | TRANSPONDERS/

e | o fod | |No. WND SPACING | N ORMT | sareLite Tt
] " |s wom |12 lC-12ke - " e
1 B s |20 8 MC-UK r % L
wis |l s |s00 ] % wciox r N 2,5
" w [o |10 |20 ¢ %Ky, 10K > u 5,740
w | o Jinom| 200 7c, MKy, NkKe r u _s7e

v w |8 om0 xomy r ren | w059
VWi |'9/w | e | 48] 0 kemORKet » “ n,s»

1-6
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TABLE 1-4. SUMMARY OF SATELLITZ REQUIREMEATS

LT [ e TeloTe el o sl el ] vt
TYPE * K151 & 13
TYPE It Bi8]9]715 3w
TYPE !V 7|81616|6131010|8]7]6 57
TYPE ¥ 2l2)vi211i5]3|4]6)8] 35
TOTAL 142

D.0.D. Mission Hodel

The DOD Mission Hodel had to be handled in a more general way, since the
payload information ia secret. The Air Porce provided the source materials
and Rockwell reasoned adaptationa to sliminate obvious duplications.
Adjustments were alsc incorporated to make the traffic model consistent with
the existence of a space base. The number of Shuttle flights was derived from
payload manifest lengths as given in Air Force sources.

The Bockwell derived mission model is intended to be representative and
not official. In aggregate, it reflects masses and rates sufficient for the
transportation requirements analysis. Rockwell “growth™ verajons were
incorporated into the model to explore the effects growth would have on spece
transporation requirements.

Table 1-5 illustrates the growth of DOD traffic vs. transportation

system improvementa. The deltas which characterize each level of growth are
identified.

1-7
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TABLE 1.5. PAYLOAD MODEL GROWTi SUHMMARY

TRANSPORTATION SYSTEM | MFROVEMENTS

TRAFFIC BASIC SHUTTLL A0 GROUND- ABD SoC
GROWT M AND 1US BASED OTV SPACE-BASED 0TV
® CURRENT SENERIC -
) MISSION SET WITH
SOME BLOCK
CHANGES

® INCLUDES MILSTAR

@ NEV SURVEILLANCE £ | ® ADD SERVICING AND
CORM APPLICATICHS REPAIK

MEDTUN ® SATELLITES EXPLOIT| @ SPACE-BASED OTV
ADDED MASS-TO-~ ALLOWS MORE MUL-
ORBIT CAPARILITY TIPLE PATLOAD

CELIV. 8Y ORBITER

® ADD NEW SPACE ® ADD SERVICING AND
HICH DEFENSE MISSIONS REPAIR CAPABILITY
® INCREASE SURVEIL. {® INCREASED STS
CAPABILITY EFFICIENCY
HIcH ® ADD NEW SPACE
niGH DEFENSE MisSion | SANE AS ABOVE

More specifically, military missions and cost effectiveness can be
expucted to benefit from ircremses in spacecraft mass and volume. It ia
interesting that many of today's spacecraft have aslready grown to the limits
of the tranaportation capacity avuilable. Consjder the gptiona that would
become available to the satellite designer if mass and volume constraints were
relaxed: for existing missions, most are low technology, lire-extending, and
cost-avoidance in nature. Our projection to the mid-1990's shows where we
believe current military spacecraft could benefit mc- % from reduced
transportation conatraints. Addition of new missions such a&s ASAT,
space-based radar, and space-based laser would add to the mass-to-orbit
requirements. {See Figure 1.-3)
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#ASA Planetary Hissions

The UASA Plaretary Mission Area spacecraft dofinitiona wera astablished
frow the current ¥ASA planning for near term solar system exploration and the
AASA/JSC Yolfer model to fill out the long torm mission requirementa.

Specific solar systcu ~xplorztion selacted ss most probable to be executed and
therefore included in the model were the following:

Galileo

International Solar Polar Mission
Venus Orbiting Imaging Radar
Origin of Plasams

Plasma Turb. Explorer

Saturn Orbiter {Dual)

UNP Program - Ura.. Nep Pluto
Lunar Polar Orbiter

Astroid Multi Rendezvous

Maras Advanced Technology
Ex:raterreatrial Material Processing
Luner Sample Return

Close Solar Orbiter

Venus Landear

Auto Mobils Lunar Survey

0 00Q0O0O0ODDO0D00O0DODOCLCDO

Xissions UNP Program through Auto MOBILE Lunar Survey are launched during
the SOC era under consideration {199(-2000). The upper atage used for these
missions is the cryogenic OTY defined for the SOC era. The addition of drop
tanks to provide additional OTV propellant are required for the UdP
Program-Uran ilep Pluto HMissiou.

Space Procegsaing Mission Yodel

The £pace processing development logic used for mission and traffic
modeling involves an evolutionary process leading from small experiments to A
free-flying space factory spanning a development period of eight years
(*igure 1-4).

1-10
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8 3PACE PROCESSING DEVELOPMENT LOGIC

STHREE PHASE DEVELOMMENT
| EXPEMENTAHION -3 YEAR CYCLE
§ PROCESS DEVELOPMENT -2 YEAR CYCLE
M PRODUCTION DEVECOPMENT  —3 YEAR CYCLE = RESULTS 1N FREE
. FLYING FACTORY
*MBSION LOW YEARS
PAEDIUM MODR) "] 1t 3] «] 5] e] 71 8] v

ofi =3 EXPERIMENT STARTS a A a
PER YEAR
= 1 MISSION PER YEAR PER a a &
EXPERMAENT START a & &
= 1 EXPERIMENT SUCCEEDS
0 4N
s$il = 1=1/2 YEAR DEVELOPMENT 1 DEV, 3
T = §/3 YEAR FLIGHT TESY N RT, 7651 E

DELIVER TEST AND SERVICE CEIVER
MONTHLY W
- 50% &N DEVECOPMENTS $ SERVICE MISSIONS =, )
SUCCEED TO #1M1
o$l1l = 3 YEAR DEVELOPMENT it 0LV,
« DEMONSTRATION FREE FLYER #111 DEMO, FACTORY FLT, TES
IN 30 YEAR WITH 3 SERVICES DELIVER
= EACH # (1) DEVELOPMENT SUCCEEDS : ‘
7O PRODUCTION FACTORY SERVICE MISSIONS
+FREE FLYING PRODUCTION FACTORY FACTORY ===y
- 4 SERVICE MISSIONS PER YEAR . DELIVER

3 SERVICE MISSIONS FIST YEAR
£ SERVICE MiSSIONS/YEAR (TVP.)

]
X
&
[ 2=
121
L,
-
1
£
-
'y

PACE PROCESSING DEJEZLIFAESLD LUGIC

A three-phase space processing development has been postulated, i.e.,
experimentation, process development, and production jevelopment. Tresa
phases have 3-, 2-, and 3-year cycles, Tespectively, and resuit in a
free-Ilying factory at *he end of eight years; the space processing payleoadl
model is given in Table 1-5. Three experiment starts rave been assumed rer
y2ar with 333 of experiment siarts succeeding to Prase 2 at the end of tihe
three-yesr cycle. Fifty percent of process develcpments are assumed t»
succeed and become production developments at the end of the two-year process
development c¢ycle.

Each production development is assumed to result in a producticon
free-flying factory. Process development flight tes* spans a six=-month
period, with service morthly. Production developmant pasloads and free-fiying
fTacteries are gserviced quarierly after delivery. Jesulting *otal mission
payloads are as snown in Table 1-5.

1-11
0113R

1..:..-_'.‘;:.13.!.&‘ o '..Aﬂ.. 3

. At fot

W m——



ORIGINAL PAGSE 1S
OF POOR QUALITY -

TABLE 1-6. PAYLOAD MODEL
HISSION AREA SPACE PROCESSING

YEAR
winjulajuvla|ojaineininlsju]n|njn]es)rew]”
1 PUaSE | EXPEMOENT STARTE slafs|s[afafal s sfsfa]aa]ofags]sfjsela|] w
2. PHASE | INSSIONS PZR YEAR stalofako|ofo|of epo]on)s]o]s]se]se]s]jr] ¢4 m
3. PWASE T PROCESS DEVELOPUENRT o o] o} of of b of o] of of of o] 0] 1 w
STANTS
4 PHASE 1 STRVICE IETRIONS slo]slsln)alo]alslslsjsle] 5] m
S PWASE 3 PAODUCTION OEVELOMIENT 1 1 ] 1 ] | ]
DEMONSTRATION (FALE FLYERN

L PUASE 3 SERWICE INSSIONS g ] ] ] ] .
1. FACTORY N 1 (FREE FLY) ' 1
L FACTORY NS, 1 SERVICE ISTION sja]a)afaajafal o] =
S FACTORY NO. T 1 t
WL FACYDAY NO. TSERVICE IRSRONE sle| o] ofa]saf o] m
. fACTOAY RO '
12, FACTORY NO. 3 SEAVICE SNSSHINE slefela) o m»
A FACTORY 8. 4 1 1
. FACTORY NO. 4 SERVICE MISIONS sl o] o] w
¥ FACTORY NO.§ ' 1
. FACTOA N0 § SERVICE ISTIONE 3
Eﬁﬂﬁzf?ﬂiﬁﬁﬂﬂﬁ sialal|efolvsin]|sin|ain n]n nlolnjnin] nf m

NASA Techiology Development & Life Sciences Missions

Mission needs and spacecraft definition for the WASA Technology
Development and Life Sciences Mission Area were established from the current
NASA definition of 28.5° spacelab missions, science and applications
missions for the proposed NASA 25KW power system follow-on, and NASA research
and development mission spacecraft contained in the mission model assembled by
Mr. Sarry Wolfer at NASA/JSC. Included also, in this mission area were NASA
Growth Missionas to GEO. The logic for the inclusion of these missions is that
the advent of SOC will provide the impetus and opportunity for conducting
technology development and life sclience missiona at GEO such as the
develupment of large servicable comnunications platforms. Thersfore, a large
lov density {12,000 1b - 44 foot cargo bay package) growth mission payload was
postulated for annual launch subsequent to the SOC achieving full operational
capability as part of the mission model. Typical of the NASA research and
development spacecraft selectsd for inclusion are space telescope, LDEF, large
aolar obaservatory, and the large optical ultraviolet telescope. Each of the
missions included for this misaion area are considered to consist .of
servicable spacecraft during the SOC operational era under analysis
{1990-2000). However, thia mission area includes spacecraft anéd platform
launches only, while the servicing misaions are included in the satellite
servicing mission area.
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Earth Observation & Sclence & Application Hissions

Earth observation and science and applications programs have been
reviewed to give initial insights into earth surveillance missigna. This
atudy resulted in definition of a concept integrating all of the benefits
obtained during tha past 20 years. A spectrum of weather, resource, and

climate satellites have been examined, reprecenting a reasonable range of
feasible approaches.

Satellite Servicing Missioas

The satellite servicing mission area consista entirely of LEQ smervicing
missions for the spacecraft, and science ani applications platfornm payloads
that were included for launch in the NASA technology development and life
sciences miesion area di=scussed above. Servicing missions are considered to
be an integral part of the materials procesaing in space mission area as
well. However these servicing misasions are included as part of the space
procesaing mission model. The spacecraft and platforms selected for servicing
missions, being a subaet of the HASA technology development and life aciences
mission model, are described for that mission area, The spacecraft selected
for servicing missions are the following:

Space Teleacope

LDE?

25KW Power System Science and Applications Platform
AXAP - Advanced X=-Ray Astro

Large Solar Observatory

Ambient Deployable Infrared Tslescope

Large Optical Ultraviclet Telescope

(=20 -N- T - I - B < - )

Each of theae spacscraft and the 25KW power system science and
applications platform were ccnsidered to require servicing on a ratio of 15%
of their orbiting weights. The spacecraft were scheduled for a four year
servicing cycle and the platform was acheduled for annual servicing in order
to develop the mission model, ®or the purpose of this medium model no

servicing at GEO, either manned or unmanned, was conaidered to occur before
the year 2000.

Space Construction Missions

Only two operational missions are included in the model for the space
conatruction mission area. These missions are, the pinhold x-ray telescope
launched in 1995 and the deep space relay station launched n 1937. Tbese
missions were selected from the candidate list of space conatructicn missions
contained in the NASA/JSC Wolfer model. Each of these missions are
operational GEQ spacecraft that are constructed and checked out in LED and
then transfsrred to GEO using the cryogenic OTV. Earlier technology
development missions associated with space construction are included in the
NASA technology development and life sciences mission area and only the
operational misasjons that werc considered most likely to occur were included
in the apace construction mission area.
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1.2 TRAP?PIC MODELS AFALYSIS

Traffic models are developed that accommodate the mission model needs.

The models developed consider both a SOC elemant aveilable case and a no - SOC
case. '

Alternate Accommodation Hodes Options Defintions

Three accommodation modes were selected for the cost effectiveness trends
and snalyses (Figure 1-5 and 1-6). The different accommodation modes were
aelected to provide a data base for an evaluation of the most ressonable
spectrum of viable options to establish the key issues thai must be addresseid
and evaluated. They also serve as the definition of the factors that provide
the cost comparisons between options. Analysia of the crew hours required to
accomplish the total mission area payload requirements was established.and
evaluated to compare the compatility and total costs of the Shuttle-only
options and the S0C options.

PRIME o
SYSTEM soc

= 2 INCL
 OPTION: i 2 200 Niw AT

200 NME ALTITUOR
aYsTEM P rsan N
.oV 12K 70 GEO
« OTV DESION
CHARACY
Le 02FT
Dik= 146 FT
Wp= 48.4 KLE
War= 534 KLD
» PROPELLANT - SHUTTLE TOR-OFF
BOURCES - EXTERNAL TANK TRANSFER
PR CO - PR - OTV MATING &
€0 AT $0C
* EVALUATE SPECTRIIM OF
VIABLE OPTIONS

» ESTABLISH KEY ISSUES
« PROVIDE COST COMPARISONS

PIGURE 1-5. ALTERNATE ACCOMMODATIOR® MODE "A"
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o PRIME
SYSTEM
SHUTTL
- 10 DAY ORSITER
~1&D
. AOUND.DESIGN GROUND-DESION AEUSABLE
?:3 O R PENDABLE SINGLE-SHUTTLE FLIGHT
SYSTEM 12K TO GED 7K 70 GEO
OTV DESIGN :
® CHARACTERISTICS
DIA = 12 FT <]
WP = 240 KLB
'ﬂ = MIKLE
PROPELLANT PROPELLANT DELIVERY
* SOURCES WITH OTV
«PLCIO PIL CIO IN SHUTTLE - SAME

FIGURE 1-6., ALTERJATE ACCOMMODATION MODE "C™

Summarized in Pigure 1-7 and Figure 1-8 are all the significant features
of each of the three options. The three accommodation modes were evaluated by
creating mission manifests for the 1l-year period from 1990 to 2000. Option
A-1, that includes the SOC in the accommodation mode is shown to be the most
cost erfective, $22.8 billion for Option A-1 va $37.2 billion for Option C-2.
The maj>r reason is the significantly increased load factor for the STS and a
reduction in user risk because of payload deployment and checkout at the SOC.
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OPTIONS
A1 c1 (X

NO. OF SUPPORT SYSTEILS ITEMS

$0C 1 - -

PAM-A g : =

t'mt 12 m n
DELTA OABITER (»£ FLEET) 4 10 n
NO. OF MISSIONS 8% 5% )
NO. OF OTV FLIGHTS 172 1m 331
NO. OF 8T8 FLIGHTS

QEO NODE 7 ] )

TOTAL (INCLUDES VAFB) 438 843 851
QL0 NODE FLIGHTS

MASS LOAD FACTOR 0.0 . 087 0.78
SUPPORT SYSTEM AND
TRANSPORTATION COSTS $2288 $30.28 33728

FIGURE 1-7. COMPARISONS OF OPTICKS - 1990-2000

OPTIONS
c1 2
0N SUPPONT SPACE 8ALE0 DoTNOABLE oy
* gﬂ?ﬂm REOUIREMENTS REUSABLE oy REUSABLE
{11 YEARS GV OPERATIONS} ow ki
* MISEION AREA
® U5 COMMERCIAL COMM naw nm -
© FOREICH COMMERCIAL COMM nem A
® DaD PAYLOADS (GEO) 10,208 22208 22,70
® NASA PLANETARY 2,800 200 ET
& SPACE PROCESIING 2000 0.9 40,008
& MASA RSD, LiFE SCIENCE w008 10,008 "0
® BATELLITE SERVICING 2,000 1900 1908
® SPACE CORSTRUCTION [ "o 1,280
® TOVAL CREW HOURS REGUIRED 0,00 g 84,000
® CREW HOURS AVAILABLE 18,008 122,070 184,000
® UTILIZATION FACTOR® . tom 1008
HOURS REQUIAED
SUTILIZATION FACTOR = -_—Tm_ﬂ—l.i {1008

0113Rr

PIGURE 1-8. MISSION CR:EW

1-16

HOURS SUMMARY

. - e v e n



[T Eaill &
R'|!~§"~‘.."1.‘;. ANV “)
5134

OF POOR QUALTY

Scavenging Analysis Summary

All analysis to date have indicated that auborﬁital recovery of unused ET

propellants is a viable comcept with sigrificant benefits to the S0C
operational scenario. '

The amount of propellant remaining in the ET at the end of boost is
dependent upon how much payload was carried to orbit. Aside from the flight
performance reserves and residuals trapped in the syatem the ET will contain
an additional 0.95 pounds of propellants for every pound of unused payload
capacity that might exist on a given flight manifest.

The relationship between LO,, LH, and total propellants remaining and
the Shuttle unused payload capacity is shown in Figure 1-9. Values of
propellant remaining can be up to 80,000 pounds or even higher depending upon
future Shuttle improvements and/or growth options.

The benefits of recovering these propellants and delivering them to a
storage facility on the SOC for later use on OTV missions provides significant
savings in annual Shuttle flights through reduced 0TV propellant deliveries.

ORBITER 103 NOMINAL
& INCLUDES ET & MP5 PLUMBING RESIDUAL FOR ZERO

8 L TANKER =
- "DRY LAUNCH—
53 «@r 1143
¥ THRUST
< |
g “f' BASIC l
2 tsTRAP-ON
« 2 f‘~\| ' s\\
3 | —
 §
- | !
o | | ] ]
0 20 &0 ) 20

UNUSED PAYLOAD CAPACITY - 1000 LB

PIGURE 1-9. NOMINAL UNUSED PROPELLANT AT MECO
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Orbit Transfer Vehicle Options

Achieving the most effective and efficient orbit transfer capability is s
multifaceted problem. The answer involves interactions with the design of the
payloads fo be transported, interactions with the design approaches to be
applied to the OTY itself, interactions with the Shuttle as the primary
ground-to-LEO iogistics vehicle, and interactions related to whather or not a
space base is to be employed.

Payloads must be designed tc take maximum advantage of whichever orbit
transfer concept is employed. They must be compatibly sized and designed for
the orbital deployment and checkout operations most appropriate to the basic
transfer concept.

The OTV design approach, either space based or ground based, affects ita
pize and delivery performance a3 well as the program support elementa
{deployment and mating aids, etc.) required to make each design approsch work.

