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1,0 INTRODUCTION - OTV OVERVIEW

The NASA sponsored advanced upper stage studies conducted during the past
decade provide major solutions to help determine the future program for
advanced technology orbital transfer vehicles operating both from the ground
and from a space base. The space-based systems will provide a new era of
payload delivery capabilities with basing advantages and reduced costs to the
users. This study describes our recommended cryogenic OTV that begins
operations from the ground to meet m1d-1990's user needs. The ground-based
OTV evolves to a space-based system operating from the NASA Space Station now
being defined. The proposed OTV plan incorporates the best features of a new
0TV, the IOC and growth Space Station, the Orbital Maneuvering Vehicle (oMV)
for support operations, and an unmanned large cargo vehicle (LCV).

The OTV design concepts resulting from our study of the mission
requirements of the Rev. 9 (Preliminary) OTV Mission Model utilize cryogenic
propellants and aerobraking which allow the OTV to be a low cost, fully
reusable upper stage capable of transporting payloads from earth surface or
the Space Station to GEO at costs less than $3300/1b.

The initial OTV is ground-based and launched in a new generation large
cargo vehicle with a 25 foot diameter payload bay. When fully loaded with
52,000 1bs of propellant this vehicle can delivery a 15,000 1b payload to GEO
and return empty to LEO for reuse. As mission requirements expand, the OTV
propellant capacity is increased to 74,000 1bs allowing it to deliver 25,000
1bs or perform a manned mission consisting of 12,000 1lb delivery and a 10,000
1b return. The growth vehicle can elther be ground-based or space-based.



2.0 SUMMARY RESULTS

The purpose of this extemsion to the OTV Concept Definition and System
Analysis Study was to improve the definition of the OTV program that will be
most beneficial to the nation in the 1995 - 2010 timeframe. This activity
built on the effort completed in prior study effort. It investigated the
implications of the missions defined for, and the launch vehicle defined by
the Space Transportation Architecture Study (STAS).

The key new mission requirements identified for STAS have been established
and they reflect a need for greater early capability and more ambitious
capability growth. The key technical objectives and related issues addressed
are sumnarized. We have updated the OTV program approach previously selected
in the area of vehicle design. New mission requirements, evolving Space
Station definition, and proposed new launch vehicles were evaluated. We
enhanced our analyses of selected areas including aerobrake design, proximity
operations and the balance of EVA and IVA operations used in support of the
0TV at the space-base.

These activities led to an improved definition of an OTV program that
should receive favorable consideration for an early new start. An important
aspect of this effort was developing a thorough understanding of the
sensitivity of the OTV program to changes in use, economic environment and
technology development. We conducted sensitivity studies to establish how the
0TV program should be tailored to meet changing circumstances.

We conducted this study in two primary parts. The activities conducted in
the first part were those that could be accomplished without a definition of
the large cargo vehicle. When this definition became available from the STAS
studies, the activities dependant on this information were conducted. These
primarily delved into the effect of the availability of the large cargo
vehicle on the preferred OTV program. Requirements assessments were ongoing
throughout the whole study, as the definition of mission requirements is in a
continuous state of change. Operations and accommodations assessments were
also continuous, and supported all study activities as required. Study output
includes definition of a baseline cargo vehicle supported OTV program and an
assessment of the sensitivity of this baseline program selection to mission
model options, to launch vehicle availability, and to variations in the Space
Station development scenario.

The study data contained herein justify the design and development of a
reusable, cryogenic, aerobraked OTV. Other major results of this study are:

o We recommend developing a space-based OTV capability
- Enhances operation of advanced missions
- Key to manned high altitude operations
- Reduced booster launches
- Economic viability depends on propellant 'hitchhiking' and
efficient accommodations
o We recommend an OTV supported by large cargo vehicle
- Standard 3-engine concept
- Two vehicle sizes
- Ground/Space operations compatible (large vehicle)
o High traffic options justify a specialized, smaller OTV
o Space-basing makes OTV operations cost less sensitive to launch
operations cost



2.1 MAJOR PROGRAM SENSITIVITIES

2.1.1 Requirements Summary

Major program milestone schedules are shown in Figure 2.1.1-1. The
various launch vehicle availabilities were a program ground rule, as was Space
Station IOC in 1995. The full capability Space Station availability date was
left open in the program ground rules; the contractors could specify their
preferred dates any time after 1995.

Our analysis of the Rev. 9 mission model requirements show that a small
0TV capable of transporting 15,000 1lbs from LEO to GEO is required in 1995.
The large OTV capable of delivering 25,000 1bs to GEO and also capable of
delivering 12,000 1lbs and returning 10,000 1bs is required in 1999, The large
OTV must be man rated in 2002, but no increase in propellant capacity is
required for the manned missions,

1995 2002 2010
GROUND RULES
STS
CARGO VEHICLE
W/O RETURN
W/ RETURN
STS |l
SS 10C Y SN NS LSS Y N A ATTARLTARTTRRRTRRT TR RNS
96?
SS FOC .\\\\\\\\\\\\\\\\i.\\\\\\\\\\\\\\\\\\\\\\\
v
DERIVED
SMALL OTV
96? 99
LARGE OTV ESS GG S LR 0N
MAN RATING

Figure 2.1.1-1 OTV Program Milestone Schedules

The Rev. 9 mission model defines five operational scenarios ranging from
very constrained to highly ambitious; anywhere from 292 to 872 OTV missions
over the 1995 - 2010 time frame, with the baseline, Scenario 2, containing 422
missions.

The results of our analyses of the various payload requirements show that
OTV performance requirements are independent of Scenario. The top level
derived requirements are summarized in Table 2.1.1-1. The only variatioms in
these requirements is that most ambitious scenario will require the large OTV
to be man-rated in 1999 rather than 2002, while the most constrained scenario
does not require man-rating until after the year 2010.



Table 2.1.1-1 OTV Derived Requirements Summary

M R
« OPERATIONAL DATES M ___.LA GEOTV
DELIVERY/RETURN 19954 1999 +
MANNED N/A 2002
- PERFORMANCE
GEO DELIVERY CAPABILITY, KLBS 15 25
(SINGLE MISSION)
GEO DELIVERY CAPABILITY, KLBS 33 33
(MULTIPLE MISSION)
ROUND TRIP CAPABILITY,KLBS 1272 12110
MAX DELIVERED P/L LENGTH, FT 30 50
MAX RETURNED P/L LENGTH, FT 10 30
LOW THRUST ACCELERATION 0.1G 0.1G
. METEOROID / DEBRIS SHIELDING
PERMISSIBLE DAMAGE EVENTS PER HOUR
UNMANNED MISSIONS _ 14E-6 14E-6
MANNED MISSIONS N/A 3.5E-6

Table 2.1.1-1 shows a requirement to return a 30 foot payload.
Discussions with the payload technical monitor revealed that this payload has
deployed solar panels which limit acceleration levels to 0.1 G. Since
aerobraking results in deceleration levels greater than 3. G's, this payload
must be returned all-propulsively (See paragraph 5.2 for additional details
and the rationale for selecting the size of the aerobrake)

2.1.2 Launch Vehicle Charging Impacts

Earlier OTV studies utilized only the STS as a launch vehicle with a
baselined cost of $73M per flight and a LEO lift capability of 72,000 1bs.
This extension study concentrated on utilizing a new launch vehicle with a 90
foot long, 25 foot diameter payload envelope. This vehicle had the capability
to boost 150,000 1bs to LEO at a cost of $70M per flight. Sharing of launch
costs with other payloads on the basis of the percentage of utilized launch
vehicle capability has a major impact on reducing payload launch costs. The
impact of using an STS type charging algorithm is shown in Figure 2.1.2-1.
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Figure 2.1.2-1 Typical Launch Costs for Large Cargo Vehicle

Each user is assessed a launch cost on the basis of either length or
weight (only the largest 1s used). If a user requires 75 percent of the
capability he is assessed the full launch cost. The length and weight data
for the average of the 160 Rev. 9 payloads going to GEO are represented by the
two left most circles on the ordinate of Figure 2.1.2-1. These data points
consider the payload by itself, as would be the case if the OTV were
space-based. As indicated by the circles, most of the payloads specified in
the mission model will be charged on a length basis; weight is relatively
unimportant.

The two circles on the right side of the ordinate show what happens when
the payload and OTV are considered as a combined user, i.e., the lengths and
welghts are added together and launch costs calculated on this basis as is the
case for a ground-based OTV. In this case, length and weight are shown to be
of equivalent importance. Detailed analyses show a sensitivity of $200,000
per flight for a change of either 100 1bs dry weight or 1 foot of length.

The space-basing versus ground-basing trade described in paragraph 4.9 and
the analyses of Figure 2,1.2-1 utilizes the payload data specified by the
mission model. Essentially all of the payloads are specified to have a 15
foot diameter; a few are smaller, but none are larger. If the payload bay of
the LCV were 33 foot diameter (instead of the specified 25 foot diameter)
three payloads could fit alongside each other. The net result obtained by use
of the shared launch cost algorithm when apparent payload length is reduced to
1/3 of the specified value is shown in Figure 2.1.2-2.



QBSERVATION
A 33 FT DIAMETER PAYLOAD BAY CAN ACCOMODATE 15 FT

DIAM STS ERA PAYLOADS MORE EFFICIENTLY l"25' "] r' 33 —.‘

ANALYSIS 15 1%
AVERAGE LCV LAUNCH COSTS GROUND BASED SPACE BASED
BASELINE $52.3 M/FLIGHT (OTV + PLD + ASE)  $19.9 M/ FLIGHT

33 FT DIAM PAYLOAD BAY $49.3 M/ FLIGHT (OTV + PLD + ASE) $8.8 M/FLIGHT

SAVINGS POTENTIAL $3.0 M/ FLIGHT $11.1 M/FLIGHT
OF LARGE DIA PLB
$0.48 B FOR 160 GEO MISSIONS $1.78 B FOR 160 GEO MISSIONS

IMPACT

POTENTIAL OF ADDITIONAL $1.3 BILLION ADVANTAGE FOR SPACE BASING IN GROUND / SPACE TRADE

Figure 2.1.2-2 Effect of a 33 Foot Diameter Payload Bay

The first conclusion to be reached is that the defined payloads are not
optimized to utilize the large diameter payload bay. This is understandable
because the mission model is based on known and planned payloads which were
all designed for launch in the 15 foot diameter STS. The second conclusion is
that the space-based - ground-based economic trade would shift towards space
basing by an additiomal $1.3B if the payloads were optimized to the launch
vehicle. (Section 4.9 shows that space basing is approximately a $1.0B life
cycle cost winner over ground basing without this optimization of payloads.)

2.1.3 Propellant Transportation Costs

2.1.3.1 Hitchhiked Propellant

One of the study ground rules was that propellant for a space-based 0TV
could be loaded on the ground to fully utilize available 1lift capacity of the
launch vehicle and not incur any tramsportation costs to LEO. Tankage,
on-orbit operations and OMV charges are assessed however.

Figure 2.1.3-1(a) is a schematic representation of payload bay loading for
a ground-based 0TV. Payload bay loading for a space-based OTV is indicated in
Figure 2.1.3-1(b). At first appearance, one might think the number of
launches to capture a fixed number of payloads could be greatly reduced by
space-basing since available payload bay capacity is increased. However, when
the decreased launch vehicle performance of going to Space Station altitude
and the propellant tanker flights necessary to supply the space-based OTV
propellant and spares are accounted for, the number of LCV launches are
roughly the same for the ground-based and space-based concepts shown in Figure
2.1.3-1(a) and (b).



The propellant "hitchhiking” concept is represented in Figure 2.1.3-1(c).
Our analyses shows the hitchhiking concept to be both feasible and desirable.
It eliminates 51 OTV propellant tanker flights and supplies a minimum of 63
percent of the propellant required for a space-based OTV. The cost per pound
of hitchhiked propellant delivered into the SS tank farm is approximately
$200/1b. The comparative cost of tanker supplied propellant 1s approximately
$750/1b of which $650/1b is transportation costs to the SS.

N P PROPELLANT TANKAGE| P
25% AVERAGE o 25% AVERAGE L (AS AVAILABLE BASIS) | L
OF CAPACITY OF CAPACITY U U
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L E E
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Figure 2.1.3-1 - Propellant Hitchhiking Concept
2,1.3.2 Scavenged Propellant

Propellant scavenging involves utilizing the unburned residual propellant
from the launch vehicle. Previous Phase A studies published in Volume III,
System and Program Trades showed that the Rev. 8 low traffic mission model
(184 OTV flights) could provide 4.6M lbs propellant at an average cost of
$272/1b. Scavenging from the LCV should be operationally less complex since
it enters orbit as opposed to the ET which remained suborbital. Since more
than 80% of the previous costs were associated with operations, LCV scavenging
has the potential for supplying propellant at a cost equivalent to the
hitchhiked propellant.

2.1.3.3 Propellant Transportation Costs Summary

Hitchhiking combined with STS, STS II, and LCV propellant scavenging can
probably supply 100% of the space-based 0TV propellant requirements. However,
since LCV and STS II scavenging can not be analyzed in detail due to the lack
of design details, scavenging with those vehicles was not considered in the
1ife cycle cost analysis of this study.



2.2 MAJOR TRADES SUMMARY

2.2.1 System Level Trades

The system trades of the initial OTV Phase A study were updated, refined
and modified to reflect the revised requirements and impacts of the Rev. 9
mission model.

The system level trades, with options and sub-options are summarized in
Table 2.2.1-1. Although the table makes it appear that the trades are not
interrelated, that certainly is not the case, as indicated in the following
discussions.

Table 2.2.1-1 System Level Trade Study Summary

TRADE LEVEL
OPTIONS SUB-OPTIONS RECOMMENDATIONS
SYSTEM TRADES
| REUSABILITY
A CURRENT EXPENDABLES
B HI-TECHLOW COST EXP
[} RE-USEABLE RE-USEABLE
|BASING MODES
A ALL GROUND BASED
B GROUND AND SPACE BASED GROUND AND SPACE BASED,
PURE SB VEHICLE GB VEHICLE EVOLVED TO HYBRID
HYBRID SB VEHICLE
ISTAGE SIZES
A LARGE ONLY EXTRA SMALL LARGE + SMALL
B LARGE + MEDIUM + SMALL  EXTRALARGE (PLUS EXTRA SMALL FOR SCENARIO 4)
c LARGE + SMALL
] LAUNCH VEHICLE
A STS/STS CARGO BAY TORUS BEST FOR CARGO BAY
PARALLEL TANK
TANDEM TANK
TORUS TANK
ACC ACC PREFERRED OVER CARGO BAY
B LARGE CARGO VEHICLE LCV RETURN LCV W/ STS RETURN PREFERRED OVER ACC
STS/STS I RETURN LCV WITH LGV RETURN BEST OF ALL OPTIONS
EXTENT OF AUTOMATED
SERVICING AT SS
A FUL RANGE FROM REMOTE WITH IVA CONTROL
AUTONOMOUS TO MANUAL
PROPELLANT TANK

DE-ORBIT AND REENTRY
A OMV DE-ORBIT
B S§TS DE-ORBIT
[ AUXIL OTV PROP
D NORMAL ORBIT DECAY NORMAL ORBIT DECAY



2.2.1.1 OTV Reusability

The issue examined here was the merit of developing a reusable 0TV as

measured by the non-recurring and recurring life cycle costs of flying the
missions in the various scenarios of the Rev. 9 mission model. Obviously, the
use of current expendables will have the lowest non-recurring costs while a
re—useable OTV will have the highest non-recurring costs, which are then
off-set by lower costs per flight. The analyses described in Paragraph 4.1
shows that a re-useable OTV achieves payback after only three years of
operation based on the Scenario 2 civilian traffic levels of the Rev. 9
mission model. In discounted costs, payback is achieved within six years.

2.2.1.2 Basing Modes

The basing mode trade study compares a totally ground-based OTV system
with a system that utilized a mixture of ground and space-basing. Pure
space-basing was not considered as a candidate because the Rev. 9 missions
start in 1995, while the earliest possible IOC for the Space Station was
1996. In addition, there may be a reluctance to operate DOD missions out of
the Space Station because of security concerns resulting from the
international aspect of the Space Station. Consequently, the basing mode
trade considered only the 160 civilian missions of the Rev. 9, Scenario 2
model.

