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1.0

RO O e e ——
The Space Transportation System (STS) includes an upper stage or
Space Tug to perform higher-energy missions than are possible with
the Orbiter alone. The Tug will be carried to low Earth orbjt in
the Orbiter payload bay. The Tug will separate from the Orbiter
and go to various other orbits to deliver, inspect, service, and/or
retrieve a spacecraft; it will also be used for planetary missjons.
This upper stage is envisioned as & high-performance reusable ma-
chine with a high level of reliability, safety, and autonomy. The
Tug offers economic benefits that asugment the basic capabilitic.
of the STS.

National budget constraints impose limits on early funding avail--
sble for Tug development. Evaluation of various Tug options is
therefure necessary for selection of the most cost-effective devel-
opmant plan without sacrificing potentisl economic benefits during
the STS operational phase. This study was initiated to evaluate
possible storable-propellant Tug configurations and program plans
consistent with the above constraints. In the broadest sense, thers
are four program alternatives for the Space Tug:

1) Use of existing expendable stages modified for use with Shuttle,
followed by a Space Tug at a later date;

2) Use of a modified growth version of existing expendable stages
for greater performance and potential reuse, followed by a
Space Tug at..a later date;

3) Use of a low-development-cost, reusable, interim Space Tug avail-
able at Shuttle initial operational capability (I0C) that could
be evolved to greater system capabilities at a later date;

4) Use a direct~developed Tug with maximum poiential to be avail~
able at some specified time after Space Shuttle I0C.

The Space Tug Systems Study (Storable) considered program alterna+
tives 3) and 4) using Tug configurations with Earth-storable propel-
lants. Msny variations, or "capability options," of these alterna-
tives were considered. During the study, the capability options were
varrowad down to three final options for detailed program defini-
tion.

- Final Option 1 - An interim Tug that would provide payload deliv-
exy (but not retrieval) capability &t or about Shuttle 10C;

~ Finpal Option 2 - A direct-developed Tug that would provide pay-
load delivery and retrieval capability approximately four years
after Shuttle T0C; '
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- Final Option 3 - A phase-developed Tug that would provide delfiv-
ery caspability st or about Shuttle 10C, and retrieval and increased
performance capability apprpximately four years leater.

The i{inal option definitions were evalusted in depth, including

subsystem characteristics, vehicle configuration, weight and per-
formance, mission capture, ground operations, flight operations,

ground support equipment, facilities, safety, programmatics, and

cost. Results of the final option definitions were presented in

the Selected Option Data Dump (Ref 5.8).

Study results are presented in Ref 5.1 through 5.11. This report
summarizes these results and is baselined to the September data
dump,; results of subsequent analyses are presented as deltas or
“Additional Analysis."

1.1 GOALS AND OBJECTIVES

The objective of this study was to systematically analyze program
elements for storable propellant Tugs—progressively adding depzn
to the definition of these options that met user requiroments in
the most cost-effective wmanner.

1.1.1 Overall Study Goals

The goal of the study was to select the optionz that best satis-
fied the following key issues:

1) Provide maximum performance capability within physical, opera-
tional, programmatic, and other comstraints;

2) . Provide a higk level of safety and reliability;
3) Minimize development costs;

4) Minimize production and operational costs through- reusability;

5) Define selected configurations and programmatics that minimize
STS costs, provide reasonable yearly funding requirements, and
.minimize program risks.

'ulnn

1. 1 2 Specific bbjoctive-

The . specific objectivoa for the stuﬂy tasks presented in Section
1.3 are: . :

1) Task 1 - Evaluate mission requirements to define program and
sysicm reéequirements, Determine whether candidate con-
ceptual designs meet mission requirements.

]
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2) Task 2

Collect, analvze, and evaluate data for potential sub-
systems, components, and propellant options.

3) Task 3

Synthesize Space Tug vehicle concepts from selected
subsystem options.

4) Task 4 - Provide programmatics and cost data to support evalu-
ation of subsystems, vehicle configurations, and final
option definitions. Programmatics includes schedulas,
test planning, ranufacturing plans, logistic support,
ground and flight operations, and GSE and facility

assessuent.

S) Task 5 - Define the Final Options selected im depth, including
design, performance capability, programmatics, &nd
cost. Perform sensitivity studies to determine the

impact of ground rules and assumptions used.
GUIDELINES

The principal guidelines used for the studv are presented in the
Data Package, Space Tug Systems Study (Ref 5.12) and the Space
Snuttle System Payload Accormodctiors document, (Ref 5.13). Addi-
tional study inputs are presented inm Ref 5.14 through 5.41, Sig-
nificant ground rules and assumptions used or evolved during this
study are:

- The Orbiter park orbit will be 160 n mi (296 km) in all cases.
The Tug will return for Orbiter rendezvous to 170 n mi (315 km)
orbit.

- Tug payioads to be retrieved will be passive and designed for
tettieval by the ‘Iug.

- Dudng t:he Otb:LCer/Tug teminal rendezvous, the Tug will be
passive cooperative. Normally, the Orbiter will perform the
terminal rendezvous, docking, and retrieval in the acquisition
of the Tug. :

- Contaminants from the Tug (including the ACPS thrusters) will not
,:Lupinge harmf.ully 0n the spacecraft or the Orbiter.

‘ ’—"‘nle Tugwill be deaigned to be returned to Earth in the Orbiter
" and be:reused; reusability with minimum maintenance/ground-turn-
around’ time is a design objective.

- The Tug will permit monitoring of critical parameters/functions
" by the Orbiter at all times while in the cargo bay or in the
vicinity of the Orbiter.
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- The Space Tug will use Earth storables as main-engine propel-
lants.

- The mission completion reliability goal for the Tug shall be 0.97
minimum for all mission phases. Levels of reduadancy will be
selected and defined to meet this criterion.

- The Tug design goal will be to provide sufficient protection to
assure an 0.995 probability of no mission faillures due to meteor-
oid penetration for each mission.

- The Space Tug will be sized in accordance with Orbiter payload
capabilities and mission requirements. Specifically, the total
gross weight of the Tug, spacecraft, and supporting equipment
will not exceed 65,000 1b (29,484 kg); the Tug and supporting
equipment will not exceed 35 ft (10.7 w) in length.

- As a gosl, no single Tug failure will result in a hazard that
jeopardizes the flight or ground crews. No single Tug failure
will result in unprogrammed motion of the Tug while in the vicin-
ity of the Orbiter. Also:

1) The design of the majn propulsion system will be fail safe.
2) The design of the ACPS will be fail-operational/fail-safe.

3) The design of the critical command and control circuitry will

be fail-operational/fail-safe as a minimum,

LRk IR .

- All primary and secondary structural components, where critical
load conditions occur while the Space Tug is attached to the
Orbiter, will be designed to an ultimate factor of safety of 1.4
and a yield factor of safety of 1.1. For a structural component
whose critical load condition occurs when failure of the compon-
ent will have no effect on the Space Shuttle System, the compon-

- @nt will be designed to an ultimate factor of safety of 1.25 and

'@ yleld factor of safety of 1.1. This includes the main propel-

© >, ldnt tanks for both internal pressure and externally applied

" loads. The proof pressure for the main propellant tanks is deter~
-mined from the greater of : (a) 1.05 x limit design pressure, or

~ (b) a pressure ‘determined from a fracture mechanics analysis,

. gufficiently high to verify service life. All high-pressure ves~

”'“K‘Sels will be .designed to.an ultimate factor of safety of 2.0,

+ t-with proof pressure determined from the greater of: (a) 1.5 x
limit pressure, or (b) a pressure, determined from a fracture
mechanics analysis, sufficiently high to verify service life.



1.3 STUDY PLAN

- The Tug evolutionary changes will be made in such a way as to
ninimize spacecraft requalification and interface changes, the
basic Tug structure will not be involved.

- The communication system will be compatible with available NASA
and DOD ground and space networks.

~ The Tug design for abort will be for normal landing loads, bkut
with tanks full. For crash loads, the design will be with tanks
empty and with sufficient structural integrity to preclude fail-
ure but allow permanent deformation.

- For calculating Tug configuration dry weights, a 10% contingency
factor is applied to the total stage weight.

- The Tug will be designed for propellant loading off-site in a
vertical position with provisions for vertical or horizontal un-
loading.

- The Tug will be designed for vertical or horizontal jloading/un-
loading of the Tug into or out of the Orbiter, with or without
spacecraft, and propellant tanks empty or full.

- The Tug will have the capability of changeout with/without space-
craft in ten hours and be capable of launch from ready standby
within two hours.

- For ptogrammatic considerations, the number of Tug flights will
be limited to three in 1980 and 21 in 1981, due to Shuttle avail-
ability. For programs with an I0C of 1981 or later, a reasonable
two-year buildup will be determined. Tug reliability losses are
assumed to be one per hundred flights, each loss will result in
an additional flight. .

Figure 1-1 is a logic flow diagram for the study, with the nomen-
*-¢lature used throughout this report; applicable paragraph numbers
- are shown. The study consists of five basic tasks:

7 1) Task 1l: Mission Analysis
:; ‘«,,h§;‘§§€w‘nt_, N

Wt 5$¢2) FhSk 2. ~ Subsystem ‘Analysis

) Task 3: Configuration Concepts

~~~~

6) Task 4: Supporting Programmatics and Costing Analysis

5) Task S5: Program Definition.
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Significant study milestones were:

1) March 7, 1973 - Orientation Briefing (Ref 5.2)

2) April 11, 1973 - Requirements Assessment (Ref 5.3)

3) May 30, 1973 - First Review (Ref 5.4)

4) July 19, 1973 - Program Concept Evaluation (Ref 5.5)

5) September 17, 1973 - Selected Option Data Dump (Ref 5.8)

6) January 1974 - Final Review.

1.3.1 Mission Analysis (Task 1)

This task outlined the overall Tug mission requirements and objec-
tives, supported the selection of subsystems and systems meeting
these requirements, and provided a detailed mission accomplishment
analysis of selected configuratinns and programs.

Overall mission requiraments were derived from NASA-supplied mis-
sion models and other data. . Results of this task are presented in
peragraph 2.1.

1.3.2 Subsystem Analysis (Task 2)

The first part of this task (capability/requirements) was concerned
with determining subsystem functional requirements, taking into con~-
sideration the time-phased mission requirements and potential sub-
systen couwbinations making up candidate Tug configurations. The
first part of this task was also concerned with collecting data on
candidate subsystems and components and assessing their capabili-
ties ani limitations. The second part of the task consisted of
evaluating alternatives and selecting subsystem candidates to be
used in the synthesis of the various Tug configurations. The re-

 sulting “selected subsystem candidates" were presented at the First

T & v p

Baview on Hay 30 1973 (Ref 5.4).

Ihe suhsystem analysis continued throughout Tasks 3 and 5: The

selected cubsystem candidates were used in the configuration syn-
~thesis‘amdﬁscxnen1ng in Task 3, from which Tug families were se-
'lectad;ns ﬂna;t:lbad 4n paragraph 1.3.3. The final option defini-

tions evalving ‘from Task 3 were used in the program definition dis-

cussed in paragraph 1.3.5.

DescxiptionS'éf subsystem candidates and how they evolved through-
out the study are presented in Section 2.2.
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1.3.3 Configuration Concepts (Task 3)

Selected subsystem candidates resulting from Task 2 were used to
synthesize various Tug configurations. Candidate Tug configurs-
tions were screened againgt previously developed criteris and “Tug
families" were selected for each of seven capability options refer-
red to a5 'buckets'. The capability options are defined in para-
graph 2.3. Concurrent with the definition of Tug families, the
operations, supporting equipment, and interfaces were defined.

Results of this task were presented at the Program Concept Evalua-
tion (Ref 5.5). Details were presented in paragraph 2.3 of this
report.

Three final options were selected for definition in Task 5. A

single-stage configuration and a stage-and-a-half configuration
were identified for definition in one of these three final options.

1.3.4 Supporting Programmatics and Costing Analysis (Task 4)

This task provided the necessary programmstic data in the form of
project schedules, programmatic anaelyses, test planning, manufac-
turing analysas, and cost analyses to support evaluation of the
selected subsystem candidates, selected Tug families, and final
option definitions (Tasks 2, 3, and 5). This task also identified
and analyzed facility and logistic support requirements and the
repair and refurbishment modes.

1.3;5JJPrggyam Definition (Task 5)

Final options selected from Task 3 are identified in Table 1.3-1.
These were aualyzed in depth in Task 5. Subsystems were defined to
WBS lLevel 6, including subsystem characteristics, instellation and
supporting systems. Tug inboard profiles were prepared, and Tug
mass properties were determined. From these data, Tug performance
capability was calculated and mission capture aualysis was com-
_pleted. The mission capture analysis was used to determine launch
rates, ground support requirements, and crew sizes, which were re-
. flected in operational costs. Detailed schedules were prepared

' for each final option and costs estimated to WBS lLevel 6. Sensi-
tivity<studies were also conducted, as shown in Table 1.3-2,

"'i«»\?ﬁ‘ et

Rasml.ts of this task were presented at the Selected Option Data

"Dy, (Ref 5.8). Details are presented in paragraphs 2.4 through
2.6 of this report.

"Study results and detailed supporting data are baselined to the
Selected Option Data Durmp. Additional analyses and subsequent

deltas to these results are presented in paragraph 3.0 of this

report.
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Tabie 1.3-2 Task &5 Sensitivity Studies

A. SPECIFIC TASK 5 SENSITIVITY STUDIES
1. Impact of providing power to the payload
2. Autonomy sensitivity study
3. 0.97 reliability sensitivity study
4. 30-day servicing mission
5. Impact of DOD communications requirement
‘6.‘ Impact of payload comm#nd. control, and checkout requirement
7. Structural design-life sensitivity study
8. Impact of deploying/retrieving & spin-stabilized payload

9. Impact of rendezvous and docking

B. PROGRAM OPTION SENSITIVITY STUDLES

"l. Ssnsitivity study on main engines
? ué;i%;6C-sensitiv1ty studies - each Final Opticn
Hﬁi@ﬁﬁctJOf DODlprogrammatics - each Final Option

i B .ula;’." 3 """ )
4%, "'Tug -off-loaded sensitivity siudy

f,§5:3~Additional payload capture potential

e R TR T Y T R vl
: R T :
- ) el AR

5”1.4‘: KEY ISSUES

»-»The following key issues are indicated by the Overall study goals:
1) - Provide:maximum performance capebility within physical opera«-

pe 41f3'~%£§1on81 prog%&mmatic, and other constraints;
~‘ it )‘"'r‘f: i ek 2. n‘?f“

’;' ""‘ .zr}»-?bml .
'%3 ?\igh level of safety and reliability;

ﬁﬁ)-'!ﬂnlmize development costs;
. 4) Minimize production and operational costs through reusability;
5) Define selected configurations and programmatics that minimize
© "S18 costs; provide reasonable yearly funding requirements and

minimize program risks.
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These key issues have been addressed in a logical and systematic
manner, as shown in the study plan (paragraph 1.3). Results are
sumnarized in the following paragraphs.

1.4.1 Provide Maximum Performance Capability within Physical,
Operational, and Programmatic Constraints

A standardized mission model was developed that challenged the abil-
ity to provide maximum performance capability within the guidelines
presented in paragraph 1.2, Maximum performance capability was
achieved through the trade studies and system optimization in Sub-
system Analyses (Task 2), Configuration Concepts (Task 3), and Pro-
gram Definition (Task 5). For exauple, the avionics subsystem se-
lected uses a flexible signal interface (FSI) concept, which pro-
vides maximum capability, flexibility, and reliability with minimum
weight,

The resulting geostationary performance capability is shown in Table
1.3-1 for the final option definitions, Table 1.4-1 presents a sum-
mary of the mission accomplishment based on 100% capture. Details
are presented in paragraph 2.1. Multiple spacecraft delivery mini-
mizes the number of flights required; Tug length is as important as
delivery capability in minimizing the number of flights. A ''delayed
retrieval" mode is used to retrieve sprzecraft that exceed the capa-
bility of a single Tug.

Delayed retrieval is defined by the following types of flights:

1) zzgé A - Deil§.ix and Deorbit for Delayed Retrieval - This is a
combined delivery and deorbit flight of & Tug to geostationary

orbit. The Tug delivers one or two spacecraft to geostationary
orbit, then rendezvous and docks with a spacecraft to be re-
trieved, than performs a deorbit burn and releases the space-
craft into an intermediate orbit for later 'delayed retrieval
flight" as deseribed in 3) below.

:2) Type B - Dadicated Deorbit for Delaved Retrieval -~ This is the
flight of a Tug to geostationary orbit where it rendezvous and
docks with a specacraft to be retrieved, then performs a deorbit
burn_and releases the spacecraft into an intermediate orbit for
a8 latet "dolayed retrieval flight" as described in 3) below.

'M‘ngﬁé S TR R
.3) i ype € - Delazed Retrieval Flight - This is the flight of a Tug
‘ to an intermediate orbit (mot geostationary) where it retrieves
a spacecraft previously deorbited from a geostationary orbit by
an earlier Tug flight.
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Table 1.4-1 Summary of Mission Accomplishment (100% Capture)

Spacecraft Dslivered
NASA

DOD
Total

Spacecraft Retrieved
NASA
DOD

Total

Total Spacecraft

Delivery Flights
NASA

DOD

Total

Retrieval Flights
NasA
DOD

Total

4N Total Flights

Final Option

1 2 3 3A
201 136 201 201
159 122 186 186
360 258 387 387

- 90 87 87
- 89 84 84
- 179 1n n
360 437 558 558
124 75 115 107
114 39 80 79
238 114 195 |.186
- 90 87 87
- 89 84 84
- 179 171 17
238 293 366 357
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Teble 1.4-2 presents a breakdown of the retrieval flights, includ-
ing the types of delayed retrieval described above.

The sensitivity studies conducted in Task 5 revealed the following
effects on the performance capability of the final options.

1) Providing power to the spacecraft has a significant effect on
the performance of a battery-powered Tug and drives the design
to & solar-arrcy system.

2) Level 1 autonomy has a significant ‘effect on performanca, Other
levels of autonomy do not. (Autonomy Level 1I was baselined.)

3) Cafety and reliability requirements (which affect performance)-
are equal drivers.

4) The storable Tug can readily perform a 30-day servicing mission,

5) Requirements for DOD communication:, paylcad command control and
checkout, and spin/despin of the spacecraft do not have a signif-
efiect on performance capability.

6) Rendezvous and docking has a significant effect on delivery capa-
bility 1f delivery and retrieval are performed on the same flight.

1.4.2 Safety and Reliability

Safety and religbility were considered to be key issues throughout

this study. Safety reviews insured that every Tug candidate was a
safe and effective element of the Space Transportation System. Fail-
operational/fail-safe requirements were met without exception., Be-
cause safety requirements dictated subsystem redundancy in many places,
achievement of relisbility requirements was insured. Sensitivity
studies indicate that reliability and safety are equal drivers.

Emphasis was placed on compo. nt selezction and redundancy in the

- subsystems s0 that all candidates met or exceeded safety and reli-
ability requirements. Reliability for the final option definitions
is discussed in paragraph 2.4; safety is discussed in paragraph
2.5.1.

1.4.3 Minimum DDTEE Costs

Components, subsystems, and systems were selected to minimize devel-
opment costs. In general, near-state-of-the-art technolegy was used
so that performanfty increases could be achieved with minimum DDTEE
costs. A substantial list of supporting research and technology
(SRT) was identified that would precede the development phase to
reduce program risk. ’
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Table 1.4-2 Breakdown of Retrieval Flights (100%

Capture)

Option
Item 2 3 3A
Maximum retrieval requirement 3500 1b 2200 1b | 2200 1b
(geostationary) (1588 kg)| (998 kg) | (998 kg)
Retrieval capability (geostationary)| 1800 1b |1800 1b ! 1900 1b
(816 kg) |(B16 kg) | (862 kg)
Spacecraft requiring retrieval 179 171 171
Flights required for 100% capture 225 208 208
Round-trip flights (deliver & 77 77 76
retrieve same type of spacecraft)
Unequal round-trip flights (deliver | 16 18 17
& retrieve different types of '
space;rﬁft)
Retrieval flights (retrieval with no| 40 39 41
delive:y)
Delivery & deorbit Ior delayed 43 34 35
retrieval ’Type;h) i
Dedicated ‘deorbit’for delayed 3 3% 2%
retrieval (Typg-B) .
46 37 37

Delayed retrieval flight (Type C)

existed in these years that required delivery.

*These flights were dedicated deorbit flights because no spacecraft
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DDT&E costs for the final selected options as presented in the
Selected Option Data Dunp (Ref 5.8) are presented in Table 1.4-3.
The cost of ine first Tug, which carries an operational payload, is
included. Kick-stage (Space Tug auxiliary stage) costs are also
included.

reitional Analyeia (para 3.6) shows that the DDTSE costs can be re-
duced copsiderably by revising certain ground rules and assumptions.

1.4.4 Minimum Production and Operations Costs through Reussbility

The reusabiliry of the final option definitions provides for minimum
production and operations costs. For example, Final Option 3 re-
quires oanly )6 Tugs and 9 kick stages to accomplish 352 flights.

Tuis includes four reliability losses (one loss per hundred flights)
and eight Tugs, which are expended on high-energy planetary missiors.

Table 1.4-4 presents fleet size and operational data for each final
option. The number of flights differs from that shown in Table 1.4-1
because the number of flights has been limited in the first two years
of operations and reliability losses have been added. (See Guide-
ires, (para 1.2.) The stage-and-a-half configuration (Final Option
3A) suffers from lack of reusability due to the large number of drop
tanks expended.

Tables 1.4-5 and 1.4-6 present production and operating costs, re-
spectively, for the final option definitions presented in the Se-
lacted Ortion Data Dump (Ref 5.8). Additional analysis (para 3.6)
shows that production and operating costs can be reduced considerably
by revising certain ground rules and assumptions used.

1.4.5 Programmatics and Transportation Costs

Table 1.4-7 summarizes total transportation costs for each final
option definition as presented in the Selected Option Data Dump (Ref
5.8). The phased-development program (Final Option 3) returns the

" avst benefits (in terms ¢f the number of missions achieved) for the
cost expenditure. The stage-and-a-half (Final Option 3A) requires
fever flights for mission model capture, but the Shuttle cost sav-
ings are more than offset by th- highor Tug costs.

10C sensitivity studies indicata "that stretching out the develop-
~ment time can meduee“annual peak funding requirements, although this
" increases total DDTSE costs slightly. Peak funding should be & key
factor in chcosing the optimum program for the Tug.

Sensitivity studies also show that use of the DOD programmatic ap-
proach reduces risk, but delays production, producing an uneven dis-
tribution in annual funding requirements. It is therefore recom-
mended that commit-to-production not be contingent on flight test
evaluation.
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Table 1.4-3 Daevelcpment Cost Breakdowm

Final Option, $M

WBS | ldentification 1 2 3 A
bl Project Management 15.2 15.9 17.3 19.5
02 Systems Engineaering 22.0 27.7 29.1 3l1.1
03 Tug Vehicle Main Stage 85.9 |140.8 | 181.1 |[192.0
04 Tug Vehicle Auxiliary Stage 26.1 18.1 26.1 26.1
05 Logistics T2.4 2.6 2.9 3.1
06 Facilities 19,6 19,6 19.6 19,6
07 GSE M 23.4 26,2 27.6 29.0
0 Vahicle Test 40,8 45.4 47.3 57.4
1 Flight Operations - DOD 0.3 0.3 1.0 1.0
12 Flight Operations - NASA 1.1 1.1 1.7 1.7
Total 236,8 | 297.7 | 353.7 |3B0.5
Tahle 1.4-4 Production and Crerations Data
Final Option
1 2 3 3A
Launch Operations (Years) 11 7 11 11
Crew Size - ETR 26 142 142 156
- WIR 48 86 86 100
- Central Support 10 14 12 14
- Total }54 242 240 » 270
Number .of Flights® - NASA 19 139 196 189
- DOD 108 115 156 155
- Total P27 254 352 344
Expendables - Tugs (Main Stage) 10 6 8 8
- Kick Stage 12 3 5 5
- Rick Stage 1.5 4 - - -
- Kick Stage 10/1.5 4 - 4 4
-~ Drop Tanks - - - 292
Fleet Size - Tugs (Main Stage) 15 13 16 16
*Includes reliability losses &
limited flights in first two years | 3 3 4 4

1-16




Table 1.4-& Production Cost Breakdown

Final Option, $M

WES Identification 1 2 3 3A
01 Project Management 7.8 8;0 9.8 11.0
02 Systems Engineering 13.7 14.7 17.9 18.0
03 Tug Vehicle Main Stage 99.6 | 104.6 |]126.5 |300.9
S3 Spares, Tug Vehicle Main Stage . 3.5 4.4 4.9 5.2
04 Tug Vehicle Auxiliary Stage 19.1 7.2 18.2 18.1
A Spares, Tug Vehicle Auxiliary Stage 0.7 0.4 0.4 0.4
05 Logistics 1,8 1.8 1.9 1.9
11 Flight Operations - DOD 0.1 0.1 0.1 0.1
12 Flight Operations - NASA 0.3 0.3 0.3 0.4

Total 166.1 | 169.1 | 209.3 | 388.0

Table 1.4-6 Operations Cost Breakdown

Final Optaicn, $M

WBS Identification 1 2 3 3A
01 Project Management 20.8 13.2 20.0 20.2
02 Systems Engineering 45.6 36.2 49,3 50.3
$3 Spares, Tug Vehicle Main Stage 13.9 17.4 19.6 20.9
S4 Spares, Tug Venhicle Auxiliary Stage 1.7 1.5 1.7 1.7
05 Logigtics . 5.8 4.7 6.2 6.2
06 Facilities 4,1 3.8 3.9 3.9
07 GSE 7.8 6.5 8.5 8.5
09 Laun¢h Operations - WIR 12.0 16 .6 19.7 20.9
10 Launch Operations - ETR 25.5 25.5 38.4 41.2
11 Flight Operations - DOD 13.7 13.2 16.9 17.9
12 Flight Operations - NASA 17,2 15.5 22.3 | 23.6
13 Refurbishment & Integration - WIR 24.2 29.9 36.5 36.5
14 Rafumblshmbnt & Integration - ETR 49.7 49.7 75.3 75.0

Total-: 242.0 | 233.7 | 318.3 -| 326.8
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Table 1.4-7 Cost Swmmary for Final Option Definitions (Selected Option Data Dump)

Final Option, $M
1 2 3 3A

Tug Costs

SRT (12.2)  (19.8)  (19.8)  (20.0)

DDT&E 237 298 354 381

Production 166 ~169 209 388

Operations ] 242 234 318 327

Total 645 701 881 1,096

Number of Flights 227 254 352 344

Average Operations Cost per Flight 1.07 0.92 0.90 0.95
Shuttle Costs 2,384 2,667 3,696 3,612
Transportation Cost 3,029 3,368 4,577 4,708

Table 1.4-8 Coet Summary for Revised Optiom Definitions

;1;*L : Final Option, $M
1 2 3 34

Tug Césts T i ‘

SRT U az2.2| @9.8)| (9.8 | (20.0)

DDTSE ' o " 183 | 254 263 286

Production , 158 153 190 361

Opemuons'&" £ s 224 208 . 256 | 261
- Total - ,M e ;;, 565 615 709 908
§aumberiof Flights | ECESUR 227 254 336 331
.i’v, . ?"““({?&»At{ i?-u‘ 4 )
’-Awerage*Operations Cost per Flight 0.99 0.82 0.76 0.79
Shuttle Costs 2,384 | 2,667 |3,528 |3,476
Transportation Cost 2,949 3,282 4,237 4,384
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Additional studies (para 3.0) indicate that the engine should not
be phased in Final Option 3 and that the I0C date for ETR should be
delaved until December 1980 to reduce early peak-year funding. A
build-up in launch rate and crew size should be provided at ETR and
WIR, rather than drive the program directly teo 100% capture. Addi-
tional cost savings items are presented in paragraph 3.6. The re-
sulting revised costs are presented in Table 1.4-8. Because all
Tugs (interim, cryogenic, or storable) require kick stages, which
are not well defined, DDT&E costs for kick stages have been omitted
fron Table 1.4-8 for ease of comparison; production and operational
costs for the kick stages are included.

Prograzmatics and costs are discussed in paragraph 2.4 for each final
option definition presented at the Sclected Option Data Dump (Ref -
5.8). Paragraph 2.5 presents backup data for safety, ground opera-
tions, flight operations, and interfaces. Paragraph 2.6 discusses
the supporting research and technology (SRT) program that would pre-
cede the development phase., Paragraph 3.0 sumarizes the results

of additional studies conducted since the Selccied Option Data Dwmp
(Ref 5.8).
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2.0 SYNOPSES OF ANALYSES
2.1 MISSION REQUIREMENTS ANALYSIS

The mission requirements analysis was initisted by deriving Tug
design requirements and operational program requirements from a
representative NASA/DOD mission model. The sequence of activity
included:

-~ Delineation of gross functional requirements;

- Identification and evaluation of candidate staging and flight
techniques for meeting these gross requirements;

- Identification of subsystem requirements derivable from mission.
considerations;

- Evaluation of the ability of candidate Tug elements to perform
model missions;

- Derivation of annual flight schedules associated with selected
Tug program options capturing the NASA/DOD mission model.

Gross functional requirements for the Tug system were discussed
in some detail at the Requirements Assessment Meeting (Ref 5.3),
and were expanded as the study progressed. The mission model
that has evolved shows a preponderance of geostationary missions,
significant numbers of polar and midinclination Earth orbits,

and a2 smill array of Earth-escape missions. Table 2.1-1 shows
the distribution of these missions. Spacecraft retrieval is an
important aspect of NASA/DOD desires-~service missions and sortie
nissions are significant considerations. In the most general
terms, to accomplish these missions, the Tug must be able to:

-~ Deliver a spacecraft and return to the vicinity of the Shuttle
Orbiter;

' - Rendezvous with an orbiting spacecraft and return it to the
- vicinity of the Shuttle Orbiter;

- Operate,away frow ‘the Shuttle Orbiter for up to six days;

B A A T LIk
j‘-<Achieve spacecraft/energy goals associated with the specified
mission model.

Certain variations in goals have been explored, e.g., delivery-
only capability with shorter mission duration and reduced spacecraft
objectives, mission durations as long as 30 days, Tug operation in
autonompus modes, etc.




Table £.1-1 Mission Distribution

Spacecraft Final Options
1 2 3 3A

. Geostationary 182 | 207 | 264 | 264
.Midinclination &
Planetary 106 | 133 [ 180 {180
Polar 721 97 114 114
Totals 3601 437 | 558 | 558

ldentification and evaluation of Tug staging methods and associataed
flight techniques has been an important part of the study. The
candidates investigated in detail include:

- Single~-stage reussble Tug;

- Reusable Tug core stage with expendable drop tanks (referred to as
stage and a half);

-~ Two-stage reus&ble Tug;

- Expendable upper Tug stage (kick stage) used with the preceding
options.

Various flight techniques appropriate to these staging methods have
been evolved during the study and are reported in various states

of development throughout the study documentation. The most sig-
nificant conclusions about the top-level Tug configuration selection
defined by the staging method selected are:

- The single-stage Tug operating with expendable kick. stages for
planetary missions and in the delayed retrieval mode for heavy
geostationary spacecraft offers one of the simplest most de-
sirable approaches to mission model capture (preferred approach).

.= The stage-and-a-half Tug operated in the same mission. modes
7. . offers .increased capability--but at a significant increase in

- ,.;vehicle complexity and program cost.

? i

-~ The two-stage Tug requires the use of a more complex flight tech-
nique (trapeze mode) to achieve significant improvement in re-
trieval capability over the single-stage Tug. This retricval
capability improvement is not believed to justify the complexity
of the trapeze mode.

2-2
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The staging/flight technique approach has a dominant effect on
most Tug subsystem requirements, resulting subsystem design, and
the ability of the developed configuration to capture selected mis-
sions. These results, in turn, establish the prograumatic aspects
of any approach to Tug design, development, and operation. The
following subsections summarize study results in the mission-

design/mission-capture areas and indicate where more detailed in-
formation can be fouud.




2.1.1 Mission Design

2.1.1.1 Critical Mission Requirements - This study has developed
preliminary designs and associated programmatics for achieving two
discrete lcvels of Tug capability. The schedule of this achieve-
ment has been a variasble, but is not pertinent to this discussion.
The basic Tug requirement is to achieve all spacecraft delivury
and retrieval gozls defined by the XASA/DOD mission model, subject
to constraints imposed by Shuttle design and particular spacecraft
gervice requirements. An Interim goal, selected to minimize Tug
development cost and risk, has also been defined. This interim
goal deletes retrieval requirements, long-duraticn missions, and
servicing spacecraft with e¢lectrical power. These are the kay
requirepents that can be reduced to ease thé difficulty of Tug
development.

Table 2.1-2 is an overview of Tug top-level requirements. A more
detailed expansion at system and subsystem levels is availasble

in Vol 5.0 of the Selected Option Dzta Dump (Ref 5.8). The three
basic sources of Tug requirements are those imposed by mission .
objectives, the spacecraft, and the Shuttle. Of the array of
mission objectives; the desirsd autonomy level and ground-control
requirement merit special mentionm. During the study, four levels
of autonomy were identified. These are described in detail in
paragraph 2.5.3.2 and show a range from complete ground control
to Tug operation that is completely independent of any external
stimulus. Basic designs evolved during the study are consistent
with ‘Autonomy Level II, in which no ground command or dedicated
ground systems are required for Tug flight (although they can

use undedicated ground-based RF radiation). The basic concept of
ground control evolved from the Tug has been to provide a complete
capability to back up Tug flight functions from the ground--

but to use it only for contingencies. Thus, Tug mission success
can be enhanced in situations in which ground intervention is
acceptable, but the level of autonory need not be compromised in
those cases in which it is of consequence.

Two 'spacecraft-imposed requirements have proved to be of particular
consequence to Tug system design. The first is limitation of the
g level imposed on spacecraft to approximately 3.6 g. This has
required the use of new kick-stage solid motors based on slow-

;fl butni§g~propellants to keep axial accelerations down when carrying
. 1ight- to medium~weight spacecraft. The second is the requirement

for the Tug to provide spacecraft with 300 W during Tug/spacecraft
flight. For the Interim Tug, this requirement was waived and
required mission duration was shortened to make an inexpensive
battery-powered Tug feasible.




-

Table 2.1-2 Top-Level Tug Design Requirements

Requirement Category

Basic Requirement

Interim Tug
Variance

Mission-Derived Requirements
Operating Regime

Transportation Mode

Near Earth [<100,000
nmi (185,200 km)]
Therpal, Radiation,
Meteoroid Environment

Deliver & Retrieve

Deliver 5/C

$/C Data Handling

~Acceleration Limitation
Placement Accuracy

Attitude Constraints

16 kbps from S/C,
2 kbps to S/C

3.6 g max axial

Geostat Spaz,NASA Data
Package (Ref 5.12)

Not Specified

Spacecraft & Return
Empty
Mission Endurance 6 Days (28-Day Goal) 36 hr
Subsystem Operating Limits | See Vol 5.0 (Ref 5.8)
Mission Reliability 0.97
Autonomy Level Level II Provided
(std)
Ground Control Provide Complete
Backup
S/C-Derived Requirements
Power to Spaéééraft 300 W (during Tug No Power
N - flight) Required

Shuttle~Derived Requirements
Safety

A5 SN

1. . Acceleration Loads .

. <
i ¥
)

- Return Accuracy

Abort Propellant Dump

Fail-Operate/Fail~
Safe in Vicinity of
Shuttle

Payload Accommodations

| (Ref 5.13)

Shuttle Maneuver
Limits Spec by JSC,
Req Assess. Mtg

Full Propellant Dump

Desired [min to
32,000-1b (14,515-kg)
Tug/spacecraft ]
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Shuttle-imposed requirements have an extremely significant effect
on Tug design. Manned safety considerations including fail-
operational/fail-safe requirement are the driving influences on

the level of redundancy required, particularly in the case of the
attitude-control system (avionics and propulsion). Orbiter-imposed
landing loads are a critical consideration in the structural design.
Abort propellant dump is a key issue in the Orbiter/Tug fluid in-
terface, and the central issue in guidance and navigation is the
ability to return within the specified Orbiter re¢trieval envelope.
This has been the most severe requirement driving navigation update
requirements.

2.1.1.2 Vehicle Staging Trades - Three basic Tug staging arrange-
ments were considered (Table 2.1-3). Each of these is discussed
in detail in Vol 6.0 of the Selected Option Data Dwmp (Ref 5.8).
A single-stage arrangement is the most desirable from the point of
view of operational simplicity and low development cost. The
stage-and-a-half candidate (using expendable drop tanks) offers
improved performance in exchange for only partial reusability and
a more complex configuration. The two~stage approach offers en-
hanced retrieval capability when used in the more complex trapeze
flight mode. The two-stage penalty liss largely im the neeéd to
buy more stages, and in the more complex logistics and operations
associated with them. Each of these bzaic staging approaches can
be supported, when necessary, with expendable kick stages to ease
the burden of high energy requirements on the reusable mode.

Thblc"251=3‘ Configuration/Technique Candidates

\ . Mission

Category Loﬁ-Energy High-Energy

Stage Earth Orbital Earth Orbital | Near-Planetary
Arrangement (incl polar) (1acl geostationary) | Deep Space
Single Stage Basic l-Stage* Basic l-Stage* Basic 1-Stage¥*
' ‘ . Kick Stage + } Kick Stage*
e vt e - Delayed Retrieval* | Expendable*
ls-Stage * Core Stage Only*| Basic 1k Stage* Basic lis-Stage*
, K ' Kick Stage Kick Stage*
g e Delayed Retrieval* | Expendable
2—Stdééf:;?7tf' o One Stage Only* | Slingshot Staging* Slingshot Staging
SRS A SR v ) .Trapeze Staging* Trapeze Staging
1 S Kick Stage Kick Stage*
o : ‘ Expendable Upper

*Selected techniques.
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The single-stage Tug configuration used in its basic reusable mode
can be applied to all the basic types of missions shown in Table
2.1-3. It has more than adequate performance for many low-energy
Earth-orbital missions, resulting in a considerable capability for
multiple missions. A basic geostationary capability up to 6000 1lb
(2722 kg) delivery, 1800 1b (816.5 kg) retrieval was achieved by
our advanced configurations. This is adequate to meet all Earth-
orbital delivery requirements, but requires enhancement for re-
trieval. Kick stages were found to be of limited value for re-
trieval enhancement. .

A delsyed retrieval mode was found to be a completely satisfactory
approach. This technique 1s discussed later in paragraph 2.1.1.3.4.
Some near-planetary missions can be achieved by the single-stage
vehicle used alone in the reusable mode. Many of the higher-energy
planetary missions require the use of a kick stage; some require
expending the single-stage Tug. All these techniques are reflected
in the capture analysis. :

The stage—-and-a-half arrangement is used for target missions

in the same manner as the single stage, with two exceptions. The
most obvious is that the stage-and-a~half incorporates drop

tanks, which supply propellants for initial mission phases and are
then discarded. The other exception is that the core-only vehicle
without drop tanks ¢an capture a significant portion of the low-
energy missions. These factors have been incorporated in the
capture analysis and associated program cost estimates developed
during the study.

The two-stage arrangement offers a wide variety of possible flight
techniques, and makes its assessment a more elaborate task than the
preceding cases. For low-energy missions, one stage flown alone

is attractive because it offers the possibility of an alternative
use for ‘the remaining Orbiter cargo-bay volume and weight. The
alternative use aspect has not been quantitatively addressed in

. this study. Sling-shot and trapeze flight techniques have been
congidered for higher-energy missions (e.g., geostationary) These
are defined as:

1) Sling-shot mode - Lower Tug stage delivers upper stage part way

on its mission—-boch stages return independently to Shuttle

.Q:biter' it il

2) Trapeze mode - Lower Tug stage delivers upper stage part way on
ites nmission--lower stage retrieves and returns upper stage to
Shuttle Orbiter after upper stage has completed its mission.




t*

TR

The sling~-shot mode does not produce performance equal to the

large single-stage vehicle, due to the fixed weights (engine,
avionics) that each of the two st;ges must carry. It is prefarred
for mimsions in which performance is adequate due to operational
simplicity--note that all geostationary delivery uissions fall in
this category. The trapeze mode enhancement of retrieval capability

_1s particularly significant, more than doubling the geostationary

retrieval spacecraft weight, as shown on page 84 of the Program
Concept Evaluation (Ref 5.5). The operational price of this im-
provement is development of two ingegrated stage missions and &
stage-to-stage rendezvous before the mission can be compieted.
The planetary picture parasllels the other options; kick stages
and expending the Tug are still required options. The expended
stage is a smaller stage, but indications are that it is not
ouch cheaper than the alternatives.

-

Comparison of these techniques was made on the basis of performance
capability, overall cost to perform defined spacecraft programs,
development cost, and orerational complexity. Net conclusions
about staging arrangement that these studies evolved are:

1) The one-stage Tug is the most desirable arrangement;
2) The two-stage Tug is the least desirable;

3) Stage-and-a-half advantages are outweighed by the disad-
vantages;

4) Kick stages are a valuable and necessary part of the reusable
_storable Tug picture (but only required for high-energy
Splanetary missions).

2.1.1.3 Flight Technique ~ The flight technique analysis had two
purposes:

(1) Establish ehergy requirements for selected configuration/

mission combinations;

(2) Establish functional requirements that the Tug system/sub-
systems must meet.

.
LR
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 This effbrtxha;FSeé; reported at all study review sessions; the

final results are summarized in Vol 6.0, Sect. 1 of the Selected
th§gnuuqfa¢Dump (Ref 5.8).
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2.1.1.3.1 Standard Geostationary Flight Technique - The geosta~-
tionary mission poses problems that are, in most respects, .typical
of high-energy Farth-orbital missions. The Tug must ascend to a
phase-specified location in the mission orbit, perform specified
orbit operations (e.g., spacecraft separation, multiple placement,
rendezvous), descend, and phase with the waiting Shuttle Orbiter.
Figure 2.1-1 summarizes the resulting mission profile. Associated
timelines are given in Vol 6.0, Sect. I of the Selected Option Data
Dump (Ref 5.8). Ascent phasing requirements are established by

the desired placement longitude--and control the time that the Tug
remains with the Shuttle before starting the ascent phasing burn
and the size of the ascent phasing orbit. The variation in mission
duration due to placement longitude is 12 hours. The «ature of
on-orbit operation is a strong mission determinant. A rendezvous
si:quence taxes auxiliary propulsion and terminal navigation systems,
while phasing two spacecraft to different locations can extend
mission duration to the limit. Shuttle return phasing establishes
the size ¢f the descent phasing orbit. Note that Shuttle Orbiter
nodal regression compensation of this mission is obtained simply

by adjusting the timing of the deorbit burn., There is no energy
budget associated with this correction--a situation that is uot
true for nonequatorial mission orbits.

Ascent

LBl Descent | Phasing ‘
o . Phasing  Orbit @
-.(;eostatlonary Orbit : (hy = 4695 n mi)
orbit oy s o th; =338 n ml) (8695 km)
<y Drbnt)'““‘ oA T km)
PEEER Tug/Orbiter
o Separation
Rk '=*~."~ v (approxS -1/2 park orbnts)

g ‘». ot e syl !

“‘ Burn Sequence No.
f'f-j-?— Orbuter Ascent
{—=— Orblter\Park
——— Tug Flight

Fig. 2.1-1 Geostationary Mission Profile
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2.1.1.3.2 Guidance and Navigation Accuracy Considerations - The

critical guidance and navigation requirement for the Tug is to
achieve the Shuttle Orbiter retrieval envelope st the end of its
mission. Overall dimensions of this envelope were established at
+15 n mi (27.8 km) altitude, #0.15° (2.6 x 103 rad) inclination,