The Shuttle as the main LEO logistics wehicle in the Space Tranaportation
System interacts with both the payloed design and the OTY approach. It
interacta with the payloads by virtue of their size, packaging density in the
orbiter bay and deployment/checkout/OTV meting requirements and aids. The
main QTV-payload interactions are the mass/size to be transported and the OTV
thrust environment during the powered delta-V maneuvers. OILV gize further
affects the operational tactics required, multi-Shuttle time on orbit needed
to perform the required delivery and on-orbit operatiors. This interacts with
the orbiter fleet size and related launch aund turnsround facility needs.
OTV/payload/shuttle interaction concepts for the ground based no SO0U option in
the single launch and dua] launch operations mode are depicted in Pigure 1-10
and ?igure 1-1l.

The use of a space base affects all three of the above interactive
areas: payloads, OTV's, and the Shuttle. W¥With a space base, payloads would
have a facility for easy deployment and checkout with manned trouble-shooting
support. Space-based OTV's can have high stage weight efficiencies, can be
designed for reusability, and can have broadened sizing option not constrained
by what can be delivered full of propellant in a single Shuttle flight. In
addition, space basing with propellant storage allows full exploitation of
external tank propellant scavenging and the use of propellant piggybacking to
greatly reduce space transportation costs. SO0C based 0TV operations concepta
are indicated in Figure 1-12.
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|0PEM'|’IONAL CONCEPT ! I REUSABLE STAQE I
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FIGURE 1-11. GROUND BASED COXCEPTS -- TWO SHUTTLE LAUNCAES

1-19
0113R



ORIGINAL PAGE 1S
OF POOR QUALITY.

PHASED INCREASED CAPABILITY — FUTURT: GROWTH

PIGURE 1-12. SOZ BASED OTV CONCEPT

On 0rbit-Checkout and Servicing

A prelinminary estimate of total checkout and servicing manpower
requirements for the three traffic model alternatives, covering the years
1990-2000, was prepared, ¥igure 1-8. These results dealing with small,
free-flying satsllites and asssmbling larger payloads in space, generally
indizated the Space Bsse option is less costly to the user, requiring fewer
san-houra and less costly transportation of airborme support equipment.

The analysis performed to determine the significant differences and
similarities between servicing snd checkout operstions invrolving an STS
orbiter alons (Alternatives C-1 and C-2) and analogous operations utilizing a
space operations center (SOC)--Alternative A is reported in Section 4, the
flight support facility.
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Having eatablished the mission model and alternative accommodation
options, and identifing the mission payloads that are availabdle for SOC
interaction, STS Traffic Hodels for each of the accommodation oPtions are
developed.

STS Traffic Ncdel

S7S menifests that incorporate the payload packets identified by misasion
area and packaging density, are determined for each accomacdation eoption.
Table 1-7 recresents a typical example of the manifests generated. The
manifests cover eleven years of SOC operation {1990-2000), include all mission
aress, and display the mis=ion payloed phyaical characteristics end
manifesting ground rulesa used. The example shown is for the SOC option for
which the payload bay volume was used to load the OTV propsllant required for
the GEC missiona, This capability to “top off™ the orbiter payload bay when
conducting mimsions to SOC :ead to the conclusions that no dedicated "tanker”
Tlights are required when SOC is utilized, and that the orbiter is operated at
a higher average load factor and therefore more efficliently for 30C
operations. The manifests were than compiled into STS traffic models for each
accommodstion option. These resulting traffic mcdels are shown as Tables 1-8
through 1-10. .

¥or convenience a subset of each model was generated to identify tne SOC
related GEO node traffic for the years 1990-2000. These GEO node traffic
modelas are shown as Tables 1-11 through 1-13.

TABLE 1-7. OPTION A MISSION MAWI?EST {TYPICAL)

WUTTLE LA Bk, SEST -
PAYLOAD CATEEORY wam | ubmars | fuouT cooe WY
o e [ AL - Z: L0 T}
= LR wED L
-
SE LORTICE e = 1=-6
o ory unare it

Hass » L |

|
IR

_—

® 11 YEARS OPERATIONS
@ ALL MISSIONS AREAS

EOUNLIRCS TION) o ¥ "
“m:“ 7. L] T=130 Am“
SRR ="
il sl [l B

b /

ne |

® PAYLOAD PHYSICAL CHARACTERISTICS AND MANIFEST'NG
GROUNDRURES USED TOESTABLISH 3 TRAFFIC MODELS

# UNALLOCATET LOAD FACTOR {LF} AND PAYLOAD VOLUME USED IN
PROPELLANT TRANSPORT ANALYSIS (A)
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The final task in organization of the basic data required for the fleet
utilization analysis was to identify the LEO to GEQ OTV Traffic Model for the
SC0C related years from the mission and ST5 traffic models.
OTV umage for the three options using the medium miassion model is shown in

Tadle 1-14.
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A summary of the
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1.7 TRAFPFIC SENSITIVITY ANALYSIS ’ ,

In addition to the basic traffic analysis , focused on SOC vs. no-SOC
options, an invastigation was performed of the important traffic
gsensitivities. For the SO0C related missions an analysis was conducted to
determine the interrelated effects of payload density and key space system— T
variables on the number of shuttle flights required to satisfy the mission Do
model. The key space aystem variables cnnsidered are: OTV performance,
shuttle payload capability, the application of aero braking technology to OTV
performance, the effect of eliminating ET propellant scavenging, and the
effects of changing the variable altitude atrategy for 30C to a conatant
altitude stratagy. A discussion of each of these issues follows.

Averaga Cargo Characteristics

As a atarting base for the traffic semsitivity analysis average cargo
characteriatics were determinod for the complete traffic summary over the
11 year {1990 through 2000) period used in the study. These data are
summerized in Table 1-15.

TABLE 1-15. AVERAGE CARGO CHARACTERISTICS
{11 YEAR TRAP7IC SUMMARY)

S0C NON-SOC

IN a 247 $T5 FLIGHTS N = 366 STS FLIGHTS
W00 = 8,733,000 b IV G0 . 3,974,000 b
T¥mortiiana ® 7,485,000 1 W paopeLLANT " 4,323,000 s
wy EEQUIED = 7,356,000 ib Wy REQUIRED 4,128,000 16
/S - 1093 Ib/Mb . = 1.0%9 Ib/b
Yearco Yearco
: L - 4,357,001 = 3,017,000 1s
M’A}AVG = 18,450 b N’A)Avc =8,240 Ib
Measco! ave 27,201 Mearcd ave = 10,860 1b
Mearco' ™ avg T T 010 Mono® ™ avg " R1OB

3 3
Ba) ave 2.3 B ave - 1L0I/M
LOAD FACTOR: LOAD FACTOR: )

K WEF (LF) g = 0.9 . QF) g 0¥
[ 56K REF (L.F.)AVG = 1.2
’
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Load factors based on the combined cargo and propellant weight delivered
per flight are shown for two referance conditions. The SOX reference

condition refers to the current J5¢ 07700, Vol. 14, shuttle payload capability
to 150 n.mi orbit (60000 1b). Thia allows direct comparison with load factors

for non-S0C miesiona where paylouds may not require delivery to, the 200 n.mi

SOC orbit altitude. The 56K reference condition incorporates the reductior in

ahuttle payload capability to the 200 n.mi. SOC orbit {56000 1b). 'The 1.03
load factor for thie condition reflects the benefits of propellant

scavenging. The shuttle arrives at ths SOC with more than the 56000 1b 1ift
capability because of the propsllants recovered from the ET. The relatively
poor load factor for the non-S0C option ia the result or many GE0 satellite

delivery missions requiring two shuttls launches sach, one for the satellite
and one for the OTV.

Propellant to Cargo Weight Relatiomnship

In order to properly assess the effects of many of the traffic
senajitivitiea it is necessary to determine the relationships betweesn cargo
weight and propellant weight which are possible vhen operating in the SOC
acenario and with maximum propellant scavenging. Plote of this weight ratio
Wp/¥cargo) are shown in Plgure 1-13 for several orbiter payload
capabiiities. The 80K orbiter referas to a growth shuttle with 80000 1b
delivery capability to LEO. The other two casea ref” =t the standard orbiter
capability to {a) 200 n.mi. and {b) 236 n.mi. This 14 561 D 1b and 47000 1b
for the two cases reapectively. Thene curves are needed to determine the
sffecta of 0TV parfcrmance, shuttle performance and SOC altitude atrategy on
the number of shuttle flights required to satiafy the misaion model.
Specifically, the effects of changes in propellant requiremsnta 0TV perf.)
and/or shuttle payload capability on the cargo weight while maintaining the
maxinum attainable load factor can be determined.

wE !

\ 30K ORBITER { 200 NAL)

STD ORBITER (200 NMY)

$10 ORBITER (236 NMI, W/OMS KiT)

PROPELLANT TG CARGO WEIGHT RATIO, LIAD
-

o
3
3r
]

40 ] L] I
CARGO WIIGHT, 1020 L)
FIGURE 1-13. CARGO TO PROPELLANT WEIGHT RATIO POR
MAXIMUN SCAVERGIRG
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OTV Performance Effects

The basic 0TV performance factors considered were structural mass
fraction, X, and specific impulse, I,p. Figures 1-14 and 1-15 show the
effacts of these veriables on the propellant requirements to deliver a pound
of peyload to GEO from the SOC. The reference coafiguration used for these
data was the space-based reusable OTV described earlier (A = 0.906.

Iap = 470 sec.). As shown or the curve {Pigure 1-14} a reduction in atage
mass fraction, AA, of 0.01 results in & 21.8% increase in propellant
required. Applying this factor to the 1.093 value of ¥ /¥, rrom the

traffic summary data a new value of 1.331 is required. "From the standard
orbiter curve of Figure 1-13, the cargo weights for these two propellant to
cargo weight ratios are 30300 1b and 27400 1b respectively. The number of
shuttle flights must increase by the ratio of these two weights in order to
deliver the new mix of propellant to cargo along with the same total cargo as
raquired for the reference OTV case. Thua, the number of shuttle flights is:
B = 30300/27400 x 247 = 273, AN = +26 flights. Average payload density for
this case must increase to 5.3 1b/ft2.

In the event that cargo density cannot be increased to the above value,
the extra propellant required to make up for the 0.0l reduction in OTY maas
fraction could be carried up in dedicated tanker flights. Taua, where cargo
density is held constant the number of extra shuttle flights required,

AR = +35. Thus, shuttle flight requirements are extremely sensitive to OTV
mass fraction.

b «REUSABLE OTV

PROPELLANT WEIGHT RATIO, Wp/Wp , Ib/1b

L ! J
0.89 0.9 oM 0.92

OTV MASS FRACTION, L

PIGURE 1-14 PROPELLANT SENSITIVITY TO MASS PRACTION 7OR GEO DELIVERY FROM SOC
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OTV SPECIFIC IMPULSE, Igp, sac

FIGURE 1-15 PROPELLANT SENSITIVITY T0 SPECIFIC
INPULSE FOP. GEO DELIVERY FROM SJC

Pigure 1-15 shows the equivalent effects of Ig, on OTV propellant
requirements. Converting these data t5 ghuttle flight numbers in the same
manner as described above for the mass fraction effect, AN = +14 flights for
a reduction in I;, of 10 seconds. This case requires a cargo density i
increase to 5.4 lg/ft3. If cargo deunsity cannot be increased the number of i

extra shuttle flights grows to +19, again assuming all the extra propellants X
are delivered by dedicated tenker launcheas. !

Sensitivity to Shuttle Payload Capadbility

Various growth options for improving the shuttle payload capability have
been studied. 'To analyze the effecits of these increased capabilities on
shuttle flight requirements a representative growth value of 80000 1b to LEO
was selected. Returning to Pigure 1-13, the cargo weight for the 80K orbiter,
ia 39500 1b. Rationing thia to the standard orbiter value of 303C0 1b
provides a savings of 57 flights. However, cargo density must increase to tue
very high value of 7.1 1b/ft’. No reductior in shuttle flighta is posaible

" if cargo density cannot be increasaed, becaume all the propellants required can
be delivered with the standard 60K orbiter.

Effect of Applying Aerobraking Technology

Several studies have sppeared in the recent literature showing the
potential performance advantages of employing aerobraking technology to OTV
designs. Figure 1-16 shows a repressntative configuration which was used to
determine the effect of aerobraking technology on the number of shuttle
flights required for the specified misaion nodel.
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Using thes¢ generic characteristics it was determined that a propellant
savings of 18.7 percent over the refersnce OTV configuration could be achieved
using asrcbraking technology. This applies to GEO deliveries with the OTV o
returning to the SOC empty, and resulis in the reduction of shuttle flights by !
H=-27. Again because of paylcad compaction aand orbiter c.g. cogatraints the
cargo density must be increased to 6.3 1b/ft? to take full advantage of the
increased OTV performance offcored by aerobraking. d

Propellant Scavenging Effects on the Number of Shuttle Flighta Regquired §

Theres are two cases which tend to bound the potential effects of
propeilant acavenging on the number of shuttle flights required to meet the
mission model. They are: {a) assume all propellant vhich can be carried to
the SOC with the required W,/W, ratio is used by the 0TV {no ezcess), then
approximately 9000 1b per fgight would be ecavenged | the maximun poasible with
a full cargo}, {b) assume a load factor of 1.0 (refersnced to the 56000 1b
orbiter capability to the SOC altitude) can be achieved with payloed topoff
techniques alone and without scavenging. Then only the 3 percent associated
with the 1.03 load factor in the average cargo characteristica, Table 1-15,
would be provided by scavenging.

The effect on shuttle flights for case {a) ia to increase the number of
shuttls flighte by 61 and for case {b) by 12 flighta. Thua, without
propellant scavenging somevhere between 12 and 61 additional shuttle flights
would be required to meet the mission model needs.

Effects of Constant Altitule Strategy

Another important factor in optimizing the logistics efficiency for the
S0C is the application of a variadle altitude strategy. In part one of the
study (Rockwell Report No. SSD 81-0076, Vol 1, dated 17 April 1981) it was
determined that S0C orbit altitude for a constant altitude strategy would de
236 n.mi. to meet the 90-day orbit decay criteria with a +30 noximum
atncsphere. The sffects of flying continuocusly at this altitude are presented
here.

Holding the W,/V, ratio at the nominal value of 1.093 1b/1b in
Figure 1-13, the cargo weight is ashown to drop to 25000 1b going from the
standard orbiter curve at 200 n.ei to the curve for the orbiter at 236 n.mi.
The number of shuttle flights therefors growas to AN = +52 {lights. The
minimum payload density beccomes 3.5 1b/ft3. The density effect of the
reduction in average cargo mass from 30300 1b to 25000 1b ie partially offset
by the bay volume reduction for the OMS kit needed to reach 236 n.mi. When
the atmospheric density follows the expected trends over the 11 year solar
cycle (which is most of the time) the SOC can be safely operated at altitudes
of 200 n.mi. and lower. Thus, the constant altituds atrategy could cost up to
an additional 52 flights.

The traffic sensitivity effects for all of the foregoing factors are
summarized in Table 1-16. Degraded OTY performance, sliminating propellant
scavenging and applying a constant altitude strategy, can all require dramatic
increases in the number of shuttle flighta., Increased shuttle payload
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TABLE 1-16. TRAPPIC SENSITIVITIES

REFERENCE VALUES (11 YR TRAFFIC):
N = 247 FLIGHTS Pgyc = 250103

AN Pave
FACTOR SHUTTLE FLTS /3
OTV PERFORMANCE: | an--0.01 +35 2.5
+29 L
Alsp = -10 sec +19 5
+16 48
STS P/L PERF: 80K OPBITER o 2.5
: 57 63
AEROBRAKING 0 2.5
-B 56
NO SCAVENGING  ¢a) 9000 tb /FLT +61 1%
{b? 3% LOAD FACTOR +12 A3
CONSTANT ALTITUDE STRATEGY +37 . 67

performance and the application of aercbraking technolegy to the OTV can
significantly reduce the number of shuttle flighta required, but only if very
high packaged densities can be attained by the payload designs. These high
densities are two to three times higher than current payload definitions
{excluding propellant/fluid deliveries) which suggests they will be difficult
to attain.

Payload Density Considerations

In the preceding discussions on treffic sensitivies payload denaity was
shown to be significantly affected by many of the sensitivity factors. Thia
is the result of the interreiating constraints of payload volume ve.
propellant volume and the orbiter c.g. constraints. As the ratio of
propellant to cargo weight is changed to meet different QTV needs or the cargoe
weight is changed in accordance with variations in shuttle payload capability
the relative volumes for propellant and cargo change. The tank length affects
the location of the payload c.g. as shown in Figure 1-17, and the tank length
is affected by the amount of propellant it must contain. For this analysis we
are interested in the marimum propellant which can be carried with a given
payload. The relationship between propellant and payload, assuming maximum
scavenging is shown in Pigure 1-18. Applying these propellant weightas to the
c.g. constraint geometry depicted in Figure 1-17 results in the payload
denaity versus payload weight curve {dashed line) in Pigure 1-19. This curve
ropresents the minimum density attainable while atill maintaining naximum
shuttle load factors {actually greater than 1.0 Yecause of scavenging). The
dashed line is alightly conservative because it presumes a uniform density for
the payload and ignores the effect «f tank weights in calculating the c.g.'s.
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> '
- ”
% . ’ o 23,100 Ib, EXPENDASLE OTV
1 * ~% (80 K ORBITENR}
¥ ’/’
o 2 o “,o
g : / 2 716,940 b, EXPENDARLE OTV (50 K ORBITER)
% _
* , 15,800 th, AERO BRAKER OTV (80 K ORBITER)
11,560 Ib, AERG BPAKER OTV (50 K ORMITER)
L 10,420 th, REUSAMLE OTV (80 K ORMTER)
7,650 b, REUSABLE OTV (40 X ORMTER)
' t i 1 ! | J
° rl
o 1 2 3 4 s 6
PAYLOAD DENSITY, Ta/f3

PIGURE 1-19. PACKAGED DENSITY CONSTRAINTS O SHUTTLE PAYLOADS

It zhould alsc be noted that the allowed c.g.'s were determined for the case
with the tanks empty which is the probable condition for landing where the
C.g. counstraints apply.

A similar analysis was conducted for cases where scavenging was
eliminated to determine the effects of the c.g. constraints on pure payload
deliveries. This is plotted on the double dashed line of Figure 1-19. As
would be expected, eliminating the propellant tanks and allowing the payloads

to be placed farther aft in the bay reduces the minimum density requirement
significantly.

Although these results are alightly conservative they give a reasacnable
insight into logistics sensitivity to payload density.

Payload Density Effects for Non-50C Options

Payload density sffects on non-S0C missions were alao briefly
investigated. The most critical of these mission types are cases involving
GEO payloads which are delivered to orbit on the same flight with the OTV
which will carry them to GEO. Here the big variables are OTV design and
shuttle payload capability. Both of these variables affect how big the 0TV
must be and hence how much room ia left in the shuttle bay for the payload.
The main problem variables are depicted in Figure 1-20.
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PIGURE 1-20. OTV SIZING EFFECTS 0if PAYLOAD DESSITY

The ratio of payload weight to OTV weight for GE0) delivery missions are
shown for four OTV options. These reflect the mass fraction and I,
characteristics described in the preceding sections for their respective
concepts. The OTV weights are converted to their respective lengths with the
relationships in Figure 1-21. Peyload lengths are converted to their minimum
payload densities (assuming uniform mass distribution) as shown in
Figure 1-19. The effecta of shuttle payload capability are determined by
aimply increasing the gross cargo weight allowed and smolving for the matching
OTY and payload weights.