This trade study, described in detail in paragraph 4.9, concludes that
space-basing does provide a payback of the non-recurring costs within the
framework of the civilian GEO missions. The LCC savings of $1.0B is due
primarily to the low cost of space-based propellant brought about by the
hitchhiking concept which was described in paragraph 2.1.3. An additional
cost benefit of $1.3B could be ascribed to space-basing 1f payloads were
designed to better utilize the volume of the LCV as described in paragraph
2.1.2. Since space-basing does provide a cost savings, it should be started
as soon as possible, within funding 1imit constraints. It must be noted that
the economic advantage of space-basing is highly sensitive to such parameters
as the cost of space-base accommodations and the concept of hitchhiking
propellants with no transportation charge. Changes in ground rules can negate
the apparent economic advantage of space-basing 0TV,

The basing mode study also investigated the evolutionary growth path of
modifying a ground-based vehicle to make it suitable for space-basing as
opposed to designing a fully optimized vehicle for space-basing. This
sub-trade, "hybrid” versus "clean-sheet”, shows a minimal difference in LCC
(paragraph 4.9.5). Thus, the hybrid approach is preferred since the common
elements allow ground and space-based vehicles to serve as ready backups to
each other in the event of unforseen changes in mission model, operational
scenarios, or Space Statiom scenarios.

There are reasons for space—basing an OTV other than economics. Some of
the more obvious reasons are:

1) Any launch vehicle, including foreign launch vehicles can boost the
payloads to LEO. As long as the payload has an OMV/OTV compatible
interface, a space-based OTV can be the upper stage. This would
strengthen the international usage of Space Station.

2) Because the number of launches is reduced by space-basing with
propellant hitchhiking, there are fewer opportunities for any type of

threats including accidents or sabotage. Fewer launches also reduces
environmental impacts such as noise and pollutants.

9



3)

4)

5)

6)

7)

2.2.1.3

Final payload placement location will have no impact on the time of
launch since each mission goes to the general vicinity of the Space
Station. Since the launch window 1s greatly expanded, the concern
about aligning weather and launch window is minimized.

A ground-based payload and OTV utilize approximately 1/2 the capacity
of the LCV. A schedule slippage of just omne payload either causes a
major ripple in manifesting, or the other payloads will have to wait.

The need for rapid deployment of any non-scheduled OTV delivered
payload would bump roughly 1/2 of the manifested payloads from the
LCV. If the OTV were space—based, only the weight/volume of the
payload would cause manifest rippling. Certain payloads could even
be stored at Space Station for the ultimate in rapid deployment.

Payloads could go through a complete burn-in in LEO to eliminate the
infant mortality. Also, the OTV fallure rate will be reduced by not
subjecting it to the launch envirouments for every mission,

User requirements will certainly increase in the future. A
space-based 0TV relaxes any upper limit on the weight and size of
payloads.

OTV Propellant Quantity (Stage Size)

Analyses of mission model requirements and vehicle performance shows OTV
with 52K propellant is needed in 1995 for delivery of a 15 K1b payload. A
large stage 1s needed in 1999 for the 25 Klb delivery missions and in 2002 for
the 12 K1b up/10 K1b down manned missions,.

The trade study described in paragraph 4.7 investigates several other
options for the ground-based program;

a)
b)

c)

Is a mid-size stage worthwhile?
Is a smaller stage (10K delivery) worthwhile?

Is a super stage capable of performing lunar and planetary missions
without multiple OTV stages and tanksets worthwhile?

With one exception, none of the three options make economic sense. The
exception is that the high DOD traffic of Scenario 4 does justify a small
ground-based stage optimized for heavy traffic in the mid-inclination regime.

The space-based 0TV program will require a 74 Klb manrated OTV. The
analyses of paragraph 4.9.5.1.3 shows that even though an additional smaller
space-based OTV would save on propellant requirements, the savings do not
justify the additiomal accommodations and spares costs.

2.2.1.4

Launch Vehicle Impacts on OTV

This trade study first concentrated on defining the best 0TV for launch in
the STS cargo bay. This design was found to be a single engine, flexible
aerobrake, with a torus oxygen tamk. This vehicle was then compared with

10



OTV's that could be launched in the dedicated aft cargo carrier (ACC). The
ACC vehicles vehicles had much lower life cycle costs due to the fact that
volume in the cargo bay was available for sharing launch costs with other
payloads.

The optimum OTV for launch in the large cargo vehicle (LCV) was then
defined., This deslgn was a three—engine, flexible aerobrake, with four
cylindrical propellant tanks. Even if the LCV does not have the capability to
return the OTV to earth and the OTV pays the extra launch costs of STS ASE for
return flights, and also disposes of hydrogen tanks onorbit, the LCV launch is
lower cost than the STS/ACC launch.

The lowest cost option is an LCV with return to earth capability.
These trades are described in paragraphs 4.4, 4.5 and 4.9.
2.2.1.5 EVA vs IVA Servicing at Space Station

EVA servicing and malntenance of a space-based OTV has a small up-front
cost which is rapidly offset by the high cost of crew labor. It also has an
upper limit imposed by the number of crewmen avallable. At the other extreme,
a completely autonomous robotic system that provides for inspection,
diagnostics, task planning and execution of all actions carries a tremendous
initial cost, but has the advantage of a very low recurring cost.

The operations trade study described in paragraph 7.1.3 concludes that, in
general, human decision making and control of robotics devices that
autonomously perform a limited set of tasks will be the lowest cost approach.

2.2.1.6 Deorbit of Expendable Propellant Tanks

1f the LCV does not have a return to earth capability, the preferred OTV
design concepts must expend propellant tanks since they cannot be fitted into
a single STS flight for return along with the OTV core structure, avionics and
propulsion systems. Three concepts were examined for ensuring the tanks
reenter the atmosphere rather than contributing to LEO debris. These were:
deorbit by OMV, deorbit by STS and OTV auxiliary propellant. In the latter
case, a small set of propellant tanks would allow the OTV to drop the main
tanks while on a re-entry orbit and then perform a burmn to achieve a stable
circular orbit.

This study, described in paragraph 7.2.4, concludes that an active deorbit
system is not required due to the 30 to 40:1 ratio in ballistic coefficients.
An orbit which allows the OTV to be parked for 30 days awaiting STS retrieval
will cause the tanks to reenter by themselves in one day. Because the tanks
are constructed of extremely thin skin aluminum, it is felt that uncontrolled
orbital decay is an acceptable mode of disposal since it is probable that no
elements can reach the ground intact. Certainly a more detalled anlaysis of
the specific tankage configurations and re-—entry dynamics will have to be
conducted to validate this comcept. However, this level of analyis is beyond
the scope of the present study.
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2.2.2 Subsystem Trades

The major subsystem trades and the options considered are summarized in
Table 2.2.2-1.

Table 2.2,2-1 Subsystem Trade Study Summary

TRADE LEVEL
. OPTIONS SUB-OPTIONS RECOMVENDATIONS
SUBSYSTEM TRADES
lAEmASSlST
A BAUUTE TURNDOWN RATIO
BACKWALL TEMPERATURE
8 RGD HIGH LD
HIGH 13 OF CORRIDOR
MOOLE CORRDCR MODOLE OF CORRIDCR
LOW 18 0OF CORRIDOR
C RKX LOW LD FLEX LOW LD
[PROPULSION
1-A  ALL PROPULSIVE
1-8 ABRCBRAKE AERCBRAKE
2-A  BENGINE QUANTITY 1 1 FOR STS CARGO BAY
2 2 FOR PURE SPACE BASE OR STS/ACC
3 3FORLCV
4

2.2.2.1 Aeroassist Configurations

The aeroassist configuration trade study described in paragraph 4.3
considered ballute, rigid structure and flexible-foldable brake
configurations. The study shows that a rigid brake is not a viable candidate
for ground-based missions and that the flexible fabric brake has the lowest
life cycle costs of all the configurations, whether ground-based or
space-based.

The aeroassist analyses in paragraph 5.2 examines the effects of varying
L/D. Guidance and navigational error analyses show that a 5 nmi control
corridor width is adequate to control the OTV. This can be achieved with a
brake that has an L/D of 0.12. A brake with an L/D of 0.30 can be flown
lift-up or lift-down in a 15 nmi aeropass envelope. Paragraph 5.2.2 shows
that a brake design based on flying in the middle of the corridor is minimum
weight for the high L/D design. However, the low L/D aerobrake is even
lighter weight and is, therefore, less costly.
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2.2.2.2 Propulsion System Trade Studies

2.2.2.2.1 All Propulsive vs Aerobrake

An OTV that utilizes propulsive burns for returning to a circular LEO has
the advantage of reduced weight (no aerobrake) and less operational
complexity. It has the disadvantage of utilizing considerably more propellant
(up to 72% more for the 12 Klb delivery 10 K1b return mission). Paragraph 4.2
shows the LCC savings afforded by aerobraking amounts to approximately $13M
per flight for space-based missions and approximately $9M per flight for
ground-based missions.

2.2.2.2.2 Number of Engines

Paragraph 4.6 describes the trade study that shows a ground-based, LCV
launched OTV should have three englnes to achieve minimum life cycle costs.
when launch costs based on vehicle length are relatively unimportant, as is
the case for a space-based or an ACC launched ground-based 0TV, two engines
will have slightly lower LCC than three engines. For a non-manrated STS cargo
bay launched 0TV, a single engine nestled jngide the torus oxygen tank
provides the lowest LCC.
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2.3 VEHICLE DESIGN SUMMARY

This section describes the selected OTV design concepts for the
ground-based - STS launched 0TV, the space-based OTV, two different size

ground-based-LCV launched 0TVs, and a hybrid OTV that can either be ground or
space-based.

2.3.1 STS Ground-Based OTV

The general arrangement and weight breakdown of our selected ground-based
STS delivered cryogenic OTV is shown in Figure 2.3.1-1. The four tank, single
advanced technology engine configuration uses the volume and weight efficient
principle suggested by Larry Edwards (NASA Headquarters) to fit easily into
the Aft Cargo Carrier (ACC). The 38 foot diameter aerobrake folds for storage
in the ACC. It is discarded after each flight. The aluminum/lithium
propellant tanks are designed by engine inlet pressure requirements. Their
thinnest gauges are 0.018 in. for the LO; tank and 0.014 in. for the LH,
tank. The tanks are insulated with multi-layer insulation and spray-on foam
insulation (SOFI). The hydrogen tanks are removed onmorbit and, with the core
system (L0 tanks, structure, avionics, and propulsion), are stowed in the
orbiter bay for retrieval after OTV mission completion. The structure is of
lightweight graphite epoxy. The propellant load was selected to enable full
utilization of projected STS 1lift capability omn GEO delivery missions.

TANK SURFACE
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Figure 2.3.,1-1 STS Ground-Based OTV
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2.3.2 Space-Based OTV

The selected space-based OTV concept is shown in Figure 2.3.2-1. The
brake/vehicle concept utilizes a wide "squatty” tankage package. This concept
includes a central truss structure and subsequent side removable modular
tankage. The vehicle utilizes a relatively low L/D (0.12) reusable 44 ft
diameter aerobrake for control during the aerocapture maneuver which minimizes
the thermal loads on the fabric brake and therefore its weight. This results
in a low weight OTV with adequate control capability during the
aerotrajectory. Two main engines are utilized to allow man-rating capability.
The main engines have extendable/retractable nozzles which protrude through
openings in the nose of the aerobrake. These openings are closed during the
aerocapture maneuver with actuated doors.

This concept is intended to be launched only once and subsequently
maintained in space. Therefore the design is relatively free of any launch
vehicle constraints (such as diameter or length) except for the initial
launch. The major components (tanks, structure, engines, etc.) are assembled
into the flight configuration after their initial delivery to the Space
Station.
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MAIN PROPULSION 1208 ]
ORIENTATION CONTROL 285 1
ELECTRIC SYSTEMS £33 J
GNLC 180
CONTINGENCY 15% 1093 N \
—_ GRAPINTE GNAPIITE POLYWMIDE
DAY WEIGHT 8378 EPOXY HONEYCOMB COVERED
PROPELLANTS, ETC. 74015 STRUCTUNE WITH CERAMIC FOAM
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Figure 2.3.2-1 Space-Based Aeroassisted OTV
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2.3.3 Large Cargo Vehicle OTV

2.3.3.1 52K OTV

The 3-engine OTV design concept shown in Figure 2.3.3-1 was developed for
launch and return in a 25 ft diameter large cargo vehicle. The rationale for
3 engines is described in paragraph 4.6. The tankage diameters were chosen
such that the combined length of the liquid oxygen tanks and the retracted
engines would be the same length as the liquid hydrogen tanks. This results
in the shortest vehicle length to minimize launch costs per the charging
algorithm discussed earlier. The short length allows use of a 32 foot
diameter aerobrake. The structure consists of a central core between the
tanks that ties the tankage, aerobrake, and payload adapter together. This
assembly remains as a unit after the mission when the aerobrake is
jettisoned. If the LCV does not have the capability to return the QOTV to
earth after the mission, the OTV will be disassembled for return in the STS
payload bay. The high volume, low cost cryogenic tanks are removed and the
structural core is returned to earth with the high cost unit items such as
main engines, power system, avionics, RCS, etc.
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Figure 2.3.3-1 52K Ground-Based OTV
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2.3.3.2 74K 0TV

The vehicle concept depicted in Figure 2.3.3-2 is a "stretched” version of
the 52 Klbm vehicle concept shown earlier. The major modifications are
lengthened structure and added length in the propellant tank barrel sectioms.
The aerobrake must grow in diameter from 32 feet to 38 feet to protect the
longer stage and payloads. The core arrangement of the vehicle remains
essentially the same with regard to vehicle diameter, engine configurationm,
avionics location, aerobrake hard shell design, etc. This vehicle is required
to be capable of being man—-rated.

14.5FT DA

FOLDED AEROBRAKE SEPARATION
G — PLANE)
3 ENGINES A A
AVIONICS PACKAGE 7 / 4
__ [ |ro, Tanks ’
(2050 ALUM)
PAYLOAD Y RV
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AEROBRAKE 1552 p
TANKS 1697 Q=== ENGINE DOOR
STRUCTURE 1107 38 FTDIA
ENVIRONMENTAL CONTROL 683 UH 5 TANKS AEROBRAKE
MAIN PROPULSION 1522 ‘
ORIENTATION CONTROL 265 {2090 ALUM) _ HARD AEROBRAKE
ELECTRIC SY;STEMS 662 e {GRAPHITE POLYMIDE RC
G.N&C 156 1 COVERED WITH CERAMIC
CONTINGENCY {15%) 1147 j TLES)
‘ FLEXIBLE AEROBRAKE
DRY WEIGHT 8795 ! . (MULTIPLY NICALON, Q FELY
PROPELLANTS, ETC. 74015 AND SEALED NEXTEL ON
GRAPHITE POLYMIDE FRAME)

LOADED WEIGHT 82806

e 26 8 FT -

Figure 2.3.3-2 74K Ground-Based OTV

2.3.3.3 Hybrid 0TV

An alternative exists to developing a space-based OTV in additiomn to a
ground-based OTV. This alternative consists of utilizing kits to modify a
ground-based vehicle to the exteat that makes it suitable for space basing.
The kits provide the required debris shielding, thermal protection, and
modularity for onmorbit servicing. Table 2.3.3-1 shows the welght impact to
the ground-based 74 Klbm vehicle concept. These weight ad justments do not
include a 15% contingency that would be reflected in the total vehicle dry

weight.
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ITEM WT CHANGE (L BM) REASON

DEBRIS SHIELD +104 INCREASED METEOROID
EXPOSURE TIME

ENGINE QD +171 NOT ON GB

THERMAL - LH2 .60 REPLACE 1/2 IN SOFI

WITH MLI FOR 1 IN TOTAL

NET DIFFERENCE + 185

Table 2.3.3-1 Modifications for Ground- to Space-Basing

Figure 2.3.3-3 shows the 74 Klbm propellant capacity OTV (ground-based)
modified for use as a space-based vehicle. The weights reflect the
modifications mentioned above. The vehicle 1s intended to be delivered to 1its
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Figure 2.,3.3-3 74K Space-Based OTV
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space-base in one pilecé by the large cargo vehicle, and then accommodated and

operated out of this space-base for its useful life.

