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FOREWORD

This volume presents a management summary
of the results of the Pre-Phase A Study for an
Analysis of a Reusable Space Tug. This study was
conducted by the North Ame.:.~an Rockwell Space
Division for the National Aeronautics and Space

Administration,

Manned Spacecraft Center,

Houston, Texas. Other volumes of this final report

include:
Volume 2.

Volume, 3

Volume 4.

Volume S.

Volume 6.

Technical Summary

Mission and Operations
Analysis

Spacecraft Concepts and
Systems Design

Subsystems

Planning Documents
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INTRODUCTION

The introduction of the Integrated Program
Plan (IPP) by NASA and the President’s Space
Task Group in the fall of 1969 represents a
significant milestone in space planning. An analy-
sis of this plan shows at least three normalizing
characteristics of the hardware elements required
to satisfy the plan:

1. Commonality — To reduce overall space
costs, hardware must be made common
to mission areas (earth orbit, lunar, and
planetary) and user agencies (NASA
and DOD) and must maximize use of
common subsystems (auxiliary propul-
sion system, electrical power system,
guidance and navigation) and compo-
nents (engines and fuel cells).

2. Reusability — To further reduce costs,
hardware must, once developed, have a
capability of being reused many times
without significant refurbishment cost
or operational complexity and with no
degradation of mission reliability.

3. Flexibility — To assure rapid response
to new mission requirements, hardware
must be flexible enough to grow or be
combined with other available hardware
to satisfy requirements that are not and
cannot be fully defined at this time. In
addition, it must be able to function
effectively even if some hardware
elements are removed from the space
inventory.

These characteristics must be developed at a
minimum cost.

An earth orbital shuttle is being designed to
fulfill these objectives for a low earth orbital
mission. Extension of reusable and flexible space
systems beyond low earth orbit requires a space
tug system. The space tug presents particularly
difficult design problems because it must

(1) interface with virtually every other space
hardware element — earth orbital shuttle, earth
and lunar space stations, lunar surface base,
propellant depots, experiment modules and satel-
lites, and the translunar shuttle; (2) operatz in all
mission areas — low earth orbit, _ ‘osynchronous
earth orbit, lunar, and unmanned planetary; and
(3) perform for all user agencies including NASA
and DOD.

This nine-month study is very timely in
providing an identification of the space tug
mission and design requirements and the feasi-
bility of a single modular concept for accomplish-
ing the large spectrum of candidate missions.

The modular approach was selected to
accomplish a maximum number of missions with
a minimum penalty to all missions — particularly
those occurring most frequently. Figure 1 shows
the basic elements (crew module, cargo module,
intelligence module, and propulsion module)
along with ancillary kits and examples of combi-
nations and modes to satisfy mission require-
ments.
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Flgure 1. Space Tug Modules and Functions

This study was conducted to determine the
characteristics of such a system and its ability to
effectively satisfy the broad mission requirements.
The study was accomplished in two phases. The
first phase was concentrated on mission and
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system requirements. It also resulted in param-
etric analysis of several modes of mission accom-
plishment and modular system approaches. The
Phase I studies resulted in the selection of three
concepts for more detailed mission, operations,
economic, and conceptual studies during the
second phase.

‘ Space Division

North American Rockwell

This report, which summarizes the study
results, is separated into the following major
sections: (1) Study Objectives, (2) Method of
Approach and Principal Assumptions, (3) Basic
Data Generated and Significant Results, (4) Study
Limitations, (5) Implications for Research, and
(6) Suggested Additional Effort.

STUDY OBJECTIVES

The primary objectives of this study were
(1) to determine space tug interfaces and require-
ments, operational modes, system requirements,
hardware interfaces, and technology implications,
and (2) to determine the feasibility of a single
space tug design to effectively accomplish the
broad spectrum of proposed and potential
missions.

Other objectives were the following:

1. Determine the best subsystems and
vehicle concept candidates

2. Determine the penalties in each mission
arena for a single space tug design

3. Determine the capabilities and limita-
tions of the conceptual vehicle designs
in supporting the proposed missions
and space tug and Integrated Program
Plan objectives.

4. Achieve results of sufficient detail that
a comprehensive Phase A study could
be initiated immediately with the final
study documentation, should NASA
desire.

5. Provide management planning informa-
tion, including preliminary design, fabri-
cation, test, and operating schedule
data plus key decision points, develop-
ment risk information, and cost data.

RELATIONSHIP TO OTHER NASA EFFORT

The space tug is unique in that it must
interface with all of the Integrated Program Plan
systems. For this reason, the space tug is related
to virtually all other NASA IPP study effort.
These efforts include studies of the earth orbital
shuttle, earth orbital space station, chemical and
nuclear cislunar shuttles, orbiting lunar station,
lunar surface base, SOAR, RAM, and orbital
injection stage.

Other studies directly related to the space
tug system or subsystems include: Chemical
Orbit-to-Orbit Shuttle Study (OOS) (Aerospace

Corporation); Pre-Phase A Technical Study for
use of Saturn V, INT 21, and other Saturn V
Derivatives to Determine an Optimum Fourth
Stage (space tug) (The Boeing Company); and
Astrionic System Optimization and Modular
Astrionics for NASA Missions after 1974 (IBM).

Although not NASA-directed, the recent
European space tug studies also are directly
related. They include system studies by Hawker
Siddeley Dynamics, Ltd., and the MBB group as
well as a rocket engine study by Cryorocket.

= SD 71-292-1
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METHOD OF APPROACH AND PRINCIPAL ASSUMPTIONS

The overall approach to this study is shown
in Figure 2. The study end products define the
feasibility of the space tug concept, recommend
conceptual space tug approaches and modes for
accomplishing the missions, and include planning
documents that describe subsequent space tug
program phases.

PRELIMINARY [MISSION,OPS. MISSION &

MISSION & & ECONOMIC] OPERATIONS
OPS ANAL STUDIES REFINEMENT
ACE TUG FEAS
ANDIDATE CONCEPTS PLANNING Okt COMMENDED CON-
MULTIPURPO SE EVALUATION DOCUMENTS CEPTS & MISSION
APPROACHES & SELECTION t N MOOES
LA DOCUMINTS,
CONCEPTUAL} ONCEPTUAL
& SUBSYSTEM| SUBSYSTEMS|
STUOIES REFINEMENT
L - L s
| " - |

Figure 2. Study Logic

The study is separated into two phases, the
first phase designating up to three concepts for a
more detailed analysis during the second phase.
Important initial inputs to the first phase studies
were the NASA-designated mission models. Pre-
liminary analysis of these models was conducted
in both the mission and operations area and the
conceptual areas to define several candidate
multipurpose approaches. These approaches and
the candidate mission modes were submitted to
mission, operations, and conceptual analysis to
obtain data for evaluation and selection of three
concepts. This report summarizes results of these
Phase | studies and the resulting evaluation and
selection of space tug concepts. It also provides a
summary of the Phase Il analyses.

The Phase Il studies were concentrated on
mission, operations, and design refinement for the
three selected space tug concepts; on certain key
issues related to the comparative feasibility of the
space tug and other potential approaches to
mission accomplishment; and on the preparation
of planning documents that describe preliminary
plans for design, development, manufacturing,
testing, and operations, as well as program funding
and a matrix of critical space tug decision points.

= =

The schedule for this study is presented in
Figure 3. The study was initiated on June 8,
1970, and all technical work was completed at
the end of January 1971. The study consisted of
the four basic tasks shown in Figure 3. Primary
study emphasis was placed on Task 1, Mission
and Operations Analysis, on which approximately
60 percent of the total effort was spent. Three
concepts were selected for refinement studies
following an evaluation in October, 1970, and the
results of the Phase I studies were presented at
the midterm briefing on October 16, 1971.

TASK sune [suy[ Auc [ sep [oct [ wov [ oec [ san | res
=) TR S b e i — e i
1.0 MISSION & =
g BT
! OLFINg comntit Lecommert mac
! [
r'u:g“:::u :‘M"": REFINEMENT
1 ECONOMIC
ANALYSIS
2.0 SPACECRAFT CONCEPTS| [
& SYSTEMS DESIGN tc{m« ] l—tch“ L
f‘m‘ﬁ‘:;"'ou SELECT BESY  CONCEPT
e e G
3.0 SUBSYSTEMS T
lUMINMV FINAL SUBSY*TEMS
SUBSY STEMS IDENTIFICATION
DEFINITION
4.0 PLANNING DOCUMENTS
o
= &

Figure 3. Study Schedule

The following summarize the most impor-
tant guidelines employed during the study:

e  Space-based concept
e  Maximum autonomy

e NASA-provided mission model and tug
10C dates

e NASA-provided earth orbital shuttle
(EOS) payload capability, payload
dimensional constraints, and cost/flight

e  Multipurpose, modular tug concept

e  Compatibility with EOS launch con-
straints

® Refuelable in earth and lunar orbits

SD 71-292-1
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e  Capable of integral use with the nuclear
shuttle

e Capable of manned or unmanned flight

e Capable of quiescent status up to 180
days

] Reusable at least 10 times or a lifetime
of three years

e  Utilization of neuter docking devices

e  LO7/LHj propellants

‘ Space Division

North Americ - - Sockwell

During the study, the influence on the space
tug of varying many of these guidelines was
determined and, where appropriate, deviations
from the guidelines were introduced into the
baseline space tug concepts. Sensitivity studies
conducted as variations from these guidelines
included (1) ground basing, (2) varying degrees of
autonomy, (3) variations in the mission model,
(4) variations in EOS payload capability and cost
per flight, (5)varying degrees of intelligence
module modularity, (6) variations in the number
of reuses, and (7) utilization of other than neuter
docking devices.