and *60 n mi (111.1 km) downrange (30).
stringent than the geostationary-mission delivery-accuracy speci-
fication and demands the ability to update the Tug's basic in-

ertial measurement unit.

This requirement is more

Updates based on ground track and on
several on~board sensors were congidered during the study.

Figure

2.1-2 1llustrates the performance of three on-board sensor systems
on a geostationary ascent transfer.
approach. yields the poorest performance, but offers the potential
Level 1. The one-way Doppler (OWD) and interferometer
landmark tracker (ILT) systems show nearly equal performance.
The OWD, which is consistent with Autonomy Level 11, was selected
for Tug. This system yields Shuttle return accuracy well within
the retrieval envelope identified, as shown in Table 10-5, Vol 6.0,
Sect. I of the Selected Option Data Dump (Ref 5.8).

of Autonomy

50, 000
(15, 240)

The horizon scanner (HS)

-] I
HS Navigation

"]

;-;"—T';

i

) Noisel

Jeaveia (3, 048)EFE
Ibl'-‘ " el g WA
L olme
. .,ggs,;ﬁb o LT Navigation § _
" Uncertainty,
#mh ool > —
1. 000 @ Vowp Navigation [1 fps (0,305 mls
604.8)

. -
o Ve el

o

AR Bl e

100

Measurement Interval 50 sec, All Sensors:
. | | | | | Nl |

60.5) 2 4 6 8
Time from Transfer Orbit Insertion, 1000 s

10 12

Pig. 2.1-2 Geostationary Transfer Orbit

e

Uncertainty
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2.1.1.3.3 Trapeze Staping - One of the major reasons for not pur-
suing the two-stage configuration throughout the study was the
operational complexity of flight techniques that make it a
superior performer. The two-stage configuration offers a wide
variety of interesting flight techniques, but perhaps the most
critical to Tug is the use of trapeze staging to enhance geo~-
stationary retrieval capability. This technique is illustrated

in Fig. 2.1-3. The lower Tug stage carries the upper stage part
way on its mission, waits in an intermediate orbit while the upper
stage retrieves a spacecraft and returns to the intermediate
orbit, and then returrs the upper stage/spacecraft to the Shuttle
Orbiter. An additional nodal correction maneuver is required,
which becomes larger as mission duration increases. As long as
mission duration can be kept to a minimum (12 hours in geosta-
tionary orbit), this technique offers the highest geostationary
retrieval capability of any Shuttle mission technique investi-
gated. This advantage is overcome by several disadvantages,
including: (1) the extra Tug/Tug rendezvous, (2) the need to
design two intertwined Tug missions, and (3) the basic expense

of maintaining a Tug fleet with more stages in it. Even though
they are smaller, they are nearly as expensive as the large single
stage. Based on these considerations, the two-stage Tug was not
carried throughout the study.

Trapeze (Ladder) Staging

1 Tug to Orbiter Rendezvous ‘czztifégltaa?iezation
I'Tug to Tug Rendezvous & Descent

Burn

w“’,\‘t e ———
\ i =:33}%@, % ,‘”.* Ist & 2nd Stage
- %‘»}m £ Ascent 2nd-Stage

\ ‘ Co-0rbit Burn
1st-Stage Descent Burn
(with 2nd stage
attached)

Fig. 2.1-3 Trapeze Stagirg Technique
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2.1.1.3.4 Delayed Retrie¢val - The basic geostationary delivery
capability of the one-stage Tug is considerably higher than the
identified requirement, while its retrieval capability is con-
siderably less. As an example, Fig. 2.1-4 shows the capability
of the delivery-only and delivery/retrieval Tugs recommended for
Final Option 2. Note that the heaviest geostationary spacecraft
identified in the mission model is 5500 1b (2495 kg). Delayed
retrieval is a technique to split a delivery mission &nd a re-
trieval mission in some other ratio than the 4900 up/1800 down
tabulated for the delivery/retrievel Tug. The technique is to
deliver a spacecraft smaller than 4900 1b (2223 kg) on an initial
Shuttle mission, and use the remaining energy to partially deorbit
the spacecraft to b2 retrieved. On a subsequent Shuttle mission,
the delayed retrieval is completed. Thus, two missions are com~
pleted with two Shuttle .flights. The relationship between the
delivered and retrieved spacecraft weight achievable is shown in
Fig. 2.1-4. This technique allows retrieval of spacecraft that
are much heavier than any specified in the NASA/DOD mission model
for this study.

Delaved Geostationary Retrieval - Delivery/Retrieval Tug

6
2.7
Deliver (1 g) Delayed
Spricraft, Retnevalﬂ
100U 1b Dedicated
(1000 kg) 2 Retrieval - Delivery
R e X U N I R
LTI Retrieve Spacecraft, 1600 Ib (1000 kg)
e . | Geostationary Spacecraft, b (kg)
- gén?iﬁu;‘ation Delivery | Retrieval | Round Trip
Delivery-Only 6,000 N/A N/A
L (2,722)
Delivery/Retrieval 4, 900 1, 800 1,350
o (2,28) (81¢.5) (612.3)

Fig. 2.1-4 Capabilities of Final Option 2 Tugs
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2.1.1.3.5 Planetary Missions -~ The lower-energy planetary missions
can be achieved by a Tug operating in the reusable mode. Since the
Tug achieves hyperbolic escape velocities, mission design is highly
time critical if velocity losses are to be kept within reasonsable

: bounds. The 'perigee propulsion" approach to this mission is
illustrated in Fig. 2.1-5. Principal optimization parameters are
the split between first and second inject burns (points 1 and 2

. in Fig. 2.1-5), minimization of the time the Tug stays in its
hyperbolic escape orbit before a retyo burn (3), and a trade be-
tween a longer return orbit period and the degrading effect of
Shuttle Orbiter nodal regression as mission time increases. This
optimization hzr been studied in detail by NASA Lewis in support
of these contractual studies. The capture analysis in this study
has used a net one-way vehicle loss of 900 fps (274.3 w/sec) for
low-energy planetary missions.

wperbolic 105 C;$ B s

L Separstion - ' Legend:
(1-12 park orbits O Burn Sequence No.
longest case) ——— =~ Orbiter Ascent
.. ' ——— Orbiter Park
" Tug Flight

e Phgay .’~1—5 :Planetary Mission with Perigee Propulsion

j&ﬁw gher—energy planetary missions require kick stages and/or
‘ 8 3&%&“3 ‘modes. Associated mission designs are somewhat
z siqpies; ‘and ;generally have lower velocity losses. See Vol 6.0

j iof 'the Seleeted Mption Data Dury (Ref 5.8).

¥ e 5 #1-4' Wy
. ,q-umn“( . vtv"ﬁ,‘f'

'2.1 1.3.6 Mission Capture Performance - Mission capture data
evolved during the study were based on genmeral performance curves
and mission velocity budgets developed with certain basic assump-
tions. These assumptions and resulting data are in Vol 4.0 of
the Selected Option Data Dump (Ref 5.8). A brief overview is
presented here.

e

¥
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General performance curves reflect & simplified analytical model
of Tug flight. Tug performance is represented by the ideal rocket
equation, and the mission velocity budget for Tug return modes
assumes that inbound and outbound velocity requirements are equal.
Mission velocity requirements are increased by 1.7% to account for
Tug performance dispersions. Arbitrary weight/engine performance
descriptions are used to account for ACPS propellant use (assumed
to be an expendable inert, increasing propellant flow but not in-
creasing thrust). No thrust or trajectory shaping losses are
included in the curves.*®
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Specific mission performance requirements compared to these general
performance curves reflect an effective mission velocity. This

was derived by establishing the spacecraft capability of a particular
configuration worked in detsil against the mission velocity budget.
The velocity budget reflects thrust losses, nodal corrections,
midcourse and rendezvous propellant requirements, etc, of a
realistic mission plan. Effective mission velocity is defined

as the velocity at which the general performance curves indicate
the same spacecraft capability as that derived from the detailed
evaluation. Once established for a specific configuration, this
effective mission velocity was used for all configurations.' A
summary of effective missicn velocities is shown in Vol 4.0,

Table 1.1-1 of the Selected Option Data Dump (Ref 5.8).

L Etaittsitisttat ettt R int it iR it R eI te i iRt i ittt

2.1.2 Mission Capture Analysis

Thetlirsters-

2.1.2.1 Mission-Model/Program—Option Ground Rules - The basic pur-
pose of the capture analyses was to evaluate various Tug design
aspproaches against standardized mission models to obtain a common
evaluation of their merit. As shown in Fig. 1-1, capture analysis
was initiated early and contianued throughout the entire study,
contributing to both subsystem and system selections.

The mission capture analysis was used to establish the number and
schedule of flights required to perform all missions .in a particu-
lar model.. These data were then fed into the programmatics analy-
‘sis . to. establish Tug fleet size, support requirements, and total
associated program cost. This array of date provides information
required to make fair comparisons among, and eventually a selec-
tion:from, various configuration/program options.

N i“‘ 3 B .

"*THéféhly exception to this rule is for the Interim Tug recom-
‘mended for Final Option 1, where a degraded engine thrust is
accounted for by an equivalent specific impulse degradation.

[EEPEFTIN

LR TR

2-14



DDTSE costs for the final selected options as presented in the
Selected Option Data Durp (Ref 5.8) are presented in Teble 1.4-3.
The cost of the first Tug, which carries an operational payload, is
included. Kick-stage (Space Tug auxiliary stage) costs are also
included.

Additional Analysis (para 3.6) shows that the DDTLE costs can be re-
duced considerably by revising certain ground rules and assumptions.

1l.4.4 Mininum Production and Operations Costs through Reusability

The reusability of the final option definitions provides for minimum
production snd operations costs. For example, Final Option 3 re-
quires only 16 Tugs and 9 kick stages to accomplish 352 flights.

This includes four reliability losses (one loss per Lundred flights)
and eight Tugs, which are expended on high-energy planetary missions.

Table 1.4-4 presents fleet size and operational data for each final
opticn. The number of flights differs from that shown in Table 1.4-1
because the number of flights has been limited in the first two years
of operations and reliability losses have been added. (See Guide-
lines, (peara 1.2.) The stage-and-a~half configuration (Final Option
34) suffers from lack of reusability due to the large number of drop
tanks expended.

Tables 1.4-5 and 1.4-6 presaent production and operating costs, re-
spectively, for the finsl option definitions presented in the Sg-
lected Option Data Zump (Ref 5.8). Additional analysis (para 3.6)
shows that’ production and operating costs can be reduced considerably
by revising certa'n ground rules and assumptions used.

1.4.5 Proprammatics and Trapsportatiom Costs

Table 1.4-7 summarizes total transportation costs for each final
option definition as presented in the Selected Option Data Dump (Ref
5.8). The phased-development program (Final Option 3) returns the
most benefits (in terms of the number of missions achieved) for the
cost expenditure. The stage-and-a-half (Final Option 3A) requires
fewer flights for mission model capture, but the Shuttle cost sav-
ings are more than offset by the higher Tug costs.

.10C sensitivity studies indicate that stretching out the develop-
mept"tiée‘cnn reduce annual peak funding requirements, although this
‘increases total ‘DDTSE costs slightly. Peak funding should be a key
factor in choosing the optimum program for the Tug. '

Sensitivity studies also show that use of the DOD programmatic ap-
proach reduces risk, but delays production, producing an uneven dis-
tribution in annual funding requirements., It is therefore recom-
mended that commit-to-production not be contingent on flight test
evaluation.,
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Table 1.4-3 Development Cost Breakdown

Final Option, SM

WBS | Identification 1 2 3 3A
01 Project Management 15.2 15.9 17.3 19.5
02 Systems Engineering . 22,0 27.7 29.1 31.1
03 Tug Vehicle Main Stage 85.9 |140.8 | 181.1 1}192.0
04 Tug Vehicle Auxiliary Stage 26.1 18.1 26.1 26.1
05 Logistics 2.4 2.6 2.9 3.1
06 Facilities 19.6 "} 19.6 19.6 19.6
07 GSE 23.4 26,2 27.6 29.0
08 Vehicle Test - 40.8 45,4 |.47.3 57.4
11 Flight Operations - DOD 0.3 0.3 1.0 1.0
Total 236.8 | 297.7 | 353.7 |380.5
Table 1.4-4 Production and Operations Data
Final Option
1 2 3 3A
Launch Operations (Years) 11 7 1 11
Crew Size - ETR ~ . 96 142 142 156
- WIR | 48 86 86 100
- Central Support 10 14 12 14
- 'Total 154 242 240 270
Number of Flights# - NASA 119|139 [ 196 | 189
. .12 pop 108 | 115 156 155
- Total R27 | 254 352 344
10 6 8
& 3 5 5
| ';,.;,;_,,_»jf Rick Stage 1.5 4 - - -
" < Rick Stage 10/1.5 4 - 4 4
- Drop Tanks - - - 292
Fleet Size - Tugs (Main Stage) 15 13 16 16
*Includes reliability losses &
limited flights in first two years | 3 3 4 4
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' big. 2.1-8 Direct-Developed Tug-Retrieval Deorbit Capability for DRFM
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A generally similar approach was followed in each of the remaining
mission categories--midinclination, polar, and planetary. For
midinclination and polar missions, performance data show reduced
Shuttle capability. For the planetary missions, kick stages are
used, as are expendable modes. A general summary of Final Option 2
data js shown in Fig. 2.1-9. An example of the net vesult of

these analyses is shown in Table 2.1-4. This illustrates that

437 spacecraft deliveries/retrievals are accomplished with 293 flights.
A complete array of mission capture, flight schedules, and addi-
tional capture potential for this sfudy is presented in Vol 4.0

of the Selected Option Data Dwry (Ref 5.8).

100,000 £
( 8,359

Stage (KS 10}

3
moa?au'! |»za.s‘*m.m rad)

‘‘‘‘‘

012 14 16 18 8 2
. (o.onu.zzuL KB) (ZM)G (5) 6. 6614, 2714 88)(S, 49)16. 1016, 71N7 32)(7 92 (8 53)
Velodty above Shuttle Park Orbit 1160-n-mi 296. 3-m) c'mx 1000 fps (1000 m/s)

Fzg '2.1-9 'Final Option 2 Mission Model ar.d Tug

Ly et e Pbrfbrmance
S .’-:,.rg-xr' : R

.2 1.2 3 Mission Capture Summary Results

jllll

Final Optzon 1 - This option was ‘devised to evaluate the possi-

bility of saving development and total program costs by lowering

; “”“**uﬂssipn“goals--and the expense of the Tug required. An Interim

' ,‘.Tug configuration was defined with a low-development-cost engine,
lbattery power, ‘and no retrieval capability. Principal effects of
these selections were reduced spacecraft performance capability, 3800-
. 1b. (I724—kg) geostationary delivery, and reduced flight endurance

© (36 hr). The vehicle can perform 21l missions identified for this
option. Note that the 36-hr endurance is the reason DOD missions
36, 37, and 38 were excluded from the model. The flight schedule
associated with the option is shown in Fig. 2.1-10.
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Table 2.1-4 Final Qption 2 Flight Summary (100% Capture)

Flight Modes & Tug

Calendar Year

Configurations 80 |81 |82|83|84]85]86 878889 ]|90 |Total
Shuttle Flights 45 1 43 )41 1 41 ] 36 |42 )45 (293
Tug Flights 45 | 4341 | 41 | 36 | 42 | 45 293
Delivery Flights, Direct
Development=-Delivery
Tug (Single Spacecraft .
Flights) 51 2| 5| 4] 5| &4 4 | 29
Tug (Multiple Spacecraft
Flights) 3] 2} 1} 5% 41 7 2 1 24
Tug + Kick Stage 10 3 3
Tug + Kick Stage 10/1.5 2 2
Tug (Expended) 2 11 1 31 1 8
Retrieval Flights
Direct~Developed .
Tug-Retrieval 9| 3§10 3| 8| 1| e | 40
Delayed Retrieval Flights
 Direct-Developed
Tug-Retrieval 6111 3| 6| 2| 8|10 | 46
Delivery & Deorbit for
Delayed Retrieval
Direct-Developed
Tug-Retrieval 61 11| 3] 6| 2| 7| 8 ] 43
Dedicated Deorbit for
Delayed Retrieval
Direct-Developed
Tug-Retrieval 11 2 3
Roundtrip Flights
Direct-Developed
Tug-Retrieval 10y 9] 14]110] 14}10}10 | 77
Unequal Roundtrip Flights
Direct-Developed
Tug-Retrieval 2] S1 1) 4| 1) 1§ 2] 16
Spacecraft Delivered 371 37| 32| 41| 34) 43| 34 [258
g;:zion Spacecraft Retrieved 27] 28| 281 23] 25| 20| 28 1179
Total 64] 65] 60] 64] 59| 63} 62 437
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Note: These data reflect
reduced number of flights

2 during Shuttle andlor Tug
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Additional missions, not included in the Final Option 1 mission
model due to performance or flight endurance constraints, were
evaluated to determine additional capture potential. To capture
the heavier low-cost-design planetary spacecraft, dual Shuttle

» flights wicth Tugs ganged on orbit are required. DOD missions 36,
37, and 38 can be accommodated by adding betterizs to achieve the
required mission duration, while retaining adequate spacecraft per-
formance. DOD mission 29, a geostationary sortie mission, is
beyond the ability of this configuration.

A nore detailed breskdown and explamation of mission capture data
for this and other options are included in Vol 4.0 of the Selected
Option Data Dump (Ref 5.8).

b. Final Option 2 - This option involved the case in which ulti-
mate Tug capability is developed directly for a delayed 10C date.
The ultimate single-stage Tug defined was the Direct-Developed
Tug-Retrieval. This vehicle incorporates a new high-performance
engine, solar panels, and subsystems required for retrieval. The
Direct-Developed-Tug-Delivery configuration duixtes the retrieval
capability; otherwise, the two configurations are identical. These
Tugs (plus kick stages) can perform all missions identified in the
Final Option 2 mission model. The resulting rlight schedule is
shown 1n"F13. 2.1-10.

The additional capture potential evaluated in this case included
geostationary spacecraft heavier than the 3500-1b (1588-kg) model
goal, low-cost-design planetary spacecraft, and the DOD geosta-
tionary sortie migsion. The heavy geostationary spacecraft can
be accommodated by the delayed retrieval mode. Most of the low-
cost planetary spacecraft can be accommodated in the reusable
mode or by expending a Tug. Mission 22 requires ganging on orbit
and a Tug expenditure. The DOD geostationary sortie mission
cannot be accommodated.

a. F%nal Optzon 3 - This option dealt with a phase-developed
single-stage Tug. During the early Shuttle years, a vehicle with
~a (Phased Tug-Initial) relatively low-cost engine and no retrieval
capability was used. This vehicle was then evolved to retrieval

capability with a new engine (Phased Tug-Final-Delivery and"
Phased Tug-Final-Retrieval). These Tugs (plus kick stages) can

“;. perforn. all missions identified in the Final Option 3 mission
. - model.:" The"resulting flight schedule is shown in Fig. 2.1-10.

H uu« r—
The additional capture potential for this option is essentially
identical to that described for Final Option 2 because it deals
with the same vehicles and the same candidate spacecraft.
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d. Firal Option 34 - This option is a phase-developed stage-and-a-
half Tug parallel to the Final Option 3 configuration. The

flight schedules are shown in Fig. 2.1-10. Note that Final Option
3A requires eight fewer flights than Finagl Option 3. This shows
the advantage of higher performance and shorter length of the
stage-and-a-half configurations.
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An analysis of additional capture potential was not required for
Final Optiorn 3A. '
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2.2 Subsystem Requirements and Evaluation

This section describes the Tug subsystem analytical and concep-
tual hardware design effort performed during this study. The ef-
fort (Task 2) started concurrently wit, the Mission Requirements
Analysis (Task 1) at the beginning of the etudy and continued
throughout Configuration Anulysis (Tesk 3) and Program Definition
(Task 5), as the specific Tug configurations were reitersted and
further defined. The effects of Programmatics and Cost Analysis
(Task 4) was integrated into the subsystem anslysic where required.

Because the use of existing subsystems: and components was to be
emphasized in this study, collecting and analyzing technical and
cost data on all potential subsystems and/or cowronents was the
inicial effort. A parallel effort was analysis of Tug subsystem/
component functional requirements.

Comparison of the data collected against the functional require-
ments was justification for rejection of many subsystems/compo-
nents for one or more of the following reasons: obsclescence ac-
cording to 1979 standards, excessive weight and volume, excessive
electrical power required, no longer in production~-tooling mot
available, failure to meet safety or rclisbility requirements,
high cost, etc.

Various trades and parametric analyses were conducted within each
subsystem to eliminate unsatisfactory candidates. The one or
more candidate subsystems judged satisfactory for consideratiom
in the overall Task 3 Tug configuration synthesis process were
identified as selected subsystem candidates.

A dﬁﬁmary discussion nf the total subsystem activities by subsys-
tem is presented in the following paragraphs, including, in each
.case, a description of the subsystem(s) used in Final Options 1,

-2, 3, and 3A. Aleo included are discussions of -the Tug payload
‘do:king and separation modules and kick-stage configuratioms.

s

[ A v

P

ifiLi.}Stfuctures Subsystem

'*g‘«12;2$i}1"Requirementa - The structural requirements are'basically
‘derdved from other subsystem requirements; thus, the structure
must provide for:

lftAbepellant load packaging;

2) Integration and mounting of avionics components;

3) Docking mechanism (for some options);

4) Integration and mounting of pressurization system;
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5) 1Integration and mounting of thermal control system;
6) Suitable location and orientation of ACPS motors;
7) Meteoroid protection;

8) Interface provisions for mating with both the Orbiter and a
Tug payload.

In additi:u, the structure must sustadn all design load conditions
without excessive or detrimental deflections and not fail under
ultimate loads. It must weet the above criteria in an efficient
manner, minimizing structural weight.

2.2.1.2 Candidates Considered - There were four basic vehicle
ccncepts derived from various approaches considered to capture
the mission model. These consisted of:

1) A single-stage vehicle (designators IA through JH) sized to
carry 57,000 1b (25,855 kg) of propellant and limited to no
more than 35 ft (10.7 m) in length;

2) A single~stage vehicle (designators IIA through IIC) sized
to carry 57,000 1b (25,855 kg) of propellant, but limited in
length to 17.5 ft (5.3 m) so that, by off-loading propellant,
two—-stage operation could be achieved;

3) A tvo-stagé coubination of vehicles (designators IIIA through
IXIH) each sized for 28,500 1b (12,927 kg) of propellant and
with their total length limited to no more than 35 ft (10.7 m);

4) A stage-and-a-half vehicle (designators IVA through IVE) with
the drop tanks sized to carry either 507 or 80%Z of the total
57,000 1b (25,855 kg) of propellant. The tanks were designed
for an oxidizer/fuel mixture ratio of 2:1 by weight.

For these vehicle concepts, various candidates were evaluated for
the main nropellant tanks, nontank or skirt structure, and engine
thrust structure. For the tankage evaluation, dome shapes, struc~
tural arrangement, and .materials were all considered. Dome shapes
evaluated .were -heaispherical and /2 elliptical, while the arrange-
ments consisted of isolated tandem tanks, isolated side by side,
common dome, ‘tandem, and common wall. . Materials considered were
2219~-797 .aluminum and Ti-6AL-4V titanium alloy. For these trades,
the tanks were sized using the proposed operating and relief pres-
sures along with the factors-of-safety approach from MSFC-HDBK~
505 (Ref 5.18). This approach resulted in the following pressures.

2=-25
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Fuel Tank Oxidizer Tank

Pressure psi N/em? psi N/em?
Operating 16 11 30 20.7

Relief 30 20.7 60 41.4
Yield (1.1 x relief) 33 22.8 66 45.6

Ultimate (1.4 x relief) 42 29 84 58

For the nontank, or skirt structure, both closed shell and open
truss were considered. These consisted of aluminum honeycomh
(graphite epoxy face sheets over aluminum core), aluminum skin-
stringer, aluminum integral-rib-stiffened, and graphite-epoxy
composite tubular-truss construction. The studies were conducted
using an ultimate running axial load of 637 lb/in. (1116 N/cm).

The candidates chosen for engine thrust structure consisted of
both open truss and closed cone. The open-truss structures eval-
uated were made. of titanium, aluminum, and graphite epoxy. The
closed-cone configurations consisted of titanium skin-stringer
construction and a8 composite graphite-epoxy honeycomb. The en-
gine thrust structure was sized using 15,000 1b (66,723 N* of
thrust and a dynamic factor of 2.0 applied to the thrust load.

2.2.1.3 Selection Methods - The first step in the screening proc-
ess was to list requirements that a candidate must meet, such as
schedule, physical compatibility with spacecraft and Orbiter, re-
usability, refurbishment capability, and the minimum required per-
formance.  These screening criteria were applied to each Tug can-
didate structural arrangement, and those meeting all the "mus:"
requirements were then subjected to a more detailed comparative
screening. This screening process compared on a relative basis

- such things as fabrication costs, reliability, complexity, safety,
producibility, and'ease of handling.

+

2.2.1.4 Selected Subsystem Candidates - During this Task 2 effort,
25 different structural arrangements were put through the cocarse
screening -with four single-stage, two Ttwo-stage and one stage-
and~a~half configuration being rated high enough for considera-
tion in:the Task '3 vehicliz synthesis analyses. A summary of these
. selected candidatea is shown in Table 2.2-1, along with rejected
v“conceptsvm 8

. v P e .
“2.2.1.5‘“?1nal Option Definition - As a result of the configura-
tion synthesis, a single-stage vehicle (IA2 type) was the pre-
ferred configuration for each of the seven capability optious.
This single-stage structural concept was carried over to Task 5,
with NASA concurrence, for Final Options 1, 2, and 3.
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Table 2.2-1 Basie Structural Concepts Summary

Designator Description
1A thru TH Single stage, 57,000 1b (25,855 kg) propellant, mixture
ratio 2:1

Selected Candidates

1Al Isolated tanks, Titan III Stage II tank arrangement
1IA2 Isolated tanks, fuel tank forward, elliptical domes
IA3 Isolated tanks, equal-volume tanks (MR 1.65:1) °
ID Common~-dome tanks, hemispherical domes

Rejected Concepts 1solated tanks, spherical domes

Common-wall cylinder inside sphere
Common-~wall cone inside sphere

Four isolated tanks

Spherical cap inside a spherical tank
Common elliptical domes

1IA thru IIC Single-stage, max length 17.5 ft (5.3 m), 57,000 1b
(25,855 kg) propellant

p

Selected Candidates

(none) A
Rejected Concepts Separate tanks, spherical segment domes, common dome,
oxidizer elliptical, fuel conical
I11A thru 1IIH Two-stage, 28,500 1b (12,927 kg) propellant per stage
Selected Candidates = ‘
IIIC = Common-dome .tanks, elliptical domes

Rejected Concepts Isolated tanks, elliptical domes
G .Isolated tanks, spherical domes
. . Common-dome tanks, spherical domes
e SREE S © Spherical cap inside a sphere
| : Common-wall cone inside sphere
Common-wall cylinder inside sphere
Four isolated tanks

IVA thru IVE Stage-and-a-half, various propellant splits & tank
e arrangements
Selected Candidates -
v;gvnﬁg T 20/80 propellant split, core plus 2 drop tanks, common
Cilsenti. pRaed. 0 elliptical domes
Rejééééd Concepts .| 20/80 propellant split, Y2 common domes on core, spheri-

cal domes on 4 drop tanks

50/50 propellant split, v2 common domes on core, spheri-
cal domes on 4 drop tanks ;

50/50 propellant split, 4 isolated tsnks on core, 4 sep-
arate drop tanks, spherical dome

50/50 propellant split, V2 common domes on core, 1 drop
tank with v2 common dome

2-27




ndd

a. Final Optiong 1, 2, and 3 - Single-stage structural arrange-
ment and details are basically the same for all three final op-
tions. Final Option 1 is sized for 57,000 1b (25,855 kg) total
propellant for delivery-only missions, and, to optimize retrieval
capability, Final Options 2 and 3 are sized for 60,000 1b (27,216
kg) total propellant. Figure 2.2~1 and Table 2.2-2 show this ar-
rangement. All vehicles have isolated tandem titanium tanks, with
v2 elliptical domes and are 10 ft (3.05 m) in diameter. Forward
skirts are of aluminum skin-stringer construction, providing for
easy equipment mounting and the preferred material for the thermal
problem associated with mounting electronics components in that
location. The between-tanks and aft skirts for all three final
options are composite honeycomb with graphite-epoxy face sheets
and sluminum cores.

~— Separation (para 2.2.9)

or Docking Module Between-Tanks Skirt Barrel Length
(para 2.2.10) " ' Oxidizer
’.‘38.3 L ] "E“ _—.—.——-‘329 apn
97.3) new / (. 6) G Fuel
'__T npn !
i A . [

it /

Fﬁei Oxidizer

i \
1 | & . R-‘Weld Joint ’

e i Latt skirt

3 tdndaidioinbak shadidede

'Fomard_,\Sk'l":?;fr o | Dimensions in in. (cm)

g2 2—»1 Smgle-Stage Confzgw‘atwn for Final Options 1, 2, and 3
o ': ;'m ?' N
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b. Final Optior 8A - In addition, at NASA direction, a stage-
and-a-half vehicle (Fig. 2.2-2 and Table 2.2-2) was selected for

further study to satisfy Final Option 3A.

The core vehicle is

6 ft (1.83 m) in diameter with igsolated tandem titanium tanks
with V2 elliptical domes.
skirts are all of aluminum skin-stringer-frame construction, while

the thrust structure is a truss.

The forward, between-tanks, and aft

The drop tanks, two fuel and

two oxidizer, 4 ft (1.22 m) in diameter with hemispherical domes,

are wade of aluminum.

Trusses and fittings that tie the drop

tanks to the core and the Tug to the Cradle are made of aluminum
and designed so the trusses remain with the core at separationm,
thus simplifying the Tug/cradle interface.

Additional detailéd structural data may be found in Vol 5.0, Sec I
of the Selected Option Data Dump (Ref 5.8).

—48.0-Dia Drop Tanks
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2.2.2 Thermal-Control Subsystem

2.2.2.1 Requirements - The thermal-control subsystem requirement
is to maintain the Tug subsystems within allowable temperaturc
limits for ground, launch, orbit, postorbit, and landing condi-
tions. The orbital time requirement varied from 36 hr to 7 days--
up to 30 days as a goal. Although it is desirable that the Tug
thermal-control subsystem not require a selective Tug orienta-
tion, certain spacecraft msy require it to perform ithermal maneu-
vers. Because the Tug avionics subsystem must be capable of ac-
cepting changes in mission assignment or spacecraft ephemeris
before launch, and because certain Tug subsystems/components will
be operating before launch and continuously thereafter, the ther-
mal control subsystem deeign must provide the necessary opera-
tional flexibility for these conditions.

2.2.2.2 Candidates Considered - Design and development of the
Tug thermal-control subsystem is a highly iterative process that
depends on the Tug configuration, subsystems selected, types of
missions to be flown, and requirements for or limitations on ther-
mal maneuvers.

Thermal-control methods considered for the many Tug configura-
tions included:

1) Passive control through the use of multilayer insulation (MLI);

2) Passive control through the use of optical solar reflectors
(OSR) ; ‘

3) Passive control through the use of paint patterns and special
surface finishes;

4) Active control through the use of fluid loops, heat pipes,
and radiators;

5) Various combinations of these.

Active control would use the waste heat from the fuel cell when
it was used as a power source.

. 2.2.2.3 Selection Methods - Thermal-control subsystems were not
 selected as separate subsystems independent of other Tug subsys-
tems; rather, selection of the Tug configuration and other sub-
systems dictated the thermal-control system selection.

2-31
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2.2.2.4 Selected Subsystem Candidates - Both active and passive
thermal-control subsystems were retainad for congideration in
Task 3 because one selected pressurization subsystem candidate
required the use of cryogenics.

2.2.2.5 Finsl Option Definition - On the basis of reduced cost,
complexity, and weight, passive thermal control was selected forv
use on all final options.

a. Pinal Options 1, 2, and 3 - Definition of the thermal-control
subsystems for the final-option single-stage vehicles required
thermal analysis and wodeling as briefly described in the follow-
ing paragraphs.

A steady-state thermal model was prepared to evaluate the feasi-
bility of passive thermsl control of the avionics compartment,

An 18-node model was used to simulate the peripheral temperature
gradient in the walls, and one node repraesented the average ef-
fect of the avionics on wall temperatures. Results showed that

a maximum wall temperature of 70°F (21°C) was necessary to keep
the higher-powered components within allowable temperature limits.

A 67-node thermal model was prepared for one of the earlier single-
stage configurations, using the Martin Marietta Interactive Ther-
mal Analysis System (MITAS) program. Cases were run to evaluate
the use of MLI on the propellant-tank side walls. It was deter-
mined that MLI on the side walls was unnecessary for most mis-
sions. In keeping with the propulsion subsystem design, external
radiation properties were selected to provide a maximum steady-
state propellant- temperature of 70°F (21°C) for the maximum ex-
ternal heat-flux case. This was determined to be a 500-n-mi
(926~km) circular orbit over the terminator, with the vehicle
axis perpendicular to the Earth-Sun line.

An improved 270~node thermazl model of single-stage Tug configura-
tions is about 60% complete. The Martin Marjietta Thermal Radiation
Analysis System (TRASYS) program is used to compute radiation in-
terchange properties and orbital fluxes, and the MITAS program is
the thermal agnalyzer. The model is detailed down to the individual
avionics component level. When completed, the model i¢ expected

to provide an early thermal analyzer capability for the Phase B
study.

x -
AL AP -
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The passive thermal-control subsystem selected for use on the
final option single-stage Tugs is described below.

Multilayer insulation (MLI) is used over the fore and aft ends of
the Tug to create thermally compatible compartmenis for avionics
equipment and consumables. The outside of the avionice compart-
pent is covered with optical golar reflector (OSR) material to
minimize absorption of solar energy. Sidewalls are painted to
maintain & maximum propellant temperature of 70°F (21°C) with the
Tug longitudinal axis perpendicular to.the Earth-Sun line in a
500-n-mi (926-km) orbit. MLI and electrical heaters are used on
temperature-sensitive components in the consumsbles compartment.
High-power components, like the IMU and transmitter, require high X
heat-rejection provisions. This is accomplished by repackaging
these components on a baseplate that then becomes part of the
forward skirt skin, thue allowing for heat dissipation through
radiation. Battery temperature control is provided through the
use of heat pipes, connecting batteries to the forward dome of
the fuel tank.

ACPS engines will cause plume heating of adjacent structures. The
vagnitude of the structural temperature rise is very sensitive to
the engine duty cycle, and information to be available during the
Phase B study will be needed to estimate this cycle. Items in

the consunsbles compartment (aft skirt) are protected from engine
plune heating by the base heat shield. Due to the high tempera-
tures expetienced in this region, Kapton 18 used for the MLI
paterial.

b. Pinal Option 34 -'The stage-and-a-half thermal-control sub-
system presents a more difficult thermal design problem. No com-