The reason for only one

size of space-based 0TV is that the cost of the propellant that could be saved
by having a smaller OTV (in addition to the large one) is small compared with
the development cost and Space Station accommodations costs for the extra

stage.

Figure 2.3.3-4 summarizes the dry weight comparisons between the OTV concepts.
The dashed line is typical of the weight-propellant capacity growth

relationship.
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Figure 2.3.3-4 Space-Based OTV Welght Comparisons
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2.4 OPERATIONS AND ACCOMMODATIONS SUMMARY

Operations and accommodations issues were reviewed to assess the impact of

the Revision 9 mission model and delivery to LEO by a large cargo vehicle
(LCV) which allows a wide body OTV.

Proximity operations near the Space Station were analyzed and three
possible solutions investigated. It is recommended that a joint working group
representing Space Station, OMV, and OTV review these proposals and designate
the best solution.

Operational time lines were reviewed and event times substantiated for
GEO, Lunar, and Planetary type missions. A review of the Ford Aerospace and
LMSC documentation on geostationary platforms proposed for the 1995 - 2000
time period show that the OTV system can meet all performance and support
requirements for delivery of these systems to orbit.

Flight Operations and Ground Operations were analyzed and requirements
defined for ACC, Shuttle Payload Bay, and LCV delivery of an OTV system.
Operational requirements in support of the various aerobrake configurations
for both space-based and ground-based 0TV were defined and methodology
developed. Aerobrake TPS inspection techniques were evaluated and
recommendations made for inspection aids.

A number of trade studies were also performed: an operational comparison
of the flexible brake, ballute, and shaped brake; comparison of methods to
deorbit expended propellant tanks; and change out methodology for the 3-engine
wide body OTV. Turnaround times needed for space-based and ground-based 0TVs
were determined, minimum required fleet size was determined; and production
rates were established for the OTV system and major replaceable components.

Space Station accommodations from the initial study phase were reviewed
and changes recommended. Changes included a smaller hangar, a smaller
propellant storage facility, and a revised estimate of robotic software and
hardware requirements. rReduction in requirements lowered the estimated cost
of IOC accommodation to 45% of that proposed in the initial study phase. A
trade study analysis of EVA/IVA requirements was conducted with the resultant
recommendation for SBOTV, that processing and servicing be performed by IVA
supervisory control of a robotic manipulator arm. Space—based operations for
servicing, checkout, maintenance, and propellant loading/unloading were
reviewed, operations times and IVA involvement evaluated and accommodation
requirements assessed.

2.4.1 Flight Operations

2.4.1.1 Proximity Operations

Further study is necessary to determine the best approach to performing
the proximity operations involved with returning an OTV and an attached
spacecraft to the Space Station. OMV, OTV and Space Station all are involved,
and the best solution may involve compromises in all three programs. We
started this activity by identifying and assessing the candidate approaches as
described in Paragraph 7.2.1. Option 1 uses the OMV and also adds hot and
cold gas RCS clusters to the OTV to provide a full capability for
six-degree-of-freedom control of the integrated package through to final Space
Station docking. Option 2 provides a complete capability within the OTV
design so it can safely approach the Space Station with no support from OMV.

The third option leaves the OTV with its current minimal RCS capability and
relies on procedural changes to implement the solution. The OTV and payload
are separated from one another
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and ferried to the Space Station by the OMV on two separate trips. This
enables the OMV to dock at the payload interface and minimizes interference
between the OMV RCS system and the OTV aerobrake.

2.4.1.2 Flight Operations Requirements, LCV Delivery of a Wide Body GBOTV

The OTV and payload will be delivered to LEQ fully assembled and intact.
The 0TV/Payload will be released from the LCV and allowed to coast for up to
12 hours for prepositioning prior to launch. Ground control will conduct
checkout of both the OTV and payload prior to initiating and engine burn.
Launch-from-LEO operations are then conducted, the mission performed, and the
returning OTV executes the aeropass maneuver. At the end of the aeropass
maneuver, the OTV jettisons the flexible portion of the aerobrake. The OTV is
then injected into a low circular orbit in the range of 100 - 150 nmi. As the
OTV reaches its desired orbit, the accumulators are fully charged and the
LHy tanks are jettisomed. In the case of the larger OTV (74K), one of the
LO7 tanks is also jettisoned. The OTV then performs an ignition burm
utilizing the accumulator gases to gain a higher orbit. Once there, all
systems are shut down and the inert OTV awaits STS rendezvous. The STS
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Figure 2.4,1-1 LCV Delivery, Unmanned GBOTV

performs rendezvous with the OTV, grapples it, and secures it to the Payload
Installation and Deployment Aid (PIDA). Using the RMS, the LOj tank(s) are
removed and installed in the payload bay. The remaining core structure with
engines, avionics, and rigid core portion of the brake are then loaded into
the bay.



2.4.1.3 Flight Operations Requirements, LCV Delivery of a Wide Body SBOTV

For the space-based Wide Body OTV, each new 0TV delivery will be handled
as a GBOTV launch. Subsequent delivery of payloads and OTV spare components
by the LCV are to ZONE 4 behind the Space Station. The OMV rendezvous with
the LCV and ferries the payload and/or component spares to Space Station. At
Space Statiom, for each subsequent mission beyond the initial delivery of each
0TV, payload mating, propellant loading, checkout, and deployment from the
station are performed. Ground control conducts Launch-from LEQ operations,
the mission performed, and the returning OTV executes the aeropass maneuver.
OTV will be injected into orbit behind Space Station at the designated pickup
point to await rendezvous with the OMV for transport to Space Station. Once
at Space Station, propellant detanking is performed and inspection of the
returned OTV takes place. Diagnostic testing will be performed and any
necessary maintenance actlon taken. The OTV is then placed in storage to
await the next mission.
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Figure 2.4.1-2  LCV Delivery, SBOTV
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2.4.2 Space Station Accommodations

2.4.2.1 EVA/IVA Comparison

When considering whether to perform processing operations at Space Station
by EVA or IVA, it is not just a decision between robotics and manual EVA.
Automation is a continuum stretching from hands-on operations through to
autonomous robotics. Level of complexity and development costs soar as
operations are made completely automated. A degree of manual intervention
tends to keep cost down by allowing human decision making to determine what to
do next, and then have the robot do a limited set of tasks. This is referred

to as supervisory control.

For OTV processing support from the Space Station, we must also consider
the avallability of personnel at the station for OTV related activities. By
utilizing an IVA astronaut, supervisory control, and an RMS robotic arm we
minimize both the demands made on the astronaut and the time necessary for
turnaround of an OTV mission.

We conducted an in-depth trade study to assess the level of automation
that should be incorporated in space-based OTV support operations. This
assessment included evaluation of the parameters 1isted below. Consideration
was given to performing specific operations with EVA, remote operations with
an IVA crew member providing control, and fully automated robotic operation.
We found that remote operations were preferable to fully automated operations
in most cases, although the precise level of automation depends omn the
specific task. The ranking shown in the chart below is generically jndicative
of the preferred approach, however, we felt that operations should be biased
toward automation due to the restriction of crew availability at the Space

Station.

Table 2.4.2-1 EVA/IVA Trade Study Results

PARAMETER EVA RMS AUTO
(TELEOP) | ROBOTICS
OPERATIONAL CREW REQUIREMENTS 1 5 10
MAINTENANCE CREW REQUIREMENTS 10 5 1
DEVELOPMENT COST 10 8 1
OTV DESIGN DRIVERS 10 9 8
TPS INSPECTION AND REPAIR 5 4 2
PROPELLANT LOADING 1 8 10
OPERATIONAL COST 1 7 10
PAYLOAD MATING 1 10
PRE-LAUNCH TESTING 1 10 :
SCHEDULED/UNSCHEDULED MAINTENANCE ) 9 10
TOTALS a1 75 67
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2.4.2.2 Space Station Accommodations Cost Revision

A revised accommodations cost estimate was generated for the various cost
trades being performed as part of the study effort. As can be seen in Table
2.4.,2-2, the revised cost figures are significantly lower than those used
during the initial study phase. It had been assumed that OTV would have to
bear the entire development cost of robotic hardware. It is now felt that
this cost should drop drastically due to two separate factors: firstly that
Space Station and OMV have an equal need for the development of this hardware
and should share the cost. Secondly, with the many advances currently
occurring in this field, cost should be dropping. Imaging system requirements
for 0TV could well be adapted from that developed for OMV to meet the needs
for on-orbit satellite servicing. Software requirements, hangar size and tank
farm needs are discussed in Section 7. Transportation costs represent the
difference between the Shuttle and the LCV launch costs and capabilities.

Table 2.4.2-2 I10C Accommodations Costs for OTV

TEM PHASE A REVISED COMMENTS
COST $M COST $M
ROBOTIC HARDWARE 165 96 SHARED COST [TEM
(OTV, OMV, & SS)
STEREQ-VISON 100 30 ADAPTATION OF
IMAGE SYSTEM OMV SYSTEM
SOFTWARE 285 57 RE-ASSESSMENT OF
REQUIREMENTS REDUCES
LOC FROM 2M TO 400K
HANGAR 76 65 43X42X90 FT
10TV+55FTPL
SIZED FOR GEQ MISSIONS
TANK FARM 170 120 100 LBS PROP
CAPACITY
TRANSPORTATION 140 50 LCV LAUNCH COSTS
TOTAL 936 418
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2.5 MAJOR PROGRAM AND VEHICLE RECOMMENDATIONS

2.5.1 Baseline Program Description

We have concluded that the preferred Orbital Transfer Vehicle program in
the era where a large cargo vehicle is available and Scenario 2 misslons are
to be performed will be as summarized in Figure 2.5.1-1. It will comprise two
types of orbital tramsfer vehicles. A three in-line engine, four side-by-side
tanks, unmanned, ground-based vehicle with a 52,000 pound propellant capacity
will support initial missions. This vehicle will be used throughout the
operational period. A generally similar manned, space-based vehicle with a
74,000 pound propellant capacity will be made operatiomal as soon as it can be
supported by the Space Station. All manned missions will be launched from a
space-base, but the space-based vehicle can be launched from the ground as

well, Its initial mission will be ground-based -- returning to residence at
the Space Station upon return.
QPTION 272 (SCENARIO 2)
1 . 4 TANKCONFIG . h - 4-TANK CONFIG.
| w0, + THREE ENGINES 700 « THREE ENGINES
197 20 (475 sec ISP) 258 , (475 sec ISP)
SN 3 , * 52KbPROP ' ( S ! « 74 Kb PROR
NG V - NON MAN RATED : : D .« MAN-RATED
] ag Yoy - 37 AEROBRAKE W HlL" : 38 AEROBRAKE
L-L ‘l -« COMPOSITE STRU  1— 41573 « COMPOSITE STRU.
: 4 4
115 L_4452__
GROUND BASED UNMANNED OTY SPACE BASED MANNED OTY

PROGRAM - DECISIONS BASED ON REV.9,272 MISSION MODEL
- ONLY TWO CONFIGURATIONS REQUIRED
. 1995 I0C FOR GROUND BASED SYSTEM, 1996 SPACE BASED
- MAN RATED VEHICLE CAN OPERATE FROM GROUND AS WELL
AS SPACE WITH MINIMAL DELTAS

Figure 2.5.1-1 Nominal C/V OTV program

The major cost and schedules associated with the OTV program summarized in
Figure 2.5.1-1 are summarized in Figures 2.3,1-2 through -4. Figure 2.5.,1-2
shows a spread of the major cost elements involved in capturing the Scenario 2
DOD and Civil Mission Model. The total acquisition cost for R&T, DDT&E for
both ground and space-based stages and space-base accommodations, and vehicle
and accommodations production is $2B. The total cost of operations through CY
2010 is $22.1B. The bulk of the operations cost is associated with DOD
missions,

25



ORIGINAL PAGE 1S
OE POOR QUALITY

TOTAL PROGRAM FUNDING - $24.1B

2.00 T

1.60 +
1.40 +

1.20 4+

ANNUAL
FUNDING
(1985 $B)

1.00 v+

0.80 T

0.60 1

0.40 T

0.20 +

0.00 9

@ s1.88
m $11.78
K ss.68
0O so.18
@A so0.48
B so.28
X s118
H s0.28

LUNAR/PLANETARY
DOD

CivViL GEO
PRODUCTION
ACCOMMODATIONS

74K SB DDT&E

52K GB DDT&E

R&T

1988199(199219941996199£200020022004200¢20082010

Figure 2.5.1-2

YEAR

Nominal C/V OTV Program Funding

The development schedule for the ground-based OTV is summarized in Figure

2.5.1-3.

An ATP on January 1, 1989 supports an Initial Operatiomal Capability

in January 1995. A space-based OTV program ATP in January 1990 (Figure

2.5.1-4) supports an Initial Operational Capability im January, 1996.

It is

currently anticipated that this is the earliest space-based operational
capability that can be supported, and that an initial capability near the turn
of the century would be more likely to occur.
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Figure 2.5.1-4 Earliest Capability Space-Based OTV Schedule

2.5.2 Program Sensitivities

' The major characteristics of the five mission scenarios investigated are
shown in Figure 2.5.2-1. Scenario 1 does not present a driver for
space-basing, particularly because it contains no manned GEO missiouns.
Scenario 2 justifies the nominal OTV program just discussed. Scenario 3
requires nothing different from the OTV program, assuming that the limited SDI
mission activity is not multiple-launched on OTVs. Scenario 4 justifies a
specialized OTV directed at the low mid-inclination and other DOD traffic.
Scenario 5 justifies a specialized nuclear waste 0TV which has a strong
possibility of being able to perform selected DOD missions more effectively as
well. This scenario also requires build-up of multi-stage 0TVs at the
space-base and requires that more 0TVs be resident in space.

MAJOR IMPACT ON
CHARACTERISTIC OTV PROGRAM
SCENARIO 1 NO MANNED GEO NO SPACE BASED DRIVERS
PRIOR TO 2010
SCENARIO 2 A BALANCE[j. BuUT NOMINAL
ACTIVE PROGRAM
SCENARIO 3 MINIMAL CHANGE NO CHANGE
FROM SCENARIO 2
SCENARIO 4 HEAVY DOD TRAFFIC SPECIALIZED 40K,
TO MID-INCLINATION DOD OTV
SCENARIO S AGGRESSIVE PROGRESS MULTH-STAGE BUILDUP
TOWARDS 50-YEAR AT SPACE BASE
INITIATIVES « SPECIALIZED NUCLEAR
WASTE DISPOSAL OTV

Figure 2.5.2-1 Mission Model Impact on OTV Program
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The major characteristics of the five launch scenarios investigated are
The problem with STS growth is that there may not be
much of it. If the OTV program is limited to the use of a shuttle with a
65,000 pound payload capability, many of the early misslonms in all the models
will involve multiple launches with attendant operational problems. In this
scenario, space-basing has even more virtue than in the cargo vehicle
supported era we concentrated on in this extension study. The large cargo
vehicle without retrieval capability results in the recommended OTV program

shown in Figure 2.5.2-2.

previously discussed.

shown to be the wide body configuration.

The preferred OTV configuration for this case has been
This approach leads to the

operational complexities cited in the ground-based case. We would, of course,
prefer the wide retrieval capability if only its operational cost is
involved. The justification of the development cost of this capability 1is

beyond the scope of this OTV study.
the economic savior of the space-based OTV concept.

Propellant hitchhiking and scavenging are

This justification is

real, but will likely prove upsetting to the users that are paying the launch
bill. They would likely prefer to share in the cost benefit. The impact of
STS II on OTV program selection appears to be minimal.