As shown in the curves, increases in OTY performance and Shuttle payload
capability lead to higher plateaus of payload performance. However, to
actually achieve these performance increases payload density must also be
increased. OTV technology advances cannot be fully exploited without
increases in payload packaged density. This is because the advances which
allow down sizing the OTV also result in larger payload weights. The increase
in space available for payloads approximately matches the growth in payload
capability thereby resulting in a clustering of the payload versus density
relationships to follow the mame growth trend for all optioma.
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»
L1
VZEurncaL enps | |
PROP TYPE L0, 2
av 14,500 FT/SEC '
se Q0seEC E
MIX PATIO n E
Oz 0Ensity 72U @
FUEL DENSITY 4.4 LI/F13 »Z
POP ULLAGE 7% §
£ 15 MAX TANK DIAMETER =
g 14 . —{24
»
in
3 ! 1 1 \
, 0
e ) r 50 T 70

PROPELLANT WT (LB x 107)

FIGURE 1-2l1. OTV STAGE LENGTd V3 PROPELLANT WEIGH!
1.4 DEDICATED ORBITER CONSIDERATIONS

Pour aspects of a dedicated SOC mission versus a non-dedicated {mired
missjons) Ortiter configuretior wera studied to determine the
feasibility/desirability of a special Qrbiter for the projected SOC missions.
The four aspects atudied were: reconfiguration tasks, time to accomnlish each
task, and the manpower requirements for these operations; ETIR and WTL traffic
levels; the cost of repeated reconfigurations of the Orbiter during an eleven
year period; and the increased payload benefits associated with a dedicated

S0C miseion configured Orbiter. Preliminary conclusions are established from
the four-part analysis.

The Orbiter turnaround baseline of 160 houra, which will govern the
turnaround of operational vehicles in the eleven year pericd of interest, is
shown in Pigure 1-22. The timeline shows that 96 hours are allocated for
Orbiter maintenance and checkout operations in the OPP, and of that total
period, only 78 hours are nominally available for peyload related tasks. One
objective of this analysis is to avoid any schedule impact related to
payload-type tasks.

Reconfiguration Time and Manpower Requirements

Using the KSC STS Ground Operations Plan, Volume III, SIS Plight Kits
Plan (April 13, 1979), fifteen items were identified as possible operations to
be performed when reconfiguration from a mired cargo to a SOC mission
configuration is performed. PFigure 1-23 lists these items and indicates that
957 manhours are required.
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TOTAL
TASK HES |MEN | MHR
1. RECONFIGURE FROM MIXED CARGO HARNESS KIT YO SOC MISSION HARNESS XIT (2S)*] 2.0 | 4.0 | 1040
i 2, INSTALL LOGISTICS FLUIDS DUMP LINES KIT (B8} nof20} 3%.0
3. PEMOVE MIXED 2500 MALLAST KIT (311) i ao0f20| 0o
4, INSTALL SOC MISSION BALLAST KIT 11) 40f20] o0
5. REMOVE MISSION STATION ACCOMMODATION KIT 5] 20| no
#. REMOVE PAYLOAD STATION ACCOMMODATION KIY s.s5f20) o
7. INSTALL SOC ON-ORIT STATION ACCOMMODATION KIT (81) s8] 20] 1o
8. REMOVE ONE SET OF FUEL CELL CRYO TANKS (15) 0.0 2.0 | 2400
9. INSTALL MID-DECK CREW SEATS AND ACCOMMODATIONS (K27 3.0} 2.0 49
10, INSTALL ET SCAVENGING TANKS (823) wo) a0fiun
¥, INSTALL PAYLOAD GRAPMLE FIXTURE (825) 20f o] 20
12, REMOVE INSIDE AIBLOCK (325) ol sol n.
13, INSTALL DOCKING MODIRE AND MOUNTING KIT (331) ss.0} 3.0 ] 1es.0
. INSTALL PIDA 37) 1.e] s.0] ase
15, INSTALL HPA (132) .ol 30f 0.0
w.s] 2.7feme

*APPENDIX B, KSC 5TS GROUND OPERATIONS MAN, VOLUME 11, STS RLIGHT KiTS AN

PIGURE 1-23. RECOSFIGURE FROM MIXED CARGO TO SOC MISSION CONFIGURATOH

Preliminary scheduling of the recoafiguration tasks is shown to take

86 hours, caused by the requirement to remove the internal airlock and install
the docking module and associated mounting kit in sequential operationsa. The
86 hours required is just suificient {0 meet the milastone ‘at 87.5 hours) of
closing the payload bay doors. Although additional study of these taaks would
be necessary to add more margin (86 hours versus the allocated 78 hours
wmodification period), no actual acheduie impact is anticipated for this
raconfiguration operation from a general cargo to & SOC miassion configurstion.

To reveras the Orbiter configuration (from a SOC mission to a mixed cargo
mission) tho same fif:een tasks are shown in Pigure 1-24 to require
2311 manhours. Task no. 8 {inatall one set of fuel cell cryo tanks) ia the
principal contributor to the excessive amount of manhoura required to perform
» thia turn around operation. Retention of the cryo tank installation for the
S0C orbiter is recommended. By deleting this Task no. 8, the manpower totals
decreas to 851.

No achedule impact, therefore, is anticipated for these reconfiguration
. operations, changing the Orbiter from a SOC mission to a general cargo mission
configuration.

ETR and WTR Traffic Models

The ETR traffic model, Pigure 1-25, indicates that all SOC-related
misnsions average 22.5 flights par year for the eleven year periocd of interest.
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TOTAL
TASK s | MEN] MoHrS
1. RECONFISURE PROM SOC MISSION HARNESS TO MIXED CARGO HARNESS @ .08 40| 1040
2, REMOVE LOGISTICS FLUIDS DUMP LINES KIT (38)° wol 20| R0
3. REMOVE SOC MISSION BALLAST KIT {311 407 2.0 8.0
4. INSTALL MIXED CARGO BALLAST KIT (311) 40| 20 8.0.
S. REMOVE SOC ON-ORBIT STATION ACCOMMODATION KIT (814) 4.0] 2.0 8.0
. INSTALL MISSION STATION ACCOMMODATION KIT {$12) 78] 20} w0
7. INSTALL PAYLOAD STATION ACCOMMODATION KiT (313} 70| 2.0 wo
0. INSTALL ONE SET OF FUEL CELL CRYO TANKS (315) £15.0] 4.9 | w20
¥. REMOVE MID-DECK CREW SEATS AND ACCOMMODATIONS {820} 20] 20| 40
10. REMOVE ET SCAVENGING TANKS (823) 720] 40| a0
11. REMOVE PAY.OAD GRAPILE FIXTURE (824) Lo Lo 1.0
12, PEMOVE DOLKING MODULE AND MOUNTING KIT (831) ¥.0} 3.0{ 4.0
13, INSTALL INSIDE Al OCK (525) 55.6] 3.0 165.0
W, QEMOVE PIDA (332) wol o] 40
15, REMOVT HPA (332) Mo|ze | 020
* APPENDIX 8, KSC STS GROUND OPERATION PLAN, VOLUME ill,
515 FLIGH! KITS PLAN . ) ene]2.e frame

FIGURE 1-24. RECON?IGURE PROM SOC MISSIN TO MIXED CARGO MISSIOJ

NQO, OF FLIGHTS
POSSIBLE WiTH | EXCESS
] SOC PAYLOADS oty soC otV TOTAL SOC | ONE ORMTER SOC
YEAR {NON-OTV} PAYLOADS | LOGISTIC | DELIVERIES FLIGHTS {14 + ) DAYS | FLIGHTS
0 3 12 1 2 0 b 4] -
1991 3 1$ - 2 0 2 -
1992 1 15 ] 2 ty ) -
1993 4 17 - 2 23 21 2
1994 4 14 - 2 ] n ]
1995 1 18 - 2 F n -
199 5 4 1 1 [ n -
1997 ] 16 - 2 23 n 2
13, 5 L} - 3 /4 a é
1 7 n - 2 i n 0
7 2000 1t 12 - F 25 1 4
&
® A DEDICATED ORMTER FOR £TR SOC-TYPE 100% AVERAGE
. MISSIONS I8 JUSTIFIED 8Y THE USAGE FACTOR

HIGH DENSITY TRAFFIC MODEL

PIGURE 1-25. ETR TRAFFIC MODEL $OC OPERATIONS
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ORIGINAL PASE 1S

An orbiter, configured especially for the SOC missicn, would be utilized

100%. Individual years, however, showa some under-usage (1990-1992) and scae
excess SOC flights {1993, 1994, 1997-2000) which can be resoived by sharing
the Orbiter stationed at WTR, (Figure 1-26), {or a third Orditer based at ETR).

A third operational Orbiter may be a necessity at an early date because
of various contingencies which may arise during STS operations:

. Delayed launches and/or recovery of the SR3s due to inclement
weather at the launch site and/or heavy sea states at the SRB impact
area.

- Unacheduled Orbiter meintenance may require more than the allocated

time {40 hours) in the OP?.

. A? (WTR)} launch-on-demand requirements may preveut mission sharing
with the ETR launch site.

. On-orbit recovery operations may dictate that the WTR-based Crbiter
land at WTR rather than ETR for mission sharing. Ferry requireaments
would add 7 to 9 days to the Orbiter turnaround operations. The
reverse situation may also exist.

.The abova factors will reduce the usage of ETR-based Orbiters by about
15% and WTR-based Orbiters by about 10%.

NO. OF FLIGHTS
EXCESS TOTAL POSSIBLE

TOTAL wTk SOC WTR + ETR ONE ORMITER EXCESS

YEAR PAYLOADS FLIGHTS EXCESS FLIGHTS {44 + J) DAYS FLIGHTS
1990 ? - ? 21 -
i 4 [ - : s b -
992 ] - 10 Fil -
w3 - 11 2 [} n -
19 n 1 12 21 -
1995 0 - 10 n -
1996 12 - 12 n -
1997 12 2 14 n -
198 1 & ! L1 2 -
2000 [ k] £ 7 o -

j\ e
® MISSION SHARING (BETWEEN WTR/ETE) 15 RECOMMENDED &7% AVERAGE
FOR COST-EFFECTIVE USE OF WTR ORBITER USAGE FACTOR

® REC OMMENDED ORMTER 8f RECOMFIGURED FOR EACH SOC
MISSION EXCEPT CRYO TANKS)

® AFTER 1998, A THIRD OPERATIONAL ORBITER WILL BE REQUIRED
TO SUPPORT THE TRAFFIC MODEL

FICURE 1-26. WTR TRAF?IC MODEL
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Coet of Reconfiguration Operations

Pigure 1-27 is a sumaary of the ETR excess SOC flights which coculd be
accommodated by the WIR-based Orbiter. During the eleven year period of
interest, the WTR based orbiter reconfiguration operaticne will cost
approximately 1.4 million dsllare {atout $125,000 per year). Our tentative
conclusion is that $125,000 per yeur {aversge cost) is acceptable in order to
utilize ‘the WIR-based Orbiter as much as possible.

The cost benefits of employing a SOC dedicated orbiter, that requires no

reconfiguration effort, is approximately 413,600,000 during the eleven year
period of intereat.

Payload Weight Change Benefits

Figure 1-28 summarizes the effect on payloed weight of a dedicated
Orbiter configured for SOC missions. The weight shown is in contrast to a
standard Orbite. configured for a SOC mission. The net paylead improvement is
approximately 2217 pounds more than a standard Orbiter. In the SOC scenario
this extra payload cen be fully exploited using the payload top off arpd
propellant scavenging techniques.

YEAR NO. OF EVENTS| MAN HOURS FOR EACH EVENT] TOTAL MAN HOURS
19% - -—
1991 - —_
192 - _
199 2 1368°
194 l 1,38
199 - —_
19% - —
1997 r 2,73
19% 6 5 28
1999 10 13,680
2000 4 5,412
* 717+651 = 13588 MANHOURS 34,200 x $40/HR + $1, 370, 000

PIGURE 1-27. COST OF RECONFIGURING WTR ORBITER
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WT. CHANGE

1. RECONFIGURE FROM MIXED CARGO HARNESS KIT TO SOC MISSION HARNESS KIT -
2. ADD LOGISTICS FLUIDS DUMP LINES KIT (NO DELTA WEIGHT) -
3. REMOVE MIXED CARGO WALLAST KIT (DELTA WEIGHT UNKNOWN) -
4. INSTALL SOC MISSION SALLAST KIT {DELTA WEIGHT UNKNOWN) -
3. REMOVE MISSION STATION ACCOMMODATION KIT (DELTA WEIGHE UNKNOWN) -

é. REMOVE PAYLOAD STATION ACCOMMODATION KIT (DELTA WEIGHT UNKNOWN) -—
7. INSTALL 5OC ON-ORMT STATION ACCOMMODATION KiT (DELTA WEIGHT UNKNOWN) -
B. REMOVE ONE SET OF FUEL CELL CRYO TANKS +1317
?. INSTALL MID-DECK CREW SEATS & ACCOMMODATIONS {COUNTED AS PAYLOAD WEIGHT) -
10, INSTALL ET SCAVENGING TANK (COUNTED AS PAYLOAD W‘FIGHT) -
11, INSTALY TAYLOAD GRAPPLE FIXTURE -
12, REMOVE INSIDE AIRLOCK +900
13, INSTALL DOCKING MODILE & MOUNTING KIT (NO DELTA WEIGHT) -
14, INSTALL PIDA (MO DELTA WEIGHT) . -
15, INSTALL KPA (NO DELTA WEIGHT) -

PIGURE 1-28. PAYLOAD WELGHT CHANGE WITH DEDICATED SOC COAPIGURATION

The cost of removing and re-inataslling the cryo tanks, over the eleven
yoar period of intereat, would cost 468,000 manhours {1900 manhours for remove
and replace operations, times 247 missions), or $18,750,000.

Conclusions

Table 1-17 summarizes the preliminary conclusions, indicating that a
dedicated Orbiter, configured for SOC missions, is racomended. Also, the
WTR-based Orbiter (or a third Orbiter based st ETR) should be time-shared to
accommodate exceas SOC missions originating at ETR. A third Orbiter may be
required earlier than the 1999 date, indicated by the traffic model studied,
based on operational contingencies. Approximately 2000 1bs of additional
payload capability is also available with the dedicated orbiter configuration.

ORIGINAL PACE 13
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TABLE 1-17. PRELIMINARY CONCLUSIONS

SUBJECT CONCLUSIONS
RECONFIGURATION TASKS/TIME & NO SCHEDULE IMPACT 15 ANTICIPATED FOR REPEATED
AND MANPOWER RECONFIGURATION OPERATIONS IF TASK NO., 8

t5 DELETED

o ONE SET OF FUEL CELL CRYO TANKS SHOULD BE
REMOVED FOR A DEDICATED SOC MISSION
CONFIGURED ORBITER

ETR/WTR ¢ A DEDICATED ORBITER FOR SOC MISSIONS WOULD BE
TRAFEIC MODELS UTILIZED 100% (AVERAGE) DURING THE ELEVEN YEAR
PERIOD OF INTEREST

* WTR ORBITER SHOULD BE MISSION-SHARED WITH ETR

= WTR ORBITER SHOULD BE RECONFIGURED FOR EACH
SOC MISSION

o AFTER 1998, A THIRD OPERATIONAL DRBITER 1S REQUIRED

COST OF ® $125,000 AVERAGE YEARLY COST IS ACCEPTABLE IN

RECONFIGURATION OPERATIONS ORDER TO UTILIZE THE WTR ORBITER AS MUCH AS
POSSIBLE (APPROACH 100%)

PAYLOAD WEIGHT CHANGE & 217 PAYLOAD INCREASE CAN BE EXPECTED FOR A

DEDICATED CORRBITER CONFIGURED FOR $OC MISSIONS
o PAYLOAD WEIGHT iS5 WORTH ABOQUT $1000 PER POUND

® ALL INCREASED PAYLOAD WEIGHT OPTIONS SHOULD BE
FULLY EXPLORED

1.5 PFleet Size Analysis

Pleet utilieation analyses have shown that for the peak annual flignt
rate projected for the SOC mission scenario {48 flights per year) a fleet of
three orbiters will meet the traffic needs, Pigure 1-29. This offers fleet
capacity margin to handle uncertanties in contingencies and relative mission
priorities (DOD vs ¢ivil, etc.). Fleet sigze ia greatly affected by flight
rate and ground turnaround time. An increase in flight rate of about 12
flights per year or an B-day increases in turnaround time would each require
one mdditional orbiter in the fleet. Also, the higher flight rates required
without a2 SOC will generally require one more orbiter in the fleet, regardless

_of the contingency and mission priority criteria that are established, as long
a8 they are the same for botk S0C and non-S0C cases.
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NON-SOC, 62 FLIGHTS PER YEAR -l
]
]
i ™ s on 3o o = an o .

g
]
‘ -
; i
- T L X L X ] —L
§ i ——— L \soc. 48 FLIGHTS PER YEAR
& 4
2 —l
¥ GOAL, 14 DAYS
§ 3
o ' " 15 = » ™) 3
SHUTTLE TURNAROUND TIME, DAYS
?IGURE 1-29., TURNAROUND TIME EFFECTS OK SHUTTLE PLEEY SIZE
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2.0 50C ASSEMBLY OPERATIONS

Procedures roquired to assemble the SOC modules are investigated, in this
task, in greater detail than was previously accomplished (Ref 1). With the
aid of a Rockwell Internationai developed computer graphic program, the
capabilitiea and constraints of the Shuttle RMS to perform the assembly
operations can be assessed. The principal objective of the task is to -
determine the feasibility of the Shuttle EMS to perform the SOC assembly task,
and to determine the requirements for associated equipment to aid in the
assembly process such as the handling and positioning sid (HPA). The location
of the RMS grapple fixture on each of the modules is alao determined.

2.1 S0C ASSEMBLY SCERARIO

Two principal modes of the SOC essembly sequence were investigated, (1) a
sequence that assembles the SOC in itas full-up coanfiguration before being
manned, and (2) an incremental sequence that provides an initial four man
autonomous capability building to a full-up capability in a future period.
Pigurs 2.1 illuatrates the configuration of a SO0C utilized for the full-up

assessment and FPigure 2.2 illustrates the configuration of a SOC utilizing an
incremental build-up sequence.

FACRITY SERVICING
FIXTURE

0 F1)

- FIGURE 2.1 SPACE OPERATIORS CENTER FULL-UP CONFIGURATIOR

0142R/1
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| INITIAL CONFIGURATION }

FIGURE 2.2 S0C INCREMEKTAL BUILD-UP CONFIGURATION

A sunmary of the resultant RMS joint angle readings associasted with the
assembly sequence, Figure 2.3, of the full-up concept is shown in Table 2.1l.