puter analysis was performed; however, a passive design is feas-
ible, possibly at the expense of additional attitude constraints.
Additioral propellzat feedline insulation and heaters are neces-
sary due to the more complex plumbing arrangement. All external
. belium tanks and the hydrazine tank will require MLI and heaters.
A Tug toasting maneuver may be required to provide thermal con-
trol for this configuration, and may require integration with any
variasble spacecraft orientation required.

Further ma.lytical and hardware descriptive details may be found

in Vol 3.0, ?ﬁic.l of the Selected Option Data Dump (Ref 5.8).
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2.2.3 Guidance, Navigation, and Control Subsystem

2.2.3.1 Requirements - In general, GN&C subsystem requirements
are to provide a high level of autonomous Tug flight capability
to orbital conditions, consistent with delivery/retrieval mission
requirements and the flight duration specified (from 36 hr to

7 days). This includes providing continuous information on the
state vectorg of position and velocity of the Tug, determining
the direction of each of the principle axes of the Tug in iner-
tial space, and forcing the state variables and attitude to those
values required at the target points for s given mission.

Specific requirements for accuracy of spacecraft deployment, de-
ployment, stability, attitude control during spacecraft rendezvous

.and docking, Tug/Orbiter separation and retrieval modes, and on=-

orbit relative to specific target orbital conditions are in the
"rea Fackape (Ref 5.7).

Level of autonomy was not specified. However, Autonomy Level 1I
wvas selected as a baseline for the final options and is described
in para 2.5.3.

2.2.3.2 Candidates Considered - In general, there were two gen-

erations of subsystems considered for all Tug configurations.

The first employed components of existing design (generally heavy
components) with 1979 availability; the second considered compo-

nents of ultralightweight design that are in a brassboard devel-

opment status, but deemed available by 1983.

Candidate components evaluated were star sensors, inertial meas~
urement units (giwbaled and strap-down), horizon sensors, video
cameras, rendezvous and docking radars, actuators, and ACPS rocket
modules.  Detailed tables of these cendidates, along with techni~
cal-data, ‘are in the First Review Presentation (Ref 5.4) and

Vol 5.0 .¢f the S@}ected Option Data Dump (Ref 5.8).

'2.2.3;3;~Se1ection Methods - The approach used for GN&C subsystem

. selection is best described at the component level. Primary con-

sideration was given to reliability, cost, and weight, but was not
limited to these elements. Primary emphasis was placed.on select~

.ing .the following units.

a.’ IMUS*Z'Both the 1979 and 1983 systems were selected on the

 basis of safety and reliability. By employing these criteria,

redundancy was a necessity, driving the IMU selection to skewed

' redundant strap-down units. The lightest unit available in 1979

and configured from existing modules, is the Hamilton Standard
RSIMS at 64 1b (29.03 kg). For 1983 availability, the ultra-
lightweight Autonetics MICRON IMUs, at 10 1lb (4.54 kg) each, were

- selected. These are in flight test in the brassboard stage.
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P. Star Tracker - Star tracker selection criteria were long mean
time between failures and a reasonably low weight. This led to
the selection of the Ball Brothers CT 401 unit, which is fully
developed, low in cost, and has relatively good accuracy.

¢. Eorizon Sensor - The horizon sensor was chosen on the criterion
of position update device, rather than the usual attitude update
device. From a position update viewpoint, there is only one sys-
ten that meets the requirements--the Quantic ETD 321B, Model 1V,
The horizon sensor is , lternate equipment required only for
Autonomy Level I DOD f.(ghts.

d. Rendezvous and Docking - Power, weight, and short-range resolu-
tion wvere the factors used in gelecting the scunning laser radar
(SLR) over more cqgnventional RF ranging systems. The SLR is built
by ITT and weighs about 60 1b (27.22 kg).

For the sideo system, the existing Apollo 15/16 TV camera system,
at 13 1b (5.90 kg), was selected. Although a TV camera may not
be required when docking to an attitude-stationary spacecraft,

it will be required as an adjunct when docking to a rotating

coning target spacecraft.

Rendezvous and docking is required only in Options 2, 3, and 3A.

2.2.3.4 Selected Subsystem Candidates - The GN&C candidates ge-
lected from Task 2 can be added to the total Avionics subsystem

as kits to take advantage of the type of mission to be performed
by the Tug with regard to weight, and operational complexity; i.e.,
on a delivery-only mission, the avionics installation would not
include the rendezvous and docking radar or videc units.

The following vere selected as candidates for Tug configuration

. synthegig in Task 3:

- Componeunt
Star Tracker

RSIMS

P ro-

e

B I R

, Sty L
o ,

~ Borizon Sensor

Integrated Hydraulic
Actuators

R Ay

TR me e

Remarks
 Ball Brothers CT401, fully developed, high

reliability for all mission durations.

Hamilton Standard redundant strapdown
inertial measurement system--not devel-
oped. All components are operational

in Delta inertial guidance system (DIGS)-.

Quantic ETD-321B, Model IV, meets Autonomy
Level 1.

Tandem lightweight self-contained units. '
Avoids boil-off problems. No accumula-
tors, lines, pumps, or reservoir required.
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"w-shown‘in’rlg. 2.2=4. The delivery and retrieval subsystem (AV-2)
. ' 1s shown 1o Fig. -2.2-5. The two subsystems are basically the

”
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Component. Remarks

Valve Drive Amplifiers Electronics required to drive integrcted
hydraulic actuators, auxiliary control
propulsion system, and propellant valves.

ACPS Nozzles Provides reaction pulses required for
Tug attitude control during the coast
phase of flight and roll control for the
powered phase. Specific characteristics
are in para 2.2.8.

Scanning Laser Radar ITT-~Available in 1983, lightweight, low
pover. ’

RF Rendezvous Radar AN/APQ 148 or Apollo/LM--available in
1979. )

Video Camera RCA--available, Apollo 15/16 system.

Proved in flight type test (FIT).

2.2.3.5 Final Option Definition

a. Fingl Option 1 - The Final Option 1 GN&C subsystem is basically
current state-of-the-art design; somewhat heavier, but less costly
than the system selected in succeeding options.

Final Option 1 employs the AV-9(4) avionics yubsystem shown eche-
matically in Fig. 2.2~-3. The GN&C portion of the subsystem con-
sists of & skewed redundant scrapped-down inertial measurement
unit, star tracker, horizon sensor (for Autonomy Level I only),
portions of the data management subsystem, integrated hydraulic
actuators, and attitude-contrel valves and nozzles.

Navigation logic, guidance equations, powered-flight autopilot,
and phase-plane autopilot algorithms are programmed in the
flight computer part of the data management subsystem.

b. PFinal Option 2 - This GN&C subsystem is lightweight and de-
pende on countinued development of some hardware now in the proto-
type or brassboard phase; specifically, the MICRON strap~-down IMU
made by Autonetics and the scanning laser radar made by ITT.

Y S e T e P

‘The Final ‘Option 2 delivery-only avionics subsystem (AV-3) is

same. When -a retrieval mission is desired, the scanning laser
radar, video camera and associated pan and tilt, and docking con-
trols are mated to the bus through standard interface connectors.
No rewiring of the Tug is necessary; equipment is merely plugged
in and removed as required for various missions. Appropriate ad-
dressing and logic are incorporated into the data management sub-
system.
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Fzg.‘ 2. 2-5 Delzvery/ﬁemeval Tug Avionics Subsy.tem, AV-2

Autonamy Level II

The vehicle control hardware and software are the same as those
for Final Option 1 and will not be further discussed.

“g»f”?fvci Final Option 3 - This GN&C subsystem is a cowbination of those

‘used for Final Optioms 1 and 2:

" . '1). Final Option 3 1979 delivery-only Tug uses the Final Option 1
_ subsystem.
ﬁ XEE: -
EZ)ﬁ' d”?inal Option 31983 delivery—only and delivery/retrieve
M“ﬁ"“‘.l!axgs use Final Option 2 subsyﬁtems.

qug

W »"

”d:'~anaZ Option 34 - This GN&C subsystem is the same as that for
FPinal Option 3 except for certain minor software differences
associated with the drop-tank staging sequence.

For a detailed functional description of the final selected GN&C
subsystem, see Vol 5.0 of the Selected Option Data Dump (Ref 5.8).
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2.2.4 Data Management Subsystem - This section discusses the
study effort relative to the Tug dats management subsystem (DMS),
which provides the on-board digital logic-service functions of
on-board checkout, redundancy control, data transfer, command
decoding/distribution, dats sampling/cond’:.-ning/accumulating/
storage, caution and waraning, timing, inte “hi.~/vehicle data trans-
fer, coding/decoding, and computer services.

Mzjor DMS considerations throughout all study phases were:

1)

2)

3)

The need to limit intersubsystem permutations to minimize
potential program costs;

The need for a very adaptive DMS capable of rapid reprogrammiﬁg
and checkout.

The need for a relatively large memory.

2.2.4.1 Requirewents - The primary ground rules, requirements,
and assurptions used for the DMS analysis were:

1)
2)
3)

4)
5)

N

.DaD- sﬁasions;*\
o '-w‘ Lu#t;iﬂ‘ L !"“?..,.

‘Provide " for spacecraft to—Orbiter or spacecraft-to-ground

Provide sufficient on-board computation and memory storage to
accommodate the worst-case DOD autoromous spacecraft retrieval
missions;

Accommodate status dats to, and command override control from,
Orbiter-to-Tug parameters and functions that affect crew
safety, tnclnding a caution and warning function;

Allow cost-effective checkout of Tug functions compatible with
NASA launch proceseing system (LPS) and DOD satellite comtrol
facility (SCF) interfaces;

Provide for ground or Orbiter-to~Tug real-time command at
2'kbps; . 3

Provide 16-kbps telemetry to either space tracking and data
network (STDN) or SCF ground stations;

Accommodate government-furnished encrypte~/decrypter box for

data-transfer capability.
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2.2.4.2 Candidates Considered - The *hree DMS alternative de-

sign concepts considered were central hub, intermediate bus, and
flexible signal interface. The central hub type is subdivided

into many subgroups, each with its own set of black boxes, inter-
facing circuits, and connector pins. Interfaces are based on a
separate wire or set of wires for each discrete function served.
Time-division multiplexing is used only for interfacing with the
communications subsystem. This type is used on most launch vehicles.

The intermediate bus type is like the B-1 bomber "E-MUX'" system.
Time-division multiplexing is used to save overall length and
weight of wire between the central processor(s) and remote multi-
plexing units. Interfaces to other subsystems, boxes, devices,
and transducers are still on a "wire-per-function'" basis from the
remote multiplexers.

The flexible signal interface (FSI) type uses the same coding,
timing, and circuitry as the intermediate bus DMS, except for omne
important item--the remote multiplexers are eliminated. The bus
itself is run to every black box in the system, each of which

has its own unique address. This process eliminates the ‘'wire
per function" of the intermediate bus DMS. The flexible signal
interface approach permits standardization of all interfaces, re-
sulting in a simplification of integration and testing.

2.2.4.3 Selection Methods - Methods used for subsystem selection
were based on evaluation of candidates against absolute and rela-
tive criteria, wi:ch special emphasis on the effect on overall Tug
and Shuttle program costs.

Absolute criteria are factors like GN&C computation capability,
caution and warning, variable transmission and command capability,
fast Tug/spacecraft turnaround and changeout time.

Examples of the relative criteria are the black-box cost of weight
and power, rederndancy adaptability, interface complexity, on-
board checkout capabLlity, GSE required, operational flexibility,
and total costs.

'2.2.4.4 Selected Subsystem Candidates - A list of airborne com—
.. puters is provided in the "Matrix of Candidate Computers" in

R . Requirements Assessment Presentation (Ref 5.3). The computers listed

f re all applicable to the central hub approach. However, with the
exception of the Autonetics and CDC machines, they do not reflect
. state-of-the-art computer technology.
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Further consideration of the three DMS subsysten candidates re-
sulted in the conclusion that no existing candidate flight com-
puter system was efficient; therefore, none were selected. In-
stead, a nev system was proposed from off-the-shelf commercial
integrated-circuit technology.

2.2.4.5 Final Opcion Definition -~ The flexible signal interface
system was selected in final competition with the intermediate

bus system; the central hub system was eliminated because of ex-
cesgsive cost and doubtful ability to meet the basic requirements,

The flexible signal intexface DMS éys:em was selected for all po-
tential Tug configurations because of the following considerations:

1) Lowver cost, weight, and power requirements;

2) Greater functional capability;

3) Simpler Tug/Orbiter, Tug/spacecraft and Tug/GSE interfaces;
4) Potential for large savings in overall Tug program costs;

5) Potential large savings in Orbiter crew size, interface hard-
ware, interface software, and training required;

6) High adaptibility to progressive growth in Tug subsystem
capability,

7) Fermits-some black-box checkout software to be used in flight
and for betwveen-flight maintenance checks as originally devel-
oped for breadboard and qualification tests.

Figure 2.2-6 illustrates the selected FSI DMS system. Signifi-
cant charactetistics are:

1) A central unit containing four l-megabit solid-state.random-
access memories, four general-purpose central processors
and two concrol. data, timing, and checkout (CDTC) proc-

88801'5 -
: ..‘x .

2) . Two duplicate sets (for redundancy) of control and data cabling--

“?eachfhet is a twisted shielded pair of 22-gage copper wire

* ‘~'(eight conductors total);

g «n? oA,
v *
- .

3) A required number of branch circuit sets, each set made up of
three hybrid circuits and cne standard resistor pack;
4) Eight branch boxes;

5) One government-furnished encrypter/decrypter module.

2-41




yovoaddy sovfaszur Qoubis 27qixa]d uswabouvy vIDG 9-2°2 °Brd

cFctttTtTtTTTTTTT A - - . F——-a *243
! SJ14S0N9VIN HQE - 3VIHUN] Je—r] (39) === ‘4/1 sd1
b e wam SNMMI 1S H N | wuna I N ]
I en Ewmﬁuw_ =l | [0 3 4 Hosd S— o “ﬂ STIVNIWYIL
Lroiveninig TV = S 3 > R Wo/01
. SLIAJYID (HOV3 SNId ¥) ;
0> 18044NS GNNOWD HONwgE ——— HO0LI3NNOD
- s whos] [N 18044ns ONNO¥D
S < — 3s9[ | 359
a o ol fmm————— 1
-l g2 . - I } 1
M (o] T l NKt “
£0 «03,40. NN A = —— 4
aa SNO112MN L S
3 5 WL - - &
o su3sh G307TONI AJNVONNG3Y [l s/5 ] «
NS 23§ vivo ) H T_xw HI
) Lg 1|||I|._n - SHOSS3008d “d9 [~ L0 | \.
310V) UL |
Wou4/01 u 4 SI1UOWIH NOWHOD AN
| 230/0ma SY0SS3004d 9402
o 349 fo— R
AwoNo® 7 T vive | o AR - aNnasy wng 3
TV ; SNUMILS ,m_. —1 s - (AdNvaN3Y wna <)
WIRIINT 20 9NINLL 13 B ~ ¢ liNn
HUM 2°a 0UIN0) 3 t T 3ev)
su3sp b T o T A .
94y - Se-d “Giiva | —_
, Q307131HS QIUSIML 1L S
2 40 &0 0w N £
135 1w WOV
— (NMOHS, LK) :
— ~ A0I30N4S SNId ¥3M0d
zw&zﬁm H0SSII08d
: T101LVaN0D
-310)




Complete details of the functional capabilities and applications
of this subsystem may be found in Vol 5.0, Sec. I, para 2.3.3.2.s8.3
through 2.3.3.2.a.5 of the Selected Option Data Dwrp (Ref 5.8).
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2.2.5 Communications Subsystem - This study effort was oriented
toward a Tug subsystem that would satisfy RF interface require-
ments associated with the Orbiter, Tug payloads, the NASA Space
Tracking and Data Network (STDN), the Air Force Satellite Control
Facility (SCF) network, and the potential relay satellite. Con-
ceptual deaigns of the candidate subsystems were developed in
conjunction with the data management subsystem because of the
close interrelationship of the principle subsystem requirements.

2.2.5.1 Requirements -~ Figure 2.2-7 illustrates the program RF
and hardware interfaces that the Tug must serve. 7The following
mission or mission-derived requirements were the driving factors
in the initial subsystem conceptual designs:

1) Maintain compatibility with both STDN and SCF networks. A
design goal established for this requirement 4as to use com-
mon hardware for both NASA and DOD missions to preclude
changeout of equipment when & changeout of Tug or of Tug and
spacecraft is required (10-hr turnaround);

2) Provide continuous monitoring and control communications be-
tween Tug and the NASA Mission Comtrol Center. It was as-
sumed that back~up capability was also required by the Satel-
lite Test Center (STC) on DOD missions;

3) Provide for two-way RF links between the Orbiter and Tug for
deployment, rendezvous, and docking operations, with emphasis
on the caution and warning requirements;

4) Maintain compatibility with Tug payload communications sub-
systems to enhance Tug recovery ol spacecraft whose communi-
cation system is still operable, but with its capability lim-
ited to short intervals while passing over a compatible ground
system.

It was further assumed that the spacecraft would be able to trans-
mit a few channels of sampled kick-stage data to verify proper
operation without implementing an additional communications sub-
system similar in cost and weight to that used on Tug. This in-
terface would be used for kick-stage operations, following deploy-
*ﬁﬁuentaaeparation from the Tug.

SV .

\_r. ,4’
','r»“ Taik ’,"“
L

A
JJ
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RF thru
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Fig. 2.2—7 Commmications Subsystem Program Interfaces

2.2.5.2 Candidates Considered - There¢ were two primary subsystem
candidates considered.

1) The first concept was a compatible mix of separate hardware
subsystems, which included:

(a) 2250-MHZ downlink transmitter for frequency compatibility
between Tug and Orbiter, STDN, or SCF;

(b) 1800—MHZ command teceivers compatible with Orbiter or
SCF;

(c) 2075-MHZ command receivers for STDN;

. (d) ‘1'36—1:0-1!08-"!4}!2 transmitter and receiver sets for Orbiter
vl interface on NASA missions;

4
«

" (e) 13,700-MHZ (Ku-band) transmitter for communication with

a proposed NASA GSFC communiciations satellite for alti-
tudes up to 2700 n mi (5000 km)--the limit of satellite
antenna coverage;
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(f) Omnidirectional and VHF antennas;
(g) High-gain gimbaled Ku-band parabolic antenna;

(h) 15,000-MHZ command receiver for interface with the Track-
ing and Dats Relay Satellite (TDRS) under 2700 n mi
(5000 km);

(1) Equipment (TBD) for accommodating continuous Tug/con:rol
center communication while sbove 2700 n mi (5000 km).
2) The second concept considered was a dual-redundant, S-band sub-
syeten including the following components:

(a) 2250-MHZ low-wattage transmitters;
(b) S-band amplifiers for Tvg-to-relay-satellite link;

(¢) Dual-channel command receivers (both SCF- and STDN-
compatible) ;

(d) High-gain pointable antennas for the Tug/relay satellite
* link;

(e) Omnidirectional antenna for normal 'close-in'" Orbiter/
Tug and some ground communications (particularly emer-
gency command function);

(f}L Implied,compatible service from a relay satellite (to
© be negotiated),

- (g) Twplied compatibility with standard Orbiter hardware (to
be determined).

©2.2:5.3 Selection Methods - The method used for subsystem selec-
tion was to establish valid selection criteria, tradeoff the can-
didates against the criteria, and evaluate the results of this

" analysis before making the selection. Like the data management

. subsystem, the communication subsystem selected is applicable to
all candidace Tug configurations.

s Ibe aelection criteria .applied include the following:

‘—1 !v'

AT
Ji{n'

’;;1) Demonétrated functional capability,

2) ‘Low &evelopmenc cost and minimum technologizal risk;
: j) Minimum weight;

4) High transmitter bulk to RF power-conversion efficiency;
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5) Receiver sensitivity;
6) High operational life and high reliability;

7) Simple high-gain antenna with minimm effect on structural
design;

8) Operational flexibility.
2.2.5.4 Selected Subeystem Candidates - Both the "mix'" and the

all S-Band subsystem design concepts were retained for Tug con-
figuration syunthesis in Task 3.

2.2.5.5 Final Option Definition - The all-S-band subsystem was
selected over the 'mix" subsystem because of the following con-
siderations:

1) Lower nourecurring and recurring costs;

2) Lower weight;

3) Least effect on Tug structure design;

4) Capable nf meeting all operational requireménts;

5) Permits total program communicaiions subsystem cost reduction
by legical planning to preclude the high cost and weight pen-
alties that result from multiple-frequency-band designs (Tug,
Tug payloads, Orbiter, relay satellite).

Pigure 2.2-8 ghows the all-S-band communication subsystem. Hy-
brid branch-circuit data-management interface piece parts would
be incorporated into the coupling and switching network as well
as into each high-gain antenna gimbal-drive electronics module.
The transmitters and power amplifiers are off-the-shelf items.
The high-gain antennas are flat planar arrays that provide for
simpler fabrication, less structural design effects on Tug, and
lower weight than a parabolic reflector. The multifeed wrap-
around omnidirectional antenna reduces the effects of appendages
on antenna gain patterns and provides better roll-axis patterns
(fewer deep nulls) than dipoles. The low-power 2-W transmitter,
plus separate switchable 10-W amplifiers, permit selectivity of
operating modes, reducing RF power requirements. Figure 2.2-9 -
further illustrates the many different modes with which the Tug
can interface with the Orbiter.
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H1-GALl TUG/ORBITER #0022
0p 0wl RANGE
TUG CONFIG n mi km
2 %+ oWl 3 58
21 OR 10 ¥ _ 16 kbps
10 ¥ + OM§1 69 127
+ 16 kbps
16 kbps '
A 2 W+ Hl GAIN 990 1,830
\ OR 2 kbos + 16 Kkbps
10 ¥ + OMNl 2220 4,100
+ 16 kbps
ORSITER 2 W+ OMNI 88 162
+ 2 kbsp
10 U+ 0Mll 200 370
+ 2 kbps
10 ¥ + HI GALN 6270 11,600
+ 2 kbps

c'ig. 2,2-9 Tug/Orbiter S-Band-Link Mode Capability

. A motre detailed discussion of operational modes and communication
link analyses is in Vol 5.0, Sec. 1, para 2.3.3.2.c of the Se-
lected Option Data Dwmp (Ref 5.8).

A candidate for further study would be the incorporation of con-
volutional coder and Viterbi decoder circuits to either enhance
liok performance or reduce RF power and/or antenna aperature size.

2.2.6 Electrical Power Subsystem -

The following paragraphs describe the effort to reach the logical
choice of a Tug electrical power subsystem for the final selected
Tug options. The initial phase of the study was primarily con-
cerned with comparison of all potential candidates to absolute
and relative criteria, while the final phase consisted of a more
detailed analysis and final selection of a subsystem that satis-
fied the particular missions defined in the final Tug options.

2.2.6.1 Requirements - Basic requirements for the electrical
power subsystem are summarized in Table 2.2-3. The primary fac-
tors influencing the. choice of the power source are the mission
duration and electrical load. Mission durations analyzed in the
study are 36 hr and 7 days. From the electrical load profiles
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determined by analysis during the study, average power and total

energy requirements for several mission types can be summarized
as follows:

Average Energy, Total Energy

Mission Power, W kWh in Orbiter, kWh
36 hour

Delivery Only 480 17.3 16.1

7 Day Delivery 671 96.7 16.1

Delivery & Retrieval 711 102.4 12.0

Table 2.2-3 Power Subsystem Requirements Swmmary

Migsion Criteria:

Duration - 1 to 30 days outside Orbiter, l-day max in Orbiter

Mission Type - Delivery Only, Delivery & Retrieval

Technology Level - 10C of 1979

Duration in Earth's Shadow - 2.3 hr max, 45 min operational worst case

Electrical Load: (see text)

Environment: Compstible with Shuttle & Tug environments

Interface:

Tug/Orbiter - Accept up to 50 kWh at nominal 28 Vdc, with following con-
coustraints:

1000 W avg & 1500 W peak during peak Orbiter operation period
3000 W avg & 6000 W peak during on-orbit coast periods

Tug/apacecraft - Power supplied to spacecraft, none for 36-hr mission,
LT 300 W otherwise
Tug/GSE - As required for maintenance & checkout

Operation:
High degree of autonomous on~board power subsystem & load management
Capability :‘to detect & isolate malfunctions & to switch to redundant
functions

Capability for Orbiter/ground monitoring & control

Reuse and Refurbishment:
Minimize .ground checkout, maintenance, & refurbishment/replacement
Minimize .in-space checkout
Hinimize'maintenance, checkout. & cperational costs
20 Tug reuses nominal, 100 reuses as a design goal

Reliabili:y and Safet :

0.97 success probability (for total Tug vehicle-mission)
Prevent discharge of harmful contaminants

It was also determined that the total energy required depends on
the "coast" operational mode (85-957) and increases as the total
mission time increases.
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2.2.6.2 (andidates Considered - The electrical power subsystem
consists of the power source, power conditioning equipment, and
power distribution and control. The need for power conditioning
devices is determined by the type of power source and the input
voltage requirements of the individual piece of equipment. Be-
cause the equipment voltage requirsment was 2R %4 V 'in all cases
and all power source alterpatives, except for 'he solar-array
system, can satisfy this voltage range by the.r imhereant output
characteristics, the power conditioning equipment trade-off was
not a major effort.

Table 2.2-4 lists the power sources considered through Task 2.

Tabie 2.2-4 Power Souree Candidates

Candidates : Types

Storage Battery Ag-Zn, Ag-Cd, Ni-Cd, lithium, metal gas,
sodium sulfur, molten salt eigctrolyne

Fuel Cell Reactant: H, - O, hydrazine, hydro-
carbon

Reactant Storage: cryogenic, gaseous

Solar Array/Battery Solar Array: body-mounted & Sun-oriented
R panel )
. Battery: Ap-Zn, Ag-Cd, Ni-Cd, Lithium

Auxiliary Power Unit Hy - 02, Hydrazine - 0,

Radioisotope Fuel: Pu238, Cuzaa

Converter: thermoelectric, Brayton,
Rankine '

Nuc}eor Reactor Fuel: zirconium hydride

.Converter: ‘thermoelectric, Brayton,
Rankine

The pooer sources in i:he table collectively represent the level
of technology available or predicted through 1990.

Power distribution techniques ‘considered differ only in the num-

ber of redundant positive feeders and the use of wire or the ve-
hicle structure for current return.
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2.2.6.3 Selection Mathods - The basic selection method usad in
Task 2 was to first screen out the undesirable candidates and
then conduct a detailed comparison of the remaining alternatives.
The primary factors applied in the initial screening procedure
vere availability, cost, weight, and technical risk. Secondary
factors included performance, life, sand reliability.

Some optimization was performed on a specific type of component
or technique based on weight and performance considerations. For
example, the fuel-cell candidates were either a Shuttle-developed
type weighing about 125 1b (56.7 kg) or one that is lighter [&50
1b (22.7 kg)] but with & higher DDTSE cost.

2.2.6.4 Selected Subsystem Candidates - Power source candidates

’ remaining at the end of Task 2 were the Hy-0, fuel cell, solar
array/Ag-Zn bactcry, and the Ag-Zn battery. Rejection logic for
the other candidates is shown in Table 2.2-5.

Table 2.2-5 Rejected Power Sources

Sources Reasons

Nuclear Systems . - Extremely high cost & weight

~ Fuel availability problems

- Requires large volume

~ Radiation hazards, ground/sbort safety
problems

- Large vehicle integration problems

~ Incompatible with manned Shuttle

Auxiliary Powet Units, NoHy - - Used only for high power, short duration
or B,0, - High reactant consumption rates

' ; {5 to 6 Ib (2.3 to 2.7 kg)/kWh for N,H,]
- High weight
- Requires extensive development

Ni-Cd & Ag-Cd Batteries - - Not weight competitive with Ag-Zn system

Na-S, Molten Salt Electrolyte & | - Very low development state
Organic Electrolyte Lithium Bat- | -~ High technical risk
teries; NZB., & Bydrocarbon Fuel | - High development cost
1 Cells

B

Fins! selection of Tug power sources during Task 3 was directed
tward 36-hr and 7-day nissions.
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Based on cost for the 36-hr mission, which requires no power to
the spacecraft, the all-battery system was the clear choice. The
power source for the 7-day mission (300 W to spacecraft) was a
choice between solar-array/battery and fuel-cell/bsttery systems.
A trade study based on weight, cost, performance, operational com-
plexity, refurbishment, test, checkout, and safety was performed.
The results shown in Table 2.2-6 reveal the main 'differences to
be in weight, cost, operational mode, test, and checkout. For
weight consideration versus mission duration, Fig. 2.2-10 indicates
that the fuel-cell system weight increases with a given mission
duration due to additional reactants and tankage required, while
also showing that the solar-array system weight is relatively in-
sensitive to mission duratiun. The need to orient and extend/
retract panels makes the solar-array system more complex opera-
tionally. '

After careful evaluation, it was concluded that the solar-array
system offered the least weight and the least overall program
life-cycle cost, while providing the most flexible modularized
subsystem.

0f the several types of solar-array system candidates considered,
the final choice was the General Electric array, based on best
specific weight density, simpler structural mounting interface,
lighter weight, and preferred Sun-orientation mechanism.

2.2.6.5 Final Option Definition - Figure 2.2-11 shows the Final
Option 1 battery power subsystem block diagram using four 165-Ah
Ag-Zn battéries and one 25-Ah Ag-Zn battery for the 36-hr mission
with no load to the spacecraft.

Figure 2.2-12 is a simplified block diagram of the Final Option
2, 3, and 3A solar-array/battery electrical subsystem, showing
the solar array, batteries, charger:s, load Ttegulators, and power
distributors. Auxiliary subsystems not shown are solar-array
orientation and instrumentation. Power sources consist of two

- roll-up solar arrays of flexible Kap..n substrate, one’ 165-Ah

Ag-Zn and -one 25-Ah Ag-Zn battery. The power distribution design
using a two-wire-positive, wire-return system provides bus redun-
dancy, detection and isolation of faults in power feeders, EMI

protection, and load-control capability, and all critical control

« functions with command override capability by the Orbiter or

« .+ ground control. -The data management subsystem implements all

ey

" of the power subsystem.
" ¥

nnmi&ﬂflng"and'control functions, as well as on-board checkout

A more detailed analysis and functional description of the final
selected electrical power subsystems may be found in Vol 5.0,
Sect. I of the Selected Option Data Dwup (Ref 5.8). A discussica
of Tug/Orbiter electrical interfaces is in para 2.5.4 of this
volume.
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Table 2.2-6 Comparison of Solar-Array (SA) and Fuel-Cell (FC) Systems

Fictors

Solar Array/Battery Systenm

Fuc; Cell System

Weight
-~ Wt va Miseion Time

- &Wt/b4 100-W Load

Per formance
~ Bus Pwr Cutput
Capability

Input Pwr Required

Environmental
Degradation

Contamination

~ Operational Life
(estimate only}

Cost
- DDT&E

-~ lst Article
- Avg Cost/Vehicle
- GSE

Operational Complexity
- Orientation Requireaent

- Constrainte

- Orbiter & GSE lunterface

- x

Refurbishment

Maintenance

.

FaY] . Y

Test & Checkout

A 7 .
BT R Lt
Safety . .a.... Spiriee g s

v,

Iugsensitive to miesion duration;
wt lighter than fuel cell

Ld\]

Continuous Peak
One SA Sys: 0.7 kW 2.9 kv
Two SA Sys: 1.7 kW 4.4 kW

w60 W (pwr dist control & array
orientstion)

82 per yr in sync orbit

SA outgassing negligible

$ to 10 yr with minor replice-
ment (solar-cell modules, slip
ring, actuators)

$1.3 milldon

$0.5 million (1 set)
$0.823 million*
Minimal

2~-axis, compmiter controlled

SA must be retricted during main
engine burns, operation in or
near Orbiter, & docking & un-
docking with spacecraft

Electrical only

Replacement of SA assy simple &
aasy -

None required

P
PN
LML

., 00 delay or extension
of integrated system tests

‘»Ho,iljot‘ptﬁblﬂlﬁ‘

ot

Increases with mission duration; wt
significantly higher with increasing
mission duration

o 40.144 1b (0.065 kg) for 6~-day mission
4.72 1b (0.33 kg) for 30-day mission

Continuous Peak

One FC Sys: 0.7 W 1500 W
Two FC Sys: 0.7 W 3000 W

2100 W (FC and cryo heaters)
Negligible

H0, Hy & O

- Up to 6 mo or fuel cell stack (com-
plete replacement required)

- Up to 1 year on cryo tanks
=~ Plunbing up to 1 year

$3.34 million

$0.41 million (1 set)
$0.60 million®

Very high

None
Gas & water dumping must be controlled

Electrical & fluid (for LH,, LOp, &
pressure relizf); special GSE for LO,
& LH, reguired

keplacement of FC stack, cyro tanks, &
plunbing difficult

FC & cryo systems requires pressuriza-
tion during storage, extensive lenk
checks, & special GSE

Dedicated maintenance & checkout time
required at launch site

Special hendling fOt'preasure vessels,
10, & 1H,

*2 Solar-array -asseublies & 2 vegulators; 2 fuel-cell powerplants & 2 sets of cryogenic tahks.
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1544, 3}
One Fuel-Cell System—
1000 Two Fuel-Celi Syste :
53,6
800
663 | )//
.//
Weignt, 600 | d
Ibkg) @72.2)
/’
w and
{(18L.5) —_——— 4 — .._.L-
One Solar-Array
200 L . System _
nn Two solar-Arra‘y—/
System

| i 1 !
JT é 4 6 810 ﬁ 30
Mission Duration, days

Fig. 2.2-10 Total Launch Weight ve Required
Mission Duration

ERERE

R

MATH

BATTERY bt . LOAD

(4) DISTRIBUTOR 1
MAIN POWER .
DISTRIBUTOR

aiaRe |

(1) Jah*ﬂ . o S T ’ '—’LOAD

| : GISTRIBUTOR 2

PYROTECHNIC
LOADS -

Loads

LOADS

GUIDANCE & NAVIGATION SUBSYSTEM
CONTROL SUBSYSTEM

DATA MANAGEMENT SUBSYSTEM
COMMUNICATION SUBSYSTEM
ELECTRICAL POWER SUBSYSTEM

PROPULSION SUBSYSTEM

THERMAL CONTROL SUBSYSTEM
GUIDANCE & NAVIGATION SUBSYSTEM
COMMUNICATION SUBSYSTEM

Fig. 2.2-11 Simplified Block Diagram of Pc »r Subsuystem for Final Option 1
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2.2.7 Main Propultion'Subsyctam

The msain propulsion system requirements, candidates considered
and selected, and rationale are summarized in the following para-
graphs. A more detalled evaluation covering each final option is
in Vol 5.0 of the Selected Option Data Dwmp (Ref 5.8).

2.2.7.1 Requirements - There are a number of ground rules, as-
sumptions, and requirements affecting design and selection of the
propulsion subsystem. In general, the.ground rules were taken
from the Data Package Space Tug System Studies (Ref 5.12), and

the propulsion requirements were derived from the mission require-~
nents.

Assumptions were made where ground rules or other study informa-
tion was not available. If the effects of the assumptions were
significant in subsystem or major component selection, this was
identified to the customer for resolution and agreement, or pre-
sented in the form of a trade study. Low cost, simplicity, high
reliability, and ease of maintenance tempered with good engineer-
ing judgement were used in the design and selection of each sub-
system. Some of the more significant requiremente are:

1) The propulsion system shall be designed to be fail safe;

2) Relief capability to automatically limit maximum<preasure
shall be provided for pressurized propellant tanks;

3) Reusesbility life of 20 missions with a design goal of 100
missions;

4) Propellant isolation valves shall be provided upstream of
engine start valves;

5) Ptovisions shall be made to permit emergency offloading of
Tug propellants while the Tug is stowed in the Orbiter cargo
. bay on the launch pad;

‘6) *The umin'propulsion subévstem shall meet the derived mission
: ;requirenencs of Table 2. 2-7- :

. 7) The naﬂn'engine thrust level shall -be such that the space-
"‘craft g level shall not exceed 3.6.
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Table 2.2-7 Space Tug Requirements Derived from Mission Requirements

Direct-Developed &

Item Interim Tug Evolved Tugs
Migsion Duration (max) 3 days 7 days (30-day goal)
Number of Main Propulsive Burms
(max) 10 10 (12 goal)
Launch-to-Deployment Time (min/max) | 0.9-10 hr Sane
(24 hr spec)
Launch-to-First-Burn Time (min/max) | 1.3 to 30.0 hr 1.3 to 5.0 days
(28-day goal)
Time Between Main Burns (min/max) 0.2 to 18 hr 0.2 to 72 hr
(28-day goal)
Near-Earth Coast Time Outside 0.5 to 5 hr 0.5 hr to 7.0 days
Orbiter Bay (min/max) (30-day goal)
Operational Altitude (min/max) 100 to 100,000 n mi | 100 to 100,000 n mi

Number Midcourse/Vernier Burns
(won't exceed)

AV for Midcourse/Vermier Burms
(nin/max) V
1) Shutdown Impulse Dispersion

2) Minimm Impulse Bit
. 3 . .
Continuous Sunlight Time (min/max)

Continuous Shadow Time (min/max)
Mission Mode - -
Propellant/Burn (max)

(185.2 to 185,200 km)
10

Derived from main

engines:

1) 30 = 750 lb-sec
(3336 N-s)

2) 8000 lb-sec
{45,586 N-s)

0.9 vo 60 hr

0.6 to 2.3 hr
Delivery/return empty
33,000 1b (14,969 kg)

(185.2 to 185,200 km)
20

Same /15 fps*
(V4.57 m/s)

0.9 hr to 5.0 days
(28~-day goal)

0.6 to 2.3 hr
Deliver/Retrieve
33,000 1b (14,969 kg)

*Spacecraft coniarination on retrievali consideration.

2.2.7.2 Candidates Considered and Selection Methods

2.2.7.2.1 Propellant Selection -~ Fuel candidates considered for
the Tug were UDMH, N-H,, A-50, and MMH. Of these, when considered
with N,0, oxidizer, UDMH has the lowest performance and NyH, the
highest.  However, N,BE, is undesirable because of its heat sensi-
tivity and freezing point. The two favored candidates thus become
A-50 and MMH. Parameters also considered included vapor pressure,
viscosity, heat of vaporization, explosive limits in air, flash
points in an open cup, and cost.
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The performance of MM and A-50 with N,0, is very nearly the same.
A-50 has & lower cost; however, there are definite technical ad-
vantages of MMH over A-50--most are related to engine design and
operation. MMH has a lower freezing point, superior thermal sta-
bility, and greater cooling capacity, compared to A-50. These
parameters and commonality with the Orbiter OMS and RCS led to

the selection of MMH during subsystem analysis.

It is anticipated that propellant temperatures will be maintained
at 70°F (21°C) or below; however, the 8ystem is designed to ac-
commodate 80°F (27°C). The 80°F (27°C) temperature was estab-
lished based on Titan vehicle higtorical records at both ETR and
WIR.

2.2.7.2.2 Main Engine Candidates - Main engine candidates consid-
ered for the Tug are listed in Table 2.2-8, along with some pre-
liminary weighting factors. Engines that showed the best poten-
tial for Tug application based on a cost versus performance eval-
uation are noted by asterisks. Prime engine candidates recommended
were the OME 12,000-1b (53,379-N) thrust, 240 Pc’ and the Class I,

1500°F (816°C) wall high-Pc engine. Other contenders were the

Bell Aerospace 8096B and the OME 7500-1b (33,362-N) thrust, 150
Pc for 2 minimum DDTS&E cost option. The maximum capability of

a storable propellant engine for Tug is shown as the Class II,
3000°F (1649°C) wall high-Pc engine.

A significant parameter affecting main-engine thrust level and
selection is the requirement not to exceed 3.6 g on the space-
craft. Considering this requirement, as well as optimizing thrust
level by considering velocity losses, engine Isp’ vehicle effects,

and engine weight decrease with thrust level resulted in the op-
tirum selected thrust level of 12,000 1b (53,379 N).

- At the Program Concept Evaluaticn (Ref 5.5), comparisons between
OME deviations and the 8096B engine did not show either engine

as clearly a better choice, although the OME seemed to have a
slight advantage. The OME was then selected over the $096B for
the detailed stage evaluation in Task 5.

e

.iht;zhei28¢Angust 1973 engine-contractors engine data dump, Bell

Aerospace ‘recommended a constant thrust lewel of approximately
12,000-1b (53,379-N) for the 8096B by modifying the chamber noz-
“zle'throat to a smaller size. By maintaining the same engine
length, the expansion ratio was increased, resulting in an in~
crease in specific impulse of approximately 4.5 sec (44.13 N-gec/
kg). Based on the revised data, the Bell 8096B now appears to
be the most performance/cost-effective engine candidate from a
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subsystem standpoint without consideration of total Space Trans-
portation System programmatics. These data were presented as a
sensitivity study in the Selected Option Data Dump (Ref 5.8) and
are summarized in para 2.4.3.6 of this report.

Table 2.2-8 Candidate Engines (Initial Evaluation)

Thrust, Isp' & Area | Mixture | DDT&E,
Engine b (N) (N-g/kg) Ratio | Ratio $M
New, Class I, 1500°F% 12,000 | 337.6 300 |2.0 . 59
(816°C) (53,379) | (3310.7)
New, Class I, 3000°F 12,000 339.5 300 |2.0 74
(1649°C) (53,379) | (3329.3)
New, Class II, 1500°F 12,000 340.8 400 |2.0 109
(816°C) | (53,379 | (3342.1)
New, Class II, 3000°F* | 12,000 344.4 400 |2.0 124
(1649°C) | (53,379) | (3377.4)
Bell 8096 17,340 309.5 200 | 2.69 21
(77,132) | (3035.2)
Bell 8096A 16,000 319.0 200 | 2.36 26
(71,172) | (3128.3)
Bell 8096B% 16,000 329.¢€ 200 |1.78 34
_ (71,172) | (3232.3) .
L $
Bell 8096B-1 ) 16,000 329.8 200 |1.61 34
Cathe B R (71,172) | (3234.2)
OME 125 P 6,250 325.0 200 1.65 24
N (27,801) | (3187.2)
OME 150 P * . ... 7,500 325.0 200 | 2.0 24
o ¢ (33,362) | (3187.2) |
OME 240 P * 12,000 332.0 200 | 2.0 34
Coae G (53,379) | (3255.8)
’iSeiécted candidate.

“Studies after the Selected Option Data Dump again evaluated the
undn'engine candidetes for Final Option 3 (Phase-Developed Tug)
JAxm.baaed ion total programmatics (performance, mission capture, fleet
: gize, Shuttle flights, cost, etcy. This resulted in selection of
. .the Class 1 engine. . The study evaluated the OME 24C PC, Class I,

and B096B-2, both phasiug and not phasing the engines. The ratio-

nale to examine the phasing of engines was to minimize peak fund-
ing requirements early in the Shuttle program. However, the
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phasing of engines actually in:reased peak-year funding in approx-
inately the sixth year (1981) because of the second engine devel-
opnent combining with peak production costs. This was presented
in Vol 5.0, Sect. 1I, pages 6-5 through 6-7 of the Selected Op-
tior Data Duwmp (Ref 5.8).

When comparing the Class I engine to the OME 240 Pc,and 8096B-2,

the increase in DDTLE cost is more than compensated for by the
reduction in Tug fleet size (two fewer expendables) and number

of Shuttle flights due to the improved Class I performance. This
study is summarized in para 3.0, "Additional Analysis,' of this
report.

2.2.7.2.3 Pressurization System Candidates - The baseline pressur-
ization system was a regulated helium ambient stcrage with titan-
iwm sphere. This system was traded against eight other propel-
lant tank pressurization techniques. The trade study summarized

in Table 2.2-9 was a preliminary analysis assuming tank pressure
level requirements of 17 5 psia (12.07 N/cm?) in the fuel tank

and 35 psia (24.13 N/cm?) in the oxidizer tank. Pesults of the
study eliminated four of the systems during subsystem analysis;
however, several systems were retained for further evaluation
based on the potential weight savings, as indicated in Table 2.2-9.
As the study progressed, addition of engine-mounted boost pumps
reduced oxidizer pressure to 28 psia (19.3 N/cm?). The reduced
pressure lowered pressurization system requirements and elimi-
nated the weight advantage of the more sophisticated candidates.
This eliminated all byt the simplest and most reliable ambient
stored ‘helium Bystem using composite materials for the helium
sphere.

The Tug propellant-~tank operating pressure levels were established
by engine inlet requirements, pressure head required to overcome
feedline friction, propellant vapor pressure, and the pressure
bands necessary for proper tank pressure control and relief.

2.2.7.2.4 Propellant Feed System

2.2.7.2.4.1 Propellant Acquisition - The propellant acquisition
subsystem must provide gas-free liquid to the ~ngine for all short
and long firings of the multiburn Tug missions. Propellant acqui-
sition and retention concepts traded were settling thrusters

‘agaiunst propellant retention devices. Propellant retention devices
' £311 into three basic categories; i.e., active trap, screen sur-

face-tension trap, and combined active and screen. Both the active
~rap and the combined actiive and screen devices have high mainte-
napnce and limited reuse problems. At the first review, both sur~
face tension devices and settling thrust were still under investi-~
gation. Further study indicated that the surface tension tran
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configuration was the most desirable propellant acquisition design
for the reusable Tug. It showed a performance weight advautage
over propellant settling, unlimited life characteristics with
little or no maintenance, and it is efficient. Therefore, a re-
fillable screen surface-tension trap configuration was selected.

2.2.7.2.4.2 Propeliant Utilization and Gaging - Propellant out-
age studies were conducted to determine the expected magnitude

of residual propellants on Tug due to main propulsion system per-
formance dispersions. All subsystem variables, including compo-
nent tolerances, were evaluated, and mixture ratio deviations,
both oaded and burned, with the resulting residuals were calcu-
lated.

Based on these analyses, propellant outages that result without
a utilization system are 0.432 of the total usable propellants or
243 1b (110.2 kg) meximum.

With 2 utilization system consisting of point level sensors and
integrator, it is estimated that the residual propellants can be
as low as 0.302 of the total usable propellants. In addition, the
propellant utilization system can compensate for propulsion-sys-
tem component performance deviations and, allowing relaxation of
component tolerances, thus improve reliability and reduce cost.
For these reasons, a propellant utilization system was recommended
at the First Review.

2.2.7.3 Selectéd Subsystem Candidates -~ The previous discussion
outlined candidate subsystems and selection methods. Subsystems
recommended for further evaluation at the First Review are sum-
marized in Table 2.2-10. Further evaluation led to the final
options as discussed below.

. Table 2.2-10 Selected Subeyetem Candidates

Main Engine
Candidates shown in Table 2.2-8
Pressurization

Regulated helium ambient storage (baseline)
' "Regulated helium asbient storage - composite sphere
" ‘Regulated helium supercritical storage

Regulated helium cascade

Dedicated ges-~-generator cascade

Dedicated gas-genmerator/ambieant helium

Propellant Feed

Propellants - N,0,/MMH
Propellant Acquisition—
Surface-tension device
Settling thrust
Propellant utilization system recommended
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2.2.7.4 Final Option Definition - Because the emphasis in Final
Option 1 vas to minimize DDTGE co-c, the engine selected was the
OME, uprated to 150-psia (103.4-N/cm?) chamber pressure by addi-
tion of engine-mounted boost pumps. Although the other engine

options offer improved performance, the OME 150-Pc engine was the

minimum-cost (DDT4E) engine option that stil) met the required
performance of 3500-1b (1588-kg) delivery to geostationary orbit.

Due to the retrieval requirement of 3500 ib (1588 kg) the engine
selected for Final Option 2 was the‘Class I engine. A sensitiv-

ity study was conducted on the u:2 of the Class II engine for

this option and is discuseed in para 2.4.2.6, "Sensitivity Studies.”

For Final Option 3, the Selected Option Datc Dump (Ref 5.8) re-
flects the phasing of engines from the OME ZAO-Pc to the Class 1.

Subsequent analysis concluded that using the Class I engine in

both the Phased Tug~Initial and Phased Tug-Final, not only reduced
DDTSE cost and peak year funding but also Tug fluet size when com-
pared to the OME 240-P or 8096B-2. This analysis is summarized .

in para 3.0, "Addition Analysis."

The basic propulsion schematic for single-stage vehicles is shown
in Pig. 2.2-13. The pressurization subsystem of the main engine
support is a regulated helium system consisting of a single pres-
surant sphere, hand-operated helium loading valve, capped helium
disconnect, four solenoid valves, four regulators, two check val-
ves, two self-sealing capped disconnects, and appropriate lines.
The propellant tanks are protected from overpressure by burst/
relief valves, one for the fuel tank and one for the oxidizer.
Eech. is vented into its respective umbilical at the Tug/cradle
interface.

The propellant delivery portion consists of two propellant acquisi-
tion devices——one fuel and one oxidizer--two prepellant: shutoff
vilves, two quadruple redundant propellant vent valves. znd ap-
propriate feedlines.

.

Propellant Jump capability is provided in both t. I . lzontal and

vertical position. Horizontal fuel dump is t}: ... & 1-in.

(2.54--cm)’ valve on the barrel section of the -' , ; l-da. (2.54~
" cm) line to @ 2.5-in. (6.35-cm) line and valv . - .ae aft end of

the vehicle, which then goes to the fuel umbili.al disconnect.
Horizontal oxidizer dump is through a l-in. (2.54-cm) valve on
the barrel section of the tank, a l-in. (2.54~cm) line to a 3-in.
(7.62-cm) line and valve at the aft end of the vehiclw that then
goes to the oxidizer umbilical disconnect.
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% He MANUAL VALVE
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CHECK VALVE
CAPPED DISCONNECT

CAPPED DISCONNECT (SELF-SEALING).
PROPELLANT SHUTOFF VALVE
UMBILICAL DISCOWHECT
BURST/RELIEF VALVE

®5émm8

. TUG/CRADLE
I/F

Fig. 2.2-13 Bloek Diagram of Tug Regulated Helium,
. Ambient Storage Configuration

Vertical dump is' through the main propellant feed lines to a tee.
The fluid then passes through a pair of valves--2.5 in. (6.35 cm)
for fuel or 3 in. (7.6% cm) for oxidizer, to the Tug/cradle in-
terface connector. The two valves provide series propellant iso-
lation during all phases of the mission, including main engine
operation. Propellant. loading takes place before installation of
the Tug in the Orbiter bay. Propellants are loaded through the
dump system at the Tug/cradle umbilical connector.

The propellant dump philosophy during ascent abort is to dump dur-
ing powered flight above 150,000 ft (45,720 m). This period was
selecited because it provides the highest beneficial g, eliminates

. possible dump-flow/boundary-layer interaction, and will not pro-
duce a change in center of gravity during Orbiter glide-back.

¥or Pinal Option 34, the stage-and-a-half vehicle, the pressuriza-
tion system schematic is the same as Fig. 2.2-13, and the propel-
lant feed-system schematic is shown in Fig. 2.2-14.
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Fig. 2.2-1¢ Block Diagram of Tug Stage-and- '
a-Half Propeliant Feed and Dump System

In operation, propellants first feed from the multiple drop tanks.
When empty, these four tanks are jettisoned, and the engine is
fed from the smaller core tanks. Switchover occurs between engine
burns. The drop-tank concept is inherently more complicated and
requires additional hardware in the propellant feed and pressuri-
zation subsystems. .

* The four tanks are pressurized using two separate subsystems that
are expendable with the tanks. One subsystem services each set
'of oxidizer and fuel tanks on either side of the main core stage.

‘QA'thirdureusnble system pressurizes the core tanks. On all three

a

systems, redundant series regulators are incorporated for mission

' assurance.

R 2

SRR ST o b of T B EURRREE T GRS v

\=*;w$umhespnopellnnt feed components include added feed-line disconnects

and'vValves necessary to facilitate tank jettison. Wherever pos-
gsible, \these added components are mounted on and remain with the
reusable main stage. Although the higher weights degrade the
core mass fraction, attending performance penalties were accepted
to minimize recurring hardware costs.
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Core propellant tanks incorporate propellant retention devices
Howvever, none

similar to those for Final Options \, 2, and 3.
are instulled in the drop tanks.

Studies indicated that, for the

ninimum number of engine starts requlred during drop-tank opera-

tion, propellant settling via the ACFS is more efficient.

The

drop-tank propellant gaging configuration uses a series of single-
level sensors (not redundant) to minimize costs and weight.
core tank gaging is redundant.

The

As in other final options, propellants can be dumped in both
horizontal and vertical positions from qll main propellant tanks.

Performance and weight for each option is summarized in Table

2.2-11.

Table 2.2-11

Main Propulsion System Swmmary

Final Option
1 2 3 3A
Main Engine OME 150 Class I OME 240 Same | Same
I, s (N-s/kg) 327 338 330.3 | 5° e
P (3,207) | (3,315) | (3,239)
Thrust, 1lb (N) 7,500 12,000 12,000
(33,362) (53,379) (53,379)
we, 1b (kg) * * 330 268 398
(149.7) ‘ (121.6) (180.5)
Propellant Quahtity. 57,000 60,000 Core Drop
b (kg) (25,855) (27,216)
MMH Fuel, 1b (kg) 19,700 20,700 Same 4130 16,550
. e (8,936) (9',389) (1873) (7,507)
b (kg) (16,919) (17,827) (3570) (14,265)
Main Engine Support
Pressurization Reg 139 157 As 69 194
. He, 1b (kg) (63) (71.2) (31.3) (88)
Prcepellant Feed, 45 45 85 56
1b (kg) (20.4) (20.4) (38.6) = (25.4)
" Propellant Dump, 54 54 48 43
1b (kg) (24.5) (24.5) (21.8) (19.5)
Propellant Acquisi- 30 30 30 10
tion, lb‘(kg) (13.6) | (13.6) (13.6) (4.5)
Propellant Utilf-- 30 30 2 24 36
zation, 1b (kg) (13.6) (13.6) (10.9) (16.3)
Engine Actuators, 20 20 20
1b (kg) (9.1) (9.1) (9.1)
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2.2.8 Auxiliary Control Propulaion Subsystam (ACPS)

ACPS requirements, candidates considered, candi(atu«s selected, and
rationale are summarized in the following paragraphs. A more de-
tailed evaluation of each final option is in Vol 5.0, Sect. II of
the Selected Option Data Dwmp (Ref 5.8).

‘ ' 2.2.8.1 Requirements - As with main propulsion rejuirements,
ground rules were generally taken from the Data Package, Space
Tug System Studiee (Ref 5.12), with the ACPS requirements derived
from the mission requirements. Some of the more significant re-
quirements are: .

1) Designed to be fail-operational/fail-safe;
2) Capability of being shutdown by one command from the Orbiter;

3) Propellant isolation valves upstream from all engine start
valves;

4) Relief capability to automatically limit maximum pressure
in pressurized propellant tanks;

5) The Tug ACPS shall hold the angular rate and attitude posi-
tion to the following accuracies for the coarse-~hold and
fine-hold operational medes:

Coarse Mode Fine Mode
- Attitude (all axis), 3-0 25.0 deg 0.5 deg ‘
o (0.087 rad) (0.0087 rad)
N Rate (all axis), 3-¢ *1.0 deg/s 0.1 deg/s
: T ‘ (0.017 rad/s) (0.0017 rad/s)

6)' The Tug shall be capable of delivering spacecraft in a stable
‘ mode with the follwing velocity and tip-off rates maximum:

Longitudinal Velocity 5.0 fps (1.52 m/s)
et T4p-off Rates 0.1 deg/s roll (0.0017 rad/s)
R T U ST 0.1 deg/s pitch and yaw (0.0017
. CTEmeRRR e rad/s)
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7) The Tug ACPS shall be capable of maintaining Tug attitude
and residual velocities during Orbiter retrieval of the Tug
to the following accuracies:

Longitudinal Velocity 0.1 to 1.7 £pes (0.0305 to 0.305
m/s)

Lateral Velocity 0.5 fps (0.152 m/s)

Angular Misalignment 10 deg (0.174 rad)

Angular Rate 1.0 deg/s (0.017 rad/s)

8) Reusability life of 20 missions with a design goal of 100
missions;

9) Attitude control couples were assumed in ail six rotational -
modes (North American Rockwell "Safety in Earth Orbit Study,"
(Ref 5.37);

10) Main-engine minimum impulse bit of 8000 1lb-s (35,586 N=g);

11) Rotisserie assumed for spacecraft therwal contrc¢l, with a
"flip-flop" evaluated for worse-case propellant consumption;

12) Main-engine shutdown transieut dispercion of *30 = 750 lb-sec
(3336 N-s) assumed;

13) Application of fine-mode attitude hold for 2 hr maximum as-
sumed;

14) Flight perforuance reserves of 102 assumed;
15) Tug/Orbiter separation of 1 mi (1.61 km) with ACPS assumed.

2.2.8.2 Candidates Considered/Selection Methods

2.2.8.2.1 ACPS Selection - Early in the Tug study, preliminary
ACPS requirements indicated that total impulse ranged from 50,000
lb—eec (222 411 N-g) for attitude control to 300,000 lb-sec

(1 33‘ x 105~N—a) for both ettitudr conirol and vernier maneuvers.

. Preliminary thruster size ranged fium 15 1b (66.7 N) to 300 1b

(1334 N) ‘to .accommodate both sttitude control and vernier maneu-
vers. This range of impulse and thrust level led to considerc~
tion of both bipropellant and monopropellant systems. Low-thrust
systems like monopropellant plenum, cold gas, bipropellant gas,
subliming solids, etc, were not considered. '

2-69




For the main propulsion system, an evaluation was performed on
fuel candidates assuming N,0, as the oxidizer. The candidetes

in order of preference were MMH, A-50, NoH, and UDMi. Due to
thruster availability and common propellant use with the OMS and
Tug main propulsion systems, MMH was selected ae the bipropelliant
fuel during the gubsystem evaluation.

Monopropellants considered were hydrazine and hydrogen perioxide.
Hydrazine was selected during the subsystem evalustion over hydro-
gen perioxide for ite higher delivered specific impuls~ and im-
proved storability. Hydrogen perioxide has the disadvantages of
contamination sensitivity and siow decomposition during storage,
requiring venting.

There are other monopropellants. However, they were not congid-
ered applicable to Tug for several reasons; one of which was no
previous flight experience. Thise rejections included nitromethene,
tetrs nitromethane, ethylene oxide, and hydrazine/hydrazine nitrate.

The nozzle arrangement selected has 16 thrusters with four nozzles
per quadrant, similar to that used on the Apollo service module.
This arrangement provides control in all six deg-ees of freedom

for complete Tug control during Orbiter separation, spacecraft
release, and Orbiter retrieval of the Tug. With 16 thrusters,
there is a one-engine—-out capability, which is required to meet
fail-operational/fail-safe criteria. Other nozzle arrangements
wvere considered, as showa in Fig. 2.2-15; however, the system se-
lected is the most efficient. from the standpoint of total thrusters
required, packaging. vehicle control, and one~engine-out capabil-

icy.

Due to the large number of configurations being studied (single
stage, two stage, etc) the total impulee requirement for the ACPS
was not completely defined. Therefore, the performance relation-
ship between monopropellant hydrazine and bipropellant systems
with 16 thrusters was generated. The parametric charts of dry
weight versus total impulse for the different systems are shown
in Fig. 2,2-16.. Each curve in this figure was generated using
actual thruster weight data, as indicated.

,A detaiied evaluation of total impulse requirad was performed for
the deliwagy—only wission and the delivery/retrieval mission
(round trip) The analysis considered such items as Tug/Orbiter
sepata:ion, spacecrait spin-up, inbound midcourse correction, at-
titude” hold, and 10% performance rejserves. The results of the
analysis are indicated in Fig. 2.2-16, showing the rationale for
selection of the Hydrazine system for all capability options dur-
ing concept evaluation.

2-70




anilealzlladslsbBiaaaalil-2e

paaspreuc) gjuswsbuvaiy opzzoN g2y SI-2°2 ‘Brd

ug find4

g
poge PN

@ > oA
(1Y) m iloy e p
M ) mep §
a o Wiid- €
2 R ihang PP
s T .
29 — N
m E..!cm_m 1 o
w R W GL0 S5 3V Ae ’
c0o {5y 11ou) o
XY ¥ . % oy
- 0 SKY 2+ 4= sy
T ]
sy map) § sy wd| 3. BV 20
SRY de sy e (7
40 Sy Xe 40 SIY A+ )  WG1 ¢ ody 2
WS « Wil - onody |

‘ o B0l RANGD UOIING|NCY

[y . -r -

e ——— o i L e

s 4

2



1004 b (444, 8 N)

300 N2H4 Blowdown Diaphragm Tan¥k-»

(13%6. nl’ Thrust R-4D
22-1b (97. 9 N)-
Thrust R-1E Bipropellant Reg
SV ygtem 270 - Surface Force Tank
' re;’ght (90.7) Total Impulse N2H4 Reg Surface Force Tank
y Range for
1b (kg) Delivery &
100 | ,, Retriova) /~Max Total 1 mpulse
(45, 4) 12-16 (53.4 N) (Round Trip) Required (ACPS

Used as Vernier

Minimum Impulse Thrust Ham. .
A & Attitude Control)

for Delwery Only —\ e Motor&\\\\

A i J
O 50 (27& 4) 100 (444.6) 150 (667.2)  200(889.6) 250 (1112}
Total Impulse, Ib-sec x 103 (N-s X 103)

Pig. 2.2-i8 Tug ACPS Selection

A significant parameter in determining the total ACPS impulse for
a retrieval mission is th¢ main-engine minimum impulse bit (MIB).
With 2 small MIB, 8000 1lb-g¢ (35,586 N-s), part of the phasing 4V
for spacecraft retrieval can be performed with the main engine.

1f the ACPS were to perform all spacecraft phasing AV, total im-
pualse would increase to the 153,000 lb-s (680,578 N-g) value shown
in Fig. 2.2-16. '

The bipropellant-vergsus-monopropellant crossover based on dry
weight only is at approximately 150,000 lb~s (667,233 N-s), as
shown in Fig. 2.2-16. The fact that monopropellant ¢ ecific im-
pulse is lower tha:: that for a bipropellant requires more mono-

propellant for equivalent total impulse. This difference in pro-
pellant loaded canmnot be compared directly to vehicle performance,
but 4s a: function of propellant use during the mission. Perform-
ing-the analysis results in a lower crossover point at 130,000
Alb-s (578 269 N-s)

N‘r»~

o adevhoand WL tanw

e 4«Because of the large mass and iner;xa variation of the Tug with
mission time, it ie desirable to have high thrust levels initially
to obtain adequate vehicle response. However, near mission com-
pletion, attitude hold requirements, both angular and position,
combined with light mass and inertia, result in small minimum im-
pulse bit. An evaluation of these parameters resulted in the se-
lection ef 25-1b (111.2-N) thrust nozzles. Optimum thrust in
pitch and yaw was actually higher than 25 1b (111.2 N) and roll
was lower; however, requirements in each axis can be met with 25-
1b (111.2-N) thrusters, which allows a common engine to be used
throughout the system.
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2.2.8.2.2 ACPS Thruster Selection -~ Data were compiled and Tug
candidate thrusters selected for both the bipropeliant and mono-
propcllant systems. Candidates comprised both existing and new
development thrusters. Existing bipropellant candidates selected
were the Marquardt R-1E, 22-1b (97.9-N) thrust engine and the
Marquardt R-4D, 100-1b (444.8-N) thrust engine. They were selected
for their high performance, low minipum impulse bit, demonstrated
life, and qualification testing. The existing wonopropellant can-
didate selected was the Rocket Research MR-3, 27-1b (120.1-N)
thrust engine now flying on the Martin Marietta Transtage. Other
candidates were the TRW MRE-50-73, 55-1b (244.6-N) thrust engine
and the Hamilton Stendard REA~22-4, 12-1b (53.4-N) thrust engine.

Because a monopropellant system was selected for Tug, a trade study
wvas performed on the MR-3 thruster vursus & new thruster with im-
proved life. Results of the trade study showad the new thruster
had a lower total program cost due tn improved life. 1In additionm,
the new thruster can be optimized for thrust level as well as
pulsing versus steady-state performance, depending on mission re-
quirements.

Based on informstion availeble, a so-called vernier bijpropellant
engine of approximately 25-1b (1lll.2-N) thrust is proposed for
the Orbiter. Assuming this engine could be used on the Tug at
little or no DDTSE, a cost comparison was made between the mono-
propellant system selected with & new thruster and that with a
bipropellant. The comparison did not indicate any driving cost
advantage of the bipropellant system, even if the thruster could
be obtained at a very low DDT&E cost to the Tug.

Because total impulge required for epacecraft retrieval is rela-
tively large, .a bipropellant vernier gystem was evaluated. The
systen consisted of an electric-motor pump assembly that draws
propellant from the traps in the main propellant tanks and then
feeds two thrusters. The vermiur system would provide 4V only,
and a smaller monopropellant ACPS would provide attitude control
and docking capability. The vernier system was then parametri-
cally compared to an all-monopropellant system. Study results
showed no vehicle weight or performance advantage of the vernier
systen; therefore, due to cost and system complexity, it was de-

' le:ed ftum any further cousideration.

“An AC!S integrated with the main propulsion system was also con-

sidered. . The system contains two electric-motor pump assemblies
to meet fail-operation/fail-safe criteria. The pumps are required
to boost pressure from the propellant tanks to approximately 300
psia (206.8 N/em?), where propellant accumulators would store up
to 20,000 1b-s (88,964 N-s) of impulse for attitude hold to pre-
vent running the pump coptinuously. The system weight of 249 1b
(113 kg) is equivalent to an unintegrated bipropellant system with
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approximately 200,000 lb-s (889,644 N-s) total impulse. Because
Tug irpulse requirements are lower, the integrated system wvas de~-
leted from further consideration.

2.2.8.2.3 ACPS Propeliant Management - There are seversl tech-
niques for management and acquisition of propellants for the ACPS.
For bipropellant systems, the most frequently used devices are
Teflon bladders and metallic b2llows. However, Teflon bladders
have limited cycle life and i tallic bellows tanks show a signif-
icont weight penalty. For hydrazine systems, nonmetallic bladder
and disphram tanks are generally used. Ethylene propylene rubber
compounds are normally used with hydrazine to obtain better cycle
life than Teflon; however, these rubber compounds have not been
conmpatible with N,0,. Surface tension devices offer all the ad-
vantages of lightweight, reuse, minimum maintensnce, and potential
for unlimited life.

The surface tension device was selected by performing trade stud-
ies on tanks based on expulsion and volumetric efficiency, weight,
off-load capability, cycle life, cost, and development rigk.

2.2.8.3 Selected Subsystem Candidates - The previous discussion
outlined candidate subsystems and selection methods. Subsystems
recommended for further evaluation at the First Review were bi-
propellsant and monopropellant hydrazine. These, selected thrusters,
and the propellant management technique, are summarized in Table
2.2-12. Further evaluation led to the final options previously
discussed.

Tatle 2.2-12 Selected Subsystem Candidaies

ACPS System
Bipropellant - N,O0,/MMH
Monopropellant -~ Hydrazine

Existing Thrusters

Bipropellant
Marquardt R-4D, 100-1b (444.8~N) Thrust
Marquardt R-1E, 22-1b (97.9-N) Thrust
Monopropellant
TRW MRE-50-73, 55-1b (244.6-N) Thrust
REC MR-3A, 25-1b (111.2-N) Thrust
Hamilton Std REA-22-4, 12-1b (53.4-N) Thrust

Propellant Managemeut

Biprcpellant - Surface Force
Mounopropellant - Surface Force & Diaphragm
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2.2,8.4 Final Option Definition - For all final options, both
single-stage and stage-and-a-half, a hydrazine monopropellant
systenm was selected. The system showm in Fig. 2.2-17 has 16
thrusters arranged in four modules, with four thrusters per mod-
ule. Each thruster is identicali, with series-redundant thrust-
chamber valves and a nominal thrust of 25 ib (111.2 N). The
series valves were incorporated to prevent inadvertant thruster
operation if a valve should fail in the open position.

The total impulse capability for Final Obtion 1 delivery-only is
62,500 lb-s (278,014 N-s), 300 1b (136 kg) of propellant. For
Final Options 2, 3, and 3A the totel impulse ;apability was in-
creased to 125,000 lb-s (556,028 N-s), 600 lb (272 kg) of propel-
lant, to accommodate spacecraft retrieval. In both cuses, the
tctal impulse capability is approximately 302 grester than that
determinied from the detailed ACPS propellant budgats. This in-
creased capability was provided to cover all contingencies.

With the large difference in propellant requirements, two propel-
lant tanks are proposed for Final Options 2, 3, and 3A; a large
tank for retrieval and a small tank for delivery. A benefit of
having two propellant tank sizes available, 300- and 600-1b

(136~ and 272-kg), is the 30-day servicing mission. For that mis-
sion, both propellant t¢inks would be flown, giving a 900-1b (408-
kg) propellant capability compared to 834 1b (378.3 kg) required,
based on a detsiled analysis of the 30-day mission.

ACPS propellant acquisition is by & screen surface force device
that 1is an integral part of the propellant tank. The propellant
acquisition device for the ACPS muet intermittently supply suall
quantities of propellant under the effect of an omnidirectional
acceleration environment. This requirement is satisfied by chan-
vels that encixcle the intertank wall. The tank is compsartmented
with cepillary varriers to withstand high axial g levels result~
ing from vehicle rotations of up to 60 rpm. Compartmenting the
tank also makes the device insensitive to propellant off-load.

The three-port two-way hand valve is used to isolate the propel-
lant subsystem froy the pressurization subsystem during ground
rervicing. Once the propellant and pressurization subsystems are
serviced and checked, the hand valve is rotated to the free-flow

. ‘or flight operational orientation and the service port capped.
oy, e

" “The burst/relief valve 'on the propellant tank provides a burst

disc for zero leak integrity, followed by & relief valve. Should
a pressure surge rupture the burst disc, the relief valve will
check tank pressure and prevent the potential loss of the Tug and
mission. With this device, the tank is not only protected for
safety considerations, but zero leakage is provided by the burst
disc, as well as pressure check to maximize mission success.
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Quadruple redundant check valves are provided downstream cf the
regulators to prevent potential vapors or liquid from contacting
the pressure regulators.

The pressure regulators are series-redundant single-stage. Each

: is at a slightly different setting; thus, only one regulator is
operating at any one time, which reduces the wear on the other
Tegulators.

Latching solenoics are provided upstream of the regulators to
isolate the high-pressure helium sphere and minimize time on the
pressure regulators. For safety, these valves would remain closed
on the ground and while the Tug is in the Orbiter.
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2.2.9 Separation Module

2.2.9.1 Reduirements ~ The separation module must provide the
following.

1) Physical or structural tie betveen each of ché following:
(a) Tug and spacecraft;
(b) Tug and kick-stage 10; .
(¢) Tug and kick-stage 1.5;
(d) Kick-stage 10 and kick-stage 1.5;
(e) Kick-stage 10 and spacecraft;
(f) Kick-stage 1.5 and spacecraft.

2) Electrical interface connection fo: the six combinations
listed above.

3) Means of separating the six combinations listed above.

2.2.9.2 Configuration - The separation module shown in Fig. 2.2-18
is used on all 10-ft (3.05-m) dia vehicles, which include Final
Options 1, 2, and 3. Final Option 34 is similar except the diam-