MOST SIGNIFICANT
FEATURE

IMPACT ON
OTV PROGRAM

« HEAVIER LEO CARGO

MULTIPLE LAUNCH MISSIONS:

STS GROWTH . ACC 'UP’ VOLUME SPACE BASE BENEFIT
LARGE CARGO W COST TRANS- GND BASED OPS COMPLEX
VEHICLE L e N TOLEO - VEHICLE DISASSEMBLY
(NO RETRIEVAL) - EXPENDABLE TANKS
b@ﬁ?&g‘mo LARGE OTV ENHANCES GROUND BASED
(WITH RETRIEVAL) RETRIEVAL CAPABILITY OTV PROGRAM
PROPELLANT PROVIDES ECONOMIC

NO PROPELLANT
gg}\c\rg:qlém% & TRANSPORT CHARGE JUSTIFICATION FOR

SPACE BASING

STS It LOW COST MANNED MINIMAL

LAUNCH

Figure 2.5.2-2

Launch Vehicle Impact on OTV Program

Four possible space-basing scenarios are identified in Figure 2.5.2-3.
With no space-based support, missions that cannot be launched from the ground
on a single flight require complex orbiter support operations. For example,
launching a manned GEO mission would require two current capability orbiter
launches on one week centers with orbiter supported onorbit mission assembly.
With a 65,000 pound capability STS, the occurrence of this problem is
frequent. With a large cargo vehicle, the problem will eventually occur.
Space tending with the Space Station would ease this problem, but the timing
would still be constrained unless the ability to top propellants were provided

as a part of the space tending package.

This approach does not enable

acquiring the potential benefit of the hitchhiked propellant concept. The
nominal space-based approach achieves all the operational benefits previously
discussed, and mitigates the cost of this capability with the benefit of
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hitchhiked propellants.
the manned missions are scheduled,
missions would require either complex ground
segmentation; and the operational base that
Station accommodation

1f 0TV Space Station activities
the impact would be:
-based operations or more payload

developmental costs would be be

The large early

is required to pay off Space

study.
MOST SIGNIFICANT IMPACT ON
FEATURE OTV PROGRAM
NO SPACE REQUIRES COORDINATED
BASE SUPPORT - RAPID LV TURNAROUND AND
COMPLEX ORBITER SUPPORTED
LEO OPERATIONS
SPACE SUPPORTS LEO MISSION DECOUPLES LV AND OTV
TENDING ASSEMBLY OPERATIONS AND PROVIDES
LEO OPNS SUPPORT
NOMINAL AVAILABLE FOR LARGE ENABLES:
SPACE BASE UNMANNED GEO . SUPPORT OF ALL LARGE MISSIONS
- PERMANENT OTV SPACE RESIDENCE
- "HITCHHIKE' BENEFITS
(FEWER UV LAUNCHES)
DELAYED AVAILABLE FOR MANNED | EARLY LARGE GEO MISSIONS
SPACE BASE GEO AEQUIRE COMPLEX LEO OPNS

Figure 2.5.2-3
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3.0 MISSION AND SYSTEM REQUIREMENTS ANALYSES

3.1 MISSION MODEL AND GROUND RULES

The analyses described in this document differs from the analyses
published in Volumes I through VIII in that it is based on a new mission model
(Rev. 9) and different launch vehicles. The previous studies were constrained
to the low and nominal versions of the Rev. 8 mission model; this study
examines the five Scenarios of Rev. 9. The previous studies used only STS
(with or without an ACC) for launchj this study considers STS, STS II, and a
new large cargo vehicle with and without return-to-earth capabilities.

3.1.1 Mission Model Analyses

The Rev. 9 mission model is derived from the Space Tramsportation
Architecture Study (STAS) mission models. The STAS model defines four traffic
options for both the civilian and the DOD programs. The 0TIV study was ground
ruled to consider five of the 16 possible combinations, as shown in Figure
3.1.1-1. The circled numbers are used to designate the scenarios. Scenario
2, which represents the baseline civil and normal growth DOD requirements, was
designated by MSFC to be the basis for all design decisions and
recommendations. The other scenarios were to be examined for sensitivities.

CiviL CORE BASELINE BASELINE BASELINE WITH
WITH MODEST| AGGRESSIVE
DaD EXPANSION | EXPANSION
ICONSTRAINED Q‘

SENSITIVITY
NORMAL
GROWTH

()

SDI - KKV

FULL SDI

Figure 3.1.1-1  STAS vs Rev. 9 Mission Model Scenario Designations



Significant features of each of the scenarios are:

Scenario 1 has no manned missions and no lunar missions, but overall
traffic is equivalent to the Rev. 8 nominal model.

Scenario 2 contains manned GEO missions, an early requirement for a 15 K1b
GEO delivery with subsequent 25 Klb GEO delivery missions, and considerable
traffic in multiple payload deliveries.

Scenario 3 in the STAS model shows a considerable increase in LEO traffic,
but this does not reflect in additional OTV missions. The main difference
from Scenario 2 is three additional high energy planetary missions.

Scenario 4 includes very heavy traffic of large payloads to
mid-inclination orbits of relatively low altitude.

Scenario 5 includes 100K payloads to GEO (segmented into 25K deliveries),
a manned lunar program, a large lumar station with many lunar logistics
missions and missions designated as nuclear waste disposal.

Table 3.1.1-1 shows the total traffic from 1995 - 2010 for the Rev. 9
scenarios and the Rev, 8 options. Since OTV design decisions prior to this
study extension were based on the low Rev. 8 model, the mission composition of
Scenario 2 can be expected to cause changes in previous conclusions.

Table 3.1.1-1 Mission Model Comparisons

REVISION 8 REVISION 8 SCENARIOS
TYPE OF MISSION
LOW | NOMINAL 1 2 3 4 5
GEO TOTALCMIL 68 144 102 160 160 165 202
(MANNED) 3 17 0 16 16 16 22
((EARLIEST)) 2008 2002 N/A | 2002 | 2002 | 2002 | 1999
LUNAR 2 14 0 8 8 8 14
(MANNED) 0 3 N/A 0 0 0 8
((EARUIEST)) N/A 2006 N/A N/A N/A N/A | 2006
PLANETARY 6 14 14 14 17 14 25
CIVILIAN SUB-TOTAL 76 172 116 182 185 187 241
Do 68 85 176 240 240 480 240
NUCLEARWASTE 0 0 0 0 0 0 391
TOTAL 144 257 292 422 425 667 872

The civilian GEO missions are categorized by Scenario in Table 3.1.1-2.
As shown, the quantity of multiple payload delivery missions combined with the
12 K1b delivery/10 Klb return missions dominate the civilian GEO missions.
The data used to define the multiple payload delivery mission is shown in
Table 3.1.1-3. In all cases the multiple payload adapter is assumed to welgh
2000 1bs and have a return length of 10 feet.
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Table 3.1.1-2

civilian GEO Missions

SCENARIO
1 2 3 4 5
NUMBER OF 12K UP/ 84 84 B4 84 84
2 K DOWN
(MULTIPLE PAYLOAD)
NUMBER OF 12 K UP/ 0 53 §3 53 77
10 K DOWN (16) (16) (16) (22)
(NUMBER MANNED)
NO. OF OTHER DELIVERY 16 21 21 26 3s
(AVG. DELIVERY WGT.) (16.0) (17.0) (17.0) (17.6) (17.8)
NUMBER OF 10 K RETURN 2 2 2 2 2
TOTAL NUMBER 102 160 160 165 202
Table 3.1.1-3 Multiple payload Delivery Mission
REV 9 DESIGNATION WGT Qry PERCENT ASSUMED QTY MANIFESTED AVG. MAX.
AVAILABLE FOR OTV | PER OTV MISSION | LENGTH | LENGTH
LAUNCH FT FT
CLASS A" 0-2030LBS | 245 50 4 9.7 16.4
CLASS "B" 2031-2500LBS 38 50 3 10.7 15.1
CLASS *C” 2501-5005L.BS 17 100 2 23.5 35.1

THE RESULTANT REV 9 MISSION MODEL MULTIPLE GEO PAY

LOAD DELIVERY MISSION IS DEFINED AS:

PLD NO WGT UP LENGTHUP | WGTDN LENGTHDN | TOTALQTY
18912 (a) 12,000 LBS 35F 2,000 LBS | 10FT 28

()] 20k 28

(c) 12 Ft 28
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Lunar mission requirements (by year) are elaborated in Table 3.1.1-4. As
shown, Scenario 5 includes manned missions which dictate returning a 20 Klb

payload that is 22 feet long.

Table 3.1.1-4

OTV Lunar Missions

SCENARIO
1 2 3 4 5
TOTAL NUMBER 0 8 SAME SAME 14
(0 MANNED) | AS?2 AS 2 (8 MANNED)
AVG WGT - 42.3 52.1
LARGEST WGT,KLB - 5K (99) 5K(96)
(YR) 33K(03) 33K(00)
73K(09) 93(08)
LARGEST UP/DOWN 0 73K/20K
(06)
AVG LENGTH,FT - 24.5 45.7
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Table 3.1.1-5 shows that the DoD missions are essentially identical for
all cases, except that Scenario 4 adds a large pumber of heavy, low altitude,

mid-inclination missions.

Table 3.1.1-5 Generic DOD OTV Missions

QUANTITY BY SCENARIO

MISSION TYPE PLD WGT CIRC ORBIT 1 2 3 4 8

ALT INC

K nm DEG
POLAR 5K 4.0 90 16 16 16 16 16
GEO 10K 19.3 0 32 96 96 96 96
MID-NC, 10K 19.3 63 128 128 128 128 | 128
LOW-MID INC 110K 1.0 63 0 0 0] - 240 0
TOTAL 176 240 240 480 | 240

Table 3.1.1-6 summarizes the Rev. 9 missions which drive the design of the
OTV. The missions are the same for all five scenarios. In Scenario 5,
payload 15009 (manned portion of the GeoShack payload) flies in 1999 rather
than 2004. However, since the propellant required for the 12 K up/10 K down
missions (which occur in 1999 in Scenarlo 2) 1is essentially the same, the
schedule change does not impact design; but it does require man rating in 1999
rather than 2002.
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Table 3.1.1-6 Rev. 9 Design Driver Missions

REV 9
MISSION NAME WEIGHT L x Diam Flight g
NUMBER (Lb) (ft) (yr) Limit
18072 MOBILE SAT-B 14,550 19.7 x 13.1 1995 0.1
1
18308 / H-F DIRECT BROADCAST 33,070‘ ’ 30 x 14.9 1996 01
18309 SATELLITE (VOA)
18751 COMM_SAT. CLASS IV 10,030 30 x14.8 1998 0.1
(D&R) 2001
18074 / SETI GEO ANTENNA 33,0702 30 x 14.9 1999 0.1
18075
15011 GEOSHACK LOGISTICS 12,000 D 15 x 15 1999
10,000 R annual
15009 GEO SHACK 25,080 19.8 x 14.9 2004
(MANNED PORTION)

(1) CAN BE SEGMENTED INTO 2 OR 3 PIECES (WITH 10% WGT PENALTY)
TO KEEP DELIVERY WEIGHT BELOW 15,000 LBS.

(2) CAN BE SEGMENTED INTO 2 PIECES (WITH 10% WGT PENALTY)
TO KEEP DELIVERY WEIGHT BELOW 22,000 LBS.

3.1.2 Study Ground Rules

Major ground rules that formed an integral part of this study, and which
affect study results are summarized below.

o Space Station IOC is 1996; FOC can be as desired, but no earlier than
19946,
o GEO payloads in excess of 25,080 lbs can be segmented and flown on

multiple missiouns.

o OTV's can be staged and may utilize tank kits to perform high energy
lunar and planetary missions.
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DOD payloads are not to be used as design drivers, but the mission
traffic can be utilized to amortize development costs.

Each mission shall have a probability of 0.999 or greater that there
will be no debris or meteoroid impact om propellant tank walls.

Launch vehicle performance, schedules and costs are as described in
paragraph 3.2.

OMV and Space Station operations costs are as described in paragraph
8.0.

Mission analyses and duration ground rules are as described in
paragraph 3.3.

Low cost tranmsportation for propellant for a space-based OTV is as
described in paragraph 3.2.

OTV hardware life requirements are as described in paragraph 7.0.
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3.2 LAUNCH VEHICLE CHARACTERISTICS

3.2.1 Ground Rule Capabilities

Table 3.2.1-1 lists the I0C, weight and volume capacities, launch costs
and the parametric sensitivities of candidate launch vehicles specified ia the
study ground rules. The cost data is presumed to be operational costs only,
not including amortized DDT&E and production costs.

The STS was specified to have 30,000 1b normal and 61,000 1b abort landing
limits. The charges associated with returning an 0TV were baselined as
consisting of the STS launch costs for the return ASE and the extra on-orbit
operations time involved with rendezvous, recovery and stowage.

Table 3.2.1-1 Ground Rules for Launch Vehicles

VEHICLE 10C CAPACITY COSTS SENSITIVITIES
STS NOW 60FTx15FT $73M/FLT 65 - 81 KLBS TOLEO
72 Klbs TO LEO ($1123 /LB,
$1.2M/FT)
DEDICATED 1995 212FT x 27FT $2.4M/FLT +
STRETCHED ACC $171M DDT&E
STS |l 2002 60FTx15FT $20M / FLT 20 -30 SM/FLT
65 Klbs TO LEO ($307 / LB, 250-500$/LB
$0.33M/FT) 40 - 80 KLBS TO LEO
15 .23 FT DIAM
30 - 70 FT LENGTH
LCV w/io RETURN 1995 90 FTx 25 FT $70M/FLT 50 -85 $M/FLT
150 Klbs TO LEO ($467 /LB, 250-600$/LB
$0.78M/ FT) 100 - 200 KLBS TO LEO
22 -33 FT DIAM

90 - 100 FT LONG

LCV w/ RETURN 1995 40 KLB RETURN $85M /FLT 20 -85 $M/FLT

, 90 FTx 25 FT (567 /LB, 350 - 1100 $/ LB
150 Klbs TO LEO $0.94M/FT) 40 - 150 KLBS RETURN

15 .25 FT DIAM

40 - 90 FT LONG
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3.2.2 Launch Cost Charges

The study ground rule was, “launch charges for cargo vehicles and Shuttle
11 will assume the same user charge policy as the STS." The STS charging
algorithm defined in JSC-11802, "STS Reimbursement Guide", is graphically
depicted in Figure 3,2.2-1 for a large cargo vehicle with 150K capacity, 90
foot long payload bay and $70M launch costs. Payloads can share launch costs
provided they do not require more than 75% of the launch vehicle capacity.
(The weight fraction and length fraction of available capacity are calculated
separately; only the largest value is used). When a payload requires 75% or
more of capacity, the payload is assessed the full launch cost. As shown by
the local slope on Figure 3.2.2-1, shared payloads have more seasitivity to
length and weight variations than indicated by using average slope data.

70~
s
w ’
X
(&)
< ?
2 ;
3 a
& e
a LOCAL : AVERAGE
e SLOPE ; SLOPE
o =$622/18 : = $70M/ 150KLB = $467 /LB
© =$1.04 M/FT ; =$70M/90FT =$0.78M/FT
0 ;
0 CARGO WEIGHT, 1000 LBS 11?-5 150
0 CARGO LENGTH, FT 67.5 90

Figure 3.2.2-1 Shared Launch Cost Charging

3.2.3 Propellant Cost Charges for Space-Based OTV

"Propellant loaded on the ground to fully utilize the available lift
capability of the launch vehicle will not be charged for transportation to
LEO, but will incur any OMV charges for transfer to the propellant storage
facility.” This ground rule is similar to the Reduced Airfare Rate Program
authorized by Federal Resolution allowing airlines to transport their
employees on a no-charge, as-space-available basis.
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Flight manifesting data published in the 1983 Green Book showed that of 25
STS missions (starting with STS-9), 15 had weight and length avallable that
could have been used for hauling “hitchhiked® propellant. Assuming the STS
had a 65K capacity with a 56 foot long payload bay (4 ft reserved for EVA
access), and also assuming a 6 foot long propellant tank set weighing 2000 1bs
(including ASE) which can contain up to 7640 1bs propellant at a constant
mixture ratio of 6:1, the 15 flights could have transported 286,000 1bs
propellant to LEO. This is equivalent to 17.6% of the total STS life
capability (286K/25/65K) .