The table indicates that all of the RMS maneuvers can be accomplished within
the RMS limits, but do exceed the desired range in a few places.

Thesedeviations are not critical to the asssmbly operation, and could probably
be eliminated with additional iterstions. FPigure 2.4 indicates the grapple

fixture locations on each of the modules resulting from the assembly sequence

computer simulations. The grapple fixture position on the tunnel module is
unique and is indicated in more detail in Figure 2.5.

0142R/2
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PIGURE 2.3 SO0C ASSEMBLY - FULL UP CAPABILITY

TABLE 2.1 RMS JOIRT ANGLES - FULL~UP SOC ASSEMBLY SEQUENCE

sy P 2] we wY we
177410 | 0670 | (0410 | 16470 | (1610 | (as270

MODULE 177.8 2.4 -157.6) 1168 196,61 a2)
SM-1 STOVED 21,5 49.50 49,39 45,78 -32.8 -51.53
SM=1 DEPLOYED 119,14 129.6 10,42 -42,22 7.3 100.53
$M-2 STOWED -5 a9 5 4039 -45.78 37 80 . -51,53
$M-2 DEPLOVED .7 85.31 | -10.% -7 M7
HM.1 STOWED 34,9 6.4 0.4 4075 L 44 132,19
HM-1 DEPLOYED -21.49 78.77 42,47 -7%.80 C61.310 19.73
HM-2 STOVED -34,9 8848 52.42 40,7 Q144 , 122,19
HM-2 DEPLOYED -21.4% 7.7 42,47 -7%.0 C£1.310 1%.73
LM STOWED -49.59 .7 N3 -29.30 -24.38 H?.00
LM DEPLOYED 1. 75.54 ey 28,81 26,91 169,66
—TM STOWED -20.27 5.4 =114.29 -21.47 24 .34 -75.00
TM™ DEPLOYED 56.74 94.02 54 1214 43,31 130.00
FSF STOWED 32,5 65.64 - < 27 2207 . 131.00
FSF DEPLOVLD -20.72 7.1 236,51 5209 Cael.be D 138.50

0142R/3
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.7 m.s) 2 5.0 e )
6.10 (0) "I l" l.' 2.2 09.29)
[ 3
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\/L 2tren LOGISTICS
MME

N

==k

HAMTATION FLIGHT surrORY
MODAAL FACKITY

UNITS: METERS (FLET)

FIGURE 2.4 GRAPPLE FIXTURE LOCATIORS

AMS GRAPRLE
HITING (2 MLACES)

FIGURE 2.5 TUNNEL MODULE GRAPPLE LOCATION
0142R/4
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Table 2.2 summarizes the resultant joint angle readings for the
incresental easembly sequence, Figures 2.6 through 2.11, and Figure 2.12
indicates the grapple fixture poaitions on sach of the modules.

A comparison was made of the assenbly 1aauesloperationa betweeh these two
concepts. Pigure 2.13 indicates the results of this comparison analyeis. The
significant result of this analysis is that the SOC can be assembled utilizing
only the Shuttle EMS in either arrangement. However, a significant increase
in the number of operationa required to assemble the longer modules is
indicated. The complexities and, consequently, the risks are evident for the

longsr modula assembly concept. The HPA is required more frequently and needs
greater capabilities.

TABLE 2.2 RMS JOINT ANGLES SOC INCREMENTAL ASSEMBLY
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FIGURE 2.7 SOC ASSEMBLY - IRCREMENTAL COKCEPT FLIGHT 2
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FIGURE 2.8 SOC ASSEMBLY - INCREMENTAL CONCEPT FLIGHT 3

PIGURE 2.9 SOC ASSEXBLY - INCREMENTAL CONCEPT FLIGHT 4
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PIGURE 2.11 SO0C ASSENBLY - IRCREMENTAL CORCEPT WLIGHT 6
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HABITATION MODULE LOGISTICS MIDULE AIALOCK
WITS: METERS (FECT)
FIGURE 2.12 GRAPPLE FIXTURE LOCATIONS
A B

—
NO. OF FLIGHTS REQUIRED FOR ASSEMELY ] $
NO. OF MODULES 1 8
LENGTH OF MODULES, M () SERVICE MODULE 12,19 (40) | 15, 24 150}

FLIGHTS REQUIRING HPA

SOC PORTS INTERFACING WITH ORBITER DM
HPA

DOCK ING OPERATIONS

GRAPPLING, TRANSFER & BERTHING OPERATIONS

DISASSEMBLY OPERATIONS

_ 1 S0C PORTS REQUIRING DOCXING INCREMENTS OF g

1

DEVIATIONS FROM RMS JOINT ANGLES . DESIRED LIMITS
MAX LIMITS

HABITATION MODULE 14,02 {46} | 18 02 {46}
TUNNEL (DOCKING) MOD. | 7.37(26) | 16.15153)

ewVMNOOSonwm

QNDN'-QD&WUI

FIGURE 2.13 COMPARISOR OF SOC ASSEMBLY CONCEPTS
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3.0 SHUT?LE SYSTEM PROPELLANT SCAVEXGING

In order to deterains the SOC inmpact due to propellant storage and
transfer activities a study, under Rockwell Internmtional discretionary funds,
wes performed to determine the fegsibility of recovering the unused propellant i

from the external tank [ET) of the shuttle and transferring this propesllant to
the S0C.

3.1 SUBORBITAL RECOVERY OF EXTERNAL TANK PROPELLANTS

This study indicated the practical feasibility of recovering unuaed
propellants remaining in the external tank (ET) after boust. As indicated in
Pigure 3.1, a nominal 9378 pounds of propellants are left in the ET and the
uain engine system of the orbiter at the completion of main engine cutoff
(MECO)}. These propellants are currently jettisoned with the ET or vented to
space following ET separation. This task shows the overall feasibility of
transferring these p-opellants to an Ortiter-mounted receiver tank, during
mated coast after MECO for subsequent delivery to SOC o1 a apuce buse, and
identifies practical hardware elements for implementation of the concept.

The benefits of applying this concept to a space base are very
substantial. The nearly 10,000 pounds of recovered propellant repre: =t
nearly one fifth of & Shuitle load. Thus, ET propellant recovery can reduce
the number of logistic flights in support of a space base by nearly
20 percent. In the usual case of an underloaded Orbiter, much greater
benefits can be realiczed.

AVAILABLE RESIDUALS - 1b

Fer 5550 EXTRA VOLUME HROVIDED
LH, 1100 FOR RESIDUALS
ET TRAPPED 50

MPS PLUMBING 1928
TOTAL 9348 (s FPR)

NOTE:
UP 10 61,000 1b ADDITIONAL
RESIDUALS IF ORBITER
UNDERLOADED

EXTERNAL TANK

EXTRA COAST PERIOD
TO TRANSFER RESTDUALS TO
CARGO BAY TANKS

TO ORBIT=—»

PROPOSED TRAJECTORES
ZL(NO SIGNIFICANT LOSS
7 TAJECIONEs OF TERFORMANCE)

\ -
~ %
~
N \
\T‘——u K-ENTRY —""\

A Y

KsC AFRICA INDIAN AUSTRAL LA PACIFIC
OCEAN OCEAN

PIGURE 3.1 ET RESIDUALS RECOVERY CONCEPT
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Scavenging Scenarios

Plgure 3.2 identifies 3 main scenarios in which ET scavenging can de used
to reduce the nuanber of Shuttle launches required to service and résupply
80C. The basic scenario assumes a "full-up" 65K pound payload {not volume
limited) in which thers is room left for a amall sige "catch tank” or
scavanging tank lurge enough to capture the maximum expected {+3 aigma)
residuala. The second scenario sssumes that the payload is leas than 65K1b
and not volume limited, and that room is left to add a loaded propellant
resupply tank in addition to the basic acavenging tank. The third scavenging
scenario assumes a dadicated tanker flight fully loaded with an
orbiter-mounted resupply tank.

Koy Issuus
The following key issues were identified and inveatigated in this atudy.

1. Boost trajectory interactions with ET impact conatraints, ullage
thrust options, and transfer time availability.

2. VFactors affecting cryocgenic fluid flow phenocmena.

3. dain engine shutdown and ullage thrust transient effects on fluid
dynamics at MECO.

4. Receiver tank and plumbing hardware concepts.
S. Preliminary crewv considerations.

6. Important safety-related jasues.

[BASIC SCAVENGING ] | DEDICATED TANKER |

* LAUNCH WITH 43K PAL
« RECOVER STATISTICAL FPRt
* SIZE SCAVENGE SYSTEM
TO +30RESIDUALS
& SIZE SCAVEMNGE SYSTEM *OPTION TO OVERSIZE TANKER
« OPTIONS CAN 8¢ TO +30 RESIDUALS O INCLUDE SCAVENGE
SIZED TO OTHER
PAL WEIGHTS SOPTION TO COMSINE *GIMON TO LAUNCH *DIY*
SCAVENGE VOLUME INTO
[ TOP-OFF TANKS
*OPMON TO LAUNCH DRy~

FIGURE 3.2 POSSIBLE SCAVEAGING SCENARIOS
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5.1.1 Trajectory Analysis

The following guidelinea were used to define the necessary changes to the
present Shuttle mission flight plan in order to allow for a five to twenty
minute post-meco mated coast phase: 1) Safe ET impact in either tls Indian or
Pacific Oceans, 2) Continuous positive accelerations of X104 g's or
greater, 3) Minimal changes to the Shuttle abort and nominal meco
requirements, and 4) Minor modifications to Shuttle subsystems.

RCS Thruat Options

The three RCS thrust optione shown in Pigure 3.3 were selected asz tue
most likely candidates requiring minimal amounts of subsystem sodification,
cost and checkout before implementation. Two thrust options utilized present
aft-facing RCS primary thrusters, whereas the third option asaumed that an
idealized thrust level of "Drag + 50 1bs" wes provided by added RCS vernier
engines.

ET Entry and Impact Area Assumptions

The Shuttle aacent trajectory is constrained primarily by the requirement
to ain the empty ET for impact in a safe target area and at the same tine
satisfy abort safety requirements.

| puaL prcs THRUSTERS | § | SINGLE PRCS THRUSTER | | | ADDED VERNIER THRUSTERS |

®2 X 870 = 1740 Iy . 1X 80000 o TiNITIAL ™ 2 X 870 = 1740 Tb
o 1/W = 0,0047 ' o T/W=0.0024 g% (A”Io)t.g-w“d '
® o %= 414 lb/min ® ;o= 207 lb/min T, = DPAG + 50 Iby
r ' .153?25:&4 X
* MINIMUM ORBITER # ATTITUDE CONTROL o iy 15 min
Aracy SOFTWARE MOD
® HARDWARE 4 SO FTWARE
- . MODS .

PIGURE 3.3 ULLAGE THRUST OPTICNS

3-3
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Too impact zonea were identified primarily on the baaie of iand mass
avoidance. The area west of Australia in the Indian Ocean was designated
Zone 1, vhereas, the impact erea north east of the Gilbert Islanda in the
Pacific Qcean was designated Zone 2. Pigure 3.4 presenta the ground trace of
a due- east launch from ETR and the ET impact zounea assumed in this study.

j s T : Nag
L) - ot - 3% ool va [ _- St
- L. . i ‘- - T ——, -/"’
L et b e e Ay ¢ nT T ] nn.
: ) o i A s e é: :/, el
L IR B B I I N I N N ) ‘ l ' . - & w s a8 -l.'lll.n--.l.-‘“l.
gt &y

7FIGURE 3.4 ET IMPACT CONSTRAINTS

. .Table 3-2 sumparizes the selected RCS thrusat options and the resulting
payload implications. The net payload effect shown is referenced to the
nominal 65 K1lb cargo capability for the Basic Reference Missicn (BRM) and, a=
asuch, takes credit for the predicted 1604 1b of loaded RCS propellant left
over after ascent/descent and mission operationa. It is seen that ET
propellant recovery times up to 21 minutes are posaible for either impact
Zone, with a relatively small payload penalty.

". PMigure 3.5 summarizes the combinations of RCS thrust option, burn time
and & HECO velocity which result in an ET disposal in either Zone 1 or
Zone 2.

3.1.2 = ET Fluid Dynamics and RCS Qperation
]

.7During conventional normal post MECO flight operations, there is an 18
second mated coast period prior to ET separation during which aerodynamic
drag, sleoshing disturbances and surface tension forces allow the residual
propellants in the ET to creep forward or be thrown into contact with the
upper.walls of the ET tank.

3-4
0133R

e el



ORIGINA, (... 3

OF POOR GUALITY
TABLE 3.2 PATLOAD INPACTS

a | N OF viace | av {evPAH S
OFTHON [INPACT | RS TEST i MCO | eto PROPELUNT et THRURT 161
_ paNuTLS B Eet | Ty W) FyotaL JcrossFeeD
1 I 2 o | 5 [0 |am | vun [an] w |
2 t 1 w !l s |5 || ren 1] -56? e
3 [ 0 posdiac] 2 | 5 | am | s 2 |-pu%| e
« | n 1 w {23 o o | -on |ow | me |-ms
s | 2 w | n | oo 0 | 6 [es | @0 |-
o | u 2 vo | s o | -m | 3% |m2| me | e

111 AN EARLY MECO CUTOFF PROVIDES AN INCREASE IN PAYLOAD AT THE RATE OF 25, 7LD PER FPS

(21 NEGATIVE NUMBER INDICATES 1ESS THAN FULL RCS PROPELLANT IS REQUIRED
AND OFFLOADED PROPELLANT COULD BE CREDITED TO ADDITIONAL PAYLOAD,

[ MEGLIGIBLE PAVLOAD IMPACT |

RCS BURN TIME (MIN}

=20
MECO CONDITIONS
o h= 57 NmI
"IOEALIZED" *7Y =0.65 DEG

THRUSTING oV = 25,600 FF§
165 ET CONDITIONS
eWT= 20,7728

= TUMBLING DRAG
& MINIMUM IMPACT
LATITUDE, © DEG FOR
SECONDARY TONE

|15

\ SECONDARY ZONE

AUSTRALIA IMPACT
} . | I t 1
50 75 100 2%

5
MECO AY BIAS (FT/SEC)

FIGURE 3.5 DELTA MECO PCR ET IMPACT CONTROL
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In order to transfer residual propellanta fros the ET, £t is necessary to
extend the mated coast period and provide a minimum positive acceleration of
10"45 to keep the propellants settiled againat the aft bulkieada. This
avoids vaporization of liquid on the tank forward structure and permits
efficient draining from the tank cutlet ports. For all ullage thrust options,
Pigure 3.3, it is anticipated that at least tvo primary thrusters would be_
used for approximately GO seconds after MECO to limit sloshing excurasions
until they can be diasipated by natural damping forces.

Pigure 3.6 depicts the possible problem of E? aft bulkhead rebound or
"twang” resulting {rom a sudden decrease of MPS thrust at MECO., This could
posaibly propel the reaidual propellants forward against the warm tank
atructure. As shown, the bulkhead structural response is sufficiently rapid
{n26 HZ) and the #PS thrust tailoff sufficiently alow, that no appreciable
forward velocity of the bulkhead can occur.

Figure 3.7 and 3.8 show that the RCS X thrust vector {10° pitch) is
nearly aligned with the ET LOX and LHy tank cutlet ceaterlines {8° pitch).
Also the outlet bell or sump flares can accommodate RCS thruat vectors over a
range from -1* to +17° pitch without geometry trapping of propellania., This
range includes any RCS vectors resulting from combined operation of X and Z
thrusters during steering.

Inertial trapping is not a concern in the LOX tenk because, after ullage
vapor breuaks through the sump screen, liquid remeining in the tank can atill

[ BAKHEAD “TWANG™ ) [ RCS THRUST DIRECTION }
o MAIN ENGINE
BULKHEAD LS THRUST ENVELOPE
STRAIN ENERGY \ AT MECO (DUE TO
¢ \ S.5% CG VARIATIONS)
e
~ == " ~BEFORE MECO !
100 MECO THRUST TASLOFE
* T-1.5SEC
0
—— PENDULUM MOTION
o CENTERED ABOUT

® SHUTTLE KY DRO ELASTIC MODELING AT MECO ,’-@“\'

SHELL-FLUID = 26 Hz v __100 RCS THRUST DIRECTION
T e
. STRUCTUR:L i;EiPONSE o AMPLITUDE
Re1+ (2—%-23/- L 00016 R Ba =16 INCHES
RO TG PROBL”LI'/ [ VirY MiiD mmsnsmj'/

FIGURE 3.6 MECO THRUST TRANSIENT EFFECTS
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drain over the 1ip of the surp and catch up with the liquid surface in the
drain line below. The only significant liquid trappipg in the LOX tank is by
surface tension, which can be as low as 300 1b at 10=/¢g.

During mated coast, sloshing or lateral motion of propellant along the ET
aft bulkhead can result from several factors. Pigure 3.6 shows that the MPS
thruet vector just prior to MECO can vary as much as 4.5" from the 10° RCS
thrust vector applied shortly thereafter.  This would induce a pendulum type
oscillation of the propellant mass asbout the RCS thrust vector, with a maxiamum
amplitude along the bulkhead of 16 inches.

A second source of slosh disturbance can arise from MPS thrust structure
rebound during majn engine shutdown which induces a vehicle pitch rate of
approxirately 0.3 deg/sec. Also, tailoff mismatch between the three muin
engines can induce slosh disturbances.

Another source of slosh disturbance is the pre-MECO sloshing velocity due
to normal hunting in the Orbiter flight control aystem, cauzed mostly by
stiction in the SSW{E engine hydraulic actuators.

The conclusion is that normal sloshing disturbances will not interfere
with ET tank draining or othervise be a problem for propellant tranafer. An
engine-out condition, however, during the laat 20 seconds of ascent could
interfere with complete scavenging since there would not be time for the
resulting large slosh transients to decay prior to MECO. But the chance of an

60 KLE LO HOMINAL MECO RESIDUAL
2 {6280 L8) ~ 4 F1 FROWM
E¥ DISCONNECT

N.4IN,

FEEDLINE (17 IN, DIA)

HOLDS ~17KLE loz \

4 L

l!lohlAN:

o NO GEOMETRIC OR INERTIAL TRAPPING  §
OF LOX DURING E1 SCAVENGING .
(DUE TO LARGE OUTLET BELL)

o LO; TRAPPED IN ET BY SURFACE TENSION:
~ 200 L8 AT 104 C
300 L} AT 10-3 G

CRUCIFORM ANTI-VORTEX BAFFLES o ADEQUATE TANK DRAINING 15 POSSIBLE

(PAOVIOE SLOSH DAMPING AT LOW LIQUID LEVEL

FIGURE 3.7 BT LO» TANK DRAINING
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EXTERNAL TANK - = ET

17 IN, LM, FEED DUCY :
s
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(PASSIVE SLOSH DAMPING)

165.5

‘ NOMINAL RESIDUAL
\ (30v8 1Y)
LH; SIPHON
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AT EDGE OF BEL

331.1 Cla

[ ] LH’ TRAPPED IN ET
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~200 LB AT 107 G & 850 LI/MIN

~a00 L8 AT 1074 G 8 100 LLMIN

10,000 LK, @ ADEQUATE TANK DEAMNING 5
POSSIBLE

FIGURE 3.8 LH, TANK DRAINING

engine-out during the last 20 seconds of boost is vary remote {less than 1 per
1000 flights} and would not materially affect the logistic advantages of
propellant scavenging.