BASIC DATA GENERATED AND SIGNIFICANT RESULTS

This section is separated into three parts:
(1) Phase I Summary, (2) Phase II Summary, and
(3) Conclusions. The Phase I summary describes
the basic mission model, the space tug concepts
matrix, and the rationale for the selection of
three conceptual approaches. The Phase Il
summary describes the baseline characteristics of
the three selected concepts, defines potential vari-
ations to these baseline concepts, compares the
characteristics of these concepts, describes the
recommended space tug evolutionary approach,
and compares the space tug with other potential
approaches for accomplishing the candidate
missions.

PHASE | SUMMARY

Figure 4 describes in greater detail the key
studies accomplished during the first phase. Selec-
tion of the several multipurpose concepts was the
result of studies in both the mission and opera-
tions area and conceptual area. The NASA mis-
sion models were analyzed to determine the
various mission modes that may be employed to
conduct the missions; the modules and staging
modes necessary for each approach were defined:
and the basic mission requirements were estab-
lished. Preliminary performance data were gener-
ated on a “‘rubber vehicle” basis to determine
performance requirements for each mission mode
and conceptual approach. System data for these
studies were generated by conducting preliminary

concepts synthesis studies which were supported
by preliminary subsystems and mass properties
analyses. As a result of these preliminary synthe-
sis studies, several multipurpose approaches were
selected.

MISSION Q I

FUNCTIONAL ANALYSIS
MQUIREMENTS DATA

PROGRAM BUILD-UP I

& MODES DATA
MULTIPURPOS
oo PRIOMMANCE
DATA
NASA
MISSION
MODILS
CONCEPTS
SYNTHESIS SYSTEM CONCEPYS
PR MODULE CONCEPTS
SUBSYSTEMS DATA
A ey SUBSYSTIMS
ANALYMS
PROPERTIES

Figure 4. Phase I Studies

These approaches were subjected to both
mission and operations and conceptual analysis to
select up to three concepts for the second phase
studies. Sufficient conceptual study was con-
ducted to support the mission and operations
studies and to detcrmine the feasibility of the
various conceptual approaches. Each of the multi-
purpose approaches was analyzed to develop off-
loaded performance data for all of the missions.
The mission models were further analyzed to
develop the data necessary to establish the
approach for building up the necessary space tuy

SD 71-292-1




systems and to determine the propellant resupply
cycles for the earth orbital shuttle and the cis-
lunar shuttle. The models also describe the
mission segments for each mission area. These
data were the key elements for conducting an
economic analysis (including analysis of a'baseline
mission model and variations to this model) for
each multipurpose approach. '

A functional analysis also was conducted for
these missions to establish the space tug inter-
faces with other IPP systems and to define the
basic requirements influencing the design of the
space tug modules, constraints on their integra-
tion, and basic subsystem requirements.

The data generated was then analyzed and
concepts were selected for the second phase
studies.

Mission Model

The overall breadth of the mission model
considered for the space tug is illustrated in
Figure 5. The basic mission model includes the
categories of low earth orbit missions, high earth
orbit missions (e.g., geosynchronous), unmanned
planetary missions, and lunar missions.

LUNAR ORBIT TO SURFACE
A ewatne ® Q
et ' NN ouTi
3 naneTS PANITS

\ EARTH ORBIT TO
\ LUNAR ORBIT LOGISTICS / UNMANNED

\ * $act G / PLANETARY
— © TRANSLUNAR SHUTTLE

REUSARLE RECION Witk
CARTH ORMITAL SHUTTLE

Figure 5. Spacecraft Reusability Regimes

" Low Earth Orbit Missions

Although the earth orbital shuttle is capable
of conducting missions in the low earth orbit
regime, the space tug was considered to work in
conjunction with the EOS and the space station

to improve the operational efficiency for many of
the missions in this area. These missions include

= &

‘ Space Division
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payload and crew transfer between the EOS and
space station; space station assembly and station-
keeping; and deployment, servicing, and retrieval
of experiment modules near the space station.

Another category of low earth orbit missions
includes the placement of payloads beyond the
capability of the EOS. Typical of this category is
the placement of satellites at sun synchronous
conditions at altitudes up to 770 nautical miles
(1430 km).

Geosynchronous Missions

The NASA mission model included place-
ment of about 140 payloads at geosynchronous
conditions during the 10-year-period from 1980
to 1990. Because of the high characteristic veloc-
ity of this mission [14,100 feet per second
(4.3 km/sec)], it was considered the primary
performance driver for 2 reusable space tug. The
maximum payload weight for this mission is
10,000 pounds (4540 kg).

Unmanned Planetary Missions

The unmanned planetary missions also
require high-performance capability. The inner
planet missions (Mars, Venus, and Mercury) have
characteristic velocity requirements of approxi-
mately 13,800 {cet per second (4.2 km/sec). Pay-
loads up to 8000 pounds (3,600 kg) have been
specified. Outer planet mission characteristic
velocity requirements approximate 24,300 feet
per second (7.4 km/sec) with payloads up to
2000 pounds (910 kg). Because of the high char-
acteristic velocity for outer planet missions,
expenditure of the space tug is necessary in
injecting the satellites.

Lunar Missions

Primary use of the space tug in lunar opera-
tions is for the delivery of payloads and crew
between lunar orbit and the lunar surface. All of
the space tug modules are required to conduct
these operations. Before placement of a lunar
surface base, early lunar missions will be con-
ducted by the space tug from an orbiting lunar
space station which may be resupplied by a
cislunar shuttle. During these missions, the space
tug crew module will serve as a lunar surface

8D 71-292-%
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shelter for 4 men up to 28 days. Total payloads
of up to 20,000 pounds (9100 kg) (including the
shelter) would be carried to the surface and
between 10,000 and 20,000 pounds (4540 and
9100 kg) would be returned to orbit.

The space tug also will be used to deliver
the lunar surface base modules to the surface.
Because of their large mass, the tug would be
expended in accomplishing this mission. During
operation of the lunar surface base, the tug will
provide logistics support, transporting crew and
payload between the lunar orbiting space station
and the surface base.

Two or more space tugs will be used in
lunar operations: one for the logistics tasks previ-
ously described and the others for space station
support and for mission safety. The space tug has
an inherent capability to change planes up to
90 degrees and return in lunar orbit, return to
earth orbit, or descend to the surface and return
with a moderate plane change, thus providing a
capability Jor rescue and abort in lunar
operations.

In addition, the space tug may provide the
capability of transporting crew and moderate
cargo in one direction between earth and lunar
orbit by itself, or may be used to improve the
efficiency of the translunar reusable nuclear or
chemical shuttle as a second stage or as a stage
that retrieves the translunar shuttles upon their
return to an elliptical earth orbit.

Overall Mission Model Characteristics

IOC dates for the Integrated Program Plan
systems used in this study are shown in Figure 6.
The earth orbital shuttle will be introduced early
in 1978. An unmanned version of the space tug,
composed of the intelligence and propulsion
modules, will be introduced about two years later
to provide a capability for emplacement of pay-
loads beyond the EOS orbital capability. During
1980 and in conjunction with space station oper-
ations, the space tug crew module would be
introduced to allow manned operations for space
station assembly, and support. The entire tug
capability will be developed by 1983 to support

’ Space Division

North American Rockweii
the lunar mission area. This will include the crew
module modification to allow it to operate as a
surface shelter and the deveiopment of the
landing legs and cargo module.

SYSTEMS

SEARTH ORBITA! SHUTTLE

@EARTH ORBIT SPACE STATION
- 12-MAN o
-”.m .
-100-MAN .

ot
~UNMANNED EARTH ORBITAL o
“~MANNED EARTH ORBITAL N
= MANNED LUNAR .
SOTHER LUNAR

~CISLUNAR SHUTTLE & LUNAR ORBIT a
SPACE STATICN

=LUNAR SURFACE BASE .

Figure 6. System I0C Dates

Figure 7 shows the number of space tug
missions from 1980 to 1989 in the major cate-
gories of mission support: (1) satellite placement,
which includes unmanned satellite placement in
earth orbit beyond EOS capability and to the
near and fa. planets; (2) earth orbit space station
support, which includes payload and crew trans-
fer between the space station and EOS, experi-
ment module maintenance, and space station
assembly; and (3) lunar program support, which
includes propellant and payload transfer between
the EOS and the cislunar shuttle in earth orbit,
missions between the lunar orbit station and
surface, and cislunar shuttle maneuvering in earth
orbit.

SAT. PLACEMENT )
| CHONOUS “ @ o1aL

:“m" PANITS [} X MODERATE TO HIGH &V
SOUTER PLANETS & 2 oway
SOTHIR OS54 en

SPACE STATION 00
CPAYLOAD/CMEW TINS [l (176)
SEXP MODULE MAINT — 0]
SASSY OPERATIONS pon

Sibiae 0% =
*£0 PAY/PROP TRNS 615
SMANNED EXRLOR e
SSURF. BASE BULD ‘¥ L
SSURF, BASE SUPIORT
SLUNAR OMIT wiss supT, [0
o10 ASIMATH kPG eny | | |
700 o 0 ) Voo
NUMBR OF MISSIONS

Figure 7. Space Tug Mission Frequency (198010 89)
As indicated, most of the missions require

only a low characteristic velocity. These missions
generally require the transport of relatively large
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propellant, cargo, or experiment modules between
closely spaced low earth orbits such as
between 100 and 270 nautical miles (185 and
500 km). Although the moderate to high charac-
teristic velocity missions are comparatively low in
frequency, they are significant because of the
large amounts of propellant consumed. They
include geosynchronous and planetary payload
insertions and lunar landirg missions.