eter is 6 ft (1.33 m). The baseline module is 10 £t (3.05 m) in
diameter and 5 in. (12.7 cm) deep, made from 7075-T73 aluminum.

It consists of two machined angles spliced with two notched frangi-
ble doublers with an oval stainless-steel tube in the splice. The
angle flanges in each end of the 5-in. (12.7-cm) section bolt to
the Tug and spacecraft, respectively, or any of the other five com-
binations listed iu 2.2.9.1. Electrical disconnects are supported
by brackets mounted on the outside wall of the module. Separa-
tion is achieved by detonating fuses inside the stainless tube,

causing the frangible doublers to shear. After the doublers

gheay, final separation is achieved by springs in the module

" garound its inside perimeter. Figure 2.2-19 shows the possible

combinations of separation wodule.

et ¥
B

S LR
".2.2.10. Docking Module

2.2.10.1 Requirements - The docking module, which houses the

docking mechanism, must provide for:
1) Delivering either a three-eaxis or spin-stabilized spacecraft;

2) Retrieving either a three-axis cr spin-stabilized spacecraft;
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3) Docking unde¢r the following conditions:
(a) Radial misaligonment of %6 in. (15.2 cm).
(b) Angular misalignment of *3 deg (0.052 rad)

(c) Longitudinal velocity of 0.1 to 1.0 fps (0.03 to 0.3
w/s)

(d) Lateral velocity of 0.30 .fps (0;09 m/s)
(e) Angular rate of 2.4 deg/s (0.041 rad/s)

4) A structural latching system separate from the docking mechan-
ism with sufficient strength and stiffness to support & space-
‘craft at all times except during the actual delivery or re-
trieval mansuvers.

5) An electrical interface comnection to the spacecraft with dis-
connect capability at delivery but also capable of being re-
connected at docking.

2.2,10.2 Configuration - As shown in Fig. 2.2-20, the docking
module, is used on all 10-ft (3.05-m) dia vehicles that have
docking capability. It consists of a 10-ft (3.05-m) dia shell,
21 in. {(0.53 m) deep that houses a modified Apollo-type probe,
actuator-damper system, and 18 mechanical latches. The shell is
an aluminum skin-stringer arrangement with 36 stringers. There
is an external flange on the aft end that bolts to the Tug for-
ward interface flange. The probe is mounted in the center of a
triangular frame, which in turn is supported by six actuator-’
damper devices supported at the inboard flange of the module aft
ring. -* A torque motor mounted in the probe housing provides spin-
up capability for the probe head. Initial spacecraft capture is
with capture latches mounted in the probe head.. After initial
capture, the actuator-dampers are retracted and hard docking is
achieved  through 18 mechanical latches on the perimeter of the
0-£:g&3.05—m0 ‘dda module.

. All flight loads are transmitted through the latches and outer
o ,structuxe.xather than through the docking mechanism. For a de-
livezy and tetrieval mission, the spacecraft is installed with
- hard:latches and deployed by unlatching and extending the actua-
,,-tor-dampers. For the Final Option 3A vehicle, the same method is
used;’ gut the module 6 ft (1.83 m) in diameter rather than 10 ft

3. o;~uo

I
.,',,; "'i-
.
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2.2.11 Auxiliary Stages

Thea auxiliary stage requiremants, configurations selected, and
rationale are summsrized in the folicwing paragraphs. A more de-
tailed evaluation of the coniigurations is in Vol 5 0, sect. I1
of the Selected Option Data Dump (Ref 5.8).

2.2.11.1 Requirements -~ To improve Tug capability on some high~
energy planetary missions, an auxiliary stage or kick stage is
required. Requirements for the kick.stage were generally derived
from Tug capability and mission model requiremente. Because the
study contract was to evaluste Tug designs, the kick stage was
baselined as & sclid to minimize cost, but a detailed trade study
vas not performed. It was felt that the use of a solid versus
liquid kick stage should have little or no effect on Tug design
and selection.

1) The kick stage requires three-axis guidance and control for
proper spacecraft orbital insertiom.

2) Power is required for kick-stage functions only. (Power to
the spacecraft is terminated at kick-stage/Tug separation.)

3) Mission life after Tug separation is aprroximately 20 min, or
9% hr from liftoff.

4) The ACPS is to provide control during solid motor burn, coast,
attitude hold during spacecraft separation, and vernier capa-
bility to accommodate dispersions in solid-motor total ..~
pulse.

5) The solid-motor thrust level shall be such that the spacecraft
g level shall not exceed 3.6.

6) The kick stage shall be designed to be fail safe.

2.2.11.2 Candidates Considered/Selection Methods - At the Re-
quirements Assessment meeting (Ref 5.3), the auxiliary or kick
stage was shown to significantly enhance both deep~space and
geostationary capability. At that time, the kick stage was also
being considered for spacecraft retrieval. The mission mode was

-to attach the stage to the spacecraft before delivery and to de~

crbit the spacecraft at some later date. The Tug would then re-
trieve the spacecraft from the lower-emergy orbit. The auxiliary
stages were designated VP-1 (Velocity Package 1), VP-2, and VP-3
(VP-1 + VP-2). Stages used existing solid propellant motors--
VP-1 with 2300 1b (1043 kg) of propellant and VP-2 7300 1b

(3311 kg).
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After the Requirements Assessment mee:ing, two new requirements
were imposed on the kick stage. Its thrust level was restricted
to 3.6 g maximum, and attachusnt of deorbit kick stages for the
operational life of the spacecraft was ruled out due to the pos-
sible effect on spacecraft design. Becsuse of the g-level re-
striction, solid- as well as liquid-propellant kick stages were
evaluated. These data were presented at the First Review presenta-
tion (Ref 5.4) in the System Panel meeting. There were again
three configurations: one with 3000 1b (1361 kg) of propellant,
another with 10,000 1b (4536 kg) and & combination of the two.
However, data received from both Hercules and Thiokol confirmed
the feasibility of slow-burning solid propellants to meet the g-
level restriction. Be:caure the type of propellant was not sig-
nificant in Tug szelection, solid propellants were selected due to
cost and simplicity of cperations.

At the Program Concept Evaluation (Ref 5.5), further refinement
of the auxiliary stage requirements led to addition of a small
deorbit solid stage with 1400 1b (635 kg) of propellant. The de-
or®.lt stage, designated deorbit kick motor, would be attached to
the spacecraft at the time of retrieval from orbit by the Tug.
The kick gtage would then deorbit the spacecraft, wherz it would
be retrieved by a lsater Tug flight. Closer examination of this
mission wode revealed thet it was more efficient and less complex
to simply deorbit the spacecraft with the Tug. This mode is de-
fined as delayed retrieval and uses the energy previously re-
quired to take the auxiliary stage to orbit for spacecraft deor-
bit. The new mission mode reduced both the total quantity and
types of kick-stage configurations required. The limited use of
the auxiliary stage to accomplish the mission model is shown in
Table 1.4~4.

2.2.11.3 Configurations Selected - There are three kick stage
configurations, a small 420,000 1lb-s (1.87 x 106 N-g) impulse
stage designated KS 1.5, a 1ar,5er 2,900,000 1b-s (1.29 x 107 N-s)
dmpulse stage designated KS 10, and a two-stage cor:figuration
consisting of KS 1.5 and KS 10. The smaller kick :tage was se-
lected at ;growth Burner II size in hoper of using existing hard-
ware. For expendable Tug missions, this is the most efficient
size based .on mission model requirements. It also provides high
-4V foremall spacecraft, while maintaining a spacecraft g level
‘less thar 3.6. The larger kick stage was selected for heavy
planetary missions. Although the exact size was not critical,
sizing is for a geostationary aspogee kick motor based on the
storable .-Tug capability.
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7The third configuration combined the large and small kick stage
in a two-stage configuration to provide program flexibility while
oaintaining low cost by having only two basic kick stages. The
two-stage kick-stage configuration provides even higher 4V for
small spacecraft, while still maintaining a g level less than 3.6,

Although the kick-stage configuration is somewhat different when
uscd with single-stage Tuzs (Final Options 1, 2, and 3) compared
to the stage-and-a-half Tug (Final Option 3A), for this report,
the configuration discussed is for the single-stage Tug.

The KS 1.5 kick stage (Fig. 2.2~-21) is 10 ft (3.05 m) in diameter,
5 ft 5 in. (1.65 m) long and has a total weight plus 10% contin-
gency of 2146 1b (973 kg). KS 10 (Fig. 2.2-22) is also 10 ft
(3.05 m) in diameter, but 6 ft 10 in. (2.08 m) long and has a ~
total weight plus 10% contingency of 11,680 1b (5298 kg).

TUG ——emdee—KS 1.5
FOR PERFORMANCE ,
INTERSTAggMSKIRT ~KS 1.5 TO SPACECRAFT

REHAIKRS HITH TUG SEPARAT ION MODULE

KS 1.5

1,440 1b SOLID PROP (653 kg)
3,000 1b THRUST (13,345 N)
139 sec BURN TIME

290 Is (2844 N-s/kg)

417,600, 1b-sec (1.857x1C% N-g)
TOTAL IMPULSE

-5 00, (12.7 Cm)
0.2 in. (0.51 cm)
5 1in. (12.7 cm)

5 ft 5 in,
(1.65 m) .

Fig: 2.2-21 Kick Stage 1.5

KS 1.5 stacked above KS 10 (Fig. 2.2-23), designated KS 10/1.5,
is 11 ft 10 in. (3:61 m) long. The assembly has a total weight
plus 102 contingency of 11,808 1b (5356 kg) for the lower stage
and 1972 1b (894 kg) for the upper.
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Fig. 2.2-23 Kiek Stage KS 10/1.5
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The us¢ of kick-stage arrangements as applied to the final options
is as follows:

Final Option 1 - KS 10, 1.5, 10/1.5
Final Option 2 - KS 10

Final Option 3 - KS 10, 10/1.5
Final Option 3A - KS 10, 10/1.5

2.2.11.3.1 Solid Rocket Motor ~ Motors for KS 10 and KS 1.5 have
spherical lightweight cases {Ti-6AL-4V or glass fiber) with par-
tially submerged exhaust nozzles with an expansion ratio of ap-.
proximately 50:1, permitting a short, compact stage. Two igniters,
installed at the rear of the motur case, are provided for the KS 10
moter. The KS 1.5 motor has one igniter mounted at the front of
the case. The motor cases are loaded with slow-burning propel-~
lants (Class 2), which limits the stage acceleration to 3.6 g for
the required total impulse.

Based on preliminary information from various solid rocket motor
manufacturers, the following data ware used for kick stage design:
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Parameter KS 10 . Ks 1.5
Total impulse required, lb-s 2,900,000 420,000
S (N-8) (1.289 x 107) (1.868 x 105)
Propellant weight, wPR’ 1b 10,000 1,440
. (kg) (4,536) (653)
Thrust, 1b 15,000 3,000
(N) (66,723) (13,345)
Specific impulse, s 290 290
: (N-8/kg) (2,844) (2,844)
Burning time, 8 N 193 139
Empty motor weight, 'wé. v 900 146
o (kg) (408.2) (66.2)
[P Weoo 7 sorow ¥, .
el VPR
. R —————;”:2' . 0091 0-908
Wpp Mgty |
Motor diametex, in. 72 37
(m) (1.83) (0.94)
Motor length, in. 86 w/igniver 56
(m) (2.18) (1.42)
50
(1.27)

w/o igniter




2.2.11.3.2 Structure - Each kick-stage structure consists of the
potor thrust structure, skirt, equipment support struts and
brackets, and the spacecraft interface.

The thrust structure is an aluminum skin-etringer conic structure
that supports the rocket motor, extending radially to the skirt
structure for uniform load distribution.

Each skirt is aluminum skin-stringer construction, 10 ft (3.05 m)
in diameter. The KS 10 skirt is 6 .ft 5 in, (1.96 m) long, while
the RS 1.5 skirt 18 5 ft (1.52 m) long. The KS 1.5 skirt is not
used to suppcrt equipment, permitting retention of the skirt at
staging either with the Tug or with KS 10, depending on the mis-
sion configuration.

The spacdcraft interface is a 10-ft (3.05-m) dis by 5-in. (12.7-
cm) deep aluminum separation module containing the separation
ordnance and spacecraft deployment assembly.

Thermal protection is provided by thermal paint and selected ap-
plications of multilayer insulztion. .

2.2.11.3.3 Avionics - The avionics are the same for each kick
stage. For the dual kick-stage configuration, the power, load
distribution, and guidance, navigation, and control (GN&C) func-
iong are in the forward kick stage (KS 1.5) only.

The GN&C subsystem contains three gyros, three accelerometers,
and associated integrated circuits. The steering logic indicated
is vot in finsl form; however, it does show that the pitch and
yaw profile will be related to the performance and thrust mis-
alignment of the kick stage and not just & function of time.

This is an improvement over the Burmer II logic and permits
achievement of the 3-0 state vector planetary-insertion require-
ments as aow understood. «

The ACPS subsystem will be operationel threygh a phese-plane

autopilot in.both powered and coast flight due to the fixed main
motor. The kick-stage GN&C box will have all the sensing capa-
biiity of a strapdown IMU, but without the ability to relate its

. data, msensed in body coordinates to an inertial frame; i.e., it
. .does moticontain the electronic gimbal algorithm, nor are its

sengors aligned well enough to take advantage of this mathemati-

.cal routine.should the integrated circuits be built into it.
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The electrical power and distribusion subsyster consists of two
main batteries, an auxiliary battery and power distributors, and
required wiring and connectors. The main batteries supply sequired
pover to propulsicn and avionics subsystems and the spacecraft.

The auxiliary battery is used primarily for ordnance requirements.

This system also contains the ordnance and ordnance circuitry for
spacecraft separation and for the SRM igniters. Each SRM igniter
unit is provided with an electromschanical safe aad arm device as
well as redundant squibs that initiate motor ignition. In addi~-
tion, each ordnance circuit has its own safe and arm device to
prevent accidental squib ignition.

The spacecraft communications subsystem will be modified to per- °
wit transmission of kick-stage data by the spacecraft transmitter
before separation, eliminagting the need for a2 separate communica-
tions subsystem on board the kick stage. This will include a
5-1b (2.27-kg) weight addition to the spacecraft.

2.2.11.3.4 Attitude Control - The ACPS for each kick stage uses
monopropeslant NoH, with gas-ous nitrogen at 3400 psi (2344 N/em?)
as the pressurant. All system components were sclected from
flight-qualified hardware and both kick stages use the same com-
ponents.

The ACPS for the two kick stages uses a pressure-regulated pres-
surization system with 12 thrusters. In pitch and yaw, .there are
eight tarusters,-each with a maximum thrust of 27 1b (120.1 N).

In rell, there are four thrusters, each with a maximum thrust of 5
5.3 1»:(23.6 N). The thrusters have series valves and are ar-
ranged in pairs to provide redundancy in each axis.

The total ACPS propellant load, including reserves and contingency,

is 60 1b (27.2 kg) and 120 1b (54.4 kg) for the KS 1.5 and KS 10,
respectively..
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2.2.12 (Cradle

2.2,12.1 Requirements - The cradle must provide dump provisions
for the Tug main propellants, both fuel and oxidizer, as well as
structural and electrical interfaces with both the Tug and Or-
biter. In accomplishing this, the cradle must provide:

1) Structural support of the Tug and its spacecraft during or-
biter operation with a four-point statically determinant
cradle-to~Orbiter load system;,

2) A Tug-to-cradle structural restraint system that need not be
statically determinant, but with capability for remote latch-
ing and unlsatching;

3) A remotely actuated quick disconnect with remote reconnect
capability for the Tug-to-cradle propellant dump lines and
electrical umbilical;

4) Support for cradle-to-Orbiter umbilical sections for both
propellant dump lines and electrical conmectors.

2.2.12.2 Final Option Definition

a. Cradle for Final Optione 1, 2, and 3 - Figure 2.2-24 shows
the cradle design used for single-stage options. Cradle length
is 15 ft 4 in. (4.67 m) and the outside diameter is nearly 15 ft
(4.57 m).. 'A clam-shell dosr provides means to pick up the Tug
over its full circumference rather than only the lower half.
Cradle-to-Orbiter interface points are statically determinant as
defined in Payload Accommodations (Ref 5.13) with two vertical
and two longitudinal reactions taken at Orbiter sta 1041, ome
vertical at Orbiter Sta 1134.5, and one lateral at Orbiter Sta

- 1040. The Tug-to-cradle structural tie is statically indetermi-

nant with eight lateral (Y), eight vertical (Z) ties, and a vee-

_groovg--clamp for longitudinal (X) loads.

b.  Pinal Option 3A Cradle - Figure 2.2-25 shows the cradle de-
sign used for the stage-and-a-half vehicle. The length is 20 ft

10 in.. (6.35 m) and the diameter is nearly 15 ft (4.57 m). The
. cradle; “4s made up of two deep multicell box beams running full
E ,lengthﬁalong each side, tied together at each end by bulkhead-
" type . frames. The forward frame has a fixed lower portion machined

from 7075-T73 aluminum forgings and an upper clamshell portion

.actuated by powered hinges and with an upper centerline temsion

tie that is mechanically actuated. The aft bulkhead covers only
the lower portion, and it also is machined from 7075-T73 aluminum
forgings. The box beams are made of 7075-T6 aluminum skins over
7075-T73 aluminum machined ribs with 7075-T73 aluminum extruded-
angle longitudinal stiffeners along the full length of the beams.
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Figure 2.2-26 shows the Tug-to-cradle umbilical plate concept.
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CONFIGURATION CONCEPTS

This section generally defines the activity taking place in Task
3. Mission requirements were defined in Task 1. Data on all
potential subsystems were collected and evalusted in Task 2, with
each subsystem subjected to a course screening based on the re-
quirements as known at that time. The selected subsystem candi-
dates surviving the Task 2 screening were eligible for considera-
tion in the overall Tug configuration synthesis process in Task 3.
The following paragraphs provide an overview of the Tug configura-
tion conceptual design activity, including synthesis methods,
concepts considered, methods for evaluation and selection, and
finally, the Tug configurations selected for further detailed
definition in Task 5.

2.3.1 Configuration Synthesis Methods

As spplied to this study, configuration synthesis is defined as
the process of developing the conceptual Tug configurations for
each of seven capability options that will satisfy the 'bucket"
requirements and those mission/design requirements defined in
paragraphs 2.1 and 2.2. I¢ should be noted that the term "capa-
bility option" as defined in Task 3 is not the same as the term
"final option'" as used in Task 5. The options were redefined by
NASA/DOD after the Program Concept Evaluation presentation

(Ref 5.5), and are referred to as final options in Task 5. Each
of the seven capability options as used in Tack 3 are defined
below.

2.3.1.1 Tug Concept Selection Capability Options (Buckets) - The
seven NASA/DOD provided Tug capability options for use by all Tug
system study contractors for the concept selection milestone are
defined as follows:

a. Option 1: Interim Tug (without Rendesvous and Docking),
Direct-Develored - This direct-developed limired-capability Tug
will have its IOC on Decamber 31, 1979. The vehicle must deploy
3500 1b (1588 kg) in geosynchronous orbit. It will not have
retrieval capability. It will use subsystems that have early
availability. The degree of autonomy is unspecified and is to
be the subject 'of trade studies., Because this option is not to

_ be phaeed evolutionary capability shall not be considered in the

~m. P“ o

b. Optzon s Imterim Tug (with Rendeavous and Docking), Direct-
Daveloped - This direct-developed medium-capability Tug will have

its I0C on Decembar 31, 1979. A higher-performance propulsion
system is expected than that in Option 1. Option 2 will have

geosynchronous retrieval capability. The degree of autonomy is
8 tradable item. Minimum performance will be 3500 1b (1588 kg)
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in a geosynchronous deployment mode and 2200 1b (998 kg) in a
geosynchronous retrieval mode. Because Option 2 is not to be
phased, evolutionary capability shall not be considered in the
design.

c. Optiom 3: Interim Tug (vithout Rendeavous and Docking),

Prased to Interim Tug (with Rendesvous and Docking) - This phase-
developed Tug will have performance and IOC requirements consistent
with the definitions of Options 1 and 2. Evolutionary capability
shall be considered in the design of Option 1 in this case. Costs
and schedules for direct-developing the identical Option 2 ohtained
from this phased program (with an 10C of December 21, 1983) shall
be provided. Design penalties due to phasing will be minimized.

d. Option 4: Full-Capability Tug, Uirect-Developed - This direct-
developed full-capability Tug will have its 10C on December 31,
1983. Sensitivity of factors relevant to moving the IOC up two
years will be performed. The actual date should be based on the
optimum development cost. It will have retrieval and serviiing
capabilities. The latter is not to be used as & driver, however.
All requirements for this option shown in the government data
package will be spplied. Minimum performance will be 3500 1b

(1588 kg) in a geosynchronous retrieval mode. Medium to high
autonomy 1is desired.

e. Option §: Interim Tug (without Rendeavous and Docking),
Phased to Full-Capability Tug - This pl:ase-developed Tug will have
performance and I0C requirements consistent with the definitions
of Cptions.l.and 4. Design penalties due to phasing will be
minimized.

f- Option 6: Interim Tug (with Rendesvous and Docking), Phased
to Full Capability Tug - This phase-developed Tug will have per-
formance and I0C requirements consistent with the definitions of
Options 2 and 4. Design penalties due to phasing will be minimized.

g.. Option ?: Interim Tug (with Rendeavous and Docking), Directly
Daveloped - This direct-developed Tug will have its IOC on
December. 31, 1983. The performance requirements are consistent
with the definition of Option 2.

:@3;3.;.2 System/Subsystem Synthesizing Procedure - The innumerable
~"technical, safety, and economic variables for the study deter-
+t'mined “the detail depth and number of iterations required for
defining the conceptual Tug systems to the design, manufacturing,
"and operational levels. The general steps performed in the process
are listed below, with their interrelationship shown in Fig.

2.3-1.

Step 1: Determine Tug general performance requirements to establish
sizing. This was accomplished in Task 1.
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Step 2: Determine selected subsystem candidat¢4. This was
accomplished in Task 2.

Step 3: Develop subsystem combining preocedure.
Step ¢: Develop screening criteria and ground rules.

Ster 5: Select basic vehicle configurations (singlé-stage or
multistage) that could be used to satisfy the mission requirements.

Step 6: Lay out feasible structural arrangements for the basic
vehicle configuration and determin: basic weights.

Step 7: Initially screen structural concepts based primarily on
wveight, with additional considerations of cost, manufacturing
techniques, safety, reliability and msintainability (reuse/
refurbish), and given ground rules.

Step é: Determine gross performance capability of each surviving
configuration using calculated structural weights and assumed
weights of other subsystems (minimum). Performance capability is
based on parametric methods for delivery only, retrieval only,
and vound trip, expressed as weight of Tug payload (spacecraft).

Slep 8: Conduct first screening iteration based on performance.
Step 10: Receive capability option definitions from NASA/DOD.

Step 11: Assign Tug configurations to match desired capability
options. Assure imperative criteria are met.

Step 12: Define candidate Tug families consisting of the single
or multiple Tugs with their corresponding operations, equipment,
and interfaces required to satisfy the seven capability option
requirements.

Step 13: Select specific subsystems to match Tug configurations
and mission requirements.

Step 14: Define operations, equipment, and interfaces for
typical Tug configurations.

;Stqp'i5: Refine performance capability of each configuration using
caleulated weights for structure and all other subsystems and for
each engine opticn. )
Step 16: Perform second screening iteration.

Step 17: Martin Marietta select recommended Tug family for each
capability option.
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Step 18: NASA/DOD select Tug configurations and define final
options for Task 5 study.

2.3.1.3 Synthesis Ground Rules - Definition of the capability
options permitted certain basic rules other than those of the
basic Data Package (Ref 5.12) to be fruaulated and applied in the
Tug configuration synthesis procese and are:

- For delivery-only mixsions, remove renderrous and docking
hardware from Tug to enhance spscecraft delivery capability and
to preclude unnecessury aging of fendezvous and docking hardware.

< Do iuot change tank or structure materials in phase development.

- Phase develop in one step from 1979 to 1983.

-~ Do n"t change tank configurscion in phase development (maintain
seme mixture ratio).

- Use as phase development drivers:
Engine (‘oxz or Bell to high pc)

Rendezveus and de.'king to accoimodate retrieval

State-of-the-art avionics to "lighter" avionics.

. W,
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2.3.2 Tug Concepts Considered

The following paragraphs present the basic structural Tug concepis
considered, selected subsystem candidates for use in configuration
synthesis, and the candidate Tug configurations used for evalua-
tion in each capability option (bucket).

2.3.2.1 Basic Structural Concepts - Table 2.3-1 gshows the selected

structural subsystem candidates surviving the Task 2 screening

process.

Tatie 2.3-1 Selected Structural SuMsusierm Cariidates

Structural
Subsystem Designator

Description

Selected Candidates
| 1AL
1A2

1A3

ID

Single stage, 57,000 1lb (25,855 kg) propel-
lant; mixture ratio, 2:1

Isolated tanks, Titan 111 Stage 11 tank
arrangement

Isolated tanks, fuel tank forward, elliptical
domes

Isolated tanks, equal-volume tanks, (mixture
ratio, 1.65:1)

Common-dome tanks, hemispherical domes

Selected Candidate

11IC . .

Two-stage, 28,500 1b (12,927 kg) propellant
per stage; mixture ratio, 2:1

Common~deme tanks, elliptical domes

Selected Candidate

IVE

Stage-and-a-half, 57,000 1b {25,855 kg)
propellant; tank arrangement, core and
drop tanks; mixture ratio, 2:1

20/80 propellant split, core plus two drop
tanks, common elliptical domes

2.3.2.2 Subsystem Candidates - Table 2.3-2 shows the selected sub-

evstem candidates from the subsystem evaluation tasks discussed in
paragraph 2.2, with their designators used for identification and
tracking of the various Tug configurations.

12.3.2.3 Kick-Stage Concepts - Figure 2.3-2 shows the basic kick-

:stage concepts used in this phase of the study. These were later

. redesigned in the program definition task. (para 2.2.9.)
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Talle 2,3-2 Selected Subsystem Candidates Swmmary

Subsysten Designator | Descripticn
Mater{als LT Al Aluninur, light weight, minimun tank vall 0,020 in, (0.3508-m=) one-piece domss
Hvy AL Alurinue, hesvy weight, sinimuz tenk vall 0,035 in. (0.809-mn) velded gore saction domes
TL 6 C Titaniun plus composites, einimum tank wall 0.012 in. (0.305-mm)
Tank None Isolated tanks, Titan 111, Stage Il tooling & configuration
Arrangenents Isclated tanks, new design
Common doze (spherical & ellipticel)
Propellant None N20, /M0B
Engines E~325-B Ball 60963, X'p ® 325 sec nom (3187 N-s/kg), F = 36,000 }b (71,172 N), M& » 1,78
E-325-0 OME existing, 1. ® )25 sec nox (3187 Nes/kg), F » 7500 1b (33,362 N), NR » 2,0
E-325 OME uprated, !.p e 325 sec nom (3187 N-s/kg), F * 12,000 1b (83,379 N), MR = 2.0
E-338 New Cless I, l.p ® 338 sec noc (3318 N-s/kg), F ® 12,000 1b (53,379 N), MR » 2.0
E~344 Nev Cless 1I, IIP ® 344 sec nox (3373 Ne-s/kg), F = 12,000 1b (53,379 N), MR » 2,0
Pressurization PR=-1(X) Regulated helium - ami ‘ent storage
PR-2(X)
PR=~6(X) Gas-generator cascade
ACPS ACPS~2(8) Monopropellant hvdrazine (16 thrusters)
Tharzal TH-1 Single-stage, passive, MLI
TH-2 Stage-and-a-half, passive, MLI
TH-3 Single-stage, active, MLY with hast exchanger
TH-& Two-stage, passive, M.1
TH-3% Single-stage, passive, thermal paint with limited MLI

Dats Management
Comrunications

Pover

Rendezvous &
Docking

Guidance &
Navigation

Controls

Autonowmy Level

Flexible signal interface (FSI)
S-band

Solar array/Ag-Zn battery
Fuel cell
Batteries

RF radsr
Laser redar

Redundant strapdown IMUs with star tracker (Horizon sensor for Autonomy Level 1)

Lighveight redundant strapdovn IMUs with star tracker (Horizon sensor for
Autonosy Level 1)

Integrated hydraulic sctustors (main engine giubal), l6-thruster ACPS (attitude control)
Level 11

Aviouics subsystems above vere combined into the following “kits':

AV-1

AV=4
AV-3

AV~2
AV-8
AV=?
AV=9

1979 Type Avicnics (hesvy), delivery-only capability, solar-panel pover,
Autonony Level I1
Same as AV-1 plus rendezvous & docking capability
1983 Type Avionics (1light), delivery-only capability, solsr-pansl pover,
Autonomy Level 11 ¢
Same as AV-3 plus rendervous & docking capsbility
Sans as AV-3 except fuel-cell power
Same as AV-2 except fuel-cell pover
Same a8 AV-] except battery powver only

Note: RKit concept is used for all configurations; for delivery missions, the docking Module is replaced

by the sepsrstion module (see 2.2.10 & 2.2.9, respectivaly.)

2-102

A ————




D!}

ARM- 1

S~21) Frane
[Siriler to
Surner 11)

L

S-21} ‘otor

'Sirilar to

Jurner 11

w/slea-burn

prooellant)
W= 1440 b
P (653 ko)

{se - Ascent or Deorbit

Pig. 2.3-2 Kick-Stage

2.3.2.4

Lérge Frave
{new)

Larger Motor

(new)
¢
U= 320
(13€1 kg)
Use - Deorbit
(Burn within 12 hr
of inject)
Concepts

Large Frave
{new)

Largest llotor
(new)

W 10,000
(4536 kg)

Use - Ascent

Candidate Tug Configurationz for Evaluation - Using the

structural/subsystem concepts described above, the synthesis/
subsystem combining task resulted in the generation of 48 individual

Tug configurations.

The screening process reduced these to 33, as

shown in Table 2.3-3, that were actually qualified as candidates
for further evaluation within the seven NASA/DOD-provided capability

options.

formed 39 different candidate "families."

Tavle 2.3-3 Candidate

Tug Systiems

" Designator Suxber of Stages

Stage Code Svathesized
Siagle (28)
1Al 6
1A2 11
: 1A3 1
I 10
I £ PR (2)
L N B 4 8
RN E R T O Silw g 1Ir s
foe-and-a<half (8)
IVE 8

Total Tug configuration

synthesized 48
Tug configurations rejected 15
Tug configurations used 33
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Table 2.3~4 is an example of the grouping of candidate Tugs within
each capsbility option; in this case Capability Option 7. A
complete list of &ll candidate Tugs in each of the capability
options may be found iun Jata Package Space Tug Systeme Study
(Storable) (Ref 5.7).

2.3.3 Msthods for Tug Concept Assessment and Selection

The following paragraphs describe the methods usad for assessment
of all Tug candidates and fo: seleciion of preferred candidates
within each capability option. .
2.3.3.1 Commonality Grouping and Sensitivity Values ~ Following
the synthesis process and before actual assessment of the candi-
date Tug configurations, it was necessary to develop a logic for
placement of each candidete in the capability option for which it
was best qualified. In addition to the basic performance require-
ment for each option, developed logic used comronality grouping of
basic cocnfigurations, with additional back-checks on specific

cost sensitivities of interect.

Commonality groups were formed for each option using a single~
stage, dusl-stage, and stage-and-a-half Tug; each with commen

or compsrable subsystems; i.e., common engines like OME uprated,
common structure like titanium and composites, and common avionics
like early 1979 state-of-the-~art equipment.

Additional Tug candidates were added to each option to provide cost
reensitivity. Included were such items as isolated tank arrange-
ment versus common bulkhead, solar-pamel versus fuel-cell power,
passive versus active thermal control systems, phasing new Class I
to Class II engines, titanium versus aluminum tanks, welded domes
to one-piece domes, solar-panel versus all-battery power, and

the like.

In additicn, option requirements permitted placement logic to check
such items as the cost of retrieval capability to the ‘program.

2.3.3,2 Imperatives Criteria - All Tug concepts were required to
satisfy certain screening requirements, including safety, relia-
bility, compatibility with Shuttle and crew, and minimum perfor-
mance {by capability option), before warranting further’ considera-
tion. Soae configuratious were eliminated for failure to achieve
the 3500-1b (1588-kg) delivery-only capability gate. Adjustments
wvere made in component redundancy sn the avioni-s subsystems to
pass the overall vehicle reliability gzte. Safety and compati-
bility with Shuttle/crew-imperative criteria wezre based on system
and subsystem design experience. '
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2.3.3.3 Assessment and Screening Criteria - Assessment and
selection criteria used in considering the merits of each Tug
concept within each capability option were grouped ¢35 quantifiable
criteria (cost, spacecraft performance, mission capture) and
unquantifiable criteria (other performance capabilities, operational
complexity, risk, spacecraft effects, evolutionary and growth capa-
bility). Both quantifiable and nonquantifiable criteria were de-
rived from general criteria provided by NASA and DOD.

a. Guantifiacle Criteria - Assessment of Tug concepts with regard
to quantifiable criteria was an application of key discriminators
against the criteria shown in Table 2.3-5. The mission capture
analysis was performed uvsing the flight techniques developed for
the applicable Tug configurations; i.e., single, dual or stage-and-
a-half with/without kick stages (para 2.1 and 2.2)

Table 2.3-& Quantifiable Aesesement and Selection Criteria

Cost

Criteria ' Discriminators

DDT&E Flight Operations Analysis
Investment (Production) Ground Operations Analysis
Operations I0C

Cost/Flight Program Schedule

Total Program Cost

Total Tug Cost

Mission Capture

Criteria Discriminators
_;;rformance-Capability Spacecraft Weight
Delivery Flight Techniques
Retriveal ‘ ~Spacecraft Types
Round Trip Traffic Model
Number of Shuttle Flights 100% Capture
Geostationary Spacecraft Grouping'
Midinclination ' Diameter '
Polar Length
Planetary Weight
Spacecraft Requiring Two Flights Tug Length

Kick Stages Required

Total Shuttle Flights for
100% Capture
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I. nnantifatie Criteria - Valid assessment of Tug concepts
also required detailed inspection of system and subsystem elemants
based on unquantifiable criteris in Fig. 2.3-3 to establish the
real worth of each candidate Tug configuration.

Each element within a subsystem was examined for merit against

unquantifiable criteria. The actual analysis was performed in

three steps. The first was at the level of detail necessary to
identify which of the subsystem/system elements was affected by
each particular item of the unquantifisble criteria. The fre-

quency & given subsystem served as a discriminator is indicated
in Fig. 2.3-3. )

The second step was a detailed analysis of each candidate with

regard to areas identified by the discriminators. The results

of this analysis were compared to other candidates within each

subsystem for each Tug configuration, & rating from 1 to 10 was
assigned and entered in a subsystem trade study matrix as shown