Considerably more propellant could be transported if the mixture ratio
were varied from mission to mission. Heavily loaded missions with volume left
over could haul all 1iquid hydrogen; lightly loaded mission with only small
available volume could have all 1liquid oxygen. Qur analyses conservatively
neglected this effect.

Unpublished data from the STAS program shows that 119 LCV launches and 374
STS/STS II1 launches will be utilized to support the payloads in the civil
option II mission model, If we assume a 25% reduction in the LEO 1lift
capacity to get to the 270 nmi Space gtation altitude, the propellant
available from hitchhiking is conservatively (because of the constant mixture
ratio) estimated as

0.176 x 0.75.x (119 x 150,000 + 374 x 65,000) = 5.5 million 1lbs.
The space-based/ground-based trade in paragraph 4.9 uses this as a

baseline for low cost propellaant. Sensitivities ranging from 0 to 9 milliom
1bs are also shown in the cost data.
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Mission analysis conducted on the mission model define time of flight and
velocity requirements for use in performance calculatioms. All parameters are
computed using Keplerian analysis (spherical gravity fields) and impulsive
burns. Mission timeline ground rules are shown in Figure 3.3-1.

3.3 DESIGN DRIVER MISSION ANALYSES

12 HOUR PHASING COAST IN LEO TO ACHIEVE ANY GEO LONGITUDE

+ 3 HOUR INTERMEDIATE ORBIT FOR PRECISE PAYLOAD POSITIONING

1 DAY BETWEEN LAUNCHES FOR MULTIPLE LAUNCH EVENTS

MISSION STAY TIMES:

-UNMANNED GEO DELIVERY 1 DAY AT GEO

-MANNED GEO SORTIE DEMO 6 DAY AT GEO

-MANNED GEO SORTIE TO SHACK 12 DAY AT GEO

-UNMANNED LUNAR DELIVERY 7 DAY IN LUNAR ORBIT
-MANNED LUNAR SORTIE . 16 DAY IN LUNAR ORBIT

-DOD 1 DAY AT DESTINATION ORBIT

Figure 3.3-1 Mission Timeline Ground Rules

3.3.1 Geosynchronous Missions

3.3.1.1 Unmanned Missions

The bulk of missions performed were in this class. Two varietles,
ground-based from a 140 nmi/28.5° and space-based from a 270 nmi/28.5°
inclination part orbit, were considered. These two missions are shown in
Figure 3.3.1-1 and 3.3.1-2.

E
aQD
DELTAV
(FPS)

0
8073.99
5855.68
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Figure 3.3.1-1 Geosynchronous Mission Summary (Ground-Based)
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Figure 3.3.1-2 Geosynchronous Mission Summary (Space-Based)

The missions are broken up into mission segments, each segment consists of
a coast period followed by a burn. For the GEO missions the burns associated
with these segments are as follows:

#1

Perigee burn into GEO-transfer orbit

#2 - Apogee burm into GEO
#3 - Deorbit burn from GEO
#4 - Midcourse correction during GEO downleg

#5
#6

Post—aero maneuvers
Hohmann transfer to Space Statiom (Space-Based only)

An optimal inclination split is used to compute the first two burms. For
the ground-based mission this split is 2.2° inclination change in the first
burn and 26.3° in the second. For the space-based mission this split is
2.39 and 26.2°.

An additional factor added to the first two burns is a gravity loss factor
to account for finite burn losses. A series of integrated trajectories was
used to derive this gravity loss term. For the perigee burm it results in an
increase to the impulsive Delta-V required. For the apogee burn it results in
a decrease to the impulsive Delta-V because of the raising of perigee in the
first finite burn. The loss factors are represented as polynomials which are
a function of burn time:

Tpurn = Propellant Burned . Isp
Thrust Level

-4 2 -8 3
Perigee Loss = 0.050625 Tp + 1.792969 x 10 Ty - 2.490234 x 10 Ty

-5 2
Apogee Loss = 0.0473248 Ty, + 8.5038 x 10 Ty~ DV
Loss Per.

The GEO-deorbit burn was computed to put the 0TV downleg perigee at 40 nmi

(in the atmosphere) with an inclination of 28.5°., The midcourse and
post—aero maneuvers are derived from aeroassist GN&C work. For the ground-
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based mission, the post-aero maneuvers are 350 fps which puts the vehicle into
a 140 omi circular orbit with allowances for aeroassist dispersions in apogee
and inclination. For the space-based mission the correspouding velocity
(sized for a nominal 245 nmi post-aero orbit) is 450 fps.

The segment duration times generally correspond with pure orbital
mechanics requirements with the following exceptions. A coast period of 12
hours prior to the first burn is required in the ground-based mission to
achieve any possible earth-relative longitude at GEO-inject. This coast
period 1s not required for space-based missions because the station deploy
time can be adjusted to achieve the same thing. GEO-deorbit opportunities
occur every 12 hours when the pickup vehicle's orbital node intersection is
reached. The ground-based mission requires that this duration at GEO be 24
hours to be consistent with Shuttle crew cycle constraints. The same duration
is also used on the space-based missions, but more to keep commonality with
the ground-based profile than for any hard constraint. Finally, 5.5 hours 1is
allocated at the end of all missions to allow for rendezvous maneuvers.

3,3.1.2 Manned GEO gervicing Missions

The manned GEO servicing mission (#15010)) is rather loosely defined. In
order to derive vehicle requirements a mission analysis effort was conducted
to define mission duration and velocity requirements.

Figure 3.3.1-3 shows basic orbital data used to design the GEO servicing
missions. The curves show pelta-V required to establish drift rates for
moving from point to point in the GEO lane. This is displayed as drift angles
and the time required to transit them (in days). The velocities required
include the start pelta-V and the stop Delta-V.

« CURVES SHOW DRIFT TIMES V.S. TOTAL DELTA-V (AV1 + AV2)

e 4 DRIFT ANGLES SHOWN: 20°, 45°, 90", 180°

avi

GEOSYNCH
ORBII

NET DELTA-V (aV1+aV2, FPS)

1RANSIT TIME: (DAYS)

Figure 3.3.1-3 GEO Servicing Drift Data
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Because of the time critical nature of panned missiouns, it is more
efficient to perform multiple servicing with satellites that have been
gathered into a tight service cluster., This minimizes the amount of time and
propellant required for inter-satellite transit.

In order to establish capabilities a worst case servicing scenario (Figure
3.3.1-4) was used which assumes that 4 satellites are to be visited with omne
of them having no propulsive capability due to engine failure or propellant
shortage. A 45 day roundup period is used which requires a net Delta-V of 50
fps per satellite (on average). The active satellites along with the GEO
shack are gathered to the disabled satellite forming a service cluster., Once
this 1is accomplished, the OTV and attached manned servicer are deployed from
low earth orbit.

o MANNED MISSION IS TIME AND PERFORMANCE
CRITICAL
GEO SHACK e OPTIMIZE BY MANEUVERING SATELLITES
+ AND GEO-SHACK TO SERVICE CLUSTER
o ASSUME WORST CASE SCENARIO:

4 SATELLITES TO BE SERVICED
1 SATELLITE DISABLED (NO PROR)

SAT st
(DISABLED)

b 4SDAYROUNDUPPHASEREOUWESSOFPS
PER SATELLITE (AVERAGE)

¢ START AV (25 FPS) SUPPLIED BY SATELLITES
e END AV (25 FPS) SUPPLIED BY SATS OR OMV

e GEO SHACK AV SUPPLIED BY OMV

Figure 3.3.1-4 Manned GEO Servicing - Roundup Phase

With the service cluster established at a satellite spacing of 1/2 deg.,
the OTV delivers the manned cab to the GEO shack which is stationkeeping with
one of the satellites (Figure 3.3.1-5). The shack's OMV retrieves the OTV
plus cab to the GEO shack, the shack is manned and checked out (1 day), and
servicing operations commence oOn the nearest satellite. Three days have been
allocated to perform this operation. Once a satellite has been serviced the
OTV is used to move the GEO shack to the next one in a 1/2 day transfer which
requires 88 fps total. This sequence of operations is repeated for each
satellite, requiring a total of 21 days to service all four. This time also
includes 3 days at the end of the servicing mission to initiate redeploy of
the satellites and to prepared the shack for unmanned operation. Lesser
numbers of serviced vehicles and their time requirements are also shown.
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SERVICING MISSION DURATIONS:

1 SAT. 8 DAYS
2SATS  12DAYS
3SATS 17DAYS
4SATS 21 DAYS

Figure 3.3.1-5 Manned GEO Servicing - Service Phase

A years worth of servicing missions is shown in Figure 3.3.1-6 in an

integrated timeline,

Two 21-day manned servicing missions are illustrated

along with their associated 45 day satellite gathering and re-deploy phases.
In the time remaining the GEC shack's OMV can be used for unmanned servicing.
Because this vehicle 1is unmanned it does not have the time constraints of the
manned sortie and thus can use a longer mission duration to save on

maneuvering propellant.

so 1s not a mission driver for the OQOTV.

It also does not require continuous OTV presence and
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¢ 2 MANNED SERVICING MISSIONS (21 DAY DURATION)
e 4 GEO-SHACK RESUPPLY MISSIONS

e 4 UNMANNED SERVICING MISSIONS (70 DAY DURATION)

Figure 3.3.1-6 Servicing Timeline (Manned and Unmanned)




Based on a mission model average, two satellites are gserviced in each
manned sortie, and an on-station duration of 12 days is required of the OTV
for each mission. Additionally, 176 fps must be supplied by the OTV for
moving the 53.8 K1b GEO shack plus cab.

This mission profile 1is gummarized in Figure 3.3.1-7.
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Figure 3.3.1-7 Manned GEO Servicing Mission Summary

3.3.2 DOD Missioans

The revised mission model contains 4 generic DOD missioms (unclassified):
Geosynchronous delivery (identical to civil), mid-inclination delivery,
generic polar, and generic low ijnclination. The ground-based missions are
boosted with the large cargo vehicle directly into a park orbit with the
proper mission plane (except for GEO delivery). Upon completing 1its mission
the OTV returns to 28.5° inclination where it waits for Shuttle retrieval.

The geosynchronous delivery mission (#19035) is jdentical to the nission
profile derived for the civil mission model, see Section 3.3.1.1.

The mid-inclination mission (#19036) delivers a 10000 1b spacecraft to a
circular geosynchronous orbit inclined 63° to the equator. In general, this
mission is almost identical to the GEO delivery mission except for the plane
change required (34.5° vs 28.5° for standard GEO delivery). The optimum
plane change splits for the first two burns of the Space—based mission are
5.5° and 32.0°. The ground-based and space-based mission data are shown

in Figure 3.3.2-1 and 3.3.2-2.
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Figure 3.3.2-2 DOD Mid-inclination Mission Summary (Space-Based)

The generic polar mission (#19517) delivers a 5000 1b spacecraft into a
4000 nmi orbit inclined 90° to the equator. The primary driver for this
mission is the 61.5° plane change required.

Figure 3.3.2-3 illustrates an efficient method of performing large plane
changes through the use of aeroassist. In this technique, an apogee raising
maneuver is performed which allows the plane change burm to be executed at
apogee where orbital velocities are low. Once the plane change has been
performed an aerobraking maneuver 1{s executed at perigee to reduce apogee down
to the final desired altitude. This technique is contrasted against the all
propulsive method which substitutes a third rocket burn for the aeroassist,
but still raises apogee to perform the plane change. The velocities required
to perform the return transfer of the DOD polar mission are 10950 fps for the
aeroassisted technique and 18050 fps for all propulsive which gives an idea of
the savings via aerobraking.
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* USE OF AEROASSIST IN PLANE CHANGES

(1) BOOST APOGEE VIA ROCKET BURN

(2) PERFORM INC.CHANGE AT APOGEE
WHERE VELOCITY IS LOW

(3) UTILIZE AEROASSIST AT PERIGEE
TO REDUCE APOGEE

+ DELTA-V SAVINGS UP TO 50%
OVER-ALL PROPULSIVE

Figure 3.3.2-3 Large Inclination Changes Via Aeroassist

This technique 1s optimum for recovering an empty OTV where greater than a
30° plane change in low orbit is required. If a large plane change is
required with payload attached, however, a problem is encountered with the use
of aeroassist. Although many payloads will be able to protect themselves from
the entry environment, it seems unlikely that this will be true in general,
Therefore, a ground rule was made that the OTV can perform aeroassisted plane
changes only if a payload is not attached.

With this in mind, the ground-based mission data is shown in Figure
3.3.2-4. The first two burns boost the OTV and payload to the 4000 nmi
mission orbit via a coplanar Hohmann transfer. In segment 3 the apogee is
boosted to 19000 nmi for the 61.5° plame change burn which is performed in
segment 4 and results in an orbital inclination of 28.5°, This plane change
altitude was selected to lie within the normal capabilities of the aerobrake.
A standard aeroentry then results in a Space Station compatible orbit (270
nmi, 28.5° inc) for Shuttle pickup.

x F
i : .
1 EVENTH
T NVEER T )
3 i
5 0 0
3 12000 _4116.40
- 2 143 _3418.70
5 224 4016.60
4 47 6483.40
1o z 4.0 20.00
T 8 300 450.00
» 7 4.10 8448
k] 8 3.10 0.00/

Figure 3.3.2-4 DOD Polar Mission Summary (Ground-Based)
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The space-based polar missi

on is summarized in Figure 3.3.2-5. This

mission requires two large plane changes. The first is accomplished all
propulsively (since the payload is attached) and the second via aeroassist.

In segment #1 the apogee is boosted to

30000 nmi, segment #2 performs the

plane change at apogee and then segment #3 burn circularizes at a 4000 nmi
polar orbit. The return leg (segments & through 9) is identical to that used
for the ground-based mission.
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Figure 3.3.2-5 DOD Polar Mission Summary (Space-Based)
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Figure 3.3.2-7 DOD Low-inclination Mission Summary (Space-Based)

3.3.3 Lunar Missions

Two distinct classes of lunar missions exist, flights to low lunar orbit
(60 nmi altitude) and flight to the L1 libration point. In order to perform
mission analyses a three body integrated simulation was utilized which
propagates motion of the earth, moon and spacecraft within their mutual
gravity fields. Flight to low lunar orbit make up the bulk of the mission
model (#17201, 17202, 17203, 17206, 17207). Because of the difficulty in
simulation targeting, no distinction is made between the polar and equatorial
orbiters. This mission is summarized in Figure 3.3.3-1. Major burns are
trans-lunar injection (segment #1), lunar orbit imsertion (segment #3), and
trans—earth injection (segment #4). The mission completes with an aeropass,
post-aero circularization (segment #8), and Hohmann transfer to the Space
Station. Midcourse corrections are indicated at segments #2,5,6, and 7.
Gravity loss is accounted for only in the translunar injection where its
effect is largest. As a function of burn time (Tpyrn» See Geosynchronous
mission summary), the following factor is added to the impulsive velocity:

2 8 T 3

- 2.490234 x 10~ b )

DV, = 1.32 0.050625 T, + 1.792969 x 1071,

loss
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Figure 3.3.3-1 Lunar Orbiter Mission Summary

Timing 1s important to the lunar missions as the moon moves rapidly out of
the Space Station orbit plane. To avoid broken-plane type trajectory analysis
(beyond the scope of this study) it was ground ruled that the moon must lie in
the projected plane of the Space Station for coplanar transfer., This
establishes time of flight restrictions to keep earth and lunar departures
within the station's plane. This is expressed as a flight duration as follows:

=n180° -2 T
R

Tflight transit Rstation

+ R
station moon

Where Tyrangit is the transit time to and from the moon (days),
Rgtation 1S the Space Station nodal regression rate (positive, deg/day), and
Rpoon 1S the lunar inertial orbital rate (deg/day).