The 43 geosynchronous missions assume the
capability of clustering multiple payloads. This is
considered to be a lower boundary of missions,
which could be as high as 140 if each payload
were injected separately.

While these data may imply the requirement
for more than one space tug because of the split
between high and low characteristic velocity
missions, studies have shown that large propulsion
modules, designed by the high-performance
missions, have efficiencies comparable to propul-
sion modules optimized for the low-performance
missions, provided they are off-loaded.

Multipurpose Approach Matrix

The basic approach to determine candidate
multipurpose space tug approaches was to deter-
mine the driving requirements for each of the
modules and to assess the method for accomplish-
ing all of the missions utilizing various opera-
tional modes and modifications to the modules.
The following sections describe the initial
matrixes for the propulsion, crew, and intel-
ligence modules.

Propulsion Module Matrix

As a result of the preliminary mission analy-
sis, it was determined that the lunar landing and
geosynchronous missiéns were the primary
performance drivers for the propulsion module.
Several staging relationships were considered for
these missions, including single stages, two
tandem stages, a stage with a tank set, and
parallel stages. These concepts may be either
totally recovered, partially expended, or totally
expended in accomplishing the several missions.
Both stages of two-stage systems are assumed to
be of equal size (performance data indicate that

’ Space Division
NorthArmerican Rockvel

equal-size, two-stage systems have performance
very nearly the same as optimum two-stage sys-
tems for the high-energy geosynchronous mis-
sion). For systems with a stage and tank set, two
cases were considered: (1) the tank set has the
same capacity as the stage and (2) the stage and
tank set are of different propellant capacities.

As a result of the initial mission and opera-
tions analyses, the concept matrix shown in
Figure 8 was developed. All of the concepts origi-
nated from either the geosynchronous or lunar
landing mission. Ten concepts were originally
devised, but concepts 9 and 10 (not shown) were
incapable of accomplishing some of the missions
and required expenditure of two stages on the
high-performance missions. Concept 11 composed
of a 9,000-pound (4540 kg) capacity stage and a
48,000 pound (21,800 kg) capacity tank set, was
developed toward the end of Phase I. This con-
cept originates from the geosynchronous mission.
The tank set is expended while emplacing a
10,000 pound (4540 kg) payload at geosynchro-
nous conditions. The small stage and intelligence
module return to low earth orbit for reuse.

STAGING ARRANGEMINTS
comec PLANE tary
1 | oG,
1000 48 , 1080 Kg) GROSYNCH LUNAR LANDING | LOW EARTH ORJIT
INnEr oure
J 00 UNGUL STAGE | SINGU $TAGE SING.  S1AGE SINGLE STAGE
TWO STAGE Of | SINGLE STAGE %

2 52000 STAGES 13 (008 &) Stteatt STAGH WO 51aGE =
2 a0 SIAGLA TS STAGEA TS SINGLE STAGE WO STAGE

SINGLE STAGE

aim WO S1aGE (MODE 8 FNGLE 5TAGE TWO Stact
Z SINGLL STAGE

s 2018 TWO STAGE (MODES € & DY SINGLE JTAGE TWO STAGE
. N ¢ STAGER 1S UNGLE STAGE 5
’ 7on STAGE & TS SINGLE $TAGE =

STAGE & 15
e ol (MODES 8, C, 401 | NNGUE STAGE

s, SMALL STAGE st

" tann ars arn SaalL sTAGE L) an

(MODE &) " oo

D MISSION FEOM WHCH CONCEPT OMGINATID g PARTIALLY OF FULLY EXPENDED 1N ACCOMPMLISHING Mi33ON

Figure 8. Propulsion Module Matrix

The stage LO2/LH2 propellant loadings vary
from 80,000 pounds (36,200 kg) for concept 1,
which originates from the geosynchronous mission,
to 23,000 pounds (10,400 kg) for a two-stage sys-
tem originating from the geosynchronous mission
(the second stage is expended while accomplishing
this mission).

Three modes were considered for the lunar
landing mission (Modes A, B, and C). Mode A
required a 20,000 pound (9100 kg) round trip
payload comprised of a crew module weighing

SD 71-282-1
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about 10,000 pounds (4550 kg) and
10,000 pounds (4540 kg) of experiments, mobil-
ity devices, and expendables. Mode B required
20,000 pounds (9100 kg) to be delivered to the
surface and 10,000 pounds (4540 kg) to be
returned to orbit. Mode C required two surface
sorties of 10,000 pounds (4540 kg) round-trip
capability each for the mission. One tug carries
the crew module and crew aad the other carries
the experiments, mobility devices, and expend-
ables. Two-stage (tandem) operations were consid-
ered for the lunar mission but were rejected
because performance was reduced in this mode.
Those lunar mission concepts shown as a stage
and a tank set could alternately be accomplished
in a two-parallel stage mode.

Figure 8 shows the mission from which each
concept originated, the staging relationship for
each mission, and whether an expendable or
recoverable mode is employed. As shown, the
only concept that utilizes the same staging mode
for all missions is concept 1, which is always a
single stage configuration.

Crew Module Matrix

Figure 9 shows the types of crew modules
and positions of the crew module on the propul-
sion module considered. A vertical cylinder was
considered because of the relative ease of inte-
grating it with cylindrical propulsion modules.
The horizontal cylinder was considered because
of its potentially superior functional character-
isticc when used as a lunar surface shelter.
Diameters ranging from 12 feet (3.7 m) to 22 feet
(6.7 m) were considered for the vertical cylinder.

[PoSiTioN]

TYPES

b O 0
o ] - I L]
VL A
(1IN
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VERTICAL CYLINDER
TOP-MOUNTED

HORIZONTAL CYLINDER

Figure 9. Crew Module Concepts Matrix
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Both top and bottom mounting of the crew
modules were considered to satisfy mission-
peculiar functional requirements. Top mounting
of the crew module is desirable for earth orbital
mission functions. However, bottom mounting
appeared desirable for the lunar landing missions
to improve ingress and egress, to lower the center
of gravity, to improve landing visibility, and to
avoid excessive propulsion module loading when
landing.

Intelligence Module Matrix

The three basic concepts considered for the
intelligence module (IM) are shown in Figure 10.
They include totally modularized, partially
modularized, and totally integrated within the
propulsion module. Several key studies were con-
ducted to obtain data comparing these concepts.
Consideration was given to the potential uses of a
totally modularized intelligence module as a free-
flying unit without the propulsion module. Addi-
tionally, consideration was given to use of the IM
with other IPP elements either partially or in
total. Other considerations include a comparison
of performance penalties because of modulariza-
tion and the relative ease of fabrication, check-
out, and replacement of components. The totally
modular concept was retained as a baseline during
the study.

—
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PARTIALLY MODULARZED|

ITOYM.I.V mﬂUlARIZED'

® ATTITUDE CONTROL
® ELECTRICAL POWER
©® GUIDANCE, NAVIGATION

® ATTITUDE CONTROL &
ELECTRICAL POWER

& CONTROL IN PROPULS 10N MODULE
© AUTOMATIC FLIGHT ® OTHER FUNCTIONS IN IM
PROGRAMMING
© COMMUNICATIONS
® SYSTEMS C/0, MONITOR- © ALL FUNCTIONS
1N & OOt INTEGRATED IN
5 AT PROPULSION MODULE

(DISPERSED)

Figure 10. Intelligence Module Concepts Matrix

Concepts Evaluation

Several tradeoff studies were conducted
during the first phase to obtain data for evalua-
tion of the several concepts and for selection of
up to three of these for the second phase studies.

8D 71-292-1




Tt AT STV LA AT 11

The areas of ‘ evaluation included economics,
growth potential and versatility, operations com-
plexity, and risk.

Total program cost was considered in com-
paring the various concepts, and both the baseline
program model and several variations to this
model were considered. Growth potential and
versatility evaluation considered the ability of the
concepts to conduct missions of greater difficulty
within the classes of missions already considered
for the tug, as well as the ability to conduct
missions beyond those currently defined. Opera-
tions complexity evaluation considered mission
success, the complexity of space operations, and
the ability to launch the tugs into earth orbit
already integrated inside of the EOS. The final
category, risk, was based on the sensitivity of
concept to growth in system inert weight. Tech-
nology risks were not considered pertinent since
all concepts utilize similar technology. Further-
more, the technologies characterized by the EOS
and space station appear to provide a sufficient
base for development of the space tug.

Figure 11 compares the total program cost
for the concepts under consideration, including
the breakdown in cost related to each program
area. These data assume space basing of the tug
and include the cost of delivering the tugs to the
location where the mission originates, delivery of
propellants consumed by the tugs, and the cost
per mission for tug hardware assuming 10 reuses
for the high characteristic velocity missions and
SO reuses for the low characteristic velocity
missions. The cost of space tug payloads and
their delivery is not included in these costs. These
data indicate that only concepts 6 and 7 show
relatively large increases in program cost com-
pared to the other concepts. Their large program
costs are caused by the necessity to expend all or
part of the tug on the geosynchronous and
planetary missions. Concept 6 is lower in cost
than concept 7 because only a stage without an
intelligence module is expended for the geosyn-
chronous and near planetary missions. Concept 7
expends a stage and an intelligence module for
these missicns.