J3.1.3 Available Propellant Residuals

The Shuttle mission assumed for this study was a BRM {Baseline Reference
Mission) with a due east launch from ETR and a full 65 Klb payload {Orbiter
{103 configuration). The current values of residual mass at MECO {main engine
cutoff) are shown graphically in Pigure 3.9. "Trapped residuals” are derined
as those existing above the main engine valves at low-leval . itoff, vhich is
the lowest point to which propellant can be drained and stil. insure adequate
NPSH (net poaitive suction head) at the SSME engine pump inlets. On the LOX
gide, that level exists between the engine main LOX valve and the pre-valve in
the MPS {main propulsion aystem) plumbing of the Orbiter. On the LHp side,
the low=level cutoff level is in the ET at the point where drawdown of the
liquid surface permits first entry of ullage gas into the LHy outlet or
siphon bell. Of the 800 lbs of LH; trappad in the ET, 160 1lbs is in the
siphon and 640 lbe is inertially trapped in the tank bottom. .

The fuel bias of 1100 lbs is an extra amount of LY» loaded in the ET to
cause most of the low-level cutoff cases to be LOX depletion. Therefore, most
of the useable residual cases at low-level cutoff are Liy which is consumed
at 1/6th the mass flowrate of LOX and therefore tenda to minimire the average
weight of reaiduals experienced over a number of flights.
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LAUNCH LAUNCHI
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-~ §§§§§; . '
_— ' 3893 \\
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- // 563 |- - .o e—— TANK BOTTOM
(oW IVELCIO) 4 1575 L] ~~———ET DISCONNECT
MAIN OXIDIZER VALVE 0 0 MAIN FUEL VALVE

FIGURE 3.9 PROPELLANT RESIDUALS AT M2CO (+5 SECOJLS)

The FPR (flight performance reserve) of 5550 lbs (&t 6:1 mixture ratio)
is provided to help cover random variatioms in vehicle performance factors
such as Ig,, thrust, loaded propellant msss, atmoapheric drag, etc. In
combination with the fuel bias of 1100 lbs, it provides a one-sided 3-sigua
probability (0.9987) that sufficient vehicle performance will be available to
reach desired MECO velocity and altitude (barring engine or vehicle failure).

Figure 3.10 shows the nominal residual mass available, as a function of
unused cargo capacity, including advanced Shuttle versions wsing performance
enhancement methods such as increased SSME thrust and strap-on booster engines.

3.1.4 Optimum Receiver Tank Size

Por a given Shuttle/S0C traffic model and payload manifesting schedule,
there is an optimum family of propellant scavenging end topping tank sizes
which minimizes program costa, taking into account factors such as manifesting
sequence, total number of Shuttle launches, tank dry weight and cost, tank
changeout operations, SOC mixture ratio requirements, and ground turnaround

~times. Such an optimization depends strongly on the range of payload
characteristics {size, density, etc.) and the traffic models assumed.

A nearly optimum tank set could consist of as few a5 2 or 3 tanks.
Asguming that the LOA/LH> mixturo ratio desired for SOC is roughly 6:1, tks
following set of 3 tanks {2 sites) might be a strong candidate.
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I |
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|
I |
: i ] ] 1 1 l .
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UNUSED PAYLOAD CAPACITY - 1000LB

PICURE 3.10 NOMINAL PPOPELLANT RESIDUALS AT MECO

. 2 each - 730 X1b capacity toroidal tanks, 9 ft long, OMS kit length,

per Figure 3.1l

. 1 each - 50 Xlob capacity tandem tanks, LH2 cylinder ani LOX
apheroid, ~ 18 ft length, using shallow bulkheads,

Pigure 3.12.

For a dedicated SOC orbiter, one 30 K1b tank might be installed

se‘-i-pemnently for basic scavenging on all flights.

If a 50 K1b capacity tandem tank is installed in additior to the single

30 K1b basic scavenging tank {total length 27 ft) all MECO residuals at
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nominal mirture ratios between S:1 and 10:1 can be accommodated at 2 sigma
probability) for cargo loads down to zero, correaponding to a nominal MECO
residual of 71 Klb.

A general strategy for minimizing ground turnaround time wculd be tc hava
the basic 30 Klb scavenging tank installed sgsinst the ait bulihea. of the
cargo bay to leave the most unobatructad cargo bay length for payloads. This
tank would be installed semi-permenently because of difficulty of making
structural and plumbing connections in the cramped quarters there.

Assuming that both LOZ and LHp receiver tanks would te landed dry
{whether or not they are launched dry), ezamination of the orbiter C.G.
envelope (Pigure 3.13) verifies that the basic 9 It, scuvenging tank {30 K1lb
capacity) should be located in most cases at the aft end of the carge Lay, but
that any additional receiver tank{s) should generally be mounted at the

Xo N19a—y Xo 119a—

—— —

2o a4, Ze 414,
2o 400

10, TANK 1O, TANK

VOL 79%.73 F vOu 2.1 1P sammw

WT 2114).42 L8 WT 27584 18

o ¥328.67 \llvlz TORLS TANK Yo 1206.87 \"'2 RING TANK
oL 7.5 51 VOL 1018.0F
W1 3461 L8 w1 4520.0 18
- Twp e 16001027 4: ) WK Iw,=2%,00000 A1 4: 1 Mix

PIGURE 3.11 TORUS & RING TANK COdCEPTS
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forward end. This still gives au uninterrupted length in the remaining cargo
bay and also sllows the greateat opportunity for locating the other various
payloads inside the C.G. envelope. Iu general, only for light payloads or
very dense parloads would it te feasibls to locate a second tank at the aft
end, adjocining the basic scavenging tank,

3.1.5 ET Propellant Tranafer

A ready made energy source for transferrving propsllant rusiduals to the
Orbiter ia provided by the ullage presaure remaining in the ET after HECO.
During ascent boost, ullage gas is supplied to the ET by vaporized prcpellant
tapped off of the main engines. A pressure of approxisatsly 20 psia in the
LOX tank and 32 psia in the LH> tank ia provided to avoid cavitation of the
sain engine turbopumps during booat.

LOX Transfer Process

Pigure 3.14 depicts the basic phencmena involved in the pressuriced

transfer of LOX from the ET and MPS plumbing into an Qrditer mounted receiver
tank after MECO.

Prior to launch, the Orbiter receiver tank is pressurized with ambient
temperature GN» or helium to approximately 17 psia, and allowed to vent
during ascent fnintaining a positive pressure relative to gmbient) so that at
¥EC) the tank pressure is less than 1 psia. Chilldown of the receiver tank
and Orbiter-mounted transfer line is initiated after MECO by admitting a low

43 KLY XFER
: NO PP L’ W UM ONLYY 2wy, DIA 0P OVED VENT
* 2.5 I, DIA LINE H - ﬁ'a.v__ ———
x ! RECEVER MoV,
W -8 AXIAL MIXING AND 23
< ULLAGE CONDENSATION
g Nerd
) X
v
SK/MIN
3 X/ M 14 OTU/SEC
" 65K M
3 ) HEATING
- CHILLDOWN L | omirer
° 3 10 L SPRAY NOZZLES —_———— e ——
THME = MINUTES (TANGENTIAL) 1)
YT
e e INOMINAL
\/ N RESIDUALY
15 ATU/SEC FEEDLINE
HWEATING (FROM ORBITER TILES)
- NEGLIGINE HEATING “EE“
1 AT 104 WM = WIAGE VA'OR gg o8
+ ¢ ]
43 K18 PAAX RESIDUALY " + ¢ BACOOLED
FIGURE %.14 ET L0, TRANSFER PHENONENA
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flowrate of liquid through the tangentlal spray nostzles in the receiver tank,
which establishes a swirl pattern of 2-phase fluid with the liquid drops
driven repeatedly against the varm wall until vaporigzed. When the transfer
line and tank wall are cooled to liquid temperature, wmain transfer flow of
liquid at a high rate is initiated through the main {axial) fill nozzle which
sets up a co-axial mixing and recirculation pattern in the tank and allows the
relatively cold entering liquid to condense the ul)lage vapor as the tank
fills. Because of the high volumetric heat capacity of LOX, it is not
necessary to vent the tank to limit its pressure during chilldown, unless it
was initially pressurized with a2 non-condensible gas such as helium. In that
case, venting during the first part of chilldovn could be used to purge any
remaining non-condensibles {GNg condenses in LOX and does not require
purging). Pigure 3.14 shows the transient preasure spike expected in the
raceiver tank toward the end of chilldown.

A zerc -g gaging system for the receiver tank is deairable but not
mandatory, since transfer can be continued umtil either the ET and MPS
plumbing is draired {as indicated by a bubble detector or phase detector in
the transfer line) or until the fill limit pressure of 28 paa is reached,
which indicates that the filling ahould be stopped whether tranafer is
complete or not.

A 98% residual recovery efficiency was assumed for pressurized transfer
to allow for early cutoff of flow as the available Ap asymptotically
approaches gero. With pump-assisted transfer, the total trapped residual can
be as low as 300 1b out of 65 K 1b, which i3 equivalent to a recovery
efficiency of 99.5%4. Pigure 3.15 shows the limiting conditions for 98%

s~ [ ressurizeo Transrer | m;’;‘ﬁ‘;g&‘{r"
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\
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efficient preasurized transfer at various LOX MECO residual weights. Based on
a 30 £t tranafer line length with 5 elbow fitting, the minimum required
transfer line site increases rapidly from a 2 inch dia {for only cryopumping
from the the MPS plumbing) to 5.5 inch dia as the initial level in the BT
feedline {at MECO) incresses and the LOX Liating alac increases.

A study of space constrainta and plumbing routing in the MPS engine
compartaent and at the Orbiter cargo bay art bulkhead {X = 1307), showed that
the line size limit for easy installation was approximately a 4 inch dia.
This size line would not permit pressurirzed transfer of the 3-sigma LOX
residuals (11,000 1bs} expected for basic scavenging with a full 65 X 1b
Orbiter cargo. It is physically possible but very difficult to install the
7.5 inch dia transfer line required for the worse-case {65 K 1b) MECO LOX
residual expected with sere cargo. I1f vernier RC3 engines are not added to
allov a low (2074 g) settling thrust, ET ullage decay would be substantially
increased and require an even larger transfer line size. PYor this reascn, a
atudy was made of boost punps as & means of reducing line sige requirements.

Pigure 3.1% shows two families of line sizes (for 7 minute and 20 minute
transfer times) superimposed on the pressurized transfer boundary of Figure
3-15. If a standard (10 KW, 3750 RPX) Centaur LOX boost pump is used, it
would permit 65 K 1b transfer in 20 minutes with only a 2.5 inch dia line.
This pump is capable of handling the 2-phasa flow expected at its inlet during
transfer. Ffor a 7 minute tranafer of 65 K 1b, the line size requirement is
atill a reasonable 5 inch dia, but the Centaur pump must be operated at a
higher speed (6000 RPH) and some changes may be required in impeller design.
The electric power available for scavenging is estimated to be at least 15 KW
for mature Orbiter configurations.

LHp Transfer Process

As shown in Figure 3.17, the basic fluid tranafer phenomera involved in
scavenging the ET LHp tank is simiiar to that described for the LOX tank.

The operations for LH> transfer are similar to those described for LOX
except that prechilling of the LH; receiver tank on the ground is
recommended. The chief reason is that the lower volumetric heat capacity of
LHy would require venting of 2 or 3 tank volumes of boil off vapor to
achieve chilldown with a tank limit preessure of 30 psia. To vent this much
vapor after MECO in a short period of time (2-3 minutes) would require vent
line {and vent valve) sizes on the order of 6 inches (dia.), which would
impose a considerable weight penalty and be difficult to install.

As shown in Figure 3.17 nuch more ullage presaure is aveilable in the
LH tank for scavenging propellant than in the LOX tanks {32 psia vs 20
peia), and the decay rate after MECO is slower. The maximum sxpected Ldp
residual of 13 X 1b {at gero cargo) can be transferred in 20 minutes without
“pump assist through a transfer line approximately 4 inches in dia, which is
considered a reasonable size for installation. -
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Figure 3.18 shows the effect of pump amsiat on required LH; tranafer
line dia. Two families of pump curves are shown, one for T minute tranafer
and one for 20 minute transfer. At the higher flowrates aasociated with short
transfer time and large residual mass, the benefit of pump asaist in reducing
line sisze, {even at 10 X¥), is very ainor. This is becsuse of the high
volumetric flowrates and the resulting low pump Ap's, and because of the
subatantial driving pressure already provided by the ET ullage.

3.1.6 Tracsfer System Configuration and Installation

The scaveaging procesa and system trades that were performed concluded
that pump-assisted transfer is the optimum method of ET LOX tranafer, and
unassisted pressurised transfer is recommended for LH» transfer.

The scavenging aystem configuration then is busically aa shown
scheaatically in Figures 3.14 and 3.17, with redundant valving and
instrumentation added where appropriate. FPFigure 3,19 presents LOX scavenging
system weight as a function of tranafer flowrate.

Tategration of the scavenging system into the overall NP5 system ia shown
achematically in Pigure 3.20. The preferred points for tapping off
propellants (through the transfer lins) to the receiver tanks is the forward
slde of the 17-inch dia. LOX and LK, manifolds, just downstream of the ET
disconnects. This provices the coldest propellants early in the tranafer and
the best efficiency of cryopumping from the MPS plumbing. Figure 3.21 shows a
perspective view of the proposed transfer line installation.

3.1.7 Receiver Tank Deaign

The objective of this task was to jdentify a representative family of
orbiter-mounted receiver tank designs and plumbing concepts for the propellant
scavenging and tanker acenarios of PFigure 3.2. A secondary objective wus to
assees the impact of such hardware and plumbing changes on the existing
Orbiter propulaion system. This conceptual design effort was done within the
guidelines of using basic tank configurationa, providing LOX and LH2
propellant capacities at a ratio of 6:1, and minimizing redesign of the
Orbiter MPS plumbing. The receiver tank concepts investigated are illustrated
on Pig. 3.22

A conventional tank concept, shows a twoe tank configuration wi.hin its
own support crerdle, which can be placed into the orbiter bay and attached to
both longercn and keel fittings. This tank combination utilises standard
¢ylindrical tanks sised for LOX and LH- at a 6:1 ratio. Connecting supply
lines, vent lines and service connectiona all pass through existing panels in
the aft cargo bay bulkhead {¥igure 3,21)}. Tank dimensions, volumes, fuel
capacity, wet and dry tank weight plus structural support weights are
sunmarized in Table 3-4 for the ecavenging tank configuration considered in

~thie study.
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The three-tank propellant scavenging configuration io similar to the
two-tank concept except that the LH; is received in two identical tanks,
with the remaining tank being used for LOX. This configuration has more fuel
storage capacity but alsc more acar weight from increased structure, lines,
valves and associated connections. Propellant transfer from the EY to the

receiv

er tanks on the orbiter would be similar for either the two or

three-tank concepts. An OMS payload bay tank kit aa presently configured was

consid

ered as a possible candidate. This arrangement would have six tanks

allocated for LHy and three for LOX. Total volume capacity is very low for
this concept and was therefore discarded.

The torus and ring tank concepta represent the most promising candidates
Tor providing a high tank volupe within a short length of the Orbiter payload

bay.

The toruas tank configuration is a 170-inch 0.D. torus with an elliptical

crogss-section. The inner cylindrical tank located within the torus was sized
to store the LOX propellant at a 6:1 mass ratio. THe LH, capacity for this
configuration is approximately 3461 1bs, and the LOX cspacity 21141 1lbs, The
ring tank configuration is similar to the torus concept except that both the
LOX and LH> tanks were configured with relatively flat bulkheads for maximum
utilization of cargo bay space. Since each tank would be used as a pressure
vessel, ring atiffensrs would be added at the cylindrical ends to eliminate
tank defermation when loaded. Total propellant capacity for this arrangement

would

be approximately 32000 1lbas at a 6:1 mass ratic. The plumbing

connections would be nearly identical to’those mentioned before except that

all supply and vent lines would be routed around the tanks below the cargo bay

liner.

All tank configurations meationed above would be insulated with 1 to

3 inchea of foan and/or ML1 blankets to minimize boiloff prior to transfer of
its contents to S50C.

O133R
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Ti» tanks attached to the Orbiter wings were considered as possible
containrrs for the LH» and LOX propellant scavenged from the ET. The tip
‘tanks have a conbined volumetric capacity of 524 ft7 {2325 1lbs) for LH»
and 186.4 cubic ft 13580 lba) for LOX. Overall tip tank dimensions are
320.0 in. long aza £0.5 in. diameter. Supply lines would be routed through
the wing struct. -» o disconnect valves located at ths wing/tank interface,
with tank vent lines located near the trailing tip of each wing tank pod.,
This configuration has the option of being retained or jettisoned during
re-entry. Tank pod insulation for this concept would be deternined by dynamic
and thermasl requirements during launch and return flight.

A belly tank concept was configured with an overall length of
585.0 inchea, a width of 168 inches and a depth of 24 inches. LHo capacity
for this_tank cluster is 659.7 ft? {2929.3 1bs) and LO> capacity is
247.4 £47 (17615.5 1bs). All supply lines would bs routed below the cargo
bay to appropriate connections at the orbiter/tank pod interface. Because of
insulation probleas that would exist during boost and re-satry, this concept
does not appear to be a viable option.

Propellant cells supported within the structure of the Qrbiter wing
panels and small tanks in the forward section of the wing glove were
considered as receiver tanks. The structure of the wing as designed does not
permit cells of large volume either in the wing area chosen, or in the glove
section. Since the tank and plumbing weights are very high for the propellant
capacity afforded, thia configuration vas not inveatigated further. Redesign
of the orditer wing as a wet configuration may be an option worth evaluating
in further studies.

Pigure 3.23 shows an Orbiter equipped with both a scavenging ta&nk and an
intermedinte size payload-topping tank. The latter consists of conventional
LOX and LHy tanks suspended within a shell structure, as commonly used for
07V designs. Maximum capacity for this configurstion, excluding the
scavenging tanks shown in the aft end of the cargo bay, is 34,866 pounds at a
6:1 masa ratio.

?igure 3.24 showvs an Qrbiter equipped as a dedicated refueliug tanker,
using the same arrangement as in Figure %.23, but with a larger {48,338 1b
capacity) resupply or paylcad tank of conventional OTV design. Along with the
scavenging tank, this configuration occupies 39 ft of cargo bay and can
provide a total capacity of approximately 80,000 1b.
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TARLE 3.4 VEICHT STATEMENT-EECOVERY TAAK CONCEPTS
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PIGURE 3.23 PAYLOAD TOPPING TANKER CONFIGURATION
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The entire asseably of tank structure, f£ill and vent lines would ell be
covered with MLI to minimize heat leaks and boil-off.

The OTV type tanks of Figures 3.23 and 3.24 are a baselins reference
design but are not necessarily optimum for Shuttle operatioms. If nearly flat
bulkheads are used, a combination paylocad topping and scavenging tank of
60,000 1b capacity could be made with a length as short as 20 ft.