This translates to mission durations of 12.8, 21.8, 30.7, etc. days
assuming a 2.9 day trans-lunar transfer and a space station at 270 nmi. Based
on this, a nominal flight duration of 12.8 days was used for unmanned lunar
missions and 21.8 days for manned flights.

The structure of the Ll libration point mission (#17200, Figure 3.3.3-2)
i{s identical to that for the low lunar orbit mission. Because the libration
point is far from the moon (and on the opposite gide to the earth) a fairly
long transfer time (5.8 days) 1s required along with lower inject velocitles
at the libratiom point.
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Figure 3.3.3-2 Lunar Libration Mission Summary

3.3.4 Planetary Missions

Boosting of planetary missions by a recoverable upper stage is difficult
because of the energles jnvolved. A strategy for performing this type of
mission is shown in Figure 3.3.4-1. After injecting the payload into its
desired trajectory (sometimes through the use of an expendable kick stage),
the OTV separates to a safe distance and then deorbits into a large looping
earth orbit (typically about 4 days in duration). Near the apogee of this
orbit a two-burn dog leg maneuver is performed which corrects for nodal
regression of the pickup vehicle. An aeroassist is then performed which
reduces the orbit size to that compatible with Shuttle/Space Station
retrieval. No attempt was made to compute out—of-plane impacts resulting from
launching from the Space gtation as this level of analysis is beyond the scope
of the OTV study. The effect of this Space Station nodal drift has very
significant impacts on mission velocity and departure windows, requiring
further analysis at a future date.

Gravity loss is computed from the following:

DVloss = -25,232769 + 0.2549762 Ty + 1.72078047 x 10 -§b

2.1662239 x 1070 T, + 7.7525435 x 1073

The basic planetary mission strategy was coded into an optimization
program utilizing gradient search techniques to minimize the OTV/spacecraft
stack mass through the use of offloading and expendable kick stages, if

necessary. The results of this program are shown in Figure 5.6.4-1 for the 24
planetary missions.

For a more extensive description of this program and planetary mission
analysis see MMC OTV TM 1.1.2.0.0-1.

51



HYPERBOLIC
VELOCITY
VECTOR

RETURN TRANSFER
ELLIPSES

HYPERBOLIC ESCAPE VELOCITY
RETURN ELLIPSE VELOCITY
ORBIT PLANE PHASING

/
INITIAL SS ORBIT 4) PERIGEE LOWERING

5) ORBIT PLANE PHASING

FINAL SS_ORBIT

Figure 3.3.4-1 Planetary Mission Overview
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4.0 SYSTEM SELECTION TRADE APPROACH

MMC concentrated on the refinement and optimization of STS launched OTV's
during the first three months of the study extension. Updated Rev. 9 mission
model requirements, STS and ACC launch vehicle characteristics, Space Station
requirements and design and program requirements were categorized and their
impacts on OTV system and subsystem trade studies were evaluated,

The OTV trade studies evaluated the followlng:

- Reusable versus expendable

- All propulsive versus aerobrake

- Aeroassist configuration

- ACC versus cargo bay

- Diameter of large cargo vehicle GB OTV
- Main propulsion system

- GB OTV vehicle/fleet sizing

- Alternative OTV options

- Ground-based versus space-based trade

These trades resulted in the definition of three different cryogeanlc,
reusable, aerobraked OTV designs as indicated in Figure 4,0-1.

The best cargo bay vehicle was a single engine vehicle with a 40 foot
diameter flexible aerobrake and utilized a toroidal oxygen tank. This vehicle
weighed 5360 lbs and contained 45,000 1bs propellant.

The best ACC launched OTV was also single engine with a 38 ft diameter
aerobrake. It weighed 5920 1lbs and contained 45,500 1lbs propellant. Both of
the ground-based vehicles were capable of delivering 15,000 1bs to GEO.

The space-based OTV utilized 2 engilmes and a 44 ft diameter aerobrake. It
weighed 8378 1lbs, contained 74K propellant and was capable of delivering
28,000 1bs to GEO.

MISSION MODEL

REQUIREMENTS BEST CARGO

BAY OTV

v

STS AND ACC ~~—P
LAUNCH VEHICLE

CHARACTERISTICS
otV
SUBSYSTEM Bfgg oSTTvS .
DESIGN & PROGRAM TRADES
REQUIREMENTS —#
BEST
SPACE STATION —f R CLEAN-SHEET”

v
REQUIREMENTS SPACE BASED O

Figure 4.0-1 Extension Study Plan, STS Constrained OTV's
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During the second half of the study extension, we initially concentrated
on re-doing all the system and subsystem trades to determine the best
ground-based OTV to be launched in the low cost ($70M/F1t), large capacity
(150 Klbs to LEO) cargo vehicle. The study flow is jndicated in Figure
4.0-2. After determining the best ground-based LCV launched configuration, we
then determined the extent of modifications that would be required to allow
this OTV to be man rated and space-based. This configuration 1is referred to
as the hybrid.

BEST STS
CONSTRAINED
CARGO BAY AND
ACC OTV'S

BEST GROUND
BASED LCV OTV

MISSION MODEL SPACE /GROUND
REQUIREMENTS —— , BASED
LARGE LAUNCH ! EECONOMIC
.VEHICLE — VALUATION
ugﬁf:A‘éET*E“Rﬁ‘é?nc Gaouggv BASEDl™" | DETERMINE
5 MODIFICATIONS
DESIGN & PROGRAM SUBSYSTEM REQUIRED TO 3
REQUIREMENTS ——p TRADES SPACE-BASE EVALUATION
v OF OTHER
FACTORS

HYBRID GROUND -
SPACE BASED OTV

BEST
"CLEAN-SHEET"
SPACE BASED OTV

RECOMMENDATION

Figure 4.0-2 - Conclusion of Extension Study Plan

The following list of candidate vehicles were then evaluated in terms of
Life Cycle Cost:

Designation Capacity to GEO
STS Cargo bay GBOTV 15 K
STS ACC GBOTV 15 K
LCV GBOTV 15 K
LCV GBOTV (man-rated) 25 K
LCV SBOTV 15 K
LCV SBOTV (man-rated) 25 K
LCV Hybrid OTV (man-rated) 25 K

The economic evaluation was based only on the 160 civil payloads going to
GEO. The DOD missions were intentionally omitted from the ground-based -
space-based trade because of programmatic uncertainties regarding the military
usage of Space Station. As shown in paragraph 4.9, space basing recovers the
investment costs within the 160 civilian GEO missions. Any DOD missions that
might be space-based would decrease the time for payback to occur.



4.1. REUSABLE VS EXPENDABLE TRADE STUDY

The objective of the reusable/expendable upper stage trade study was to
assess the relative technical/economic merits of the alternative expendable
concepts for STAS era launch vehicles against those of a reusable OTV program.

4.1.1 Criteria

The evaluation criteria for this trade focused on the economic performance
of the alternative candidates, primarily development and launch costs, unit
costs and onorbit operations.

4,1.2 Concepts

The trade was conducted within the 160 civil GEO missions (53 delivery/
return; 107 delivery only). The trade actually incorporated two different
expendable OTV concepts. The first concept consisted of employing existing
expendable upper stage concepts to perform the GEO civil mission model (Table
4.1.2-1). The only deviation from this was to develop an upgraded "stretched”
Centaur G' concept to perform the more demanding return missions and to
accommodate the 16 manned missions. The second concept involved the
development of a "new technology” expendable upper stage. The approach here
was to provide the new stage with the performance/dry welght advantages of new
technology engines and structures while focusing on "must cost” unit estimates
to provide a breakeven point with the reusable concept. This part of the
trade includes 107 delivery only missions from the civil GEO mission model.
The top level vehicle attributes are shown in Figure 4.1.2-1.

Table &4.1.2-1 Existing Upper Stage Vehicle Characteristics

Capa-
city
10C GEO Thrust Engine GCross Propel. Dry Wt. ASE wt.
Stage Name Year klb klb Type Wt.klb Wt.klb klb klb L Ft D Ft
PAM D 1982 1.4 14.9 Solid 4.82 4.4 0.4 2.5 7.8 4.4
PAM A 1982 2.2 35.2 Solid 8.26 7.6 0.7 4.6 7.5 4.4
1Us 1982 5.1 45/18 Solid 32.5 27.4 5.1 7.4 16.5 10.0
CENTAUR G 1986 10.0 2 x 15 LH2/L02 37.2 29.9 7.3 9,2 19.5 14.2
CENTAUR G' 1986 19.5 2x 6.5 ~ 42,3 34.7 7.6 9.5 29.1 14.2
CENTAUR G" 1996 25.0 TBD " 81.9 64.0 8.4 9,5 35.0 14.2

CENTAUR G" 1999 12/10  TBD 165.5 140.0 8.0/8.0 9.5 70.0 14.2

(2 Stages)
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CHARACTERISTICS r

CRYOGENIC PROPELLANTS | )
DRY WEIGHT 5500 Lbs

LENGTH 17 Ft

AVG. PROP. LOAD 27.3Kibs \ 71N\,

MAX. PROP. LOAD 49.2Klbs / i

Figure 4.1.2-1 New Technology GBOTV Characteristics

The two expendable programs were traded against a ground-based reusable
OTV program consisting of 52 klb and 74 klb stages. The two stages were
utilized according to the requirements of the GEO civil missions. (See
Section 4.9.2 for a comprehensive description of the reusable ground-based 0TV
program) .

4.1.3 Ground Rules and Assumptions

The ground rules and assumptions used for this trade are consistent with
the overall study ground rules enumerated in Section 8.0. Clarifications/
exceptions to the ground rules include the following:

A) Existing expendable OTV program - Stage hardware/ground processing
costs were developed from government supplied cost data (STAS ground
rules);

B) New technology expendable upper stage — Parametric expendable DDT&E
cost estimates were made to determine concept breakeven points with
reusable OTV program reference.

4.1.4 Assessments
4.,1.4.1 Existing Expendable Upper Stage

The existing expendable upper stage manifesting of the 160 GEO civil

missions was performed as shown in Table 4.1.4-1. The 84 multiple payload

missions were divided into the smaller individual payloads they were
originally developed from. The payloads were then manifested on a combination
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of PAM A, PAM D and IUS upper stages. This translated the 84 missions to 216
individual payloads. The other 76 missions were manifested to elther Centaur
G, G' or a G’ derivative that involved both a stretch and manrating upgrade.
Return missions were accomplished all propulsively by a two stage stretched
Centaur configuration.

Table 4.1.4-1 Existing Upper Stage Vehicle Manifesting

Stage Name I0C Year Missions P/1 Wt. Class
PAM D 1982 9 2,500
PAM A 1982 92 2,000
US 1982 116 5,000
CENTAUR G 1986 1 10,000
CENTAUR G' 1986 11 14,000
CENTAUR G” 1996 11 25,000
CENTAUR G" 1999 53 12/10

(2 Stages)

A ROM DDT&E estimate of $0.3B was made for the stretch/manrating of the
Centaur G'. This also includes integration of the Centaur class of vehicles
to the UPRCV. Operations costs {ncluded hardware production, ground
processing and launch costs for the expendable stages.

Table 4.1.4-2 includes the composite CPF and total operations cost estimate
for each class of existing upper stage. The data highlight the high launch
cost of the Centaur class of vehicles, especlally the two-stage concept
required to service the 12 klb up, 10 k1lb down, GEO servicing and manned
missions. All-propulsive return propellant requirements of 140 klb for these
missions force the use of a second UPRCV to launch the missions. The other
Centaur missions are more competitive in terms of launch costs, with the
reusable GOBTV reference ($52.3/mission [Section 4.9.4]), but incur a large
penalty for expendable hardware. The IUS and PAM missions display poor
manifesting attributes within the 25 foot diameter UPRCV payload envelope,
resulting in a relatively high payload delivery cost per pound measurements to
GEO of approximately $16K/1b.

Table &4.1.4-2 Existing Upper Stage Vehicle Operations Costs (1985 $M)

Launch H/W Ground Total CPF Operations

Stage Name Cost ($M) Processing CPF ($M) ($M)
PAM D 25.0 16.0 41.0 369
PAM A 21.3 10.1 31.4 2,889
1US 45.3 33.6 78.9 9,152
CENTAUR G 39.4 50.3 89.7 90
CENTAUR G' 52.4 35.0 87.4 961
CENTAUR G” 59.5 47 .4 107.2 1,179
CENTAUR G" 110.5 86.9 197 .4 10,462
(2 Stages)

25,102
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Figure 4.1.4-1 highlights the cumulative LCC of the reusable GBOTV
(Section 4.9) vs existing upper stages. The cumulative cost curve displays
the high operating costs of expendable systems Vs the reusable GBOTV. The
nonrecurring investment of the reusable system achieves a payback in 1998,
The two programs diverge from that point on. The total LCC estimate for

exlsting stages exceeds that of the reusable program by over 100% within the
GEO civil mission model,
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Figure 4.1.4-1 Existing Upper Stage Cumulative 1cC (1985 $B)

Figures 4.1.4-2 and -3 highlight the annual cumulative delta LCC in
constant and discounted dollars between the existing expendable program and
the ground-based reference. The charts are generated by plotting the
cumulative cost difference between the two program funding profiles on an
annual basis. Both cases clearly show that this expendable 1s very
uncompetitive with the reusable program, Two major cost areas contribute to
this. First, the expendables as defined do not manifest well within the 25 ft
UPRCV bay diameter. The second major factor is obviously the cost impact of
expendable hardware as compared to reusable hardware turnaround costs.
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4.1.4.2 New Technology Expendable

A second ground-based expendable upper stage concept was developed in

order to provide a more competitive performance/economic expendable stage
candidate to trade against the reusable OTV program. In order to simplify the
trade and view the new technology expendable OTV under optimum conditions,
only the 107 dellvery missions of the civil model were considered. This
allowed the expendable OTV to be unaffected by the severe penalty of an all
propulsive return of the 53 geoshack logistics and manned misslons.

The expendable 0TV acquisition costs were estimated at three discrete
points in order to allow a view under a wide range of investment cost
conditions. The lower estimate of $0.3B for DDT&E would, at best, include
development of a high performance engine concept. It is fairly unrealistic in
that no allowance for other subsystem development has been included. The
mid-range estimate of $0.6B begins to approach a progran cost that would
perhaps include expenditures for new structures, propulsion and tankage
subsystems but with little left over for high technology avionics and power
subsystems. The high estimate reflects a fairly complete high technology
expendable stage DDT&E estimate.

The operations costs of the new tech expendable 0TV were arrived at in two
ways. Launch costs and multiple payload carrier cost (when applicable) were
discretely estimated for each of the 107 missions under consideration. Given
the length and dry weight (thus propellant) advantages of the expendable over
that of the reusable 0TV, a launch cost savings of $7.8M per flight over the
107 missions were realized ($42.7 vs $50.5M). An additional $1.0M per flight
penalty was assessed to the expendable for 84 missions due to expending the
multiple payload carrier.

In order for the expendable to break even within 107 flights, the
remainder of the operatioms costs for the expendable vehicle were calculated
on a discounted “must” cost basis (Figure 4.1.4-4). A constant year dollar
unit/ground processing cost was then determined for the three different
investment amounts.
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The higher the investment cost required the lower the unit/ground processing
costs "must” be. The $25.1M, $32M and $38.6M CPFs reflect learning curves of
approximately 88%, 91% and 94%, respectively.

4.1.5 Sensitivities

No overt sensitivities were performed within the expendable OTV trades
other than the "must" CPF sensitivity of the new tech expendable to investment
cost. This subject as been previously addressed in Section 4.1.4.2.