All other concepts are comparable in total
program cost. Concept |11, which expends a tank

‘ Space Division
North American Rockwell

set for the geosynchronous and near planetary
missions, shows a program cost comparable to the
fully recoverable versions. The recurring cost of
the tank set and the saved propellants trade off
favorably. The small stage [8800 pounds
(4,000 kg}] also reduces the costs of conducting
the low delta V missions.

PROGRAM COST 1.7
INBILLIONS [ ]
1~ 69
60
6 /58 59 57 57
e KR 5.7
s .
LUNAR
=
3
SPACE
7 7 7 % % STATION
2= ﬁ SSA
1= - ciosT
§ S W N I N W[
1 2 ) 5 6 7 I

4
CONCEPT

Figure 11. Space Tug 10-Year Total Program Costs

In order to determine whether the program
costs for the concepts are sensitive to the baseline
assumptions, sensitivity data were obtained by
varying the assumed values. The number of
propulsion module reuses varied between 10
and 30 for the high deltaV missions and
between 50 and 150 for the low delta V missions.
Traffic model variations included the following:
(1) a low, stretched-out program, (2) a high pro-
gram, which had a 50-percent increase in OSSA
mission traffic, and (3) independent assessments
of cost in each mission category. Additionally,
EOS and cislunar shuttle delivery costs varied by
+33 percent. The results of the sensitivity studies
did not change the relative positions of the
concepts. As a result of the economic analysis,
only concepts 6 and 7 were eliminated. For this
reason, several options still existed following the
economic evaluation, and the selection of con-
cepts requires considerations in other categories.

In the category of growth potential (payload
within mission categories), it was found that
concept 1 (designed for recoverable single stage
geosynchronous payload insertion) had signifi-
cantly greater capability than the other concepts.
This is attributed to its large propellant loading as
compared to the other concepts. For example,
when used in a two-stage mode, it can inject
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48,000 pounds (21,800 kg) to geosynchronous
orbit, 54,000 pounds (24,800 kg) to the inner
planets, and 23,000 pounds (10,400 kg) to the
outer planets. When considering the category of
growth potential (alternate mission capability), a
similar result is obtained. For example, concept |
can carry a 12,500 pound (5700 kg) payload
round trip to geosynchronous orbit and can
retrieve a 16,800 pound (7600 kg) payload from
geosynchronous orbit. The round-trip capability
would allow the potential for manned geosyn-
chronous missions which require a 10,000 pound
(4540 kg) round-trip capability.

Operational data obtained from timelines
were used to determine the relative complexity of
operations for the various concepts. Three cate-
gories of data were employed in evaluating the
concepts: (1) the number of modules required to
conduct operations, (2) the number of dockings
required to conduct operations, and (3) the
number of EOS launches required to conduct
operations. An analysis of these data indicated
that concepts ]| and 11 resulted in the least
complex operations and that concepts2 and 3
were the most complex operationally because
they required assembly of tank sets with a
propuision module on orbit. This was required
because the fully integrated concepts did not fit
within the available 60-foot (18.2 m) EOS bay
length restriction.

Phase I Recommendations

As a result of the Phasel studies, it was
recommended that three propulsion module con-
cepts be selected for study during the second
phase. These concepts were:

1. Concept 1 - which originated from
reusable single stage accomplishment of
the geosynchronous mission. The pro-
pellant loading of this concept is
80,000 pounds (36,200 kg).

2. Concept 2 - which originated from
reusable two-stage accomplishment of
the geosynchionous mission. The pro-
pellant loading of this concept is
36,000 pounds per stage (16,300 kg).

-10-

’ Space Division
North American Rockwell

3. Concept 11 - which accomplished the
geosynchronous mission by expending a
tank at insertion of the payload but
allowed recovery of the small propul-
sion module and the intelligence
module. The propulsion module propel-
lant loading is 9000 pounds (4,100 kg)
and the tank set propellant loading is
48,000 pounds (21,800 kg).

PHASE Il SUMMARY

During the second phase of the study, the
three concepts selected as a result of the Phase I
studies were studied in greater detail to refine the
mission and operations data related to their use
(including implications of ground and space
basing on operations and performance, and the
definition of their capabilities for performing all
of the integrated program plan mission objec-
tives). The mission and operations refinement
studies resulted in the determination of program
buildup data, performance data, and operational
tradeoff data. These data were used to refine the
concept designs, to establish planning data, and
to develop economic tradeoff data comparing
these concepts.

The design refinement studies were directed
toward a more critical examination of the design
characteristics of the concepts. These included
layouts of the various modules (including place-
ment of subsystems and module interfaces),
several key subsystem tradeoff studies, and esti-
mation of the effects of changes to a baseline
concept on mass properties, concept size and
cost. These data were utilized in the mission and
operations refinement studies to relate perform-
ance sensitivity to concept variations. They also
were used as a baseline to produce the planning
data and to assess the relative economics of the
concepts and the influences of variations in the
baseline on space tug economics.

The economic study resulted in a compari-
son of the reusable concepts in performing the
matrix of missions and sensitivity of these results
to variations in the baseline concept character-
istics and mission characteristics, including the
impact of shuttle payload capability and propel-
lant resupply costs. Comparisons also were made
between reusable and expendable concepts.
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Concepts Descriptions

During the initial portion of Phase II, the
three selected concepts were resized, based on
refined subsystems and design data, to accomplish
the 10,000 pounds (4540kg) geosynchronous
payload insertion mission. The results of this
resizing of the baseline concepts are shown in
Figure 12, which indicates the propellant capa-
city, gross weight (including the 10,000-pound
(4540 kg) payload), and the length of the propul-
sion and intelligence modules when organized to
accomplish the geosynchronous injection mission.
The resizing resulted in a slight reduction in size
for concept1 and an increase in size for
concepts 5 and 11.

CONCEPT 1 CONCEPT 5

CONCEPT 11
10 KLB

—1— 540 KG) PL
O 110K PL
62 FT (18.9M) l_
]
9 FT 049

OO0
—=
=)

(14 3M)

e = A 1

PROPELLANT WT=78 KL8 (35, 400 KG)
GROSSWT = 99 KLS (45,000 KG)
SINGLE STAGE RECOVERED

STAGE MASS FRACTION = 0,873

Figure 12. Reusable Geosynchronous
Mission Space Tug Concepts

41 KLB+41 KB (18,600 KG) 11 KUB (3000 KG) (PM)+52 KLB (23,600 KG) (T5)
85 KLS (38,600 KG)

111 KLD (50,400 KG) KG)
TWO STAGE RICOVERED 1 1/2 STAGE EXPENDED TANK SET
0.810 0.604/0,917

The primary design characteristics of con-
cepts 1 and 11 are shown in Figure 13 (concept §
is similar to 1 except it is smaller). The propul-
sion modules have four high-chamber-pressure
engines located around a central aft Apollo-type
docking gear. The four engines provide redun-
dancy with an engine out and also help to reduce
stage length. The single hydrogen tank allows the
simplest, lowest-weight, and least-length packaging
arrangement. The four oxygen tanks were sel-
ected on the basis of integration with the four
engines. They allow common load paths for the
engines and oxygen tanks. The structure is non-
integral, although integral structure was consid-
ered as an alternative.

The intelligence module is designed for
autonomous space-based operations, and the base-
line is a completely modular system. This module
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contains all of the components necessary to con-
duct unmanned missions when combined with the
propulsion module, or to conduct manned mis-
sions when combined with the propulsion module
and crew module. Because the baseline system
assumes space basing, more than one levél of
redundancy is provided for some of the key
components to assure that the missions may be
accomplished with little or no servicing.

- DOCKING PROBE
INTRY

TANK SET

S——RADIATORS 1)

|
CONCEPT i1

Figure 13. Design Characteristics of Concepts 1 and 11

The baseline crew module is a vertical cylin-
der 15 feet (4.6 M) in diameter and & feet
(2.4 m) in height. The free volume is sufficient
for a 4-man, 28-day lunar surface mission. This
crew module is oversized for routine, low-earth-
orbit space station support missions.

The  baseline design is not necessarily opti-
mum, and several variations to this design, shown
in Table 1, have been considered to establish their

Table 1. Variations to Baseline

PRIMARY DESIGN INFLUENCES

VARIATIONS INERT WE LENGTH | SPECIFIC IMPULSE o
= BOCKING GEAR & O,
NUMBER OF ENGINES - 1, 2, [ 7 v o s0cK ®
BASING -[PACESASED WITH PF) EOS INTERFACES,
SPACE-SASED (EOS FUELING), v OVERALL omnous.
GROUND-$ASLD UNSULATION &
—
- NUMBER &
TANKAGE - 1, 2, )LD, TANKS > — 4 4
DOCKING GEAR -BROLLO-TYPES, NUMBER OF ENGINES &
INTI WATH OTHER
NUTER (ACTIVE, PASSIV), v v INTERFACES MTH O
1M MODULARITY - ™ UM, SRVIOING
MODULAR AVIONICS, TOTALLY v
P e WSSION SURFORTE |
nouuu.m NONAUT v MISSION CAPABILITY
TECHNOLOGY BASE -
ADVANCED TECHNOLOGY v v
P STRUCTURE -| = INSULATION
INTEGRAL
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effect on gross weight, length, operational charac-
teristics, and other factors. Several of the varia-
tions are specifically design oriented, such as
number of engines, number of LO7 tanks, dock-
ing gear, and PM structure. Others are operational
variations that influence design, such as basing
and autonomy. Although earth orbitai shuttle and
space station technology has been assumed for
the baseline, the impact of utilizing more
advanced (but realizable) technology also has
been considered.