5.1.8  Operating Procedures and Crew Considerations

As currently envisioned, most of the monitoring and coatrol functions
involved in ET scavenging would be mutomated by special circuitry, with
capability provided for monitoring and override/backup control by at lesast one
¢rew member. Sequence interlocks and audidle/visible redline warnings would
be provided for temperature, preasures, flow rates and 2-phase
characteristics, Sharing of standard Qrbiter computer hardware and CRT
displays may be feasible. As shown in Pigure 3.25, it has been determined
that control panel space is available for monitor and control functions.
Farther, this area (panol R-11) ia within the reach envelope of the mission
spacialist from his seated position at MECO. Thus, crew participation in
supervising the transfer process appesrs possible. Additional study is
Tequired to determine the crew reaponse capabilities from boost environment to
gero-g. However, fighter pilots frequently perform io this type of dynamic

environment, 8o active crew participation in the scavenging procesa appears
feasible.

Table 3-5 presents a simplified acavenging sequence for tne worst case of
transferring maximum residuals in o short {8 minute) coast period. As shown,
ET transfer is terminated when excessiva bubble content is detected {by
optical or capacitance type sensors) in the transfer line.

xne
%7
DOCKING S xIus
ADAPTOR . |
CT . £
(1) % .
..... ZLS 3
\scavenoing
40 (10 W) TANKS
DIECTION OF __
SHUTTLE FLIGHT
Lo, L
W2 DA 4530 L8S 0% 1S 100 Dk LONGERON
weoill xcum 194 CU P ATTACH
- . - X NH.0
Jue 4o
L
.3
W, -
Mo ERL FIG

X821.2
YIGURE 3.24 DEDICATED REFUELING TANKER
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PIGURE 3.25 CREW COW#SIDERATIONS

“  fPable 3.5 Representative Scavenging Sequence

PR R S A
: 1

T EvEnt
oL/0 ¢ TNSEC | oBTART VENTING RECEIVER TANKS
ASSTIONS «NECS « TURM ON ACS SETTLISG THAUSTERS
-m:lou: :]t‘s:n“:;\u oNECO+IBSEC | ©VERFY RECEIVEN TANKS DELOW ONE PSIA
Jpiie « CLOSE RECEIVER VERT VALVES
SHRESSURIZED L2 RFLA oMECO+1HSEC | ©OPEN IS0 VALVES TO STARY CHILLUOWN OF LOX & LI2 XFER LINES ‘
15 10, DIA LINE) « MO TON SYSTEM FLOWS/TENPS/PRESS ;
*PUMPELD LOX XFER . {
£ Ko, § 30 DUA LINE} SMECO+GESEC | ®OPTN MAIN FILL VALVES
':Czﬂ‘:" T0hE #STANT LOX PuMe
ALY Iy
- THANLY, ©NOMIOR SYSTEM FLOWLTEMPLPRESS
T NECT+ MASEC | »5TOP LOY PUMP AND CLOSE ET DUSCONNRCT WHEN ET LHeE REMLETED
"':"‘"‘;‘::9““ (FLOWRATE < 6% AS RECEIVER PRESSURE WEACHES 26 PSIAL ALLOW
I borrrri S CAYOPUUPING FAOM MPS INTO RECEIVER TARK
PRECHILLED TQ 168% « STOP ACS SCTTLKG THAUST WHEN L2 €T DEFLETED IEXCESSIVE BUSBLES
a2 o ZFER LINE) ANG ALLOW LHZ SIPHOK TO ORAIN (AIDED AY AERO-DRAG)
SMELS + 400 15C | # CLOSE Ly ET CISCONNECT WHEN Ly SIPHOW DEMLETED
{FLOWRATE - 5% DR NECEIVEN PRESS REACHES 28 PRIAL ALLOW
CAYCPUMAEG FADM WPS INTO RECEIVER TANK
‘ «SEPARATE £T .
« TERMNATE CRYOPUMPING BY CLOSING NFER LINE IS0-VALVES WHEN
RECEIVER TANK PRESSURES REACH 26 PSLA {0 IPS PRESSURES EQUAL
WECEIVER PRESSURES.
SMECO+ IZMSEC| = OMIIBUAR
MELD - 1W0SEC| © VENT MPS PLUMBING AND SECUNE XFER SYSTEN
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Table 3.6 Safety Considerations

ISS5UE COMMENTS

LINE INTEGRITY QUALIFY TD MPS PLUMBING REQUIREMENTS

MPS INTEGRITY HMULTIPLE ISOLATION VALVES

VALVE MALFUNCTION REDUNDANT VALVING

02 AﬁD H: LEAKAGE GN: PURGE ON THE PAD; MINIMAL HAZARD IN SPALE

SAFEING FOR REENTRY VENT SYSTEM T SPALE, PRESSUR!ZE TQ 16 peia
WITH INERT GAS

ET IMPACT ACCEPTABLE IMPACT ZONES ARE ACHIEVABLE

HMECO CHANGE LESS TrHAN ONE-SECOND CHANGE AEJUIRED

RCS MODIFICATIONS WITHIN THE COMPLEXITY LEVEL OF CURRENT SYSTEW

CREW OPERATIONS MINIMAL ACTION REQUIRED BEFORE MECD

ORBITER ENGINE OUT SHUTTLE E/0 TOLERANCE INCREASED WiTn "DRY LAUNCS"
CONCEPT

LO: AND LH; ABORT NONE REQUIRED WITH MDRY LAUNCH" LONCEPT

DUMP ING

3.1.8 Safety Considerations

A study of the safety issues involved in scavenging ET propellants was
conducted 1n cooperatior with the Orditer Safety Group a: the Rockwell's
Downey facility. The principal safety-related factors ave summarized in
Table %.6. In general, no seripus safety concerns were identified. The
required recovery system hardware is within the complexity levels of current
Shuttle hardware and can be designed and qualified to the same atandards. E?
impacte can be controlled to acceptable impact zones. Ho safety-related
changes are required in the ascent profile (MECO changes are less tnen one
second). The Shutile engine-out tolerance can even be increased with
dry-launch propellant recovery concepts, since keeping all unused propellants
in the ET until after MECO makes them available for engine-out situations. 1If
no engine~-out occurs, these propellants can then be safely transferred to the
receiver tanks in the orbiter. Thia further eliminates the need for rapid

-propellant dump capability in the event of an abort during boost, which would
otherwise be required for propellants carried in the orbiter bay.

3-25
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Conceivably, a requirement for early re-entry and dumping of propellants
could arise after transfar of propellants to the Orbiter, sven though a stable
orbit is achieved. In most cases, at least one orbit would dbe available for
dumping through the nominal 2 inch dia-vent linfs of the scavenging tanks
and/or the fill/drain lines of the MPS. Ignitiom of oxygen and hydrogen
vapors outside the Orbiter coutld not occur since the low pressure of space
would not suprort combuation. In the event that re-entry is suddenly required
due to an emergency such as rapid loss of cabin pressure, rapid dumping of
scaveaged propellants could be accomplished through the main engines by
opening the scavenging transfer line valves, the engine prevalvea and engine
main valves. Preferably part of the LOX wculd be dumped firat, then all of
the LHo, then the remainder of LOX. This would load the LOX prmps with
Liquid and help to prevent overspeed when dumping Lip through the turbine
drives.

Vapor pressure of the scavengad propellants should be adequate for
sel{-pressurized dumping to space; however, enlargement of the MP3 helium
inerting gas supply may be required to provide additional pressurization and
prevent negative tank pressures during re-entry.
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4.C FLICHT SUPPORT FACILITY

An inportant alement of tha Space Gperations Center (SOC} {s ite ability
to provide asrvicing operations in low earth orbit. The servicing operations
cover a spsctrum of in-space aupport activities such as refueling, repairing
and maintaining free flyera and coorbiting satellites. In addition, the SOC
can support major assembly and deployment of large spacecraft with eventual
launch to their operational orbits. The cost effactiveness of the S0C-based
aervicing operations relative to ground and other space-based servicing
ayatems was the principal objective of this task. A comparison of the
relative coats of performing flight support services by various methods is
presented along with an updated concept of the Flight Support Pacility which
is an essential provision of the SOC servicing capability.

The objective of this task was to compare the spacecraft servicing
operations whether performed from the S50C, or from the orbiter, or on the
&round. Three spacecraft representing many of the various anticipated
servicing operations were selected. The spacecraft consisted of a space based
OTYV, a ground based 0TV, a iarge deployable communications sstellite, and =
space proceasing facilitv as shown in Figure 4.1. BEach one was analyzed to
determine the servicing functions that are tv be performed at its particular
servicing region, i.e., at the S0C, from the orbiter, or on the ground. This
analysia determined the unique equipment required for each servicing
operation, the number of man-houra required to perform the servicing, and the
number of crew required for each servicing function. Cost estimatea of the
unique equipment identified for each servicing operation were made. Cost
eatimates of the man-hourz required were also prepared. Figure 4.2 lists
thase comparison itema. The prinecipal evaluator is the cost dollars
asscciatsd with such operation. Operations at the SOC are conaidered to be
the least coatly when coneidsring the expected nunber of service missionas
which was based on a medium mission model from 1990 to 2000. The labor and
orbiter flight coats are incurred for each servicing mission, whereas the
equipment costs reflect the cost of a theoretical first unit {TFU) for each
piece of equipment. The number of crew required to perform the comparsble
servicing functiona are approximately the same. Each SOC crew member,
however, may be required to be proficient in more skills than each member on
the ground. HNowever, the design of these spacecraft to be serviced in aspace
should minimise the skills required to perform the space operatione. This may
be accomplished by increased automation in checkout procedurea and applying,
vhers most advantageous, the removal and replacement of faulty iieaa with
detailed repair performed on the ground.

Commonality of subsystems and inatallation deaigns minimise the amount of
unique equipment required for servicing at the SOC. The realisation of this
goal requires the estadlishment of appropriate design criteria that would be
imposed on all spacecraft requesting space servicing at the S0C.
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4.1 SERVICING OPERATIOHS

The principle characteristics of the three user spacecraft selectad for
the servicing analysis follows. The 0TV, ia a cryogenic stage which xay use a i
monopropsllant or & bipropellant for item RCS. It alaso utilises helium and 1
GH for pneumatic valve actuation, pressuriszation and purge systems. This
spectrun of fluids must be supplied through the S0C Flight Support Pacility
and, consequently dictated the required provisions for flujd reloading
operations,

The COMMSAT, ie a relatively large satellite that requires extensive
deployment and checkout operations and final nating to an OTV. The SPF, is a
smaller satellite and its servicing requirements consist mainly of materials
module exchange operationc during frequent revisits to the SOC or to the

Orbiter. Both of these satgllites utilize hydrazine as the RCS propellant. 3
Nodular packaged subsystems concept ia utilized for all space serviced
spacecraft.

Siz turnaround servicing scenarios were identified for the three user
spacecraft aa shown in Figure 4.1. The analysis of these servicing scenarios

generated t.e data used for the comparison task.

———

The aix servicing scenarios were examined in terma of the major
activities that comprise each servicing acenario and the equipment and
provisions that are required to perform each servicing activity wvere :
identified. An updated preliminary arrangement or the SOC Flight Support .
Facility, FPiqure 4.3., was developed. The major activities that conatitute
each of the six servicing scenarios are depicted in Figures 4.4 chrough 4.9.

Each of the depicted servicing scenarics presents a complete sequence of
activitiea while, at the same time, taking into consideration the interactions
betwesen the acenarios. The 0TV ground servicing scenario (Pigure 4.4)
includes return of the 0TV from orbit and its ground turnaround operations to
the point of another launch into orbit. It doea not include the OTV launch
sequence or its in-apace cperationas. However, a ground-based OTV launch
sequence was included in Figure 4.6 as part of the COHMSAT orbiter servicing
scenario from the orbiter. In Figure 4.17, an initial launch of a space-based
OTY was included as part of the COMMSAT SOC eervicing scenario. The
activities of a typical in-space turnaround servicing of ap OT.sre—3slimestad
in Pigure 4.5. T T~

P

Bo’h SPP serviziug scenarios assumed the same initial activities when the
SF is first launched, i.e., appendage deployment and overall checkout will dbe
accomplished on board the orbiter. Typical servicing, commenced on the first
revisit operation. The servicing operations ¢f the COMMSAT from the SO0C ars
depicted in Figures 4.10 through 4.12. The servicing operations of the SPF
from the orbiter are illustrated in Figure 4.13.

The servicing analysis determined the support equipment that is required
to perform the activity and identified the extent of crew involvement, EVA and
IVA, The impactas of the particular activity on the SOC, the spacecraft being

serviced, and the shuttle if it had a role in that servicing activity wvas also
identified.
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Most of the support equipment and provisions that affect the ground
facilities, the orbiter and the SOC are not unigue to the particular scenarios
but are common usage items. However, there are some unique provisions that
are peculiar to a particular acenario and are the only ones that are
considered in the costing exercise described latar.

In general, timelines were developed by examining and estimating times
for each numbered function or step deseribed previocusly in the block flow
diagram scenario Figures 4.4 to 4.9. At the came time, estimates of crew aize
were prepared for each step to determine man-hours. When inconsistencies or
other problems in logic were uncovered as a result of such analyses, aome
ninor changes were made in the sequences. Where appropriate, references to
sources of data or similarities to orbiter operations were noted in commenta
on tables of time and manpower requirements eatimations.

This contract study work benefited from previcus and concurrent IR&D
studies by Rockwell in the areas of space construction human factors and space
servicing, and from other contractor studies relating to satellite smervicing
and manned OTV servicing.

The major assumptions relating to timelines and manpower estimations are
listed in Tables 4.1, 4.2, and 4.3, referring respectively to the OTV,
communication satellite, and apace processing facility checkout. Nany of
these assumptions are aimilar for both the S0C and non-SOC options studied, so
& two=column check-off format on the right side of the table was employed to
show the variations. A conscious attempt was made, during the timelines and
man-houra analyses, to divide the servicing operations into functions titled
as shown previoualy by the block flow diagrams.

Estinmates were made of the man-hours required to perform the servicing
functions for each of the three candidate spacecraft, and are compared within
their respective servicing areas; at the SCC, or from the orbiter, or on the
ground.

In general, EVA was not an assumed mode of normal operation. However, it
is assumed that EVA is an acceptable backup mode whenever the RNMS is
inoperative or inappropriate because of limited access or special, unforeseen,
or low-frequency situations that could be performed safely by EVA operations.
At the preliminary level of analysis performed on these specific examples, mo
such contingencies were identified.
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TABLE 4.1 ASSUMPTICES FOR TIMELINE/MAN-HOURS ESTIMATION - OTV

® OTV DESIGHED FCOR GROUND SERVICING US*ﬁG ST2%34ARD, MINIMUM .
WEIGHT & VOLUME CONCEPTS FOR SPACECRAFT SYSTEMS

® 0TV TURNARQUND DOES NOT PACE TOTAL ORBITER T_URNAROUND TIME OF ~
TWO WEEKS (DESIGN 1S NOT OPTIMIZED TO MINI%IZE GROUND OPER-

ATING TIME)

® ONLY ACTUAL WORK TIME INCLUDED IN ESTIMATES “SLEEP, HELLS, AND v v
PERSONAL TIME MOT LNCLUDED)

® VARIABLE CREW S12E—CHARGED TO OPERATION AS WIEDED TO ESTIMATE < v
MAN~HOURS

® SOME POTENTIAL LEARNING 1S NOT ACCOUNTED F9<: v

= CITE TEST NOT NECESSARY AFTER EXPERIENZED GAIKED ON
ONE OR TWO FLIGHTS

« REPAIR ACTIVITIES COULD BE FEWER AFTER 1N:TIAL
FLIGHTS (BURN-IN)

- IMPROVED CREW PROCEDURES AND TOOLS FRUM REFETITIVE
EXPERIENCE COULD SHORTEN TIME

® TYPICAL TRANSPORT/HANDLING EQUIP. & TRAVEL DISTANCES ASSUMED v

® 0TV DESIGNED FOR EASY ACCESS BY RMS WITH APPROPRIATE TOOL v
END EFFECTOR
® FAILURE RATES FOR UNSCHEDULED MAINT. TASED ON MATURE DESIGN v
= 30-4L0 FAILURES/1000 HR OPERATION {REF. SKYLAS)
- MISSION TIME, LEO TO GEO & RETURN—ULO HR MAXIMUM

® REPAIRS PRIMARILY BY RMS REMOVAL/REPLACEMENT v

® RMS TIMES ESTIMATED BY SIMILARITY TO GRCUND SIMULATIONS “
- SPAR—ELECTRONIC SCENE GENERATIONS
= NASA MDF—MECHANICAL ARM SIMULATIONS

~{ ® BUILT-tN OTV AUTO TEST FOR SIMPLIFIED FAULT DETECTION AND ) v
ISOLATION
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TABLE 4.2 ASSUMPTIONS FOR TIMELIKE/MAB-EQURS ESTIMATION
COMMUNICATIONS SATELLITE

CHECKOUT/MATE
wITH | WITH
SOC  [ORBITER
® COMM SAT DESIGNED WITH BLILT-IN AUTOMATIC TEST EQUIPMENT
- APPLICABLE TO SOC CHECKOUT v
- APPLICABLE YO ORBITER CHECKOUT v
® COMH SAT INCORPORATES RMS GRAPPLE FIXTURES AND BERTHING
PORT INTERFACE
- COMPATIBLE WITH OTV MATING v v
~ COMPATIBLE WiTH SOC OPEIATIONS v
- COMPATIBLE WITH ORBITER OPERATIONS v
® COMM SAT TO 8E DEPLOYED AT SCC BEFORE MATING TO OTV AND v

ALIGNHENT CHECKED PRIOR TC FLIGHT T0 GEO

® COMM SAT S DELIVERED TC SOC FULLY FUELED AND SUPPLIED WiTH v '
~ALL GAS AND CHARGED BATTERIES REQUIRED AT GED

® ONLY ACTUAL WORK TEME INCLUDED IN EST{MA-t3 (SLEEP, MEALS, v v
AND PERSONAL TIME NOT INCLLODED!

® VARIABLE CREW SIZE—CHARGED 10 UFERATION AS NEEDED TO v 24
ESTIHATE HAN-HCURS

® COMM SAT YO BE DEPLOYED AT LEO AND MATED TQ OTV BY (RBITER v
USING HPA ASSISTANCE; ALIGNMENT TO BE CHE YED PRIOR T
FLIGHT TO GEC

® COMM SAT (S DELIVERED TO LEO AND PARKED UNDER 75 OWN «
CONTROL UNTIL OTV DELIVERED CN SECOND SHUTTLE FLIGHT

® COMH SAT IS DELIVERED TO LEQ FULLY FUELED AND SUPPLIED v v
WiTH ALL GAS AND CHARGED BATTERIES REJ.IRED AT GEQ AND
LEO WAIT PERIOD
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TABLE 4.3 ASSUMPTIONS FOR TIMELINES/MAN-HOURS ESTIMATION
SPACE PROCESSING FACILITY

o b i

CHECKOUT/
TURNARGUND ;
AT AT ’
SOC ORBITER

® SPF SATELLITE DESIGNED WITH BUILT-IN AUTOMATIC TEST EQUIP.