4.1.6 Recommendations

It is apparent that employment of existing upper stages cannot compete
with a new technology reusable upper stage capability. Existing upper stage
cost history reflects minimal learning impacts and poor launch vehicle
manifesting attributes. Existing upper stages cannot take full advantage of
the UPRCV payload volume. The combined impacts more than doubles the cost
over that of the ground-based reusable 0TV program,

A new tech expendable OTV that combines the performance/manifesting
advantages of the reusable OTV while maintaining low investment costs and
optimistic production/ground processing learning attributes fares considerably
better. The most likely investment cost to support the newly defined
technology expendable stage characteristics would approach $0.98. This
estimate would require amn overall unit cost/ground processing improvement
curve of at least 88%. An 88% unit cost improvement curve is fairly
optimistic for a vehicle of this type since over 80% of the unit cost is due
to the engine, avionics, and propulsion systems. The combination of these two
factors would allow the expendable to break-even with the reusable GBOTV
within the 107 civil GEO missions in discounted dollars. If the return
missions are included the expendable vehicle growth would impact both launch
and unit costs and would reduce the launch cost delta and force considerably
better production improvement profiles. For these reasous, the reusable
ground-based vehicle is preferred over either of the two expendable vehicle
candidate programs.
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4.2 ALL PROPULSIVE VS AEROBRAKE TRADE

The purpose of this trade was to determine the best mode of return for the
OTV. Aeroassist offers potential benefits in propellant and launch cost
savings, but at a cost of new technology and hardware development. The two
basic approaches were compared and costed, based on their ability to fly the
geosynchronous portion of the Rev. 9 mission model.

4.2,1 Criteria

The primary factor is propellant savings of the aerobraked over the all
propulsive vehicle. This translates directly into lower launch costs because
of the reduced liftoff weight and volume of the OTV. This 1s contrasted
against the development cost of aerobraking technology as well as the
production and refurbishment costs of brake hardware.

Although these are the primary factors, other cost impacts include the
price of purchasing additional propellant for the all propulsive program, the
increased program support overhead required for an aerobraked vehicle (more
subsystems to track and support), as well as mission loss differences.

The analysis was conducted for both a ground-based and space-based OTV
program. The 160 geosynchronous missions of Scenario #2, Rev. 9 mission model
were used as the traffic basis.

4,2.,2 Concepts

The design concepts considered for the aeroassist trade study included
both ground and space-based 0TV configurations, all jaunched by the large
cargo vehicle (LCV).

The aeroassisted vehicles utilized were the basic family described in
Section 2.3. For the ground-based option this included a 52K propellant
capacity vehicle with a dry weight of 7680 1b and a 74K vehicle with a dry
weight of 8795 1b. The 52K vehicle was used for missions requiring less than
16500 1b equivalent GEO delivery. The space—based 0TV 1s a 74K propellant
capacity vehicle with a dry weight of 9007 1b which is used for all the
missions after space-based IOC in 1996. The performance of these vehicles is
summarized in Section 6.2.3.

To perform ground-based missions with the all-propulsive option also
required two vehicles. The small vehicle was a 74K propellant capacity stage
with a dry weight of 6947 1b which was derived from the 74K aerobraked stage.
This vehicle was capable of delivering a 17600 1b payload in GEO. The large
all-propulsive stage was a 122K capacity vehicle welghing 8760 1lb dry which
was sized to perform the 12K up/10K down mission (#15011). This vehicle was
also the workhorse for all space-based missions. Upgrading to space-basing
requires about 200 1b of additional dry weight which was neglected for this
all-propulsive vehicle in the interests of time. Thus the space-based all
propulsive propellant requirements are slightly optimistic, which does not
affect the final answers. The all-propulsive vehicle performance is
summarized in Figure 4,2,2-1.
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THE 74K PROP. CAPACITY OTV CAN PERFORM THE FOLLOWING ALL-PROPULSIVE
GEO MISSIONS. THE DRY WEIGHT OF THE STAGE IS 6947 LB. (NO AEROBRAKE) :

PAYI OADNO MISSION NAME PAYLOAD (LIP 1 DOWN) PROP._USAGE (1 B)
MAX CAPACITY DELIVERY 1759470 74,000
18912 MULT. PA. DELIVERY 12,000 / 2,000 72,962
18076 SOLARTERR GEOEXP 7.055/0 57,302
18075 SETIGEO ANTENNAB 14551/0 69,340
15008 UNMANNED GEO SHACK 16,720/ 0 72,873

A LARGER OTV IS REQUIRED TO PERFORM THE FOLLOWING ALL-PROPULSIVE GEO MISSION
THE PROP. CAPACITY IS 122K & THE DRY WEIGHT IS 8760 LB. (NO AEROBRAKE) :

PAYI OADNO MISSION NAME PAYLOAD (UP/DOWN) PO USAGE (| B)
15011 GEOSI WCK LOGISTICS 12.000 / 10,000 121,734
10100 REFLIGIITS " 2000070 93,632
15009 MANNED GEO S ACK 25.080 / 0 102,355

Figure 4.2.2-1 All-Propulsive Vehicle GEO Performance

4,2.3 Assumptions

The cost comparisons were based on the 160 geosynchronous missions
contained in Scenario #2 of the Rev. 9 mission model. The reasoning behind
using this subset is explained in Section 4.9. Because the space-based IOC
occurs in 1996 it was assumed that the 5 missions in 1995 must be flown
ground-based, Thus the space-based option consists of 5 ground-based and 155
space-based flights. All flights were launched by the large cargo vehicle
which has a 1ift capability to low park orbit of 150,000 1b.

For space-based missions a dedicated tanker was assumed to be able to
deliver propellant to orbit at a cost of 550 dollars/1b. Hitchhiked
propellant was costed at 200 dollars/1b.

Although the all-propulsive vehicle requires more burn time of its
engines, it requires the same number of starts as the aeroassisted OTV.
Because it is felt that 0TV engine wear-—out 1s primarily a functiom of the
number of restarts the wear-out and failure rates are assumed equal between
the two vehicles.
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Because of technical and time constraints no assessment of space-based

accommodation differences was attempted. Here the primary areas are brake
refurb/replace accommodations hardware (a net cost for the aerobraking option)
and tank farm capacity increase (a net cost for all-propulsive). There will
probably be a small net benefit to the all-propulsive option if these two
areas are considered but it will not be large enough to alter the net results
of the trade.

Other costing rules and assumptions are contained in Section 8.0, "Cost
Estimates”.

4.2.4 Assessments

The propellant sensitivity to payload delivered is shown for the small and
large vehicle optioms (Figure 4.2.4-1 and 4.2.4-2). The propellant
differences between space-based and ground-based missions are not
significant. When this data is applied to the 160 GEO missions it is found
that the aerobraked option requires 9.0 million pounds of propellant, with
14 .4 million pounds being required by the all-propulsive option.

80 7 GEO DELIVERY MISSIONS ONLY

(ALL-PRP DRY WT. = 6.9K LBS,74K LBS CAP ) °
70 4 (AEROASST DRY WT. = 7 6K LBS, 52K LBS CAP) O/

(P/Ls LESS THAN 17K)
ALL- PROPULSIVE

PROPELLANT 50 ]

MASS .
12K UP/2K DOWN
(K- LBS) 50 1  AL- PRP. PROP. REQ. = 73.0K -—
AERO PROP. REQ. =iifi”””””’/”’ AEROASSIST
40 | .
30 ' N .
0 2 4 6 8 10 12 14 16 18

PAYLOAD WEIGHT(K -LBS)

Figure 4.2.4-1 All-Propulsive vs Aerobrake Propellant Requirements
(Small Vehicles)
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110 ¢ GEO DELIVERY MISSIONS ONLY
(ALL- PRP DRY WT. = 8.8K LBS,122K LBS CAP) .

100 4 (AEROASST DRY WT. = 8.7K LBS, 74K LBS CAP.
(P/Ls 17K AND OVER) . ALL-PROPULSIVE

90
PROPELLANT
MASS g0 4 12K UP/10K DOWN
(K- LBS) ALL-PRP. PROP. REQ. = 121.7K

AERO PROP. REQ. = 70.8K
N /O
60 AEROASSIST

50 . .
16 18 20 22 24 26
PAYLOAD WEIGHT(K LBS)

Figure 4.2.4-2 All-Propulsive vs Aerobrake Propellant Requirements
(Large Vehicles)

4.2.4.1 Ground-Based Assessment

The delta life cycle cost curve for the ground-based 0TV is shown in
Figure 4.2.4-3 for 1985 dollars and in Figure 4.2.4-4 for discounted dollars.
Over the program life aerobraking shows a net savings of $1.3B with a
break-even point in 1997.

The primary factor in this difference is the higher launch costs for
all-propulsive of $1.7B. For each option 95 payloads were delivered with the
small OTV and 65 were delivered with the large ome, For the small vehicle
missions, the length load factor averaged 11% higher for all-propulsive (33
missions, on average, were length charged). The weight load factor averaged
33% higher for all-propulsive (62 missions, on average, being length
charged). This translated to a net delta launch cost to the small
all-propulsive vehicle of $ 870M. For the large vehicle missions, all were
charged on a weight basis with the average weight load factor being 62% higher
for the all-propulsive option. However, because many of the all-propulsive
launch loads lie within the LCV's 75 - 100% charging algorithm plateau they
are not penalized as heavily as might otherwise be expected. The net delta
cost for the large vehicles winds up being $880M more for all-propulsive.

other factors which influence the life cycle cost are aeroassist
technology DDT&E ($200M penalty to aero), recurring brake hardware build and
refurbishment ($265M penalty for aero), propellant cost ($11M cost to
all-propulsive), and program support ($9M cost to aero).

The strongest single driver is the higher launch costs of the
all-propulsive option which swings the trade in favor of aerobraking.
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Figure 4.2.4-4 Ground-Based All-Propulsive vs Aero
pelta Discounted LCC (1985 $8)
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4.2.4.2 Space-Based Assessment

The delta life cycle curve for the space-based OTV is shown in Figure
4.2.4-5 for 1985 dollars and in Figure 4.2 .4-6 for discounted dollars. The
curves are shown for varying amounts of hitchhiked propellant. Because the
all-propulsive option requires much more propellant than the aerobraked one, a
given hitchhiked propellant quantity for aero 1is less for all-propulsive on a
percentage basis. The study final results indicate that 63% of aero and 38%
of all-propulsive propellant requirements can be supplied from hitchhiking.
Oover the program life, then, aerobraking shows a total LCC benefit of $2.0B
with a break-even point in 1996.

The primary factor in this difference, as with the ground-based option, is
in the higher launch costs for all-propulsive. This cost is made up of two
parts: First, the propellant delivery cost for all-propulsive 1is higher, as
one might expect, by $2958M (for the 63% aero/38% all-propulsive hitchhiking
mode); secondly, the aerobrake delivery costs of $653M (reflecting one new
brake every 5 OTV flights) 1s charged to the aero option and partially offsets
the propellant delivery cost advantage.

Other delta life cycle costs that were significant are the aeroasslist
DDT&E cost of $200M, stage hardware recurring costs of $17M to aero (which
includes brake and tankage costs), and onorbit operations of $48M to aero for
refurb and replace of brake hardware.

As mentioned earlier, delta life cycle costs due to differences in onorbit
accommodations were not included but their impact cannot change the overall
outcome.
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Figure 4.2.4-5 Space-Based All-Propulsive vs Aero
Delta LCC (1985 $B)
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Figure 4.2.4-6 Space-Based All-Propulsive vs Aero
Delta Discounted LCC (1985 ($B)

4.2.5 Sensitivity

This trade was conducted with a dedicated tanker cost of $550 per pound of
propellant delivered to orbit. Subsequent analysis of actual LCV costs has
upped that rate to 4750 per pound. At the 63% aero/38% all propulsive
hitchhiking rate this should increase the delta life cycle cost by about $1.0B
in favor of aerobraking.

Rocket engines were assumed to wear out at equivalent rates for both
options based on the near equivalent nunber of engine starts per mission. If
wear out is based on engine burn time, however, the engine replacement costs
will go up for the all-propulsive option, further favoring aerobraking.

1f hitchhiking 1s disallowed a small ($100M) benefit to the all-propulsive
option 1is realized because hitchhiking benefits aerobraking at a faster rate
due to its lower propellant usage. This does not change the final answer.

Finally, as has been mentioned before, a more detailed look at onorbit
accommodations will probably reveal some benefits for the all-propulsive
option. The cost of aerobrake support hardware will probably be higher to the
aero-option than the cost of a larger tank farm to the all-propulsive option.
In any case, this savings for all-propulsive cannot be enough to change the
outcome of the trade.

4,2.6 él}—?ropulsive vs Aerobraking Recommendations

Because of its large economic benefit, both in a ground-based mode and in
a space-based mode, aeroassist is the clear choice for the OTV. This is true
if accounting is done either with comstant or discounted dollars. The impacts
to the cost analysis mentioned in the sensitivity section above do not alter
this conclusion.
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4.3 AFROASSIST CONFIGURATION TRADE STUDY

A trade study was conducted to determine the optimum aeroassisted vehicle
configuration and aerobrake design. To minimize impacts of
configuration-peculiar delivery modes only space-based vehicles were
considered in this trade.

4.3.1 Criteria

Propellant consumption is the largest cost driver in considering the
various OTV candidate concepts. This is due to the high cost of delivering
propellant to orbit. The maintenance and servicing operations costs are not
significant comparison items between concepts because of the relatively low
proportion of overall life cycle cost and also because of the similarity
between concepts. Launch costs associated with replacement aerobrakes,
however, are large enough to at least account for and include in any
reasonable cost comparisons. The other {tems significant in total life cycle
cost calculations are the development and production costs. Production costs
include any spares or items that are replaced on a routine basis.

4.,3.2 Concepts

The candidates selected for the trade study are vehicle concepts that
package most optimally with the ballute, flexible fabric, and rigid brake
concepts. For instance, the best tankage and structural concept for the
ballute brake concept 1s the tandem ellipsoid/cylindrical shell
configuration. Only space-based vehicles were considered because the rigild
brake cannot be ground-based due to its size.

4.3.2.1 Flexible Brake OTV

The flexible fabric brake OTV concept is shown in Figure 4.3.2-1.
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Figure 4.3.2-1 Flexible Fabric Aerobrake - Space-Based OTV
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The flexible brake/vehicle concept optimizes with a wide "squatty” tankage
package. This resulted in a central truss structure and subsequent side
removable modular tankage. The two main engines have extendable/retractable
nozzles which protrude through openings in the nose of the aerobrake. These
openings are closed during the aerocapture maneuver with actuated doors. The
vehicle and brake utilize a relatively 1ow L/D (0.12) for control during the
aerocapture maneuver and thus minimize the thermal loads on the fabric brake
and therefore its weight. This results in a minimum weight OTV concept with
adequate control capability during the aerotrajectory.

The aerobrake must incorporate a folding feature to allow delivery by
either the STS or the LCV, since replacement is required after every five
missions.

4.3.2.2 Rigid Brake OTV

The rigld brake vehicle concept shown in Figure 4.3.2-2 utilizes an all
tile brake construction rather than an inflatable or flexible fabric surface.
Since the rigid or "shaped” brake is also inherently capable of higher L/D, it
can provide the vehicle with a greater degree of control capability, although
it may not be required. The rigid brake concept represents the most near term
technology due to the incorporation of tiles similar to those used on STS.
This may result in lower jnitial costs and earlier 1I0C for OTV than other
concepts. One benefit of this vehicle/brake concept is having no openings or
doors for the main engines. In addition, the tankage and structure packages
into the brake such that the payload will be relatively close to the brake
location and thus keep the C.G. as far in front of the center of pressure as
possible. This closeness minimizes the diameter requirement for the brake to
avoid impingement heating upon the payload and vehicle tankage.
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Figure 4.3.2-2 Rigid Aerobrake - Space-Based OTV
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4.3.2.3 Ballute Brake OTV

The ballute aeroassisted space-based OTV concept shown in Figure 4.3.2-3
consists of a Shuttle cargo bay deliverable package. The narrow cylindrical
shape lends itself to ballute usage because of the packaging concept of the
ballute and because of the shape of the inflated ballute following its
deployment. Therefore, the tandem propellant tankage with ballute stowage
around the LO; tank appears to be the optimum ballute/OTV packaging
arrangement.

The overall length of the vehicle is driven by the Orbiter cargo bay
diameter comstraint and by the slender LOp tank with cylindrical section in
order to package the ballute.