Concept Comparisons

The three selected concepts were re-evaluated
during Phase II in a manner similar to the Phase I
evaluation. Figure 14 compares the total program
costs for a space-based concept. This figure indi-
cates that the total program costs are similar. The
development costs for all concepts were nearly the
same and include a three-phase program to develop
the entire space tug capability: (1) unmanned earth
orbital ($560-million), (2) manned earth orbital
($390-million), and (3) manned lunar landing
($520-million).

R T
"'«ﬁu‘.'&f?.‘ o 45 K-8 (20,400 KG)
S £0S CAPABILITY AT
100 N MI (185 KM)
8 8.5
© NUCLEAR TRANSLUNAR
r SHUTTLE
6 LUNAR
5
4 SPACE STATION
) 0S5A
5 GEOSYNCHROUS
' DOTAE
0

Figure 14. Space Tug 10-Year
Total Program Costs (Space-Based)

Elimination from consideration of the lunar
landing mission would tend to favor concept 1
economically. Consideration of only high-energy
missions such as geosynchronous and other OSSA
missions also would favor concept 1; whereas the
low performance space station support missions
favor concept 11, which uses only its small propul-
sion module for these missions.

If ground basing is considered for the geosyn-
chronous and other OSSA missions, it was found
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that concept 5 mission costs would be considerably
higher than those of concepts 1 and 11. This
increase in cost is due to the excessive length of
concept 5, which requires two shuttle launches to
accomplish the mission. Whether space-based or
ground-based, it was found that the operations for
concept S were considerably more complex than
for concepts 1 and 11 because of the two-stage
operations required for high-energy missions.

When comparing the sensitivity of the con-
cepts to growth in stage inert weight, it was found
that concept 11 was least sensitive (6.8 pounds of
propellant per pound of inert weight). Concept 1
showed a growth of 7.5 pounds of propellant per
pound of inert weight. Although the sensitivity of
concept 5 is less per stage than the other two con-
cepts (4.4 pounds of propellant per pound of inert
weight), the requirement to use two stages for
high-energy missions results in the highest total
sensitivity (8.8 pounds of propellant per pound of
inert weight).

Space Tug Evolution

All of the previous data have been based on a
set of baseline mission model, space tug design, and
earth orbital shuttle characteristics. The effects on
the space tug of varying some of the basic assump-
tions are described in this section. Some of the
more important considerations are: (1) basing con-
cept, (2) mission model impacts, (3)effects of
autonomy and technology (specifically on space
tug avionics), and (4) the effects of earth orbital
shuttle characteristics.

In the following sections, these considerations
will be discussed and potentially attractive space
tug evolutionary routes will be described.

Basing Concept Implications

An investigation of mission models indicates
that space tug missions originating from low earth
orbit tend to group into two major initial inclina-
tions: (1) 28.5 to 33 degrees for geosynchronous,
planetary, and earth orbit-to-lunar orbit logistics
and (2) 55 degrees for space station support mis-
sions. A small percent of the missions fall into an
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“odd-orbit” category and many of these are near-
polar inclination missions (many near-polar inclina-
tion missions are insufficiently low earth orbits to
allow accomplishment by the EOS alone).

In accomplishing many of the OSSA and
DOD missions (planetary and geosynchronous), the
space tug originates its mission from 28.5 degrees
and may be either space-based or ground-based.
The odd-orbit missions generally would require
large plane changes to be made for mission initia-
tion from cither 28.5 or 55-degree inclinations and
these missions are best accomplished in a ground-
based mode to allow copianar space operations.

Because of the routine nature of the space
station service missions (payload transfer, experi-
ment servicing and placement, and assembly opera-
tions), the space tug should be space-based.

Because of the remote location of lunar
landing missions, the space tug must be space-based
for these missions. The routine nature of low earth
orbit missions in support of lunar missions
(translunar shuttle station keeping, propellant
transfer, crew transfer, and cargo transfer) also
requires a space-based operation.

Ground or space-basing of the tug has several
implications on the tug itself, on the shuttle, and
on other systems. The baseline space tug design is
constrained to be space-based. The result of space-
basing is to require a high degree of reliability/
redundancy to assure that routine operations can
be conducted in a timely manner without the need
for refurbishment or servicing, other than the
replenishment of propellants. Additionally, space
basing implies a greater degree of autonomy to
allow routine and relatively complex operations
with minimum command inputs to the tug. These
requirements lead to high avionic component
weights which compromise a large percent of the
total space tug inert weight and an even larger per-
cent of the space tug unit cost. Use of a space-
based mode does, however, decrease the space tug
dependence on earth orbital shuttle size as com-
pared to ground-basing. Economics appear to be
dependent on EOS size whether ground or space-
basing is utilized. If the EOS is used directly as a
refueling tanker, it must be capable of routine
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propellant transfer operations. Alternatively, space
basing may require 2n orbiting propellant facility.

Ground-basing relatively decreases reliability/
redundancy requirements and the degree of
autonomy desired. These reductions are made
possible by routine servicing after each mission on
the ground and the relative ease of preparing the
system sequencing and data for the next mission
on the ground. Because the tug must be carried up
in the shuttle, preferably fully fueled and with the
payload integrated, the gross weight and length of
the tug must be compatible with shuttle capabil-
ities. Otherwise, complex on-orbit operations
involving fueling, payload integration, and multiple
shuttle flights would be involved. Ground-basing
for the OSSA and DOD missions leads to a large
shuttle payload capability and full use of the cur-
rent cargo bay (15-foot diameter by 60-foot length
(4.6 m diameter by 18.3 m length)). Larger bay
dimensions would be desired from a tug viewpoint.
Ground-basing would require electrical, mechan-
ical, and fluid interfaces with the shuttle. Minimum
electrical connections would provide assessment of
the tug status to the shuttle. Mechanical connec-
tions would be necessary for attachment in the bay
and to the payload handling equipment. Fluid
interfaces would require a closely integrated
shuttle and tug development. Although the space
tug may be ground-based for some missions, the
ability to achieve space-basing when necessary does
not appear to be prohibitive.

Mission Model Implications

Previous data have been presented on the
basis of certain space tug mission assumptions. One
of the key ground rules in sizing the space tug is
the requirement to insert up to 10,000 pounds
(4540 kg) to geosynchronous equatorial orbit.
Since this payload requirement sized all of the con-
cepts, the effect of this ground rule on space tug
characteristics is of interest. Furthermore, a large
percent of the space tug missions were in support
of the space station and lunar programs. The
impact on the tug of eliminating one or the other
of these requirements also would be of interest.

Figure 15 illustrates the distribution of
number of payloads as a function of payload
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weight for DOD and NASA geosynchronous mis-
sions. These data indicate that most payloads are
considerably less than the design constraint of
10,000 pounds (4540 kg). A design based on
7000 pounds (3180 kg) would be capable of
emplacing about 95 percent of the payloads. A
5000 1b (2270 kg) design could emplace about
92 percent of the payloads, and a 3000 pound
(1360 kg) design could emplace about 85 percent
of the payloads. This suggests the possibility of
designing the space tug for reusable injection of
payloads less than 10,000 pounds (4,540 kg) and
the occasional expenditure of the tug for injection
of large payloads. The effect of reducing payload is
to reduce gross weight by a ratio of 3.5 pounds per
pound of payload weight for concept 1. A reduc-
tion of payload from 10,000 pounds (4540 kg) to
5000 pounds (2,270 kg) reduces gross weight by
17,500 pounds (7,900 kg).

@S-YEAR INTERVAL
800D & OSSA MISHONS

PERCENT OF PAYLOADS MEAVIER THAN WEIGHT SHOWN

3 8 s B 5 8 ¥ ¥
T
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Figure 15. Geosynchronous Payload
Weight Distribution

Reductions in payload injection capability are
not achieved without potential operational penal-
ties. The primary penalty is the ability to cluster
payloads for multiple injection, which has been
assumed in reducing the number of geosynchro-
nous missions to 43. A vehicle sized to carry a
single 10,000 pound (4540 kg) payload to synchro-
nous orbit can inject two payloads weighing
3450 pounds (1520 kg) each in orbits separated by
180 degrees for a 90-hour phasing time. Reduction
of single payload insertion capability to

5000 pounds (2260 kg) reduces the capability to
850 pounds (380 kg) per payload. This virtually
eliminates the capability for multiple payload
insertion.
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The entire area of multiple payload insertion
requires considerable study to establish the capabil-
ity for clustering within the confines of the EOS
bay. This study requires more discrete data on pay-
load dimensions and tradeoffs on space tug inser-
tion capability.