- APPLICABLE TO SOC CHECKOUT ' v
~ APPLICABLE TO ORBITER CHECKOUT v

® SPF PROVIDED WITH GRAPPLE FIXTURE AND ATTACH PORT ON SIDE, ~ .
COMPATIBLE WITH $SOC RMS AND CONSTRUCTION FIXTURE

® SPF PROVIDED WITH GRAPPLE FIXTURE AND HPA ATTACH PORT ON v

SIDE, COMPATIBLE WITH ORBITER RMS AND ASE ‘
® SPF 1S RESUPPLIED WITH FLUIDS & GASES AT TIME OF CHANGEDUTI v o :
RESUPPLY OF PRODUCT/RAW HMATERIALS
® ONLY ACTUAL WORK TIME IMCLUDED !N ESTIMATES (SLEEP, MEALS, v v
AND PERSONAL TIME NOT ENCLUDED)
® VARIABLE CREW StZE—CHARGED TO OPERATED AS NEEDED TO v v
ESTIMATE MAN-HOURS
® FAILURE RATES FOR UNSCHED., MAINTENANCE BASED ON MATURE v <
DESIGN

- 30-40 FA!ILURES/1000 HR OPERATION (REF. SKYLAB)

® SPF LRU'S DESIGNED FOR EASY ACCESS BY RMS WITH APPROPRIATE v v
TOOL END EFFECTOR 3
|
® REPAIR PRIMARILY BY RMS REMOVAL/REPLACEMENT v 4 '
® RMS TIMES ESTIMATED BY SIMILAKITY T0 GROUND SUIMULATIONS v v |

~ SPAR—ELECTRONIL SCENE GENERATIONS
~ NASA MOF—MECHANJCAL ARH SIHULATIONS
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Time eatimates were performed by separstely considering each functional '
atep in the scenarios outlines. For the moat part it was assumed that all
functions are performed serially. Hotable exceptions were the ground
turnarouni scheduled and unscheduled maintenance operations for the OTV.
These were considered to be conducted partially in parallel.

Por each acenario, a tabulation was prepared in the example format shown in
Table 4.4. From these summary estimates, timeline bar charts were prepared as
indicated in Pigure 4.14. (The complete set of timeline analyses charts
appears in Appendix C.) The total elapsed time, man-hours and crew sizes for
all acenarios aro summarized as shown in Table 4.5. '

As a part of the comparison of ground and space turnaround of the OTV,
Figure 4.15 and Table 4.6 were prepared. The figure illustrates, by dotied
shadiing, those time periods which arise only because of the ground location
situation and the direct interaction with the orbiter turnaround activity.
That ie, such tire-consuming activities would not be required at the S0C.
Slanted-1line shading highlights the afcrementioned scheduled and unscheduled
repalr times which occur in parallal. Por initial purposes of thia atudy, it
¥as assumed that the elapsed time for OTV repairs (circa 1990 time period)
could dbe as much as, but no more than, that allocated to the orbiter in the
STAR 20 timeline document. [Figure 4.16 shows the OTV timeline elements in
shaded bars superimposed on the STAR 20 (baseline) timeline chart.]

Obviously, unscheduled repair activity needs much more detailed study to
establish a more accurate time and man-hours data base. In fact, unscheduled
maintenance (repair) is apparently a key factor in overall time estimates of
servicing and checkout. To a high degree, these time elements are determined
by the estimated number of failures and the average time to accomplish repair
of each such failure. To date, NASA hLas had little experience in failure
rates, type of failures, or time required to make repairas on a mature vehicle,
which was specifically designed to facilitate turnaround in apace or on the
ground. Except for the STS-2 Orbiter, all space vehicles to date have been in
firat-flight condition, with a reasonable likelihood of havingz some undetected
manufacturing discrepancies. The most relevant experience at this time is the
Skylab vehicle, which had three different visits by astronaut crews, with ecome
activities akin to reactivation and extended operations during each visit. As
expected, there were fewer failures (and repairs) per unit time during each
visit (Figure 4.17). The laat visit experienced approximately 30 failures per
1000 houra (as deduced from a count of “unscheduled” maintenance events).

This rate was much less than the rate of 113 failures ps= 1000 houra during
the firast visit. At the other extreme are military aircraft, which are
designed on the basis of multiple flightes and average rates of failure per
flight, requiring ready access to modular equipnent designs having fairly well
known aversge man-hours per repair. The analyses for this study assumed the
Skylab failure rate as a “going-in" estimate for analysis. However, the time
allocation for checkout operations was assumed to be closely similar to the
aireraft philosephy and experience. .-

Lt
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TABLE 4.4 TIME RATIONALE -~ OTV TURNAROUND AT SOC

e
i LTS
. TANK 1 T talw | man

. TASK BESCHT 10N o ary 't,) AATIONALE
14 RETURNK DTV T8 30T (PREPARATION [ $ n PLARNING HICLUDLS ALL ASSIGNED CAEW;

oY CREM ATQUISITION § MOMTORING WCLUDLD
1] SAFE OTV (LIACTIV VAW FNGINE) AND ” 3 3 PRELIMISARY £STIRATE

PERFCRM PROXMATY MANEUVERS

STATIONRLEPING)

poc 4 Y SMIILAR TQ ORBITER DOCUING SAFETY.
" BTV 70 so¢ " " CRITICAL MANLUVER, CXTRA “"EYES™ REDD
a SAFE OTV (DEACTIVATE ATTITUDE 1] q 12 WULTIPLE CAEW AT READHIESS

CONTROL SYSTEM
1) BANEWVER OTV 10 FSF (USING MANP) " $ 13 BNS DPENATON, SO COR, FSE DPERATOR,

DTV DIRECTOR ORSIAVIR

(1] SATE CHECRDUT UMSILICALS " $ 5 NS QPCRATION, SEILAR 10 SPAR DATA
" (e} SAFE OTV (PONER FLUIDY 1 4 1]

ta) ENSPEET DTV (RMS T CANLRA) ' ‘ &5 |}owon esrmeares
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ACTUATORS-VERIFY ONBOARD TEST SPECIAL PROGRAMS
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" PERFOAM SCHEDNLED MAINTENANCE ns 3 na TWO MODULES REPLACED @ 2 HA

EACH SEMIALLY
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M oA ST
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LML NZE
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Avg*
TAL KAN MDURS
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FIGURE 4.14 TIMELIKE ANALYSIS CHARTS

TABLE 4.5 CHECKOUT/SERVICING MAN-HOURS SUMMARY

MNO. CRtw
ELAPSED
LOCATICN TIME MAN-HOURS RANGE AVQ
OTV-GROUND 140.0 600.0 3-8 4.3
O1V-50C 57.3 m.z7 3-5 LN
COMM SAT-ORBITER 50.8 4.8 2-4 2.4
COMM SAT-SOC 8.0 .6 2-5 2.6
SPACE PROCESSING-ORBITER .3 108.6 -4 ER
SPACE PROCESSING-5CC .4 ) 0.4 -4 3.5
- 6 -
—-—
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FIGURE 4.17 SKYLAB IN-ORBIT FAILURE RATES

A% this preliminary etage of analysis, the elapsed time and man-hours
comparisons must be considered as very rough approximationa, serving primarily
for comparisons of relative magnitudes. As noted in Table 4.5 the estimated
man-houra for servicing the COMMSAT, which in this case consists of the
deployment, checkout, and mating to an 0TV, indicates only slight differences
between ssrvicing from the orbiter or from the SOC, approximately 35 hours.

Similarly, the man~hours difference to service the tpace Processing Faclility
from the orbiter or from the SOC indicates a difference of only 3 hours.

However, a large difference betwesn turnaround operations time of the OTV on
the ground and in apace is indicated. This large difference is partially
explained by time requirements assumed as inherent to the locations of i
different activity sites and the neceasity of scheduling certain ground
turnaround events in accordance with orbiter-dictated schedules.

In addition, an assumption was made that the OTV involved in space
servicing would be specifically designed for sase of maintenance. Many
componente would be packaged in larger, line-replaceable units {LRU's), more
readily handled by remote manipulators. It was also assumed that the level of
repairas would be less detailed. The time estimates do not include ths
secondary, detailed bench check and repair times required for the removed
modular units (either at SOC or on the ground). No EVA time was assumed in
the estimates, although such a need is recognieced a= a viable backup option to
remotely controlied activitiss. These fundamental differences between
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in-space checkout/servicing and ground turnarcund checkout/servicing
operationa are considered likely in the future, regardless of the accuracy of
estimation of the individual task element times and man-hours. However, .it is
recognized that there may well be lesa difference between the two in future,
more detailed and matured eatimates. For example, the ground turmarvund time

may well be lower for the OTV after the third or fourth flight, mince it would
seen unnecessary to recheck the fit to the orbiter each time, unless something

has been changed on the external envelope. On the other hand, it is true that
even 15 flights of a single OTV would not approach the maturity of axperience
that the orbiter turnaround should achisve after 50 to 60 rlighta.

In the case of communication satellite payloads sent to geosynchronous
orbit, cach one will be a firat-time flight. Much leas improvement can be
expected in handling equipment, procedures, or reliability of the vehicle due
to experience in flight. At present, the greatest uncertainty sesms to be how

much activity will be required for checking alignment and contours of deployed
large antennas and their support atructures.

The epace processing checkout/servicing timelines have many areas of
uncertainty due to the lack of definition of typical aystema. However, it may
be that these systems will also benefit from learning during repetitive
experience in space operationa.

In conclusion, it seems that the results developed to date are probably
indicative of relative trends to be expected, but lack a high degree of
accuracy in absolute values of estimationa.

4.2 COST ANALYSIS

Cosat estimates were developed for each of the sirxr servicing scenarios for
which timelines were estimated and implicationa were identified. This section
preaents the cost estimates and compares them in relative terms. The
servicing costs that need to be considered by the user of a space opcrationa
syster fall into many elements as illustrated in Pigure 4.18. This task did
not consider every element indicated, but only thcas bounded by the dashed
lines in Pigure 4.18. Also indicated are the groundrules on which the cost
estinates were based.

Figure 4.2 summarizes the cost comparison for each of the servicing
scenario options. GShown are the one time hardware inveatment cost totals and
the labor and orbiter flight costs for each servicing misasjon. Servicing by
SOC is shown to be less expensive than orbiter servicing (or ground 07V
servicing) for each of the optionas.

Al though the OTV per aservice labor cost by SOC is more costly, ground
servicing of the OTV requires an orbiter return of the OTV. Thas orbiter in
required to retrieve and return the ground-based OTV after every misaion. The

orbiter was assumed to requirs .wo additional days in orbit to perform the OTV' "

retrieval and.return operation, the cost of which wvas estimated at
$1.78 million per day. A similar orbiter flight cost is incurred by each

COMMSAT mission based on the servicing elapsed time of 50.8 hours (= 2 days).
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FIGURE 4.18 SERVICING COMPARISORS APPROACH

A requirement of 110 SPF servicing missions during the period of
1990-2000 was the basis for estimating the orbiter flight costs of servicing
the SPF. PFor SPF-S0C servicing, these missions vould require 20 orbiter

flights to retrieve the completed processing experiments from the SOC. At a

cost of $48 million per flight, each servicing mission would cost
$8.73 million. If the SPF is to be serviced by the orbiter, 37 esdditiomal
flights would be required to accomplish the same number of servicing

missions. The result is a coat of $16.1 million for each SPF-orbjter
servicing mission.

Hardware Cost Estimates

The costing analysis considered the urnique hardware items neceassary to
;erfom each servicing operation. The hardware cost estimates are shown in
ables 4.7, 4.8 and 4.9 for the OTV, COMMSAT and SPF respectively. DDT4E and
production (TFU) estimatos are set forth. These estimates were derived by
parametric estimating techniques and are bas:d on system deacriptionms,
sketches and associated weight statements. The complete package of the coate
analysia sheets are contained in Appendix - The hardware DDTAE costs were

considered as a national security investrent and, as such, were excluded from
the coat totals. Their inciusion in Tables 4.7, 4.8 and 4.9 is for
informational purposes only. .
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TABLE 4.7 OTV SERVICING HARDVARE COST INPACT
(MILLIONS OF FY ‘81 §)

{MILLIONS OF FY'81 $)
OTV GROUND SERVICING OIV-SOC SERVICING
. DDT&E TFU DDT&E TFU
® SERVICE FIXTURE WITH 120 120 eOTV CONTROL AND MONITOR L0 . -
SERVICE CONNECTION SOFTWARE
® UMBILICAL ARMS ON OTV 46 1.9 ©fEXTENDABLE NON-PROPULSIVE 0.94 0.5
SERVICE FIXTURE BOOM
© OTV FLUIDS INTERFACE 22 21 oRETRACTABLE UMBILICALS 46 7.9
ON ORBITER
® ELECTRICAL INTERFACE 21 Q&
ON ORBITER
@ OTV CONTROL ANDMONITOR 47 41
STATION ON ORBITER
TOTAL 6 23 654 84
TOTAL DDTZE AND
PRODUCTION UNIT  52.97 15.00
TABLE 4.8 COMMSAT SERVICING HARDWARE COST IMPACT
(MILLIONS OF FY 'B1 §,
(MILLIONS OF FY'81 $)
COMMSAT - ORBITER SERVICING COMMSAT - SCC SERVICING
DDRE TRU DDTSE TFU
® RETRACTAELE UNBILICAL 20 L4 @ RETRACTABLE UMBILICAL 06 Q.34
SYSIEM SYSTEM
® COMMSAT CONTROL ANDMONITOR 22 21 @ COMMSATCONTROL AND 2.0 -
STATION MONITOR SOFTWARE
ToIAL 4 35 26 ax
TOTAL DDTEE AND
PRODYCTION UNIT 1.1 2.94

i
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TABLE 4.9 SPF SERVICING HARDWARE COST IMPACT

{MILLIONS OF Fy '8t

$P7 - ORBITER SERVICING SPF - SOC SERVICING -
DDIE YU DOTAE™ TFU
¥ - 3\
© UMBILICAL 20 L) @SPFCONTROLANOWONITOR 20 -
SOFTWARE
® SPECiAL PURPOSE L3 0%
END EFFECTOR ® SPECIAL PURPOSE L3 058
. END EFFECTOR
@ VODULE AND CANISTER &3 13
STORAGE AND RETRIEVAL @ MODULE AND CANISTER 07 136
STORACE AND RETRIEVAL
SYSIEM :
@ SPFCOLTROL AXDJONITOR 121 44
STATION
TOTAL 217 9.58 40 1418 ;
TOTAL DDTAE AKD j :
PRODLCTION UNIT LA . 2818 :

Labor Cost Estimates

The labor cost per servicing were derived by factoring servieing labor
hour estimates {see Table 4.5) by a derived hourly charge factor. The SOC
labor charge derivation is illuatrated in Figure 4.19. It is based on an
11 year (1990-2000) scenario of operation end includes amortized hardware,
spares, logistics flights and a & orbiter cost allocation. A $24,384 per
hour charge factor ia based on the available man-hours over the eleven year
period. Again, the SOC DDT4E costa were sxcluded from the charge factor.

The orbiter service charge estimate is based on adjusted valuea from the !

STS Reinbursement Guide as well as an allowance for additive orbiter hardware
requirements.

The baaic orbiter mission duration is one day. Por longer duration
miasions users are charged for extra days on orbit as prescribed in the STS
Reimbursement Guids. In 1ddition, one must consider the overall impact on the
potential requirement for buying additional orbiters to accommodate extended
duration servicing and other missions. Study of medium level forecasted
mission and traffic scenarios reveal that approximetely 75 percent of the
orbiter missiona would be longer duration at an estimated level of 11 days per
mission. In order to accommodate the forecast mission and traffic flight rate
leveln & series of calculations were made to define the dollar impact on the
additional servicing hours produced. This is illustrated in Figure 4.20.
Shown are the derivation of coat por orbiter servicing hour based on the
current charge policy adjuated for current coat targets and the A orbiter

hardware component of servicing cost. A value of $44,542 per orbiter
servicing hour is developed in Figure 4.20.
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. COST ESTIMATE
*50C {MILLIONS OF FY ‘81 ¢)
BASE T ~
SPARES (33% FOR 11 YEARS) M Y
OPERATIONS (11 YEARS! 0
STS LOGISTICS FLIGHTS R 1
SORBITER COST ALLOCATION 12
TOTAL SOC SPACE SEGMENT -
COST USED AS CHARGE BASIS o !
NO. OF HOURS AVAILABLE FOR SERVICE E
6 MEN X 88 HOURS/WEEK X 52 WEEKS/YEAR X 11 YEARS  + 164,736 i
i SOC CHARGE COST PER HOUR : . 524,384 :

*BASED ON ROCKWELL'S MODULAR SPACE STATION STUDY

FIGUHE 4.19 BASIS FOR SO0C CHARGE ESTIMATES

4.5.3 Costing Results

The hardware cost estimates and the labor coat eatimates are combined to
provide the servicing coat comparison data as indicated in Figure 4.2.
Orbiter flight costs were major contributors to the overall coats of the
non-S0C options. Another significant contrivutor is the increased number of

01V and COMMSAT non-S0C ao.wicing missions that are required to do the same
amount of work as the number of 350C servicing missions. The ground-based 0TV

requires 351 servicing missions as compared to the space-based OTV of 172.
Similarly, the orbiter serviced COMMSAT requirea 251 servicing missiona
compared to 92 for thse SOC serviced COMMSAT.
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GEOUND RULES .
© REQUIPEMENT FOR LAUNCH RATE DURIMG 90'5 = 48 IMUTTLE MISSIONS/YEAR 7S PERCENT OF MISSIONS
REQUIRE LONGER DURATION . . . THIS REQUIRES PURCHASE OF ADDITIONAL ORMTERS
@ STD OPRITER « 15 MISSIONS/ORIFYR AT 48/YR = 1.2 ORNTERS RORD i
® 11 DAY ORUTER = 10 MISSIONS/ORE YR AT 48-YR = 4.8 ORBITERS ROND

REF INEMENT ~
0.75X4.0 {36 LONG DIRATION FLTS) = 3.6 ORMITERS RORD .
0.25x3.2  (125TDALISH * 0.9 ORMTENS RQAD
a4
LESS STD ORB FLTS 2QMTS -3.2
1.2 AORMTER ROMTS
FOR EXTRA
HOURS BOUGHT

® A HOURS BOUGHT
" 1,2 ORBITERS X 100 FLYS/ORE X 400 KAS/FLT » 43000 AMRS
® ACOST 1.2 x UR2R/ORN = B70R
® HOWR COST PER ADDL HOUR BOUGHT = B78/T 3 48000 HRS = $18, 292/MR
& ORBITER SUPPORT CHARGE FOR ADAY = 0.58
PER HOUR = 0.5M + 40 HRS » 512, 500/HR
ESTIMATED (NCREASE = 2.1 *X 12500 = $26250/+R
® COST PER HOLR
A NDWR 18292
& SUrPORT 26250
10TAL 344542 Hit
SFORECASTED £OST INCREASE

FIGURE 4.20 BASIS FOR ORBITER SERVICE CHARGE
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5.0 CONCLUSION

This conclusion section addreeses the total SOC-Shuttle Interaction
study. Although the principal objective was to deternine the implications to
the SOC resulting from the support operations of the shuttle it becomes.
appargnt that programmatic issues needed to be addressed in order to . determine
the implications. Pigure 5.1 indicates the major programmatic issues that
were analyzed in order to respond to the individual tagks identified for this
study. The principal implication ereas identified in support of the study
tasks resulting from the prograimatic analysis is lisicd for the SOC, the
shuttle, and for OTV concepts. The OTV concept became very prominent in the
spacecraft servicing analysis that defined a servicing fixture concept and the
servicing implicaticns to an OTV. A significant influerce of the CTV was also
jdentified when determining the number of shuttles required to support a space
program miesion model. A review of each programmatic issue anld the associsted
spacecraft implications iderntified is discussed.