The weights shown are for a vehicle with a ballute with 1500 deg F
backwall temperature capability. The vehicle and payload heating consequences
of this capability are not well understood. Therefore, the weights are also
shown for a ballute with a 600 deg. F. backwall which is a more conservative
estimate of material capabilities. However, the more conservative welights
make the ballute concept very non-competitive with other vehicle/brake
concepts.
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Figure 4.3,2-3 Ballute Aerobrake - Space-Based OTV
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4.3.3 Assumptions

The ground rules and assumptions used for the trade study are as follows:

- Vehicle must be man-rated, reusable, space-based

- peliver 13.3 Klbm to GEO and return 23 ft long 11.3 Klbm payload
- pelivered to orbit and supported by STS

- Single pass aerocapture maneuver

4.3.4 Assessments

4.3.4.1 Performance

Unlike the ground-based systems which are charged for launch costs on the
basis of length or gross weight, space-based OTV concepts are primarily
assessed by propellant usage. They are delivered once 8O packaging and
manifesting do not preseunt first order impacts. The delivery of propellant to
orbit is typically the most important facet. ARy concept which can reduce
this quantity will be a strong contender.

Figure 4.3.4-1 summarizes the performance ln terms of propellant
requirements of the three space-based configurations: the rigid brake, the
ballute, and the flexible brake styles. Clearly seen in this chart is the

significant performance advantage of the flexible design due to its lower
weight.
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Figure 4.3.4-1 Space-Based Aeroassisted 0TV Performance Summary
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4.3.4.2 STS Support Requirements

A comparison was made of the three space-based candidate aerobrake
concepts from an STS support standpoint. To initially deliver the OTV to the
Space Station requires two orbiter flights for the flexible brake, omne flight
for the ballute, and three flights for the rigid brake configuration. The
jnitial OTV mission is then flown. For the remainder of the 39 flights
necessary to meet the 40 mission 1ife requirement, the flexible brake is
replaced every five flights, and ballute every flight, and the rigid brake
twice. Assuming that the flexible brake occupies approximately 1/3 the
payload bay, the ballute requires 1/4 of the bay, and the rigid brakes 2/3 of
two separate payload bays, the comparison is as shown in Table 4.3.4-1.

Table 4.3.4-1 Orbiter Flight Requirements (40 OTV mission life)

FLEXIBLE RIGID
BRAKE BALLUTE BRAKE
INITIAL ASSEMBLY 2 1 3
ADDITIONAL BRAKE 23 9.75 1.3
DELIVERY DURING
40 MISSIONS *
TOTAL ORBITER FLIGHTS ** 4.3 . 10.75 43

. CONSIDERING FLEXIBLE BRAKE REQUIRES 1/3 OF PAYLOAD BAY
BALLUTE REQUIRES 1/4 OF PAYLOAD BAY AND RIGID BRAKE REQUIRES
2/3 OF 2 PAYLOAD BAYS

-« ENGINE REPLACEMENTS NOT CONSIDERED SINCE THEY SHOULD
BE THE SAME IN ALL CASES

4.3.4.3 Mission Support Requirements

A comparison was made of the three space-based candidate aerobrake
concepts from a pre- and post-mission IVA operations standpoint (see Table
4.3.4=2). Both the flexible brake and rigid brake configuration require
on-orbit assembly of the entire space-based OTV after initial delivery, while
the ballute does not. However, this activity occurs only once during the
forty mission life of the OTV, the effect on a upper mission basis is very
small. Pre-mission and post-mission processing of all three candidates were
considered to be the same with the exception of aerobrake inspection and
replacement, Since the ballute is jettisoned after each mission the
inspection of its inner rigid portion
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should be less than required for the other concepts. The ballute requires
replacement each missionm, the flexible brake is replaced after 5 missions, and
the rigid brake is replaced after 20 missions. However, when considered from
an overall processing flow, no significant difference appears between concepts.

Table 4.3.4-2 IVA Operations Time Comparisons

VA OPERATIONS TIME (MINUTES) ON A
PER MISSION AVERAGE BASIS
OPERATION
FLEXIBLE BRAKE BALLUTE RIGID BRAKE

ASSEMBLE NEW OTV ON-ORBIT 17 0 12
(ONCE PER 40 MISSIONS)
PREMISSION PROCESSING 800 800 800
POSTMISSION PROCESSING 820 820 820
AEROBRAKE INSPECTICN 30 10 30
REMOVE /INSTALL BRAKE 46 120 11
(EVERY 5, 1, OR 20 MISSIONS) (EVERY 5) (EVERY TIME) (EVERY 20)
TOTAL VA OPERATION TIME 1713 1750 1673
(AVERAGE MINUTES PER MISSION)

4.3.4.4 Cost Comparison

Figure 4.3.4-2 shows the cost data for each of the space-based
aeroassisted OTV concepts considered during this trade study. The results
indicate that production and development costs are not significant
discriminators in comparing the vehicle concepts. The major cost item is the
operational cost of providing propellant for the OTV. The range of propellant
cost for the three concepts was from $610/1bm to $680/1lbm depending upon
propellant requirement over and above the propellant available from
hitchhiking (see paragraph 3.2.3). Included in the operational costs are the
servicing operations of removing and replacing the aeroassist devices on each
of the OTV concepts. This particular operation 1s the only discernable
difference in space—based maintenance of the three concepts and is still
relatively minute in comparison to the propellant launch costs.

4.3.5 Recommendation

The conclusions from this trade study include the observation that
propellant usage for a space-based QOTV 1s the major consideration in selecting
an OTV concept. Of course an aeroassisted vehicle design needs to provide for
the amount of lift to drag ratio required for adequate control, Since it 1is
now generally accepted that 0.12 L/D is sufficient, the lighter weight
flexible fabric aerobraked vehicle 1s recommended over the other OTV concepts
presented here.
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4.4 ACC VS CARGO BAY TRADE

The purpose of this trade study was to determine the optimum OTV design
concept for STS. An aft cargo carrier (ACC) OTV design concept had been
defined in-depth in earlier study effort. Therefore, study effort was spent
on determining the best cargo bay concept for comparison with the ACC concept.

Several vehicle candidates were sized to deliver 15 Kibm to GEO and fit
within the cargo bay. These candidates were intended to fly all GEO delivery
missions in the 1995 - 1997 time frame and be available for flying all the
missions not requiring a larger stage in the 1997 - 2010 time frame.

4.4,1 Criteria

The trade study was based on two major criteria; life cycle costs and
design flexibility. Safety was a requirement of all designs and therefore not
an evaluation criteria. This presumes that the recent NASA decision not to
allow the Centaur in the STS payload bay was based on Centaur/ASE design
{ssues, and is not a blanket decision to prohibit all cryogenic stages in the
payload bay. The single largest cost in the ground-based LCC is the cost
assoclated with STS launches for the OTVs and payloads. Launch cost is
strongly influenced by configuration length and the impact it has omn the STS
charge algorithm. Other costs are important in understanding the comparisous
of various design concepts. These include the development and production
costs for each of the concepts. -In addition, the operations cost differences
between concepts is an important quantity to understand. For instance, the
ACC OTV concept requires disassembly and stowage into the orbiter following
its mission. These operations costs are a penalty to the ACC 0TV concept and
are included in comparisons with other concepts.

The most difficult criteria to quantify and assess is flexibility and
growth. These can be understood by considering the long term candidate
vehicle scenarios and developing cost data commensurate with these scenarios.
The initial OTV design is required to grow in later years to accoumodate the
higher energy mission requirements and to enable conduct of manned missioas to
GEO (and the moon in Scenario 5).

4.4,2 Concepts

The design concepts considered for the cargo bay trade study included
storable and cryogenic propellants and various configurations of each of these
propellant types. The cryogenic propellant concepts were sized for the three
tankage configurations shown in Figure 4.4.2-1. In addition, the concepts
were sized for two aerobrake types (ballute and flexible folding fabric
brakes) for each of the tankages. Each of these cryogenic concepts is
{ntended to be fully reusable with the exception of the aerobrakes which must
be replaced after each mission since the fabric cannot be refolded after
exposure to the aeropass environment.
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CRYOGENIC CONFIGURATIONS STORABLE

CONFIGURATIONS:
PABALLEL CYLINDERS '
//—?f“<i‘\w - EXPENDABLE
- REUSABLE
‘ @ PERIGEE KICK

o,
SOLID APOGEE
KICK STAGE

AEROBRAKES:
FOLDING FABRIC AND BALLUTE

Figure 4.4.2-1 - OTV Design Concepts for STS Cargo Bay

The storable propellant concepts included a liquid expendable stage and a
reusable 1liquid perigee stage with a solid apogee kick stage. These were also
sized and priced in order to compare lengths and total launch and operations
costs with the most attractive cryogenic configurations.

4.4,3 Assumptions

Cost comparisons were made on the basis of the 31 STAS mission model
payloads shown in Table 4.4.3-1. These payloads were multiply manifested
(maximum of 4 per launch) into the 60 foot long STS payload by accounting for
the length and weight of the ASE, OTV and the payloads. Consequently, longer
0TV configurations require more STS launches to accommodate the 58 missions
flown by the 31 payloads. In all cases the STS lift capability was assumed to
be 72K and the OTV was sized to 1lift 15K to GEO.



- Table 4.4.3-1
Payloads Considered for Cargo Bay Launched OTV

STASPLD PAYLOAD DATA QUANTITY BY YEAR

NUMBER PROGRAM NAME FUGHT1 WGTLB) LENGTHFT) DIAMFT) 1995 1996 1997 TOTAL
1012 COMMSAT-CLASS| 95 1545 9.8 148 112 4
1013 COMMSAT-CLASSII 95 2975 18.7 14.8 1 2 3 6
1016 COMM SAT-CLASS Ik 96 4410 295 14.8 12 a
1032 GSTAR 95 2030 7.9 14.9 12 a
1039 SATCOMKFO 95 2300 12. 14 2 1 3
2104  GEOSYNCORBITING BNVIRONMNTL SAT (QOES a5 875 78 14.9 1 2
2194  HIGH-FREQ DIR BROADCAST SATELLITE (VOA) 96 33070 a0 14.9 1
2195  MOBILE-SAT-8 95 14550 19.7 13.1 1 1
3446 BSFO 26 1200 79 14.9 1 2
3447  COMM SATS NT-OTHER (ORION CYGNUSIS) 95 1300 a5 149 1 1
3451 DATA RELAY SAT -1,-2,3 95 1500 79 14.9 2 2
3452 [DBS 95 1500 12.1 149 11 2
3453  DBSFOUK 95 2000 12.1 149 11 2
3454  DFSKOPERNKUSFO 96 2400 12.1 149 1 2
3455 ECSFO 95 2000 12.1 149 1 1
3456 GOLFO 96 1800 12.1 149 11 2
3458 GEOSTAR 26 1400 85 149 12 3
3464 INTELSATVM 96 3500 24 149 2 1 3
3468  KOREASAT 96 1810 10.8 149 1 1
3472 NOACOOM 97 3200 20 149 1 1
3478 SARMT 9 2645 12.1 149 1 1
2479  SBTS-A3 (BRAZIL) 95 1380 79 149 2 2
3480 STWFO 95 1900 79 149 11 2
3484 TELESATCANADA 85 1380 79 149 1 1
3486  TV-SAT (OPERATIONAL) 95 2700 79 14.9 1 1
3487  UNISAT (BRITISH COMM) 95 1870 79 14.9 R 2
4480 GEOS2 97 2205 131 13.1 1 1
2482 GMS-X 96 1810 13.1 13.1 1 1
4496  METSAT 85 1520 9.8 14.9 1 1
4508 SYNCHSYSTEMOTHER 97 1200 0.8 149 1 1
TOTALS 20 21 17 58

Table 4.4.3-2 lists the costing ground rules and assumptions used in
comparing cargo bay vehicle concepts., existing upper stages, and the ACC 0TIV
concept. In addition, this 1ist indicates the grouping of costs for the
comparison data which follows. For instance, the iteus considered to be
operations costs are listed here and the corresponding quantities will be
combined under “operations” in the cost comparison assessment.
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Table 4.4.3-2

GROUND-BASED OTV COST GROUND RULES AND ASSUMPTIONS

o ALL COSTS IN 1985 DOLLARS INCLUDING PROFIT, MANAGEMENT RESERVE AND
GOVERNMENT SUPPORT

o R&T
- No differences except for expendable stages without brake AFE

o DDT&E
- Ground test hardware includes STA, GVTA, MPTA and functional
test articles
- pedicated flight test article
- Flight test and GVTA/functional test articles refurbished to
operational units

o PRODUCTION
- Initial operational requirements ijnclude one operatiomal unit
and one spare (DDT&E units refurbished)
- Hardwate spares included in operations

o ' OPERATIONS
- Costs include
-~  STS launch costs (for both payload and 0TV)
—- Stage operations (spares, ground ops, refurb, IVA, etc.)
--  OMV, ACC, and payload attach when applicable
- Government supplied cost data for STS launch cost, OMN, IVA/EVA
and existing upper stages used when applicable

4.4 ,4 Assessments
4.4.4.1 IVA Operations Time/Cost Comparison

A comparison was made of the ground-based vehicle candidates from an IVA
operations time/cost standpoint. Pre-mission and post-mission operational
times were common for all the payload bay concepts with the exception of the
fully expendable configuration which obviously does not require any
post-mission activity. This data is shown in Table 4 .4.4-1.

The aft cargo carrler concept requires considerably more operational time
due to the greater complexity involved in grappling after rendezvous and the
necessity to mate the OTV with the payload carried within the Orbiter bay.

Also post-mission times are longer due to the additional operations required
to stow this configuration in the payload bay for return to base.
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Table 4.4.4-1
Time/Cost Comparisons for Onorbit Operations

------- STORABLE------ eeeeerae-CRY O reeee-
PAYLOAD BAY
FULLY EXPENDABLE TOROID TANDEM AFT CARGO
OPERATION EXPENDABLE KICK STAGE TANK TANK CARRIER
PREMISSION TIME (MINUTES)
PAYLOAD CHECKOUT 20 20 20 20 20
GRAPPLE & MATE OTV/ - - . - 105
PAYLOAD
OTV 1/4 CHECKOUT 45 a5 45 a5 45
DEPLOY 5 5 5 5 5
TOTAL PRE-MISSION TIME 70 70 70 70 175
POST-MISSION TIME (MINUTES)
GRAPPLE OTV - 35 35 35 35
STOW IN P/L BAY - 45 45 45 180
TOTAL POST-MISSION TIME 0 80 80 80 215
TOTAL IVA OPERATIONS (MIN) 70 150 150 150 390
VA COST, 2-MEN @ $600/MINUTE $42K $90K $90K $90K $234K

4.4 .4.2 Number of STS Launches

The number of STS launches required to accommodate the 58 payload events
is shown as a function of avallable payload bay length in Figure 4.,4.4-1. For
reference, a difference of 10 launches impacts the average launch cost of each
of the 58 payloads by $12.6M. -

40
MAJOR ASSUMPTIONS:

MAX. OF FOUR PAYLOADS PER FLIGHT

72 K ORBITER CAPABILITY

58 STAS MISSION MODEL PAYLOADS
35 1995.1997 TIME FRAME
MANFESTEDBYYEAR;CURVENOTSMOOTHBECAUSE
OF DISCRETE NO. AND SIZE OF PAYLOADS PER YEAR

AVAILABLE LENGTH = ‘
30 60 FT - (4FT EVA ACCESS)- (STAGE LENGTH) ;

25

NO. OF STS LAUNCHES

20

20 30 40 50 60
LENGTH AVAILABLE IN PAYLOAD BAY, FT

Figure 4.4.4-1 Number of Launches as a Function of Space in Payload Bay
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4,4.,4,3 Life Cycle Costs

4.4.4.3.1 Cargo Bay Candidates

Tables 4.4.4.2 and 4.4.4-3 show the cons
the ground-based cargo bay OTV candidates.
interest is that of costs assoc
payloads. Length of each concept 1in
driver in determining STS flights required.

may not be significant in terms of decision making,
for, nonetheless.

Table 4.4.4-2

tant and 