Effect of Autonomy and Basing on Subsystems

The baseline system described previously was
designed to be space-based with maximum
autonomy and utilized shuttle and space station
technology. Because of the potential interest in
ground-basing for many of the space tug missions,
the effect of the resulting changes on subsystems
requirements and weights is of interest. Addition-
ally, the influence of various degrees of autonomy
on subsystems weight and the potential weight
reductions that may be possible by utilizing
advanced technology subsystems is also of interest.
Since these subsystems compose a large percentage
of the space tug inert weight, it may be anticipated
that weight reductions in this area would have a
significant impact on tug size, weight, and cost.

Figure 16 illustrates the effect of these factors
on subsystems weights, propellant requirements,
gross weight, unit cost, and cost per mission for the
geosynchronous mission. The differences in capa-
bility implied by maximum, medium, and mini-
mum autonomy are as follows: (1) maximum

®7-DAY MISSION, FUEL CELL POWER
SUNMANNED LARTH ORBITAL FLIGHT
G, N, 8C COMM & DATA MGT, EPS, THERMAL, ACS, PROP MGWT

i ADVARCED TECHNO0LOGY
.: - ) tos toss recumoio6y
ﬂ% lnlin
R

Figure 16. Effect of Autonomy and
Basing on Subsystems Weight

autonomy implies the capability to rendezvous and
dock automatically, the ability to initiate a mission
by communicating only the target ephemeris, and
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the ability to conduct a self checkout; (2) medium
auton my implies the same capability except that
autom..ic rendezvous and docking sensors and
associated memory are removed (control in this
phase by another external system is necessary); and
(3) minimum autonomy implies a less precise navi-
gation capability which degrades injection accuracy
and requires ground tracking and communication
for mission accomplishment as well as the removal
of capability implied by medium autonomy.

The primary difference between space and
ground-based subsystems is the reduction in redun-
dancy because of the ability to check out and
replace components on the ground between mis-
sions. The data shown in Figure 16 indicate that a
large decrease in subsystems weight is associated
with ground-basing. The related large change in
unit cost is attributable to the large cost factors
applied to avionics subsystems [about $22,000 per
pound (348,000 per kg)]. The effects on gross
weight of basing also is rather large [from
99,000 pounds (45,000 kg) gross weight to
91,800 pounds (41,700 kg)] .

Use of technology advanced beyond EOS/
EOSS technology in the computer hardware and
software, guidance and navigation hardware, and
communications hardware also leads to large reduc-
tions in subsystems weight. A thorough discussion
of these changes is given in the subsystems portion
of the final report (Volume 5).

First-unit costs used as a baseline are consid-
ered to be conservative values. The effect of several
variables (first-unit cost, number of reuses, basing
concept, and EOS size) on the total 10-year
geosynchronous mission cost are shown in Fig-
ure 17. These data include a refurbishment cost of
3 percent of first-unit cost for each mission for
ground-based operations and 3 percent of first-unit
cost for each 10 missions for space-based opera-
tions. These data indicate that the total program
cost becomes relatively insensitive to unit cost and
number of reuses as the number of reuses

- approaches 25 to 30. The payload capability of the

shuttle at 100 nautical miles (185 km) and
28.5 degrees is shown to have a large impact on
program cost.
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Figure 17. Effect of Number of Reuses, Space Tug
Unit Cost, Basing Concept, and Shuttle Size on
Geosynchronous Mission Cost

Effect of EOS Characteristics

Although EOS payload weight capability and
bay dimensions are significant concept drivers for
the space tug, particularly when ground-based
operations are considered, the manner in which
cargo is handled and the ability of the shuttle and
tug to share the shuttle orbital maneuvering system
(OMS) propellants necessary for an abort during
ascent also are very significant to the design.
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& ACTIVE DOCKING ELIMINATED FOR §O8 ORBITAL TANKER

Figure 18. Effect of EOS Characteristics on Tug

Three of the cargo handling concepts being
studied for the EOS are illustrated in Figure 18.




The first requires that the tug be docked at the aft
end. This results in multiple engines on the tug
or alternatively a very large docking gear around a
single engine, both of which lead to large weight
penalties. The second concept implies the need for
docking on the side of the tug, but allows the use
of a single engine. The third concept utilizes mani-
pulators to remove and insert cargo into the bay.
This concept eliminates the requirement for active
docking by the tug entirely (only stabilization is
necessary). It also allows use of a single engine.
This last approach appears to have significant
advantages from a space tug point of view. Under
any circumstances, provisions are necessary for
fastening the space tug in the bay to react normal
and lateral loads induced during launch, reentry,
and landing.

During ascent to orbit, the current shuttle
design requires up to 25,000 pounds (11,300 kg)
of propellant in the OMS to be used in the event of
an engine failure in the orbiter stage. During a
normal mission, this propellant is available on
orbit. Since this system and the tug both use
LO7/LHy propellants, the possibility exists of
sharing these propellants with the tug to increase
the payload capability of the shuttle by
25,000 pounds (11,300 kg). Two concepts may be
used to allow this sharing. One would require the
shuttle to pump the propellants into an off-loaded
tug when cn orbit. In the other concept, the tug is
fully loaded vith propellants and the OMS propel-
lants are obtained from the tug only in the event of
an abort. A schematic of interconnecting plumbing
is shown in Figure 18. The resulting EOS scar
weight is only 86 pounds (39 kg). This concept
also could apply to the FOS when it conducts
routine orbital propellant tanker missions.

As a result of varying from a rear docking
requirement (assuming compatible EOS cargo
handling), several simplifications of the baseline
design are possible. Some of these are indicated in
Figure 19 for concept 1. Removal of the rear dock-
ing gear and replacement of the four engines by
one leads to a 560-pound (250 kg) inert weight
reduction and 0.9-foot (0.27 m) length increase if
four LO» tanks are used and a 910-pound (410 kg)
weight decrease and 5.2-foot (1.6 m) length
increase if a single LO) tank is used. Furthermore,
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total integration of the IM components into the
PM reduces weight by 400-pounds (180 kg), and
retention of modular avionics only reduces weight
by 200 pounds (90 kg). Ground-basing with
medium autonomy could reduce inert weight by
about 1050 pounds (465 kg). Use of advanced
avionics technology and ground-basing reduces
inert weight by 1060 pounds (470 kg).
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Figure 19. Potential Simplification of Baseline

Some of these changes to the baseline were
combined to establish two simplified concept |
designs (1" and 1”). In concepts I’ and 1", the
changes from the baseline are indicated by the
shaded arcas in Figure 19. The result of these
changes is to reduce propellant requirements from
78,000 pounds (35,300 kg) for the baseline design
to 63,000 pounds (28,600 kg) for concept 1’ and
64,400 pounds (29,100 kg) for concept 1”. Dry
weight also is reduced significantly.

The unit recurring cost reduction also was
calculated and the major change in unit cost is
attributable to a reduction in expensive avionic
system components. The first unit cost was
reduced from about $50-million for the baseline
concept to $25-million for concept!l’ and
$26-million for concept 1”. The reduction for con-
cept I’ assumed that the advanced avionics com-
ponents have the same cost per unit weight as the
EOS/EOSS-type components. Considerable
additional study is required to determine a valid
cost for the advanced components.

Whereas the baseline single-stage recoverable
system has a gross weight of 99,000 pounds
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(44,900 kg) including a 10,000-pound (4540 kg)
payload, the inert weight changes in concepts I’
and 1" result in gross weights of 80,000 pounds
(36,300 kg) and 82,000 pounds (37,200 kg),
respectively. Dependent upon choice of concept
approach, the shuttle payload requirement at
28.5 degrees and 100 nautical miles (185 km)
could vary between 80,000 and 99,000 pounds
(36,300 kg and 44,900 kg). Utilization of OMS
propellant sharing reduces this requirement to
between 55,000 and 74,000 pounds (25,000 kg
and 33,600 kg) assuming that 25,000 pounds
(11,300 kg) of OMS propellants can be shared.

Potential Evolutionary Approaches
Figure 20 indicates a potential evolutionary
approach for the space tug system, indicating the

buildup of capabilities ranging from initial opera-
tions to the lunar landing mission.

SKIRT mwuﬁ o E ;

MINI STATION
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INITIAL OPERATIONS x
 EARTH ORBIT & UNMANNED PLANETARY

 GROUND BASED
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2. UTILIZE ADVANCED TECHNOLOGY LUNAR
3 REDUCE PAYLOAD CAPABILITY OPERATIONS

Figure 20. Space Tug Evolution

Initial operations of the propulsion and intel-
ligence modules will probably be ground-based and
unmanned. The tug will be used for the missions in
earth orbit outside the range of EOS capability and
also will be used for planetary injection missions.
The crew module may evolve as an earth orbital
mini-station. Initially, it may be used in the shutile
bay, but later missions may be conducted in a
free-flying configuration.

Together, the crew module, propulsion
module, and intelligence module will eventually
provide a manned on-orbit cayability for assembly,
payload transfer, crew transfer, experiment servic-
ing, and other support missions. During this time,
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the capability of conducting spoce-based opera-
tions will be attained. These capabilities will then
allow manned lunar operations. To achieve this
final capability, the space tug requires addition of
the lunar landing kit and cargo pods and several
changes to the propulsion and intelligence modules
to allow lunar landing mission capability.