in Fig. 2.3-4, as selection data. An example of the logic used
in establishing the 1 to 10 rating for each subsystem is shown

ip Table 2.3-6.

As a final step before selection, cach Tug concept was evaluated
for worth by relative weighting of the subsystem data in (he
Subsystem Trade Study Matrix and displayed in the format shown
in Fig. 2.3-5. The resulting scores, expressed relative to each
other, were expressed as 'technical factors" ratings.

2.3.3.4 Trade Studies ~ In addition to evaluating Tug candidates
against assessment and selection criteria, certain specific tech-
nical trade-offs were performed to confirm assessment results.
Some of the more significant results are shown below.

. Bastce Vehiele Configuration Comparieorn - The results of this
trade study indicated a preference for single-stage Tugs over
multiple-stage. Table 2.3-7 compares the advantages and dis-
advantages.

b. MMtanium versus Alwrinwm Tanks - 1t was determined that titanium

tank msterial was preferred over aluminum becsuse of:

- High fracture toughness in welded areas {longer life, safer);

.

Higher material toughness (more resistance to handling damage);

Ezsier welding in t-in gages;

}

Minimum gages for Tug comparable to minimum gages used on Titan.
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Criteria Discriminators
Prass/
Feed/ Thermal | Struct
Mat) | Avionics | Engines | Dump ACPS | Control | Types

Performance Capability
Abort X X
Reuse X X " X X
On-Orbit Life X X §
Guidance Accuracy ‘é
Operational Complexity ' g’
Shuttle Interface X X § X
Flight Staging X X ."-; X
Autonomy (Flight) X g
Autonomy (Development) X 3
Ground Maintenanze X X X 2 {x X
Ground Handling X X g X
Support Equip Req X § X

=]
Risk é
Schedule X ) X X @ X
Cost X X X X X
Performance & Capability X X X X
Spacecraft Effects
Tug Length B ‘ » X
Spacecraft Design Change . X
Evolution & Growth Capability
Potentiz] Growth X X -T

Figure 2.3-8 Unquantifiable Assessment and Salec*ion Criteria

"
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Thernal Control
Structural Concept

Pigure 2.3-£ Subsystemn Trade-Study Swrmmry Matriz

T

‘Table 2.3-€ Example of Subeystem Rating Logic

Ground Handling

Feed, ump, & Press. Matrix

Trade-0ff Considerations

S/s, Cascade Press.,
Dedicated Gas
Generstor

Candidates Value.
PR-1(~) . 10 Propellant & coumodity £ill operation
S/S, Reg Be pimplest. Simplest system to install.

B & SRR
PR-1(4) B 9 Two systems for fill operation.
Dual«-Suga."ﬂlgg" He - "} Requires more installation time.
PR-1(3) - . 8 Due to drop tanks, three systems
15-Stage, Reg He require filling. Requires more

. installation time.

PR-6(1) 5 Cryogenics hendling, overall cow-

plxity, lengthened installaticn
time, additional commodity (LHj;)
requires added interface & new
safety hazard.
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N slelclelelelEEle (12|82
Q 'E 5 3 ::" -3 2 g E i ' - =8 8 [
Subsys tem sli2lal2]8]8 § algl2lojtei gl
Description glsidlsjalal@lslslalal8l|e|ale
Material
Heavy AL : 10 {10 [10
Light Wt Az 8 |10 10
Ti & Composite 9 110 {10
Avionics
AV-1 10/10(10j10 101010 {8} 8 {8 |7 1717181]@8
AV-4 10j10(10fj10j10f0t20 |88 i8l7|71718]G%s
AV-3 10l10J10J10J10}J10}10 } B {10 } 9§13 | 3] 3 {10 {10
av-2 o d 30170 130 {20 J20 J20 {30 {8 Jjo f o 3310 {10
Engines Rankings Based on 10 = Good
Pressurization 1 = Poor
ACPS
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Capabiiity Option 3 Candidate Selection
Relative Candidate Concepts
Selection Criteria Weighting =4, 1 Cog, =€y | RZ-B, &, 3]
Factor core [Merit [ Score | Merit [ Score [Merit | Score | Merit
Performance & Capability

Abort 4 10 40 7 28 3 12 10 40

Reliability (Interim Stg)

Number of Reuses 5 10 50 10 50 S 25 10 50

On-Orbit Life 5 10 50, 10 50 10 50 10 50

Guidance Accuracy ] 10 50 10 50 10 50 10 50
Operational Complexity

Orbiter Interface 5 10 50 8 40 6 30 10 50

Flight Staging 5 10 S0 8 40 7 35 10 | s¢

Autonomy (Flight) 5 5 25 5 25 5 25 6 30

Autonomy (Development) 5 10 50 10 50 10 50 8 40

Ground Maintainability 7 10 70 8 56 9 63 9 63

Ground Handling 6 9 54 7 42 8 48 10 60

Support Equip Req 6 9 54 7 42 8 a8 9 54
Risk ‘

Schedule . 9 9 | @& 9 | 81 9 | 8 7 | 63

Costs 9 9 81 8 72 8 72 8 72

Performance & Capability 9 9 81 8 72 8 72 8 72
Spacecraft Effect

‘Tug Length 5 9 45 5 25 8 40 9 4t

Spacecraft Design Changes 5 8 40 8 40 8 40 9 "5
Evolutionary & Growth Cap.

Incorporated (Phased)

Potential 5 9 45 9 13 9 48 8 40
TOTALS . 100% 156 916 137 808 131 786 151 874
Technical | Score 100 88 - 86 95
Factors - - | Rating Good Poor Poor Fair

Figure 2.3-5 Emample of Candidate Selection Matriz for Unquantifiable Factors
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e. OME versue Ball Engine - The OME is recommended over the
Bell engine even though they are essentially equal in cost and
performance because of:

More options (low-thrust mode, high-thrust mode, phase develop
without concern for tank sizing to match different mixture
ratio);

Lower thrust (step thrust not required);

Commonality with Shuttle; ‘

No additional propellant logistics required (no silicon additives).

d. Solar-Array Powver vereus Batteries and Fuel Celle - It was
detennined that solar-array power was preferred over battery sys-
tems and fuel cell systems because of:

-~ Longer nission duration for equal weight;
- No criogenic servicing.

2.3.3.5 Selection Methods - The basic approach to selection of the
preferred candidates in each capability option was to generate
a tabular display of pertinent data about each configuration, and

" then to go through a deductive reasoning process to establish
the most desirable selection. Each configuration for which these
data were generated met tlie imperatives criteria previously dis-
cussed~—each can meet wission objectives. in a safe, reliable man-
ner. The comparison that remained was in the areas of cost
(development, investment, and operational) and technical margins.

Development cost is seen as particularly critical for the Shuttle
. program because early-year funding will cause an undesirable peak
in fiscal planning. Investment, the cost of producing the Tug
" fleet, tends to increase the peak early-year funding and is,
" therefore, also critical. Operations cost and total program cost
- were considered important, but their criticality was not as well
-~ understood as early-year spending.

_:Technical margins are more subjective selection criteria than cost.
.5, Iwo basic thoughts are given weight. First, a performance margin
swas desirable. 'The configuration performance descriptive data,

- +~'while consistent relative to each other, were not considered
r.reliable in an absolute sense. Second, the technical factor rating

- (para 2.3.3.3) was considered a significant discriminator in cases

in which cost and performance parameters were close.
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Tables 2.3-8, 9, and 10 illustrate how the selection of configura-
tion 1A2-8 was made for Capability Option 1. First, as shown in
Table 2,.3-8, flight programs associated with each configuration

as applied to the mission model for each capability optisn were
ceveloped. From this, fleet size, production and operation cost
could be derived. The array of selection data for each configura-
tion is summarized in Table 2.3-9. Basic selecticn data are

shown above the double line, summary data about the flight pro-
gran and selected transportation indexes are shown below. The
sequence of deductive logic leading to selection of Configuration
1A2-8 is summarized in Table 2,3-1Q. Similar selection data were
developed and evaluated for esch capability option and reported in
Progra= Coreest Evaluation (Ref 5.5).

Table 2.3-8 Example of Capability Option 1 Mission Capture Swmmary

Parsmeter Tug Conllgurstion Designanis
1A3-6 S1I0e IVI-d TSN 1A2-1 1A2-1) 14341

Avaliable spacacralc lemgtt, ft(s) 2 (9.0 26 (1.9} 2 (n,0) 0 (%0 3 (9.8) 32 (9, 8) 32 {9.8)
Gesstatismary del cay, I® (k) 6300 (2057) | 9800 (2se0n ] 7300 (3314) | 43X 2290) | 5300 (2404) | 3900 (1769) | 4100 (2332)
Cosetatisnary tet cay v o kick stage, Rih ¥A L 123 'Y Nfa N/A N/A
% (ng)
Gosstationary Ter cap v kich otage, Ib (hg) | X/4 LAY | Y73 LIZ n/a N/A Ria
Casetatimnary K/7 cop, b (ug! K/h N/A sk | 7Y N/A H/A N/A
Ko, of Symttle Flights
Sasetatiomary B3y Pt 114 103 110 1) 1%
md & polar 13 118 119 178 103 1% 113
Plamssacy a2 bad 2. X 20 0 20
Iesal b{Y] 283 15) pLss * 45 256 250
Spacscraic req 2 flights each 8 10 [ ] 10 10 10 n
Sumbis kizk ecage Fwpeired [ 728 £/4 X/A kia L1 H/a LT
Saitver BO-1 revuized 3 ) é 4 4 & 4
Juitver ADN1 required ) 19 17 19 11 M BY 17 17

4. . : \
1008 copave i 283 |2 m 2t 268 716 Van

Sud Cop ~ Belivary Capabilicy
et Cap - Detrievsl Capadilicvy

WY Cop - Meend-Txip Copebility )

L T

» .

Table 2.3-9 Example of Capability Option 1 Tug Candidate Comparison

Ing Contidute 3-8 REI2 V-2 Lal-1 1A2-1 142-11 1A3-1
Spucnoraty dulswary, geevattomary, 1b ihg) | 6300 (2057) [3600 (2340) }7300 (33311) fodad (1050) 13300 (2400) | 3900 (2769) Jer00 (2132)
N, W ki ' 243.9 258.6 293.6 b} N ] 239.6 2.6 229,46
e . Ca 109, 7 190.6 160.0 1659 100.2 97.8 101.3

] cpezaztens, . - 204.4 4268 797 206.4 206.4 263,4 266,4
© 2 | cmmtasgnr, QAR S H 0,964 1,303 v (X 0,940 0,926 0.943
| sotnl program cmer, gm0 . ] s 3605 Y A28 =0t e 333 »
Tacmical facesre (3 - : Good Poor Ir..r Good oo Good Good
Be. of Ih{aes' ; 26) FER) > 73 a 263 176 270
. of kick scages ) 2 2 2 2 2 21
Taial twg coet, @ sie EE) 593 (T8 536 $38 362
WISE S/ (A7kg) dad 36,7 (83,33 46,2 (101,933, 7 3,3, JS5.7 (222.85{45.2 (98.7) | 5§.4 (101.03}46.9 (107.8)
WL 24D (3/4a) vex _ — — — — — R
Lemch $/10 ($/kg) ¢al 0.133(0.339) 0, 24D0G. 634702, 247(S. 3207 L. 20865, ©83)] 9,3 77(0, 390)] ©,237(0, 523)] 0,201¢0,443)
Lacmets S/10 ($/0g) Tor ’ — — — — — - e
(Lawmih 9/1b u DETSY (lamch $/kg
a JOTEX §) 8 3,0 (82,23 |73 Genot Lare snasy Fsaus ruisefe,s (9300 | 85,0 12t 46,1 Qo1
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Table 2.3-10 Configuration Selection Summary

Capability Option 1 - 1979 Delivery Only
Comparison - single-stage/two-stage/stage-and-a-half

Early investment, total program costs, & technical factors indicate
single-stage preferred

Single~Stage Fat:tors

1A2-8 vs other siugle stages
Best performing single-stage candidate; therefore least performance risk
DDTSE & cost/flight same (within acvuracy)
Length is shortes:
I1A2-11
Battery power system limits mission to 2 days
1A3-1
Longer vehicie than IA2-8 (engine), marginal thrust but lowest DDT&E option

Conclusion ~ IA2-8 Recommended

High spacecraft capability, i.e,, largest performance margin & most
mission flexibility :

Shortest vehicle
Titeium (preferred over aluminum)

lLowest total program cost

Other cost differences negligible

2.3.4 Preferred Candidates
Rl Ll - B
Configurations selected as the best candidates to fulfill the
requirements of the seven capability optinns (para 2.3.1.2) are
.shown in Table 2.3-11. Note that they are all single-stage con-
figurations with isolated tanks, and all feature titanium plus
composite construction. The simplicity and inherent reliability and
'safety of this design overbalances the modest performance im-
', provements of more sophisticated stage arrangements. Titanium/
.. . .composite structure improves performance with no operationel
" .. penalty and with only minor development and build cost increase.
. Two engine selections are made: (1) an uprated OME for modest
.performance gouls, early availability, and low development cost,
(2) a new Class I engine for improvement performance with in~
creased develcpment cost. Also, two avionics configurations
were selected: (1) an early technology level with delivery-only
capability, and (2) a moxe advanced technology level with space-
craft retrieval capability.
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Opsisw § Tug 10C Date Hlaqu’ renants Rema rks
3 ‘MA3-8 > K 1979, Direct | Dalivery cnly Option 1 vinoar
2 m-l + 58 1983, Direct | Dalivery only Additionsl proposed op~
tion, min fundiag, 1970e
FTAA LI .
. A-.-.:‘;-,‘ m’”m,‘ 2933, Dizect | Dslivery & rstriaval Will show transportation
. . cost of recrieval whao
A 3‘“! «,&.» & compared to 2
4 1  {1a2-8 e0 4,3 + 85 | 1979, - s | Psldvery 4o 1979 Will show phase develop-
o 1983, Dalivery & rectrieval in 1983 | went vheu compsred to 1,
R . 366
3 IAS-) ¢ K5 1983, Direct | Delivery onlv Lovest DDT4E option
¢ lA2-4,) ¢ &S 1983, Direc: | Delivery & retrieval Best Tug configuretion

One of the contractor requirements at this juncture in the study
was to recommend Tug family options that merited more in-depth
study. The most important considerations were the:

- Baseline Option 1, delivery-only case;

- Effect of delayed I10C;

- Effect of retrieval capability;

- Effect of phased development;

- Effect of minimum-development-cos£ selections;

- Effect of direct development of advanced capability.

The array of Tug family options in Table 2.3-12 illustrates these
considerations, and was Martin Marietta's recommendation for
further study.

After evaluation oi contractor recommendations, NASA assigned

Martin Marietta the following final options as the most significant
for further study:

- Final Option 1 - Minimum development cost with delivery-only
capability.

- Final Option 2 - Direct development of advanced capability with
a later 10C,

- Finnl"0ption 3 - Phase development

- Final Option 3A - Same as Final Option 3, except with stage-and-
- a-half vehicles.

The detailed definition of these final options is in paragraph 2.4.

Table 2.3;12 Recommended Tug Family Options for Further Study

Yauily | Preferred

needad {or phase develep-
went compariscn
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.4

PROGRAM DEFINITION

In summary, this section discusses Space Tug requirements and ge-
lected Tug configurations for Final Options 1, 2, 3 and 3A, which
evolved from the original '"seven capability options' or "7 Buckets"
discussed in psragraph 2.3.

2.4.1 Finzgl Option 1

2.4.1.1 Option Definition - The Final Option 1 space vehicle is
a reusable direct-developed Tug with no built-in growth capabil-
ity, designed for a maximum mission duration of 36-h:, and is
scheduled for IOC in late December 1979 at ETR. Migsion require-
ments include delivery-only capability into the geostationary or-
bit of currently designed expendable spacecrafi, or multiples
thereof, weighing 3500 1b (1588 kg) or less.

2.4.1.2 Configuration - The selected space vehicle that meets
Final Option 1 requirements is 8 reusable single-stage vehicle,
designated Final Option 1, Interim Tug (IA3-2). It is designed
for a 36-hr maximum, delivery-only mission, and is capable of
placing a 3800-1b (1724-kg) spacecraft in geostationary orbit. An
inboard profile is shown im Fig. 2.4-1 and -2.

On certain planetary missions, the Interim Tug is combined with

one of three auxiliary kick-stage arrangements (para 2.2.11):

one with 20,000 1b (4536 kg) of propellants, one with 1500 1b

(680.4 kg), or a combination of the two. In all cases, the kick
stages are expended and the Tug is returned to the Orbiter. In
addition, for some planetary missions, the Tug must also be expended.
expended.

The Interim Tug is direct-developed for IOC in late December 1979
at ETR with no special built-in growth capabilities. It is ca-
pable’ of operating within the specified environment at Autonomy
Level 1I and reliability of 0.97. There 1s no power furnished

to the spacecrafrt.

The vehicle is 27 ft 7 in. long (8.41 m) from the forward face of
the separation module (not shown) to the aft end of the engine bell,
vith a dry weight (including 10% con;ingency) of 2886 ib (1309 kg).

A&, .
R STPRRIL i

et T

“Iho»follnwing_patagraphs are brief descriptions of the integrated

vehicle subsystems that make up the complete Interim Tug. Detailed
subsystem descriptions sre in paragraph 2.2. For clarification
and continuity in this document, descriptions refer to previously
assigned subsystem designators.
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2.4.1.2.1 Structure - The Tug structure primarily comprises four
elements: propellant tanks, engine compartment, forward equipment
compartment, and spacecraft interface.

The propellant tanks are isolated, titanium taanks (fuel foiward)
vith /2 elliptical domes, designed for 57,000 1b (25,855 kg)

of total propellants at a mixture ratio of 1.9. The tanks are
Jjoined by a skirt of composite honeycoumb using graphite epoxy
face sheets over an aluminum honeycomb core. Radial meteoroid
shielding is provided for the portion of each tank not covered
by body structure.

The engine compartment skirt is graphite epoxy over an aluminum
honeycomb core. The engine thrust cone is titanium.

The forward equipment compartment skirt is aluminum skin-stringer
construction. All structural ring frames, hard points, and
splices are titanium.

The spacecraft interface is a 10-ft (3.048-m) dia by 5-in. (12.7-cm)
deap separation module containing geparstion ordnence aad the
spacecraft deployment assembly. Paragraph 2.2.9 provides a de-
tailed description of the module.

2.4.1.2.2 Thermal Control - The thermal control subsystem, desig-
nated TB-5, is passive, using thermal paint and multilayer insula-
tion. Special optical solar-reflector material is used at the
avionics equipment compartment; radiation shields are applied at
the ACFS thrusters; and heat pipes are used between the batteries
and forward tank dome. Electric heaters are used for low-tem-
perature-critical components.

2.4.1.2.3 Data Management ~ The data management subsystem uses a
flexiblé signal interface (FSI) and consists of a central data
processor, encrypter/decrypter unit (GFE), branch boxes, and in-
terconnecting cabling. The central processor contains units re-
quired for general-purpose and command-datn—timing-checkout (CDTC)
processing and memory.

2.4.1.2.4 Guidance, Navigation, and Control - A star tracker

and skewed redundant IMUs are used for guidance and navigation.
Although the Tug is baselined at Autonomy lLevel II, addition of

a horizon sensor would permit upgrading to Autonomy Level I op-
eration. A pair of electrically driven, tandem linear hydraulic
actuators is used for pitch and yaw control in powered flight,
with roll control obtained from the ACPS thrusters. Attitude in
coast flight is controlled solely by the ACPS system.
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2.4.1.2.5 Communications - The aill-S-Band communications subsystem
consists of high-gain antennas aund gimbal assenblies, a strip-

line omnidirectional antenna, FM and PM transmitters, receivers,
power amplifiers, a coupling and switching network and coaxial
cable harmess.

2.4.1.2.6 Instrumentation - The instrumentation subsvstem is not
separate but is integral with the FSI data management subsystem,
with eand-item instrumentation units (pressure transducers, tem-
perature recording controllers, etc) provided by the applicable
user and interfacing with applicable FSI branch circuits.

2.4.1.2.7 Electrical Power, Distribution, and Control - The
Interim Tug electrical subsystem is battery powered by four 165-A-h
main batteries and a 25-A-h auxiliary bsttery, and uses a two-
wire positive and single-wire return distribution system with
solid-state remote power controllers and relays. A compatible
interface with the Orbiter is provided. Ordnance squibs, deto-
nating blocks, squib firing circuit (SFC), and separation-module
detonating cord are parts of the electrical power subsystem.

The data management; guidance, navigation, and control; commﬁni-
cations; instrumentation; and power subsystemz comprise the Final
Option 1 Tug Avionics system. This system is designated AV-9(4).

2.4.1.2.8 Propulsion ~ The propulsion system consists of the
main engine and auxiliaryfgontrol_propulsion subsystems.

The main engine (GFE) .is ¢erivéd from the OME and uprated to 150 Pc
327-sec Isp (3207 N-s/kg), 7500-1b (33,362-N) thrust and a mix-

ture ratio of 1.9. The main engine support subsystem, designated
PR-1(24), has a regulated helium-ambient-storage propellant pres-
surization, feed, and dump system designed for vertical loading
and horizontal or vertical dumping. The helium sphere is a com-
poeite material. ‘ .

The'ACPS, designated ACPS-2(8A), consists of 16 thrusters ({four

modules) using a monopropellant (hydrazine) with a capability of
62,500-1b-sec (278,014~N-s) impulse, and 3700-psig (2551-N/cm?)

~he11um as the pressurant.

2,412 Reliabiligz - Interim Tug reliabilities meet or exceed

the requirement of 0.97 for all geostationary missions. A de-
tailed description of system and subsystem reliability is in
Vol 5.0 of the Selected Option Data Dwmp (Ref 5.8).

/2-120




2.4.1.3 Mass Properties - Vehicle weights, centers of gravity,

and moments of inertia are presented in detail in Vol 5.0 (Ref
5.8). 1In summary, Interim Tug weights and center-of-gravity travel
are:

a. WAeight Swmary

Weight,
Item 1b kg
Tug dry weight + 10X contingency 2,886 1,309
Structure 1,044 473.6
Thermal control 101 5.8
Avionics 702 318.4
Propulsion 777 352.4
Unusable propellants 218 98.9‘
Burn-out weight 3,104 1,408
Nonimpulsive expendables 75 34,02
Propellants (usable) 57,023 25,865
First-ignition weight 60,202 27,307
Shuttle interface accommodations 1,650 748.4
Tug mass fraction 0.948

b. Center-of-Gravity Travel - Center-of-gravity travel with a
typical 3500-1b (1588-kg) 25-ft (7.62-m) spacecraft attached re-
maing well within the allowsble Shuttle payload cg envelope.
Longitudinal and vertical centers of gravity versus allowable
evelope are shown in Fig. 2.4-3 and -4, respectively. The lateral
falls within 3/4 in. (1.91 cu) of the Shuztle payload-bsy center-
line.

2.4.Y.4 Mission Accomplishments - As used in this report, mis-
sion accomplishments cover performance, capture summary, and an-
nual flight summary--sll with respect to the mission model.

2.4.1.4 Performance - Performance capabilities of the Finsl
Option 1 Interim Tug are shown in Fig. 2.4-5, with the space-
craft weight plotted versus delta velocity. Performance to
various orbital inclinations is shown, as well as performance

- for the.various modes previously discussed. Circles on the
plot represent characteristics of the mission model spacecraft.
The heavy concentration of points at the 14,000-fps (4267-m/s)
velocity represents the geostation&ry/corridor.
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Ontion 1 Mission Modet, 1980-1990

Delivery Only - Present Design, Expendable Paylcads
Option } Interim Tug

3800-1b (1, 724-kg) Geostationary Delivery

Smcecratt baacnn
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Fig. 2.4-8& Final Option 1 Mission Model aid Tug Performance

2.4.1.4.2 100% Capture Summary - A total of 360 current-design
expendable spacecraft must be accommodated by the mission model
described for Final Option 1 (Vol 4.0 of Selected Option Data Dump,
Ref 5.8). Applicable mission category, spacecraft user, launch site,
and number of spacecraft required by this mission model are:

-

User/Launch Site

NASA DOD

———— — Total
Mission Category WTR ETR WTR ETR Spacecraft
Geostationary - 123 - . 59 182
Midinclination - 10 48 18 76
Planetary - 30 . - - 30
Polar . 38 - 34 -- 72
Totals 38 163 82 77 360

. . By amployi.qg the multiple spacecraft delivery capability, which

- is vithin the ground rules of the mission model assessment, the

360 spacecraft can be delivered with 238 flights (100% capture)
Flight modes for these 238 flights are:

Faw
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User

Total
Flight Modes NASA DOD Flights
Multiples 58 39 97
Singles 49 75 124
Kick stages 7 - 7
Expended Tugs 10 - 10
Totals 122 114 238

The ten expended Tug modes and sever kick-stage modes are required
to accomplish the more difficult planetary missions. All other
flights are accomplished by the Tug alone, with the Tug returning
to the Orbiter.

2.4.1.4.3 Programmatic Flight Summary - Figure 2.4-6 summarizes
Tug flights by year and launch site for programmatic considera-
tions. The number of flights in the first year is limited to
three by Shuttle availability. Three additional launches are in-
cluded for reliability losses. This results in 227 flights for
programmatic consideration compared to 238 flights required fo
1007% capture. .

20-.
X | 14
10 | ‘———|__]
0 WIR 71
& e
% | o Jn
o 0 N ETR 156 !
o
g W %
g |
3
104 = .
0 Ty Total 227 ’
ey 180 ] a1 22| o3| sa | 5] a6 87 88| 89| 50 | Total
WIR ] 0 | 0] 01 1a] 61 1] 81 81 81 10 6 7
ER | 3 | 14w [ 151191121 130 9] 121 16115 15
Total | 3* | 18] i8 1 2 | 25 | 23] 21| 27 | 191 2 |21 | 227

*Limited by Shuttle availability
Pig. 2.4-6 Final Option 1 Interim Tuz Annual Flight Swmmary
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2.4.1.5 Programmatics

2.4.1.5.1 NASA Programmatics - Programmatics data and results
for Final Option 1 are summarized in Fig. 2.4-7. The program is
based on completion of preliminary system and subsystem specifi-
cations during Phase B and completion of supporting research and
technology (SRT) tasks identified for this option in para 2.6
before starting DDT&E. ,

! Craracieristics Schedule

N Vehide:

“Single Stage

i Dry Weighi: 2886 Ib (1309 kq! *

" Paylasd Capability: 3800 1b (1724 ko) delivery only AP JcETR - foC-WIR
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Fig. 2.4-7 Final Option 1 Programmatics Swmmary

Because no kick stages are required before 1982, basic engineer-
ing is delayed until near completion of main-stage engineering.
Production of main and kick stages is planned for conrurrent com-
pletion.

The first Tug is built during DDTSE, and the remaining 14 are built
during production. Because an operational spacecraft is planned
for the first launch, the operations program starts two months
before first launch.

2-125




Fifteen main stages and 11 expendable kick stages are used for
227 flights. Ten main stages are expended and three are lost
due to reliability problems. Shuttle availability limits the
number of flights in 1980 to three.

The Final Option 1 Tug program schedule and associuted planning dis-
cussion are in Vol 8.0, Sect. I, para 1.0, and Sect. 11, para 7.0

of Selected Option Data Dwmp (Ref 5.8). Detailed program cost data
are in Vol 8, Sect. Il, and the appgndix to Vol 8.0.

2.4.1.5.2 10C Sensitivity - An I0OC sensitivity study was con-
ducted in which IOC dates for ETR and WIR were delayed two years.
Results are presented in Fig. 2.4-8.

mP
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wr Baseline Baseline Sensitivi
DOTBE Sensitivity
=k /Yutal Yota)
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o
Mittiors 60}- -
st ‘hm‘\\\
301 AY -
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\ 16 |n |1 J19 lso-|s [s (@ Jes |ss lss Je7_ ]88 18 leo o
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Sensitivity ao| s0.2| e.0| soo| 27| 22( an| 27] o5
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Fig. 2.4-8 Final Option 1 Cost Sensitivity and Funding
Kequirements for Dec 1881 I0C

Delayiig I0C two years reduces yearly peak funding requirements
. for DD:&E from $81.4 million in FY 1977 to $60.0 million. in FY
= 1979, providing a‘more reasonable funding distribution. Total
.i .. DDTSE.costs are increased by $6.5 million due to the program
.~ stretch-out.
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Additionul details are presented in Vol 8.0, Sect 1I, para 8.0
of the Jeilected Option Data Jwwr (Ref 5.91¢.

2.4.1.5.3 DOD Propgrammatics - The major impact of DOD program-
matics results from delaying the DOD production decision (DSARC
I1I) until substantial operational test and evaluation (OT&E)
data are available. This reduces potential modification re-uire-
ments during production and deployment phases and. provides ¢pera-
tions experi-nce for projecting fleet size and operations program
costs. Howewer, this delays production expenditures, resulting
in uneven funding distribution, is shown in Fig. 2.4-9,

160

10
Dollars,
‘Willions

DOVEE
Querations

iy 12 Inm 1m 1 (8 (81 (% |©& (8 |[e |8 | [8 |8 |00 | o
Dev &9 BY| 2| &4 19| 54130/ G4 -
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[ Dept [ 93) W7) B3] 55| 48] A6l A1 246! 50 B0 B
Total I B3 ®7 &l L9 &.2] &5 BL4| &B.9| 248] 46| B.1] 24.6] 5.0, 5.0 B.1

Fig. 2.4-8 Final Option 1 Fumdirg Requirerenis for DOD
Programmatics

Assessment of DOD programmatics is summarized in paragraph 3.5.
Schedule and cost data are presented in Vol 8.0, para 12.0 of the
Selected Opition Drta Dwwy (Ref 5.8); a comparison of DOD and NASA
schedules is presented in paragraph 1.0.

2.4.1.6 Sensitivity Studies - Only thz electrical-power-to-
spacecraft sensitivity study was perfo.med specifically for the
Final Option 1 Interim Tug. As identified in Vol 5, Sect. II, of
Selected Option Data Durp (Ref 5.8), it was determined that effects
of supplying 300 watts to the spacecraft would drive the Tug power

.system .concept to solar arrays rather than the present batiery

powe: system, and would result in a spacecraft penalty of 425 1b

(193 kg).
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2.4.2 gigg} Option 2

2.4.2.1 Option Definition - The Fiial Option 2 spa:o vehicle is
similar to Final Option 1 only in that it is also a reusable direct-
developed Tug. The Final Option 2 vehicle, J:28igned for a maximum
mission duration of 7 days, contains built-in growth capability

for retrieval as well as delivery-only missions, and ie scheduled,
for 10C in late December 1983 at ETR. Final Option 2 mission re-
quirements include delivery-only capability of 3500 1b (1588 kg)

or less, and a retirieval capability up to 3500 1b (1588 kg).

2.4.2.2 Configuration - A reusable single-stage space vehicle
designated Final Optiou 2, Direct-Developed Tug-Delivery (1A2-4)/
Retrieval (I1A2-3) was selected to meet Final Qption 2 requirements.
It is designed for 7-day delivery-only missicrns, accompanied by
kits desig.ivd to permit delivery/retrieval missions and delayed
retrieval flight mode (DRFM) missions. Basic geostationary orbit
capabilities are:

Delivery only (1A2-4) 6000 1b (2722 kg)
Retrieval only (1A2-3) 1800 1b (816.5 kg)
Retrieval only-DRFM (IA2-3) 3500 1b (1588 kg)

For an expansion of Final Option 2 Tug performance and flight
modes, see Vol 5.0 of the Selected Option Data Dwmp (Ref 5.8)

On certain planetary missions, the vehicle is combined with one
of two.auxiliary kick-stage arvangements (para 2.2.1l1): one kick-
stage-with 10,000 1b (4,536 kg, of propellants, or one that com-
bines thvis with a 1500-1b (680.4~kg) propellant kick stage.

The basic vehicle is direct-developed for I0C in late December
1983 at ETR. It is capable of operating within the specified

. environment at Autonomy i.evel 11 and relisbility of 0.97.

The delivery-only vehicle (Fig. 2.4-10 and ~11) has a length of
27 ft 4 in. (8.33 m) from the forward face of the separation
module (not shown) to the aft end of the engine bell, and has a
dry weipht (including 107 contingency) of 2750 1t (1247 kg).

For the retrieval mode, the configuration shown in Fig. 2.4-10
and =11 is 28 ft 8 in. (8.74 m) from the forward face of the

S docﬁing ‘mevhanism (not shown) to the aft end of the engine bell.
"It"has’a dry weight (including 10X contingency) of 2987 1b (1353)kg)

The following paragraphs are brief descriptions of the integrated
vehicle subsystems that make up the complete Final Option 2 Tug.
Detailed subsystem descriptions are in paragraph 2.2, For clari-
fication and continuitv in this document, the following descrip-
tions refer to previously assigned subsystem designators.
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2.4.2.2.1 Structure - The Tug structure primarily comprises four
elements: propellant tankage, engine compartment, forward equip-
ment compartment, and spacecraft interface.

The p;gpellant tanks are isolated, titenium tanks (fuel forward)
with v2 elliptical domes, designed for 60,000 1b (27,216 kg) of
total propellante at a mixture ratio of 1.9. The tanks are joined
by a skirt of composite honeycomb using graphite epoxy face sheets
over an aluminum honeycomb core, Radial meteoroid shielding is
provided for the portion of each tank not covered by the body
structure.

The engine compartment skirt is praphite epoxy over an aluminum
honeycomb core. The engine thrust cone is titanium.

The forward equipment compartment skirt is aluminum skin-stringer
construction. All structural ring frames, hard points, and splices
are titanium.

The spacecraft interface for the delivery-only mode is a 10-ft
(3.048-m) dia by 5-in. (12.7-cm) deep separation module containing
separation ordinance and the spacecraft deployment assembly. .
Paragraph 2.2.9 provides a detailed description of the module. The
spacecraft interface for the rendezvous and docking mod= is a 10-ft
(3.048-m) by 21-in. (53.34-cm) deep docking module containing the
docking mechanism, scanning laser radar unit, and video subsystem.
This unit also has spacecraft deployment capability for use in the
delayed retrieval flight mode (DRFM) for deploying a replacement
spacecraft. The docking module is discussed in detail in para-
graph 2.2.10.

2.4,2.2.2 Thermal Control - As in the Final Option 1 configuration,
the thermal control subsystem, designated TH-5, is passive, using
thermal paint and multilayer insulation. Special optical solar-
reflector material is used at the avionics equipment compartment;
radiation shields are applied at the ACP5 thrusters; and heat pipes
are used befween the batteries and forvard tank dome. Electric
heaters are used for low-temperature~critical components.

‘2.4.5.2.3‘ Data Management - The data management subsystem, common

to all Tugs, uses a flexible signal interface (FSI) and consists
of a central data processor, encrypter/decrypter unit (GFE),

' ‘branch boxes, ‘and interconnecting cabling. The central processor
ccontains -units required for general-purpose and command-data-

~’ timing-checkout (CDTC) processing and memory.
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'2.4.2.2.4 Guidance, Navigation, and Contyol - For the delivery
only capability, a star tracker and skeved redundant I!MUs ave

used for guidance and navigation. Rendezvous and docking capa~
bility is achieved by adding a scauning laser radar (SLR) and
video subsystem (mounted in the spacecraft interface rendezvous and
docking module). Although the Tug is baselined «t Autonomy Level
11, addition of a horizon sensor would permit upgrading to Autono-
my Level 1 operation.

A pair of electrically driven; tandem linear hydraclic actuators is
used for pitch and yaw control in powered flight, with roll control
obtained from the ACPS thrusters. Attitude in-coast flight is con-
trolled sqlely by the ACPS.

2.4.,2.2.5 Communicatione - The all-S-band communications subsystem,
common to all Tugs, consists of high-gain antennas and gimbal
assemblieg, a strip-line omnidirectional antenna, FM and PM
transmitters, receivers, jpower amplifiers, a coupling and switch-
ing network and coaxial cable harmess.

2.4.2.2.6 Instrumentstion - The instrumentation subsyztem iz wnot
separate but is integral with the FSI data msnagemeni subsystem,
with end-item instrumentation units (pressure tranedvcers, temper-
ature recording controllers, etc) provided by the applicable user
subsystem and interfacing with the applicable PSI branch circuit.

2.4,2.2.7 Eiectrical Power, Distribution, and Control - The Final
Option 2 Tug elettrical power subsystem is a deployable solar-array/
Ag-Zn battery system consisting of redundant flexible roll-out/
retractor solar-panel assemblies attached to the vehicle by panel-
orientation mechanisms with two-axis freedom, redundant charger/
load-regulator units, Ag-Zn 165-~A~h main and 25-A-h suxiliary
storage batteries, power d:tributors, wiring, and connectors.

The distribution system useé a two-wire positive and single-wire
return and has solid-state remote power controllers and relays.
Solar panels and orientation assemblies are g-limited and must

be retracted during main-engine burms.

In the delivery-only vehiclé, ordnance squibs, detonating blocks,
squib firing circuit (SFC) and separation-module detonating cord
are parts of the electrical power subsystem.

The data management; guidance, mavigation, and control; communi-
cationg: instrumentation; and power subsystems compriee the Final
Option 2 Tug avionice system. The system for the delivery-only