5.1 PROGRAMMATIC ISSUES
Five significsnt programmatic iesues that pertained to the study tasks

have been identified and are ljsted in 2igure S5.1. Each of these programmatic
issues are reviewed.

SOC OPERATIC:.5 IMPLICATIONS
o VARIABLE ALTITUDE STRATEGY

* SPACE CRAFT SERVICING

SPROPELLANT STORAGE

* ORSITER PLUME LMPINGEMENT

PROGRAMMATIC ISSUES
 SOC OFERATIONAL ALTITUDE
* TOC ASSEMBLY

# PROPELLANT DELIVERY

* SPACE CRAFT SERVICING
* MISSION/TRAFFIC MODEL

OV IMPLICATIONS
# SPACE BASED DESIGN
* REUSANLE

SHUTTLE OPERATIONS IMPLICATIONS
sMATING — DOCKING & BERTHING
S35 CAPARILITIES
eHPA, PIDA EQUIPMENT
*PROPELLANT SCAVENGING

$SHUTTLE FLEET UTILIZATION

FIGURE 5.1. STUDY PROGRAMMATIC ISSUES
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S5+.1.1 SO0t Operational Altitude.

The objective is to seek out the most effective orbit altitude strategy
for the SOC which utilisves the paximum potential of the Space Shuttle and at
the same time provides adequate safety snd an efficient operating base for the

50C.

A Varisble Altitude Strategy is Recommended

A variable altitude strategy as depicted in Figure 5.2 ccmbines safety

with logistics efficiency.

During periods of unusually high solar activity

the SOC orbit altitude would te adjusted upward to maintain the 90-day orbit
decay life criieria required for orbital safety. However, most of the time,
wvhen solar activity levels follov their nominal 11 year cycle trends, the SWQ
altitude can be grewtly reduced to take advantage of the greater shuttle
rayload delivery capability at los altitudes. Thies improves the logistics
efficiency by reducing the number of shuttle flights required to deliver a

given amount of SOC cargo.

Further, the actual operating altitude can be

optimized for the prevailing stmospheric density and amount of SO0 logistics
traffic schedulaed. This variable altitude approsch can save 10 to 15 percent
in the nonber of required shuttles flights to S0C compared to a constant
altitude concept whick cust be based oa the worst case decay environzent and
hence, must always fly at a high altitude. Thus, a variable altitude sirategy

is recommended.

o FLY M1 EOR
H1 DENSITY ATME 3
LOW SOC TRAFFIC

USE VARIAME ALTITUDE STRATEGY

& FLY LO FOR
LOW DENSITY ATMOS
HI SOC TRAFFIC

PIGURE 5.2. VARIABLE ALTITUDE STRATEGY
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The Standard Orbiter can do the Job

The oumntli projected modular ¢lements of the SOC configuration, such as

the service modules, the haditability mcdules, etc., can all be delivered to
orbit by the standard shuttle. These various modules, logically sised for

their respective SOC mission roles, fit within the orbiter cargo bay and are
well within the payload delivery capadility of the standard shuttle. Kormal

8SOC resupply, OTV propellants and other SOC cargo can aleo be delivered by the
standard shuttle.

The extra payload capability of the thrust ougmented Shuttle is not needed
for the delivery of the SOC modules. However, if ~ost effective in terms of
dollars per pound to orbvit, it may dprove to be mcre efficient for 0TV
propellant deliveries, but even here the standard shuttle ie sufficient. The
optimur SOC sltitude is about 18 Km (10 nmi) higher with the augmented thrust
shuttle, but varies with logistice traffic levels and density in the sanme
manner as the estandard shuttle. Therefore, both the standard and augzented
shuttles are compatible with the variable altitude strategy, Figure 5.35.

Thus, while gains in logistics efficieacy for weight limited payloads such
as OTV propellant deljveries may be attainable with the thrust augmented
Shuttle, the standarl shuttle can do an adequate job. A special nev delivery
systen is not required for the S0C.

[ $ vanDazD sHUTILE Can DO THE 2O |

) ‘o farnuo stsnwvav)
Cwmine] raf
NOMINAL MAX ATWOS
o[ AUGMINTLD THaust ' TR = 1 30€ MAIS/VR
LI ]

1.4}F

3
PENALTY FACTOR

l.ﬂ[

Y T T IR R
SOC ORMT ALTITUDE (Nt )

DELVERED PAYLGAD (V050 LN

« Nop $10 | TUAFHC SENSITIVITY I
! wo}
»i ) E |
w o ot o ¥ wo}
ORMT ALTITUDE (rad
- ! o}
W 1 1 .
TRAFHIC MODEL = SOC MaSS

FIGURE 5.%. DELYVERY PERFORMANCE COMPARISON
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5.1.2 SOC Assembly

Many SOC configurations and many more build-up sequences are possible.
The build-up sequences can be influenced by the type of planned space program
particularly in the early stages. These programs can concentrate on early
science objectives, spacecraft assembly, or satellite services. Annual peak —
funding also severely inlluences the planned space programs. DBecause of these
many possible variations, Figure 5.4, the capability to assemble modules in
various arrangements needs to be confirmed.

The S0C Can Be Assembled by Standard Shuttle

The shuttle is the principle vehicle to perform the mecdular assembly
operation. Its capebility utilieing the standard RMS, and other standard
equipment antieipated to be operaticnal in the late 1980's time period is
desirable in order to minimize cost, crev training, and interfaces.

Utilization of the Rockwell developed computer graphic program provides a
rapid means of determining SOC assembly operations. FRequirements that may be
imposed on the development of shuttle standard equipment such as the HPA and
PIDA, Figure 5.5, can also be identified. Verification of the capsbilities of
the standard RS can be obteined.

PIGURE 5.4 EARLY OPERATIONAL CONCEPTS
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HANDLING & POSITIONING AtD PAYLOAD INSTALLATION & DEPLOYMENT AYD

-

INTTIAL END EFFECTOR/
BERTHING FIXTURE DERLOYED

MTCILATING
ARMS

PIGURE 5.5 ASSEMBLY AIDS

A Stendard Mating Ipterface Can Be Provided

Other space programs also require the mating of modules, or of the
orbiter to a spacecraft. The stapdard interface concept developed for the SOC
pating operations may also be utilized for these other space program elements,
Figure 5.6. The docking module concept for the orbiter provides a standard

inter

face for use with these programs as well, Figure 5.7.

RMS Berthing Requires Software Mcds, Bul Appears Feasible

Two modes of mating the orbiter to spacecraft have been identified,

berth

ing and docking. The berthing operation is distinguished from docking by

pating of the orbiter with a spacecraft by use of the RMS. This operation is

the p
opers

rime mode for early shuttle mimmions. These early mission berthing
tions are performed op spacecraft weighing less than 29,465 Kg

{65,000 1bs), the design criteria for the RMS. Mating of the orbiter to

large
impac
Indic
requi

r spacecraft, such as the 50C, may be advantageous by minimizing mating
t loadc. Simulatione of berthing the orbiter to SOC with the RMS have
ated that thie maiing mode can be achieved with the present RMS, but
res operational changes that necessitate revisions to the present RMS

control software, Figure 5.8.
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FIGURE 5.6 SPACE FROGRAM ELENENTS REQUIRING MATING ’

) DOCﬁMd .‘
FAECHANISM
L DO CKING

MODULE
eupRoRt

F $TRUCTURE

FErERGENCY
- SEPASATION
PLANE

/S TUNNEL
ADAFIER

“PIGURE 5.7 DOCKING MODULE CONCEPT - -
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RMS SOFTWARE MODIFICATIONS™
-7 REQD FOR BERTHING ORBITER TO SOC

| BERTHING OPERATIONS

FIGURE 5.8 SHUTTLE BERTHING .

The Orbiter Cen Dock With The SOC

The docking mode of mating consists of the direct approach/control of the
orbiter to achieve a physical attachment. Simuletions of orbiter proximity
operations relating to docking have verified the orbiters capability to safely
perform this docking operation, Figure 5.9. A runaway RCS jet copdition,
however, is poesible and serious consequences could occur if thie ccndition
occure during the docking operation. However, mdequete emergency control
modes, Hi-Z RCS thrust, are available within the orbiters control system that
permit abort maneuvers to provide safe recovery from a run away jet
occurrence, Pigure 5.10.

The S0C Should be Designed to Accommodate Orbiter RCS Plume Effects

During the S0C's operational life time, many orbiter matings will be
accomplished. Each mating, either in a berthing or docking mode, will create
orbiter RCS plume pressures, temperatures, and particle depoeit effecte to the
50C. Run away jet abort operations provide the most severe single occurrence
‘effecte, Figure 5.11 and Table S5.1. Space based, reusable OTV's that return

to the SO0 for refueling and servicing many also contribute plume effects to
the SOC.
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“ORBITER CAN DO THE JOB~

o FROXIMITY RCS FIRING
REQUIRED

* MOSTLY Xp & Yy
CORRECTIONS.....
WITH SOME ROTATIONAL
HOLD ATTITUDE FIRINGS

TIME, SEC

MANUAL ROTATION
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3
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. STABLE 5.1 ORBITER RCS PLUME IMPTNGEMENT RESULTS SOC
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5.1.3 Propellant Delivery

The epace based, reusable, 0TV has been identified as the prime vehicle
for the transport of spacecraft to GEQ. This mode of operation requires
propellant to be available at the SOC to refuel the OTV. The delivery of the
propellant effects the number of shuttle flights end/or the possible irelus=ion
of a HLLY in the space program inventory. This aperation, therefore, becomes
a major driver in the establishment of a viable space program.

Recovery of Shuttle External Tank Unused Propellant Appears Feasible

The corcept developed that permits the delivery of propellant to the SOC
with the least impact to the traffic model is that of recovering unused
propellant from the shuttle ET. The concept is depicted im Figure 5.12. This
capability permits maximum payload deliveries to the SOC by incorporating
payload "top-off” concepts. Figure 5.13 illustrates three possible
arrangements that can provide maximum payload efficient flights.

The incorporation of this ET propellant concept can deliver sufficient
propellant to the SOC to refuel the OTV flights withkout rejuiring a dedicated

shuttle propellant delivery flight, or the necessity for a HLLV to deliver
propellants.

AVAILAME RESIDUALS - b

5550 EXTRA VOLUME MOVIDED
:'H.z 1100 FOR RESIDUALS
ET TRAPPED 00

M5 PLUMBING 1928
TOTAL 9348 (2FPR)

NOTE; A 9
UF TO 41,000 1h ADDITIONAL J
" RESIDUALS F ORBITER
UNDERLOADED EXTERNAL TANK
EXTRA COAST PERIOD
TO TRANSFEX RESIDUALS TO
CARGO BAY TANKS
TO OkSIT~—»

PECPOSED TRAXCTORES
- £ (NO SIGNF ICANT LO5S
" IMARCIORES  OF PERFOAMANCE)

~
\;"———n E-ENTRY -——*-"\\
y
KiC AFRICA MNOIAN ALSTRAL LA PACFIC
OCEAN OCEAN

PIGURE S.12 ET RESIDUALS RECOVERY CONCEPT

5=10
0100R

\ -
\\ %} . ..
\ . h

[

RPER UL e |



oRiGiNAL PACE 1S
OF POOR QUALITY

N A PN Y

[ BASIC SCAVENGING ] P1LT0P-OFF [ DEDICATED TANKER |
¥ SCAVENGE FANKS -
TOP-OFF TANKI\\ SCAVENGE TANKS
‘3‘ TANKER
et I . \
ﬂllau.:f___
Vl' UP 3O 70K ¢
« LAUNCH WITH 45K FAL ¢ LAUNCH WITH LESS & LAUNCH WITH 45K
THAN §5K HARD CARGO MHOPELLANT
 RECOVER STATISTICAL PR
oTOMOFF K 45K # SIZE SCAVENGE SYSTEM
* SIZE SCAVENGE SYSTEM WATH PROXLLANT TO +30 RESIDUALS
TO +30 RESIDUALS
© SIZE SCAVENGE SYSTEM S OIMON TO OVERSIZE TANKER
s OPTIONS CANM ¥ O 430 #£5IDUALS TO INCLUDE SCAVENGE
SIZED TO OTHER
PAL WEIGHTS *QOPTION TO COMMNNE SOMON 10 LAUNCH "DtV
SCAVENGE VOLUME INTO
TOPr-OFF TANKS
¢ OINON TO LAUNCH "Dey™

FIGURE 5.13 POSSIBLE SCAVEKGIRG SCENARIOS

Propellant Storage on SOC is Recommended

Propellant storage tanks on the SOC and refueling systems are necessary
in order to accommodate the propellant delivery and OTV servicing operaticus.
The SOC will provide this capability utilizing advanced cooling systems to
maintain eryo conditions in the most efficient manner. All control of the
propellant transfer from the orbiter and to the OTV's will be from the S0C.

5.1.4 Space Craft Servicing

The space program containa various types of spacecraft that canm profit
from periodic in space servicirng. The servicing operation can include
servicing and refueling of an OTV, the assembly of a satellite, or the
periodic servicing and exchange of raw materiale and finished products.

Spacecraft Servicing at SOC Aprears Moat Cost Effective

. Performing these services from the S0C compared to servicing from the
orbiter or from the ground appears tc be the least expensive. The cost of the
man hours required to perform the operations plus the cost of the equipment
required to do the tasks are indicated in Table 5.2.
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TABLE 5.2 COMPARISON SUMMARY

EVALUATION FaCtOms
asos | OBInER ui:'l
e JCOST(SK] FLIGHT |NO. CF  $ridvian
NO. OF UNIOUE] T1aPsiD | man- | no,  ioum_ |Re COST  [SERVICING] OMERATIONAL] —
K QUIPMENT Tinal (105} | wOURS | ctw COSHSRIAaVICING (3D MISSIONS T (58
1

$PACE JASED OTV 3 5.3 7 | 33 e n - ”m -]
GROUND A0 OTV 3 (£ - 00 I ” 2.7 1% m ny
COMM-SAT-SOC ? iy 200 23 0.3 | 4m - ” hid
COMM-SAT-OsiTER 2 50.3 148 F] s 2 | 1w -1 e
¥ - 30C 3 XY " 14 [T .5 “n "0 usn
¥ - Onnee 4 7.5 106 24 té ] a2 ] w ne 20

LIS DOT AL

5.1.5 Mission/Traffic Model

Traffic Analysis

Detailed traffic earnalyses were conducted for SOC and non-SOC options
based on & mission model projecting overall space program needs through the
year 2000. Specific comparisons were made for the years 1990 through 2000,
the years applicable for the SOC - no SOC trades., A number of representative
cargo manifests were synthegiged covering the various mission categories.
These manifests were utilized to determine orbiter unused payload capacity,
either volume or veight. For the SGC scenario option these unused capacities
were topped off with OTV propellants. Also, ET propellant scavenging was
applied to further incresse the amount of propellant delivered on each
flight. These techniques resulted in orbiter load factors approaching 1.0 for
the S0C srepario while values for the non-50C case were around 0.4. This is
reflected in the totel traffic levels for the two cases where the total number
of flights was 436 and 558 for the SOC and non-SOC scenarios respectively.
Thus, the use of a Space Operations Center was shown to save up to 112 shuttle
flights over ‘the il year period of interest. Peak annual flight rates were

down also, Trom 62 per year for the non-SOC case to 48 yer year for the SOC
acenario.
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Traffic Ssensitivity Analysis

Treffic sensitivities for five important variables wvere determined for
the SOC related components of the overall traffic model. The key variableas
are: OTV performance, shuttle performance growth, aerobraking technology Tor
OTV'e, elimination of propellant acavenging, and changing from a variable
altitude strategy for S0C to a constant altitude strategy. The results are
sumnarized in Teble 5.5. Degraded UTV performance, eliminating propellant
scavenging and applying a constant altitude strategy, can all requiie dramatic
increases in the numver of shuttle flights. Increased shuttle payload
performance and the application of aerobraking tachnclogy to the 0TV can
significantly reducy the number of shuttle flights required, but only if very
high packaged denaities cen be attained by the peyload designa. These high
densities are tvo to three times higher than current payload definitions

(excluding propellant/fluid deliveries) vhich suggests they will be difficult
to attain.

Dedicated Orbiter

Analysis has shown the feasibility and desirability of employing a
dedjcated orbiter for SOC logietics operations. Flight rates to the SOC are
sufficiently high to essentially keep one equivalent orbiter fully usiliczed.
Also, by dedicating an orbditer to SOC missions certain unnecessary egquipment
can be removed which yields more than 2000 lbs of extra payload per flight.

TAELE 5.3 TRAFFIC SERSITIVITIES

RLFERENCE VALUES (11 YR TRAFFIC):
N = 47 FLIGHTS Py = 2,50/03

AN Pave
FACTOR SHUATLE FLTS b3
OTV PERFORMANCE: | Ax« 0.0} 435 2.5
+& 53
Alsp=-10sec +1% 25
+14 5.4
STS P/L PERF: 20K ORBITER 0 2.5
-571 1.1
AEROBRAX ING 0 2.5
] .3
= NO SCAVENGING  (2) 9000 B /FLT 81 o7
(b} 3% LOAD FACTOR 2 17
CONSTANT ALTITUDE STRATEGY ) 18
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In the SOC scerpario this extra payload can de fully exploited using the
payload topoff and propellant scavenging techniques. With these techniques
propellant is added to each payload manifeat ejither on the ground through
payload topoff or after MECO with propellant ecavenging (or both) to bring the
effective load factor to a value of 1.0 or more. Load factors greater than
1.0 are possible with propellant scavenging. Since these propellants are

needed by OTV's based on the SOC they represent useful payload. =

Thus, a
dedicated orbiter for SOC logistics makes sense.

Fleet Size Analysis

Fleet utilization anslyses have shown that for the peak anpual flight
rate projected for the SOC mission scenario (48 flights per year) a fleet of
three orbiters will meet the traffic needs. This offers fleet capacity margin
to handle uncertanties in contingencies and relative mission priorities (ICD
vs civil, ete.}. Fleet size is greatly affected by flight rate and ground
-turnaround time. An increase in flight rate of about 12 flights per year or
an B-day increase in turnaround time would each require onc additional orbiter
in the fleet. Also, the higher flight rates required without a SOC will
generally require one more orbiter in the fleet. regardless of the contingency

and mission priority criteria that are established, as long as they are the
saxe for both S0C apd non-SOC cases.

5=-14
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