Because of the impact of stage inert weight on
gross weight for the high-energy geosynchronous
and planetary missions, it is important that the
inert weight of the tug be minimized to assure
compatibility with the shuttle payload capability
when ground-based. As shown previously, this may
be accomplished in several ways: single engine
design without rear docking, reduction in avionics
components weights by reducing redundancy and
autonomy or utilizing advanced technology, by
partial or total integration of the intelligence
module components into the propulsion module,
and by utilizing OMS propellant sharing. Elimina-
tion of rear docking and resulting single engine
design is contingent upon shuttle design philoso-
phy. OMS propellant sharing also is heavily
dependent on shuttle design philosophy. Consider-
able detailed subsystems design analysis is
necessary to determine the practicality of evolving
from a comparatively simple ground-based avionics
system to a fully autonomous space-based capabil-
ity without invoking a major design change when
space-basing is required. To critically determine the
benefits and costs associated with advanced
avionics technology, research studies specifically
aimed at a definition of the design approaches are

necessary.

Although partial or total integration of the IM
components into the propulsion module reduces
inert weight, it also eliminates potentially-
attractive uses of a totally modular approach. For
example, the mini-station concept requires only
the IM and a small skirt module that contains
LO3/LHy for power, life-support, and attitude
control. This small system, when attached to the
crew moduie and experiment modules, could fit
into the cargo bay to accomplish manned missions
in any orbit. This implies a desire to either have a
totally modular IM or, at a minimum, an IM
containing at least the avionics.
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Concepts that allow integrated avionics and
tankage in a submodule that may be used for mini-
station type missions have been considvred and
appear to be consistent with the single-stage
concept 1. The small propulsion module of
concept 11 (1-1/2 stage) is already compatible with
this requirement.

A final approach to reducing the gross weight
of the tug in the shuttle for ground-basing opera-
tions is to reduce the design payload requirement
to less than 10,000 pounds (4,540 kg). As shown,
this may inhibit multiple payload injection.

Additional, closely coupled shuttle and tug
design studies are necessary to fully develop the
most feasible evolutionary approach and to assure
shuttle/tug compatibility. Since advanced avionics
may allow a low-weight, fully-autonomous
approach, studies related to these systems also are
keys to developing the most desirable approach.

Figure 21 summarizes the preliminary space
tug development schedule and is consistent with
the overall evolutionary approach discussed pre-
viously and the operational dates defined in the
mission model.
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Figure 21. Preliminary Program
Development Summary Schedule

Figure 22 summarizes the annual costs for
development and production. Development corsts
are shown for each of the three developmeat
categories. Although this figure is specifically fcr
concept |1, the development costs of the other
concepts are similar. Peak program costs for
hardware development and procurement occur
between 1978 and 1980 and are $450-million.
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Peak development cost occurs in 1978 and is
$300-million. Total development cost is
$1.47-billion. Of this total, $560-million is for the
unmanned earth orbital development, $390-million
is for manred earth orbital development, and
$520-million is for lunar mission development,
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Figure 22. Design Concept No. 1
Annual Funding Requirements

Comparison of Space Tug and Other Systems

Alternative system or operational approaches
have been considered in the several mission areas
studied for the space tug. In the low earth orbit
space station support area, the alternatives for
payload del'very have included direct EOS delivery
to the space station and transfer of payloads
between a low parking orbit [e.g., 100 nautical
miles (185 km)] and the space station by the tug.
A comparison of these modes indicates a
30 percent increase in net delivered payioad (pro-
pellants used by the tug in transferring the payload
are subtracted from the payload) when the tug
payload transfer mode is used.

Most operational studies of space station
experiment modules have assumed that the space
tug does not exist to aid in their placement and
maintenance. As a result, these studies have led to
the definition of a requirement for propulsive
experiment modules. This leads to additional
complexity and cost for each of the modules.
Studies of vpace tug deployment and servicing have
shown that a single tug based at the space station
can provide this function and that the total propel-
lant required for the servicing and placement cycie
is 280 pounds (127 kg).
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During the first few years of the space station
program, sufficient propellants are available from
the EOS orbital maneuvering system [assuming the
EOS retains a 100 nautical mile (185 km) parking
altitude for payload transfer] for all of the space
station tug missions. During the later years of the
program (space base), an excess of up to
550,000 pounds (228,000 kg) exists. This excess
might be used to launch planetary missions from
the space station rather than 28.5 degrees
inclination.

The prime competitive approaches for
conducting the geosynchronous missions include
the use of expendable LO7/LH7 or earth storabie
stages or the use of a reusable space tug. In the
next several paragraphs, the primary comparison
issues will be discussed. These include economic
comparisons of these systems for insertion of
payloads up to 10,000 pounds (4540 kg) as well as
the economic aspects of payload retrieval from
geosynchronous conditions.

As will be explained, the use of the EOS
orbital maneuvering system propellants also has a
significant effect on economics. These LO2/LH,
propellants [up to 25,000 pounds (11,300 kg)]
wroild be available on orbit for transfer to the
space tug for a normal EOS mission since they are
contingency propellants required for an abort to
orbit in the event of an engine failure in the second
stage during ascent. In essence, the ability to utilize
these propellants is equivalent to increasing the
payload. capability of the earth orbital shuttle by
25,000 pounds (11,300 kg).

A reusable space tug designed to insert
10,000 pounds (4,540 kg) of payload at geosyn-
chronous equatorial conditions also has the
capability of retrieving large payloads. For
example, concept 1 can retrieve about
3900 pounds (1,770 kg) of payload operating as a
single stage.

A brief analysis was made of satellite malfunc-
tion rates at times soon after their insertion, and it
was estimated that the failure rate was at least
S percent and perhaps as high as 10 percent. An
analysis of the cost per pound of satellites
(Surveyor, Nimbus, Orbiter, Mariner I and IV,

‘ Space Division
North American Rockwell

0S0O, 0GO, BIO, Ranger, and OAO) indicated a
range between $20,000 and $90,000 per pound
($44,000 and $198,000 per kg). The lower bound
of these data, a nominal satellite weight of 2000
pounds (9050 kg), a failure rate of 5 percent, and a
retrieval cost of $5000 per pound ($11,000 per kg)
were assumed to determine the cost savings for the
baseline NASA geosynchronous program. The
$5000 per pound (811,000 per kg) for retrieval
cost is based on an analysis of payload recovery
presented in the Technical Summary (Volume 2).
The net saving is $15,000 per pound ($33,000 per
kg). Based on the geosynchronous mission model,
the total ten-year program savings due to payload
recovery is about $250-million.
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Figure 23. Comparative Cost of Geosynchronous
Mission for Space-Based
Reusable and Expendable Concepts

A comparison of the total ten-year NASA
geosynchronous mission costs for expendable kick
siag=s and space-based reusable systems is shown in
Figure 23. A shuttle payload capability of
45,00C pounds (20,400 kg) at 28.5 degrees and
100 nautical miles (185 km) was assumed for
calculating the reusable concept propellant
resupply costs. A comparison of the baseline design
with maximum autonomy to the expendable
system indicates comparable program cost for a tug
that is reused 20 times. If 25,000 pounds
(11,400 kg) of orbital maneuvering system propel-
lant are utilized by the reusable system (this
essentially increases the EOS payload cagpability by
the OMS propellant weight), the reusable system
cost drops from $550-million to $370-million.
Inclusion of the cost savings potentially available
from retrieval of malfunctioning geosynchronous
payloads reduces the program cost to $120-million.
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Figure 24 compares the geosynchronous
program costs of expendable concepts and three
versions of a ground-based reusable space tug. The
earth orbital shuttle payload capability is assumed
to be consistent with the required gross weight
shown for each concept. This figure indicates that
the ground-based reusable systems show a substan-
tial program cost reduction when compared to the
expendable system. When the estimated cost
savings for payload retrieval is included, the
program cost is reduced nearly to zero. All of the
reusable concepts have comparable program costs,
but the required EOS payload capability varies
from 80,500 pounds (36,500 kg) to 92,000 pounds
(41,800 kg) as the design is varied, assuming that
the EOS orbital maneuvering system propellants
are not utilized. Required EOS capability would be
25,000 pounds (11,300 kg) less if the OMS propel-
lants were utilized.
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Figure 24. Comparative Cost of Geosynchronous
Mission for Ground-Based Reusable

and Expendable Concepts

These data show that the space tug can
accomplish the geosynchronous mission on a basis
at least comparable to expendable stag. ; when a
45,000-pound (20,400 kg) EOS capability at
28.5 degrees and 100 nautical miles (185 km) is
assumed. At this size shuttle capacity, inclusion of
payload retrieval savings and use of the OMS
propeliants significantly reduces the reusable
system cost. Increasing the EOS capability to allow
single EOS- flight, ground-based space tug missions
leads to even greater economic benefits.
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CONCLUSIONS

As a result of this study, it was determined
that the performance requirements of the geosyn-
chronous equatorial mission provided the main
driver for sizing of the space tug propulsion
module. Several concepts were studied during
Phase I and three of these concepts were selected
for a more detailed analysis during the second
phase of the study. These three concepts were
sized by the geosynchronous mission.

When applied to other earth orbital missions,
the selected concepts were found to provide satis-
factory performance capability. Even though the
large, single-stage reusable concept was oversized
for the low-earth-orbit support missions,
off-loading propellants in the large stage lead to
performance characteristics 15 percent less than
for an optimized stage.

When these concepts were applied to the
lunar landing mission, it was found that the crew
module would provide improved functional
characteristics if it were placed at the bottom of
the stage rather than on the upper portion of the
stage as it is in orbital operations. This tends to
force the engines outboard to clear the crew
module.

As a result, it was concluded that a multi-
purpose space tug is economically feasible for
application to both the high and low perfermance
earth orbital missions. However, this design would
require a block change (like Apollo block 1 to
block 2) for lunar missions.

When compared with other, potentially
competitive concepts in each of the mission areas,

the following was determined:

Space Station Support Missions

1. Use of the space tug for payload transfer
between the shuttle and the space sta-
tion increases the net delivered payload
by at least 30 percent.

SD 71-292-1




Har

2. Use of the space tug to emplace, retrieve,
and service experiment modules requires
only 280 pounds (130 kg) of propellant
each time and relieves the need for
propulsive experiment modules.

Lunar Missions

1. An appropriately modified space tug has
the performance capability to accom-
plish the lunar landing missions.

2. The space tug used in conjunction with
chemical or nuclear cislunar shuttles as a
second stage or earth orbit retrieval stage
significantly increases performance
capability for logistics between earth and
lunar orbits. (Use of the space tug as a
second stage on the chemical cislunar
shuttle increases payload delivery
efficiency by a factor of two.)

Geosynchronous Missions

1. A ground-based space tug is preferred for
these missions, and it is more economical
than an expendable kick stage.
($550-million total 10-year program cost
for the expendable as compared to
$250-million for the space tug.)

o

The ability of the space tug to retrieve
malfunctioning satellites appears to
provide an additional significant
economic potential. (This reduces the
ground-based geosynchronous 10-year
program cost to nearly zero.)

3. Tug . utilization of the EOS orbital
maneuvering system propellants signifi-
cantly decreases propellant resupply cost
for space-based operations or reduces the
required EOS payload capability for
ground-based operations.

As a result of this study, interfaces with all of
the IPP sysiems were identified. The eartl orbital
shuttle is the key interfacing system for the space
tug, particularly when use of the tug as a ground-
based third stage is considered. In this case, not
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only are the payload bay dimensions important,
bpt the payload weight capacity of the shuttles
closely constrains the space tug design.

The current 15-foot (4.6 m) bay diameter is
acceptable, but a smaller diameter would lead to
increased tug length. Greater length would impact
the lunar landing concept which is best in a low
profile configuration. The current 60-feet (18.3 m)
bay restriction is marginal and may reduce the
potential for multiple geosynchronous payload
injection missions. Increases in both length and
diameter would relieve tug design constraints. A
diameter increase would be most beneficial.

A shuttle sized to carry 45,000 pounds
(20,400 kg) at 100 nautical miles (185 km) and
28.5 degrees does not allow the conduct of
ground-based geosynchronous missions unless
complex multiple-launch missions are staged. For
the design concepts considered in this study, an
EOS capability of between 80,000 and
99,000 pounds (36,300 and 44,900 kg) would be
required for ground-basing if orbital maneuvering
system (OMS) propellant sharing is not used. Use
of OMS propellant sharing reduces the EOS
payload capability requirement to between 55,000
and 74,000 pounds (25,000 and 33,600 kg)
assuming that 25,000 pounds (11,200 kg) of OMS
propellants are normally available for sharing. The
LO7 and LH) systems of the tug and the shuttle
OMS would have to be plumbed together during
ascent to allow sharing of the propellants either for
EOS abort to orbit or use in the space tug for
mission accomplishment.

The EOS docking and payload handling
concept also affects the tug significantly. The
so-called “cherry-picker” manipulator concept
appears best suited for the tug. It allows the use of
a single engine concept without the need for active
docking avionic systems and docking mechanisms.
This reduces the tug gross weight by about
6000 pounds (2,700 kg).

Of the three propulsion module approaches
studied during Phase II, the most attractive was
concept 1. This concept was economically
comparable to other concepts, hiad the best growth
potential, and was operationally simple. It was the
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only concept which had only one staging relation-
ship for all missions (single stage).

Concept 11, which utilizes a 1-1/2 stage
principle for high-energy missions, appears to have
certain special advantages. The small propulsion
module by itself is adequate for the low earth orbit
missions and can be put into the shuttle bay with
large payloads. It also has the lowest gross weight
for the geosynchronous equatorial mission, which
may be advantageous, dependent on EOS payload
capability. Economic disadvantages resulting from
tank set expenditures during high-energy missions
were offset by its performance in other areas not
requiring expenditure.

The two-stage concept (conceptS) was
economically comparable to other concepts, but
was found to be excessive in length. Because of its
two-stage operation for high-energy missions,
overall operations were found to be complex.

Based on the data obtained in this study, it is
recommended that concepts 1 and 11 continue to
be pursued in future studies.

Three intelligence module approaches were
considered: totally modularized, partially modular-
ized, and integrated. Total modularization allowed
use of the IM separate from the propulsion
module. In this application, it is necessary for a
small module containing LO7/LH, to provide
adequate expendables for practical use. Such a
configuration, along with the crew module, may be
used for low earth orbit mini-station missions. It
should be noted that the small propulsion module
of concept 11 has about the right capacity for this
iype of mission. Therefore, integration of the IM
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components into the small concept 11 propulsion

module would still allow the mini-station type
missions.

The weight decreases resulting from partial or
total integraticn of the IM into the propulsion
module result in significant gross weight reduc-
tions, particularly for concept 1 [total integration
reduces gross weight by 3600 pounds (1,600 kg)
and partial integration reduces gross weight by
1800 pounds (800 kg)]. Integration of electronic
functions into a module (partially integrated 1M)
allows all of the fluid functions to be located in the
stage and results in only electrical interfaces
between the IM and PM. From manufacturing,
checkout, and refurbishment viewpoints, a
partially integrated IM appears attractive.

At this point in the space tug program, a
specific IM recommendation does not appear
prudent. The choice is highly dependent upon
propulsion module concept, on the payload
capability of the shuttle, and upon the desirability
of utilizing the IM for mini-station type missions.

In comparing the vertical-cylinder and
horizontal-cylinder crew modules, it was found
that both had similar functional characteristics
when constrained by the EOS bay diameter. They
also provided adequate volume for the 4-man
28-day lunar surface mission. The vertical-cylinder
crew module is recommended on the basis of ease
of integration of this concept with other vertical
cylindrical modules. By modifying internal arrange-
ments, this same module can be used for low earth
orbit support missions and can provide rescue
capability for up to 12 men.

STUDY LIMITATIONS

Because this was a pre-phase A study, the
major study emphasis was placed on the Mission
and Operations study task to provide insight into
space tug operational characteristics and mission
and system requirements. Approximately
60 percent of the total study effort was focused on
this task. The remainder of the effort was
expended on conceptual design, subsystems
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analysis, and planning documentation. For this
reason, no detailed design effort was accomplished.
The approach to the study was parametric, and as
such, the results are beneficial even though mission
characteristics and system characteristics (particu-
larly the earth orbital shuttle) may vary in the
future.
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IMPLICATIONS FOR RESEARCH

The baseline space tug system was constrained
to maximize the use of earth orbital shuttle and
space station technology. In the areas of cryogenic
insulation, zero-g propellant behavier, avionics, and
possibly engine technology, shuttle technology
appears to offer the major technology required by
the space tug. Assuming that the shuttle orbital
maneuvering system employs a new high chamber-
pressure engine, the space tug main engines may
closely match their specification. If the space tug
has two to four engines, the thrust levels may
match adequately. Close coordination of the tug
and OMS engine development may lead to
compatibility. Potential areas of difference include
turbomachinery cycles and nozzle area ratio. For

lunar missions, a throttling capability will be
required.

A brief analysis of advanced avionics
(advanced beyond shuttle and space station)
indicated that potentially large inert weight savings
may be realized by utilizing the improvements in
the state of the art of sensors, guidance and naviga-
tion equipment, and computer equipment. These
inert weight savings in turn lead to dramatic reduc-
tions in tug gross weight and cost. Additiona!
studies to improve knowledge of the capabilities,
mass properties, cost, and availability of these
advanced components would be beneficial to allow
key decisions in the space tug program.

SUGGESTED ADDITIONAL EFFORT

As a result of this study, several areas have
been identified where additional effort would be
beneficial. The most significant of these areas fall
into the general categories of economic studies and
operations and design studies.

Economic r*udies of payload retrieval, varia-
tions in tug design payload capability, and EOS
orbital maneuvering system propellant utilization
appear to be key elements of tug program
economics. As shown, payload retrieval decreases
the geosynchronous program cost by a large
percent. Decreases in the space tug payload
delivery capability at geosynchronous conditions
from 10,000 pounds to lower values can have a
significant effect on the ability to inject multiple
payloads as well as to retrieve payloads. Use of
EOS orbital maneuvering propellants significantly
reduces propellant resupply cost for space-based
operation or, alternately, decreases the required

EOS payload capability for ground-based
operations.

Future design studies should be closely tied to
the EOS studies to assure compatibility in the key
interface areas, including the space tug integration
into the bay, removal on orbit, and retrieval.
Because of the significance of orbital maneuvering
system propellant sharing, considerable design
attention is required to assure tug/EOS compatibil-
ity. More detailed tug design studies are required to
develop design data, not only in the shuttle
interface areas, but also in the design of space tug
systems. The influence of advanced avionics on tug
performance and costs should be more critically
investigated. Additionally, the influence of varying
degrees of tug autonomy on support from other
systems (shuttle, space station, ground tracking,
etc.) should be studied to determine the feasibility
of utilizing other than a fully autonomous system.
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