vehicle is designated AV-3. When rendezvous and docking capa-
bility is added to the vehicle, the avionics designator becomes °
AV-2 (and the vehicle becomes the retrieval versiom).
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2.4.2.2.8 Propulsion - The propulsion subsystem consists of the
main engine and auxiliary-control propulsion subsystems.

The main engine is a new Class I, 800-P  engine (GFE) with 338-
sec I.p, (3315 N-s/kg) 12,000-1b (53,379-N) thrust and a mixture

ratio of 1.9. The main engine support system, designated PR-1
(2B), has a regulsted helium-amhient-storage propellant pressuri-
zation, feed, and durving system that permits horizontal or ver-
tical dumping. ,
The ACPS, designated ACPS-2 (8C) for the delivery-only configura-
tion, consists of 16 thrusters (four modules) using agmonopro-
pellant (hydrazine) with a capability of 62,500-1b-sec (278,014~
N-s) impulse, and 3700-psig (2551-N/cm?) helium as the pres-
surant. For rendezvous and docking, the system total impulse is
increased to 125,000 lb-sec (556,028-N-g) by use of a larger
tank, and is designated ACPS-2 (8B).

2,4,2.2.9 Reliability - Final Option 2 Tug reliasbilities meet or
exceed the requirement of 0.97 for all missions, with or without
kick stages., A detailed description of system and suosystem re-
liability 18 in Vol 5.0 of the Selected Option Data Dump (Ref 5.8).

2.4.2.3 Mass Properties - Vehicle weights, centere of gravity,
and momente of inertia are presented in detail in Vol 5.0 (ref-
erenced above). In summary, Final Option 2 Tug weights and
center-of-gravity travel are:

a. Weight Sumnary -

Delivery-Only Tug Retrieval Tug
i Weight, Weight,
Item R 1b kg 1b : kg
Tug dry weight + 10Z contingency 2,750 1,247 2,982 1,353
Structure 1,063 482.2 1,176 533.4
Thermal control 101 45.8° 101 . 45.8
Avionics ~ . 593 269 669 303.4
Propulsion..: " - : 743 337 765 347
Unussble propellants ‘ 220 99 251 113.8
Burn-out . weight - ‘ 2,970 1,347 3,233 1,466
flonimpulsive expendables 50 22.7 50 22,7
Propellants .(usable) 60,049 27,238 60,319 27,360
First-ignition weight 63,069 28,608 63,602 28,849
Shuttle interface accommodation 1,650 748.4 1,650 748.4
Tug mass fraction 0.953 0.949
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L. lenzepesFeipavizy Iravel - Center-of-gravity tvavel with a
typical 3500~1b (1588-kg) 25-ft (7.62-2) spacecraft attached
renains well within the allowable Shuttle payload cg envelope.

The longitudinal and vertical centers of gravity versus allowable
envelone are shown in Fig, 2.4-3 and -4, respectively, The lateral
cg falls within, /4 in, (1.91 em) of the Orbiter payload-bay
centerline.

2.4.2.4 'ssion Accomplishments - As used in this report, mission
accomplishmente cover performance, capture surmary, and annual
flight summary--all with respect to the mission model.

2.4.2.4.1 Performance - Performance capabilities of the Final
Optinn 2 delivery and retrieval Tugs are shown in Fig. 2.4-12,
with spacecraft weight versus delta velocity. Performance to var-
ious orbital inclinations is shown, as well as performance for
the various modes previously discussed. Circles on the plot
represent characteristics of the mission model spacecraft. The
heavy concentration of points at the 14,000-fps (4267 m/sec)
velocity represents the geostationarv cnrvidnv

)
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Velocily above ShuitlesPark Orbit {160-n-mi (296 3-km} circle], 1000 fis (1000 mis)

(L8 rad)

Fig. 2.4-12 Final Option 2 !ssion Msodel and Tug Perjormance

2.4.2.4.2 100%Z Capture Summary - .A total of 437 spacecraft must

be accommodated by the Final Option 2 mission model described in
Vol 4.0 of the Selected Option Data Dwry (Ref 5.8). Final Option

2 consists of both current-design expendable and low-cost reusable
spacecraft, and involves spacecraft retrieval as well as delivery-
only missions. Applicable mission category, spacecraft user, launch

site, and number of spacecraft required by the Final Option 2
mission model are:
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B “w:}vz,gﬁz,g 3 proz!ammatic Flight Summary - Figure 2. 4-13 summarizes

ORIGINAL PAGE IS
- OF POOR QUALITY

User/Launch Site

HASA DOD
Total
Migsion Category WIR ETR WTR ETR Spacecraft

Geostationary - Delivery -- 75 - 41 116
Retrieval - 56  -- 35 91 |
Midinclination - Delivery - 6 55 - 61 |
Retrieval - 4 43 -- 47 i

Planetary - Delivery - 25 - - 25

Retrieval A - - -

Polar - Delivery 30 - 26 ~- 26
Retrieval 30 - 11 - 41 :
Tutals 60 166 135 76 437 :

Use ¢i the delayed retrieval flight mode (DRFM) is required for
retrieval of certain geostationary spacecraft. The DRFM is re-
quired for 30 of the 56 NASA and 16 of the 35 DOD spacecraft.

By employing the multiple spacecraft delivery capability, which

is within the ground rules of the mission model assessment, the

437 spacecraft can be accommodated with 293 flights (100% capture).
Flight modes that make up these are:

: User : "
Cia C —=tr Total :
Flight Modes = NASA DOD Flights
Delivery - .. .. 75 39 114
Kiék’stages& ’ &)) - -
Expended Tug (8) - -
Retriegg? 90 89 179
R 5 WO
Totals e - 165 128 293

- 'Theweight expended Tug modes and seven kick-stage modes are re-
... .quired .to accomplish the more difficult planetary missions. All
7., other flights are accomplished by the Tug alone, with the Tug

a_uretutning to the Orbiter.

B R Tuﬁ“fﬂ!ghts by wear and launch site for programmatic considerations.
~ " A buildup in launch rate and crew size at ETR and WTR is included;
"»+ <the-rationale is presented in Vol 2.0, pages 2-128 through 2-131

of the Selected Option Data Dump (Pzf 5.8). Three additional
" launches are included for reliability losses. This results in
254 flights for programmatic considerations compared to 293 flights
required for 1007 capture.
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ORIGINAL PAGE 1S
OF POOR QUALITY
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Fig. 2.4-13 Final Option 2 Avnual Flight Surmary

2.4.2.5 Programmatics

2.4,2.5.1 MNASA Programmatics - Programmatics data and results
for Final 0Option 2 are summarized in Fip. 2.4-14. The program
is based on completion of preliminary svstem and subsystem speci-
fications during Phase B, and completion of the supporting re-
search and technology (SRT) tasks identified for this option in
paragraph 2.6 before starting DDT&E.
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Avionigs: FS), tightweight (MY, lasar radar
Power; Solar Array
. Strture: Isolrted Yi taoks; Ti, AL & compasitien hody

Therma' Passive paint; MLI; base heatshield
Prooremmatics: .
- Dired eveloped @

Laureh Cperations: 7 years - treu Nec ‘G0
" Creo Size: “ 167 ETR + 86 WIR - 228 tota)

Numter o Flignts: 139 NASA + 115 DOD - 58 toal ey [3iulnIinIniglale g ele]s
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Tatal 5094 W[N5{ % [T0[ M | T | ¢ | 150,18 [ D43 4281 532547 | 701

Zg. 2.4-14 Final Option & Prograrratics Swwmary
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Because no kick stages are required before 1986, basic engineering
is delayed until near completion of main-stage engineering. Pro-
duction of main and kick stapes is planned for concurrent comple-
tion.

The first Tug is built during DDT&E, and the remaining 12 are
built during production. Because an operatio~.' spacecraft is
planned for the first launch, the operations wiu, vam &tarts two
months before first launch.

Thirteen main stages and five expendable kick stages are used for
254 flights. Six main stapes are expended and three are lost due
to reliability problems. 1Initial flipht rate buildup is:

1984 1985
ETR 9 18
WTR 6 13

The Final Option 2 Tug program schedule and associated planning
discussion are in Vol 8.0, Sect. 1, para 1.0, and Sect II, 'para
7.0 of the Selected COpiion ifala ury (Ref 5.8). Detailed program
cost data are in Vol 8.0, Sect. 11, and in the appendix to Vol 8.0.
2.4.2.,5.2 10C Sensitivity - A special 10C sensitivity study was
conducted in which the December 1983 IOC dates for ETR and WIR
were retained, but DDT&E was started one year earlier. Results
are presented in Fig, 2.4-15.

Cost Summary ($ in Millions)
Beseline  Sensitivity

v

- Sensitivity

DOT&F o DOT8E 97,7 305, 1
B N:;:“‘" Production  169.1 19,1

Operations 23.7 831
Total 100, 5 707.9

%0
5|
Dotars, S0
&
30
15

R Millions - f‘
H K
s
[f Baseline
§ DDT&E s
[
¥
FY i 80 8! & 0 84 8 86 87 88 8¢ %0 91
DDTEE ‘
Baseline -0- 48 | B.6 | 8.8 ;5.0 | 156 ae
Sensitivity | 448 | 5.0 | 8.5 {60.3 | 5.0 | 15.6 Ry
Basetine 0- 49.8 | 3.6 | 90.2 |115.4 | 97,2 { 720 | 354 | 331 |350 |352 (289 ()45
Sensitivity | 448 | 75.0 | 8.5 693 | £.9 | 97.2 | 720 | 354 | 33,1 [ 350 {352 |28.9 (145

-15 Final Fption 8 Spectol Jost Sevsizivity and Funding Roqidyomenis

Starting DDT&E Orc Year Sariy
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Starting DDT&E one year earlier reduces yearly peak funding re-
quirenents for DDT&E from $93,6 million in FY 1981 to $83.5 million;
the total peak is reduced from $115.4 milli.n in FY 1983 to $95.0
million in FY 1984, This provides a more reasonable funding dis~
tribution. Total DDT&E costs are increased by $7.5 million due

to the program stretch~out.

2.4,2.5.3 DOD Programmatics - The major impact of DOD program-
=atics results from delaying the DOD production decision (DSARC
I1I) until substantial operational test and evaluation (OT&E)
data are available. This reduces potential modification require-
cents during production and deployment phases and provides oper-
ations experience for projecting fleet size and operations pro-
gram costs. However, this delays production expenditures,
‘resulting in uneven funding distribution, as shown in Fig. 2,4-16.

3§

Dollars,
Mitlions

e

Deployment
~ . Fil Scale Development Production Operations .
FY 76 n T8 i 80 81 82 B 1 84 85 86 87 88 89 90 9]
g .0 94 o[ w151 108.6] 33.31 3.3
_:”_r%L 3 {2 4l 5931 26,1 0.8
21 363 384 347] 3560l 4.2 29
Total Q0] a9 5] 186 37.0] 2.9] %.6] 64.5] 355 359 42.2] 20.9]

Fig, 2.4-26 Final Option 2 Funding Requirements for DOD Programmatics

Assessment of DOD programmatics is summarized in paragraph 3.3.
Schedule and cost data are presented in Vol 8.0, para 12.0 of
the Selected Option Data Durp, and a comparison of DOD and NASA
schedules is presented in para 1.0.

2.8 2‘6 Sercitivity Studies - Ten sensitivities studies were

; yﬂdirecned. One was peculiar to Final Option 1 and discussed in
'!?”3‘* para2.4.1.6. The remaining nine--all presented in detail in

: 'Vol 5.0, Sect. II of the Selected Option Data Diump (Ref 5.8)--
are based on Final Option 2 but are also generally applicable to
Final Option 3. They are briefly discussed in the following
pages. :
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- ORIGINAL PAGE 1S
OF POOR QUALITY

a. Autonory Levels - The purpose of this atudy was to evaluate the
effect of different Autonomy Levels (I, II, III and IV) on vehicle
design and operations. Although the vehicle is Autonomy Level II,
for this study, Level IV was used as a baseline. It was deter-
mined that, unless the system was completely redesigned and opti-
mized for Autonomy Level IV, there is no significant effect on
either the vehicle or operations except for Level I, which imposes
a performance penalty of 190 1b (86.2 kg) on delivery capability

to geostationary orbit.

b. 0.97 Reliability - This study evaluated the design impact of
maintaining 0.97 reliability for missions of 168, 72, and 36 hr.
It was determined that there is no impact delta and o> reliability
sensitivity. Fail-operate/fail-safe requirements dictate that all
redundancy provided for the 168-hr mission be retained for the

two shorter missions.

e. 30-day Servicing !Yssion Sensitivity Study - This study was
to determine subsystem impacts and resulting capability of per-
forming a 30-day servicing mission. The mission definition was
provided by the government, and the servicing mission payload '
considered was a servicing module (SM) and four space replaceable
units (SRU), to be installed in four geostationary spacecraft.

Two servicing modes were examired: Mode 1 expended the SRUs after
each-satellite was serviced: Mode 2 returned the SRUs to the
Orbiter so the payvload up was :he same as the pay_nad down.
[ \"*3
- Assuming the SRUs were in the 140- to 500-1b (63.5 to 226.8-kg)
" ‘range, it was concluded that the vehicle could perform the 30-day
servicing at vpry little additional cost.

d. DOD Communzcatmons - The Tug pr-vides communications for both

‘DOD‘and NASA. This study was to de 2rmine the effect on Tug per-

formance and cost if the DOD communications requirement were

eliminated. It wus determined that the effect would not be sig-

_ nificant.
, spacecraf% Command Control and Checkout - Through the Tug

. data management subsystem, command, control, and checkout capa-
‘f"ﬁbgilty*is provided for the spacecraft. The study was to deter-
mﬂmeaxhe—effect on the Tug if this capability were not required.

:wwwﬁaww v%'xisn

. j“Relative to the data management subsystem, the spacecraft was
“' -~ found to be essentially no different from'any other user, and
elimination of the spacecraft as a user would have no effect on
Tug hardware, and very minor effect on Tug software.
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Ff. Struciural Design Life - The structural design life sensitivity
study was based on analysis of only the main propellant tanks, and
was performed as the last step in an orderly and logical sequence
of steps in the design of these tanke. The study was to determine
the effect of increasing the design life from 20 reuses to 50 and
100. ,

Since establisning the requirement for this study, the tanks have
been redesigned using fail-leak/fail-burst criteria. The redesign
was analyzed using a crack growth program to determine its life
capability, which resulted in & capability of about 100 reuses.
Although the analysis in this study is preliminary, it appears
that there 18 no effect of increasing design life.

g. &Spin-Stabilized Spacecraft Deployment/Retrieval - This study
was to determine the effect on vehicle performance if the space-~
craft spin/despin capability were removed. It was shown that
its elimination provided a net delta spacecraft retrieval capa-
bility of +75 1b (+34.02 kg). Thus, the effect on vehicle per-
formance was insignificant.

h. Rendeavous and Docking - This study evaluated the effect on
vehicle performance and cost of providing rendezvous and docking
capability. Basically, the study was performed by comparing

the delivery-only vehicle with the retrieval vehicle. This
involved documenting the differences in weight, cost, and risk
between the relatively simple separation module and the more com-
plex rendezvous "and docking module. Resulting data revealed a
heavy payload weight penalty [-1100 1b (-~499 kg)], high costs,
and relatively high developuent risks.

1. Engine Sensitivity Class I vs Class II - The Final Option 2
engine now used is Class I. A sensitivity analysis was performed
to determine the effect on performance, cost, schedule, and tech-
nology of using a Class II engine instead. Engine performance
used to compute vehicle capability for the geostationary mission
is:

. .'sp? Veight, Thrust,
Eogine = .sec N-s/kg 1b kg 1b N MR
Class I ., 338 3315 268 121.6 12,000 53,379 1.90
Class II 344 3377 261 118,64 12,000 53,379 2.05
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The increase in retrieval capability with the Class 1l engine has
a significant effect on tctal program cost. Examination ot the
nission model shows that approximately 50% of the retrieved space-
craft weigh 2100 1b (952.5 kg). The Class II engine can perform
these missions without resorting to Jeslayed retrieval, as required
for the Class I engine. The effect on total program cost is a
reduction in Shuttle flights of approximately ten, or a total
progran savings of more than $100,000,000.

Although the Class II engine does not appear to be attractive
from a subsystem standpoint, based om cost and performance whan
corpared to other engine candidates, it is an attractive option
wvhen total program costs are evaluated. However, due to the risk
associated with obtaining Class II performance, the Clase I engine
is recormended.
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2.4.3 Final Option 3

2.4.3.1 Option Definition - The Final Option 3 space vehicle is

a reusable phase~developed Tug, designed for & maximum mission of
seven-days. The design includes growth potential from an initial
delivery only capability in 1979 to a delivery/retrievul capabil-
ity in 1983. Final Option 3 mission requirements include delivery
only of spacecraft weighing 3500 1t (1588 kg) or less, phased to a
capability of retrieving payloads weighing up to 2200 1b (998 kg).

2.4.3.2 Configuration - The gpace vehicle selected for Final
dption 3 is a reusable single-stage vehicle, designated Final
Option 3, Phased Tug-Initial (IA2-8) end Final Option 3, Phased
Tug-Final Delivery (IA2-4)/Retrieval (IA2-3). It is designed for
seven-day deiivery-only missions in 1979 (designated Phase Tug- .
Ixitial), accompanied by kits designed to permit delivery/retrieval
and delayed retrieval flight mode {URFM) missions in 1983 (desig-
nated Phased Tug-: inal). The vehicle is capable of operating
within the speci '\ ¢ environment with Autonomy Level II and at a
reliability of 0.97. Geostationary orbit capabilities are:

Delivery only (1A2-8) 1979 4400 1b (1996 kg)
Delivery only (IA2-4) 1983 6000 1b (2722 kg) .
Retrieval only (IA2-3) 1983 1800 1b (816.5 kg)
Retrieval only--DRFM (IA2-3) 1982 2200 1b (998 kg)

For expansion of Final Option 3 Tug performance znd flight modes,
refer to Vol 5.0, Sect. II of the Selected Option Data Dump (Ref

5.8).

On certain planetary missions, the Fin=2) Option 3 Tug is combined
with «ve of three auxiliary kick-stage arrangements (para 2.2.11):
one wich 10,000 1lb (4536 kg) of propellants, ‘one with 1500 1b
(680.4 kg), or a combination of the two. In all cases, kick stages
are expended and the Tug returns to the Orbiter.,

The 1979 delivery-only vehicle (Phased Tug-Initial) shown in Fig.

2.4~-17 and 2.4-18 is 28 ft 2 in. (8.59 m) long from the forward

face of the separaticn module (not shown in figures) to the aft end

- of the engine bell, with a dry weight (including 10% contingenc¢y) of
293& 1b (1331 kg).

The 1983 delivery-only vehicle (Phases Tug-Final) shown in Fig.
2.46-19 and 2.4-20, is 27 ft 4 in. (8.33 m) long from the forward
face of the separation module (not shown in figures) to thke aft end

of the engine bell, with a dry weight (including 10% contlngency) of
2750 1b (1247 kg).
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The 1983 retrieval vehicle (Phased Tug-Final), is also shown in Fig.
2.4-19 and 2.4-20, is 28 ft 8 in. (8.74 m) long from the forward
face of the docking module (not shown) to the aft end of the engine
bell, with a dry weight (including 10% contingency) of 2982 1b

(1353 kg).

The following paragraphs are brief descriptions of the integrated
vehicle subsystems that make up the complete Final Option 3 Tug.

Detailed subsystem descriptions are in para 2.2. For clarifica-

tion and continuity in this document, the following descriptions

refer to previously assigned subsystem designators.

2.4.3.2.1 Structure - The Tug structure primarily comprises four
elements: propellant tankage, engine compartment, forward equip-
ment compartment, and spacecraft interface. The propellant tanks
are isolated, titanium tanks (fuel forward) with V2 elliptical domes,
designed for 60,000 1lb (27,216 kg) of total propellants at a mixture
ratio of 1.9. The tanks are joined by a skirt of composite honey-
comb using graphite epoxy face sheets over an aluminum honeycomb
core. Radial meteoroid shielding is provided for the portion of
each tank not covered by .. body structure.

The engine compartment skirt is graphite epoxy over an aluminum
honeycomb core. The engine thrust cone is titanium.

The forward equipment compartment skirt is aluminum skin-stringer
construction. All structural ring frames, hard points, and splices
are titanium.

The spacecraft interface for delivery-only (1979 and 1i983) is a 10-ft
(3.048-m) diameter .by 5-in. (12.7-cm) deep separation module con-
taining separation ordnance and the spacecraft deployment assembly.
Paragraph 2.2.9 provides a detailed description of the module.

The spacecraft interface for retrieval is a 10-ft (3.048-m) dia by
21-in. (53.34-cm) deep docking module containing the docking mech-
anism, scanning laser radar unit, and video subsystem. This unit
also has spacecraft delivery capability for use in the delayed
retrieval mode (DRFM) for deploying a replacement spacecraft.
Paragraph 2.2.10 provides a detailed description of this module.

2.4.3.2.2 Thermal Control -As in the Final Option 1 and 2 con-
figurations, the thermal control subsystem, designated TH-5, is
passive, using thermal paint and wultilayer insulation. Special
optical solar reflector material is used at the avionics equip-
ment compartment; radiation shields are applied at the ACPS !
thrusters; and heat pipes are used between the batteries and for-
ward tank dome. Electric heaters are used for low-temperature-
critical components.
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2.4.3.2.3 Data Management - The data management subsystem, common
to all Tugs, uses & flexible signal interface (FSI) and consists
of a central data processor, encrypter/decrypter unit (GFE),
branch boxes, and interconnecting cabling. The central processor
contains units required for general-purpose and command-data-
timing-checkout (CDTC) processing and memory. -

2.4.3.2.4 Guidarce, Navigation, and Control - For the 1979 de-
livery-only capability, a star tracker and skewed redundant IMUs
are used for guidance and navigation. In 1983, IMUs will be
changed to lighter equipment. Rendezvous and docking capability
is achieved by adding s scanning laser radar (SLR) and video sub-
system (mounted in the docking module).

Although the Tug is baselined at Autonomy Level 11, addition of
2 horizon sensor would permit upgrading to Autonomy Level I op-
eration.

A palr of electrically driven, tandem linear hydraulic actuators
is used for pitch and yaw control in powered flight, with roll
control obtained from the ACPS thrusters. Attitude in coast
flizht is controlled solely by the ACPS system.

2.4.3.2.5 Communications - The all-S-band commmications subsystem,
common to all Tugs, consists of high-gain antennas and gimbal
assemblies, a strip-line omnidirectional antenna, FM and PM transg-
mitters, receivers, power amplifiers, a coupling and switching
network and coaxial cable harmess.

2.4.3.2.6 Instrumentation ~ The instrumentation subsystem is not
separate, but is integral with the flexible signal intexface (FSI)
data management subsytem, with end-item instrumentation units (pres-
sure transducers, temperature recording controllers, etc) provided
by the-applicable user subsystem and interfacing with the appli-
cable FSI branch circuit.

2.4.3.2.7. Electrical Pawer, Distribution, and Comtrol - The Final
Option 3 Tug electrical power subsytem is a: deployable solar-array/
Ag-Zu battery system, consisting of redundant flexible roll-out/
retractable solar-panel assemblies attached to the vehicle by
panel—orientation wmechanisms with two-axis freedowm, redundant
charger/load-regulator units, Ag-Zn 165-Ah main and 25-Ah auxil-
iary storage batteries, power distributors, wiring, and connectors.
The distribution system uses a two-wire positive and single-wire
return and has solid-state remote power controllers and relays.

A compatible interface with the Orbiter is provided. 3olar pan=
els and orientation assemblies are g-limited and must be retracted
during main-engine burns.
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In delivery-only vehicles, ordnance squibs, detonating blocks,
the squib firing circuict (SFC) and separation-module detonating
cord are parts of the electrical powver subsystem.

SR PN TRV QRS - PR FIUT S UL P

The data management; guidance, navigation, and coatrol; communi-
cationg; instrumentation; and power subsystem comprise the Final
Option 3 Trg avionics system. The system for the 1979 delivery-
only vehicle is designated AV-l. The designator is changed to

AV-3 in the 1983 delivery-only Tug when the lighter avionics equip-
ment is installed, and to AV-2 in the 1983 retrieval Tug when
rendezvous and docking capability i{s added.
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2.4.3.2.8 Propulsion - The propulsion system consiets of the
main engine and auxiliary-control propulsion subsystems.

For the delivery-only Initial Tug (1979), the main engine (GFE)
is derived from OME and uprated to 240 PC. 330-sec Isp (3236=N-g/

kg), 12,000 1b (53,379 N) thrusi, and a mixture ratio of 1.9.

For the delivery/retrieval Final Tug (1983), the main‘engine ig -

phased to a new Class I, 800 P_ engine (GFE) with 338-sec Lo

(3315-N-s/kg), 12,000 1b (53,372 N) thrust and 8 mixture ratio of 3
1.9. The main engine support system is the same for either main '+
engine. The system, designated PR-1 (2B), has a regulated h¢lium-
ambient-storage propellant pressurization, feed, and dumping sys-
ten that permits horizontal or verticel dumping.

The 1979 Initial Tug ACPS, designated ACPS-2(8A), consists of 16 :
- thrusters (four modules) using a monopropellant (hydrazine) with s
8 capability of 62,500-1b-sec (278,014-N-s) impulse, and 3700~ :
psig‘(ZSSI-Nicmz) helium as the pressurant. !

© In'1983, the ACPS for the delivery-only configuration, designated
ACPS-2(8C), has a capability of 62,500~-1b-sec (278,014-N-s) im-
pulse. For the rendezvous and docking capability, the system
‘total impulse is increased to 125,000 lb-sec (556,028 N-s) by
the use of a larger tank, and is designated ACPS-2(8B).

2.4.3.2.9 Reliability - Final Option 3 Tug reliabilities meet or
exceed the requirement of 0.97 for all missions, with or without
. -kick stages. A detailed description of system and subsystem reli-
';sﬁiﬂiiy is in Vol 5.0 of the Selected Option Data Dump (Ref 5.8).

e
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2.4.3.3

Mass Properties - Vehicle weights, centers of gravity,

and moments of inertia are presented in detail in Vol 5.0 of Ref

5.8.
gravity travel are:

a. Weight Swrmary

Item

Tug dry weight#®
Structure
Thermal control
Avionics

Propulsion
Unusable Propellants
Burn-out weight
Nonimpulsive expendables
Ptopéilants’(ﬂbable)
First-ignition weight
Shuttle interface

Tug mass fraction

*Includes 10Z contingency.

Weight, 1b (kg)

In summary, the Option 3 Tug weights and the center-of-

1979 Delivery-
Only Tug
2,934 -
(1,331)
1,063
(482.2)
101
.(45.8)
640
(290.3)
‘863
(391.5)

225
(102)

3,159
(1,433)

75
(34.02)

60,019
(27,224)

63,253
(28,691)

1,650
(748.4)

0.950

1983 Delivery~
Only Tug
2,750
(1,247)
1,063
(482.2)
101
(45.8)
593
(269)
743
(337)
2:0
(99.8)
2,970
(1,347)

50
(22.7)

60,049
(27,238)

63,069
(28,608)

1,650
(748.4)

0.953

1983 Retrieval
Tug
4,983
(1,353)
1,176
(533.4)
101
(45.8)
669
(303.4)
765
(347)

251
(113.8)

3,233
(1,466)

50
(22.7)

60,319
(27,360)

03,602
(28,849)

1,650
(748.4)

0.949

b. Center-of-Cravity Travel - Center-of-gravity travel with a
typical 3500-1b (1588-kg) 25-ft (7.62-m) spacecraft attached re-

maine well within the allowable Shuttle payload cg envelope.

The

longitudinal and vertical centers of gravity versus allowable
envelope are shown in Fig. 2.4-3 and ~4. respectively.
cg falls within 3/4 in. (1.91 cm) of the Shuttle payload-bay cen-

terliue.
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2.4.3.%4 Mission Accomplishnents - As used in this report, mis-
sion accomplishments cover performance, capture summary, and an-
nual flight summary--all with respect to the mission model.

2.4.3.4.1 Performance - Performance capabilities of the Final
Option 3 delivery-only and deliveiy/retrieval Tugs are shown in
Fig. 2.4-21, with spacecraft weight versus delta velucity. Perfor-
mance to various crbital inclinations is gshown, as well as per-
formance for the various modes previpusly discussed. Circles on
the plot represent characteristics of the mission model space-
craft. The heavy concentration of points at the 14,000 fps

(4267 m/s) velncity represents the geostationary cerridor.

Fira! Option 3 Mission Mode! DeliverfRetrieve - Expendable
and Reusable Spacecraft

Tug Configurations: DeliverfRetrieval, 1984-1990
Delivery-Onty, 198C-1984 6000 fb @722 kq) Geostationary Delivery
4400-4h {1996 k) 1800 1b B16. 5 kg) Geostationary Retrieval

) (iansmiomry Delivery

«bgperd Tug
Tuy & Kick Stage

2.5° :
| 0.497 rad) Tug and Kick
55° (0,96 rad) Stage 19

Delivery 4400 1
(1996 kg)  104°

16 (L& rad)| |

o Sortle o WV
2 4 6 8 W0 7 14 16 18 & 2 2

0 6INL. 21 (L WZ 8015, 053, 6IA, 13N BB) 6, 476, 101 (6, 71017, 30)

Velocity above Shuttle Park Orbit [160-n-mi (296, 3~km) dirciel, 1000 fps (1000 mis)

0

"fgéj 2.4-21 Pinal Cption 3 Mission Model and Tug Performance

2.4.3.4.2 100% Capture Summary - & total of 558 spacecraft must
be accommodated by the Final Option 3 mission model described in
Vol 4.0 of the Selecied Option Data Dwnmp (Ref 5.8). Final Option
3 consists of both current-design expendable and low-cost reusable
. - spacecrait, and requires spacecraft retrieval as well as delivery-
‘?»Q!T only missions.” Applicable mission category, spacecraft user,
: :"launch site, .and. number of spacecraft required by the Final Opticu
.3 mission model -are:

g . e es ~*ﬁl
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User/Launch Site/Spacecraft

NASA DOD
Total
Mission Category WTR ETR WIR ETR Spacecraft

Geostationary - Delivery - 123 - 59 182
- Retrieval - 53 -- 29 82
Midinclination - Delivery - 10 27 66 103
- Retrieval -~ 4 - 43 47

Planetary - Delivery - 30 -- - -

-~ Retrieval - e - - -

Polar - Delivery 38 - 34 - 72
- Retrieval 30 - 12 - 42
Totals 68 220 73 197 558

Use of the delayed retrieval flight mode (DRFM) is required for
retrieval of certain gecostationary spacecraft. The DRFM is re-
quired for 27 of the 53 NASA and 10 of the 29 DOD spacecraft.

By employing the multiple spacecraft delivery capability, which
is within the ground rules of the mission model assessment, the

558 spacecraft can be accommodated with 366 flights (1007 capture).

Flight modes that make up these are:

R ' User
,  Emmmee Total
Flight Modes NASA DOD Flights
Delivery . 115 80 195
Kick stages - (9) — -
Expended Tugs (8) - -
Retrieval’ - 81 8¢ ' 111
Totals ‘ 202 164 366

The eight expended. Tug modes and nine kick-stage modes are re-
quired to accomplish the more difficult planetury missions. All
other flights are accomplished by the Tug alone, with th¢ Tug re-
turning to the Orbiter. '

2.4.3.4.3 : Programmatic Flight Summary - Figure 2.4-22 summarizes
Tug flizhts by year and launch site for programmatic considera-
tiois. 'The number of flights in the first year is limited to
three by Shuttle availability. Four additional launches are in-

" cluded for reliability losses. This results in 352 flights, for
programmatic consideration compared to 366 flights required for
100Z capture.
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CY 1980 | 1981 | 1082 | 1of3 11984 | 1985 [ 1984 | 1087 | 1088 | 1989 | 1990 | Yotal
WIR ) 0 | 0 | 0 [ 10 13 114 [ 17 | 1416 1 (12114
E® > [ 17 % [ B 0 |2 |4 | & | w2 132 | D8
Vol | 3 | 07 | 20 | ® | B |36 |+ | & [ 36| 4 | a4 | 352

*Limited by Shutlie Availability

Fig. 2.4-22 Final Option 3 Annual Flight Summary

2.4.3.5 Programmatics

2.4.3.5.1 NA3A Proprammstics ~ NASA programmatics data and re-
sults for Final Option 3 are summarized in Fig. 2.4-23. The pro-
gram is based on completion of preliminary system and subsystem
specifications during Phase B, completion of supporting research
and technology (SRT) tasks identified for Final Option 3 1979 IOC
(Phased Tug-Initial) in para 2.6 before starting DDT&E, and com-
pleting the Final Option 3, 1983 10C (Phased Tug-Final) SRT tasks
by October 1, 1978.

Bécause no kick stages are required before 198z, basic engineer-
ing is delayed until near completiou of main-stage engineering
for the Phased Tug-Initial configuration.

The first Tug is built during DDT&E, and the remaining 15 are
built during production. Production completion is controlled by
.. delivery of the last Tug. - Phased Tug-Final configuration changes
will be developed in DDT&L and all delivered hardware will be
‘built during production. Because an operational spacecraft is
i‘..fhn‘planned'for the first launch, the operations program starts two
'W'T; 1mmut@§"bnfore firzt launch, .

3

v #

M »;7»’:“..
~"'V:‘;S:l.:’rt:een main stages and nine expendable ki/k stages are used for
352 flights. Eight main steges are expended and four are lost

due to reliability problems. Shuttle availability limits the num-

ber of flights in 1980 to three.
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The Final Option 3 Tug program schedule and associated planning
discussion are in Vol 8.0, Sect. 1, para 1.0, and Sect. I1I,
Detailed

para 7.0 of the Selected lpition Data Jwp (Ref 5.8).
program cost data are in Vol 8.0, Sect. II and the appendix to

Vol 8.0.
2.4.3.5.2 10C Sensitivity - An IOC sensitivity study was con-
ducted in which 10C dates for ETR and WIR were delayed two years.

Results are presented in Fig. 2.4-~24.

12 i
——Baseline T‘.?"‘: ne ~— Sensitivity
1 \  DDT&E \ 1oe \ Totat
Dollars,
Millions ¢p
& %,
I E_é‘ r,%"
H o """"J"JJM'
g N,
: Sensitivity \ .
B FT oo o, '
3 \ “%"u i s
76 n 78 79 80 TR E <) 84 8 86 87 88 89 % 1o
DDTSE
Baseline s47| e8] 7.1 43} 1| Z21.9| 25| L8] 06
Sensitivity } a0} 60] es.0) 55.0] 483 181] 279] M5} L8] 0.6
Total
Baseline s 7{ 8] 761} 70.3] 17| .7 %.2| 588§ 5.1} 348} 3.1 313 3.2} 3L1] 3.3 ] M6
Sensitivity 40) 60! 60| 55.0f 703} 719.7] %.7]| %.2]| 588} 581 348} 3.1 313} 3L.2] 311

Fig. 2.4-24 Final.Option 3 Cost Sengitivity and Funding
Requirements for Dec 1981 I0C

Delaying I0C two years reduces yearly peak funding requirements
for DDT&E from $90.8 million in FY 1977 to $68.0 million in FY
1979, providing a more reasonable funding distribution. However,

the 1I0C for the Phased Tug-Final is delayed two years, which ap-
Total DDT&E costs are increased by $7.4

pears to be unnecessary.
million due to the program stretch-out.

' "Addifiohal details are presented in Vol 8.0, Sect. II, para 8.0
of the‘qulected Option Data Dump (Ref 5.8).

el e Boga
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Additional 10C studies were conducted on Final Option 3 after
the September data dump. Results are summarized in para 3.4 and
3.5.

2.4.3.5.3 DOD Programmatics - The major impact of DOD program-
matics results from delaying the DCD production decision (DSARC
I11I) until substantial operational test and evaluation (OT&E)
data are available. This reduces potential moditication require-
ments during production and deployment phases and provides opera-
tions experience for projecting fleet size and operations program
costs. However, thig delays production expenditures, resulting
in uneven funding distribution, as shown in Fig. 2.4-25.

:l
-
-
Dollars, |
Millions &
]
o0
t DOT&E
Operations
Y % |7 Im® | m J& |8 & |© |8 | |8 1o [ |8 [w [0
Dev 58| W5| 785 60| 30.3] 256] 28] 16| 07
Prod TI00] _502( 5L4] &.2] &
Depl A 7.2] 2L1] 2L5| 3L6i 37.0] 33.9] 37.0] 31.6] 343 39.3 2.6
Toal B3] W.5] 7.5] B.0] 30.3] &.8] 100.7] 845 725 &.1| 3.9, 31.0] 31.6] 3433 393 20.6

Fig. 2.4-25 Final Option 3 Funding FRequireme~ts for DOD
Programmatics

Assessment of DOD programmatics is summarized in para 3.3. Sched-

. ule and cost data are presented in Vol 8.0, para 12.0 of the
Selected Option Data Duwrmp (Ref 5.8); a comparison of DOD and NASA
schedules is presented in para 1.8.

2.4.3.6 Sensitivity Studies - In addition to the sensitivity
studies discussed in para 2.4.2.6, one additional study was per-
formed for Final Option 3:

Lo e

D ]
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Engine Sensitivity to Not Phasing f;ines - For Final Option 3,
the main engine is now shown phased from a 260-!’c OME tc Class I.

A sensitivity analysis was performed to determine the cost sav~
ings to the Tug program of not phasing the engines. Engine per-~
formance used to compute vehicle capability for the geostationsry
mission in 1983 is:

Isp’ Weight, Thrust, Nelivery, Retrieval,
Engine sec (N-sec/kg) 1b (kg) 1b (X) MR 1b (kg) 1b (kg)
OME 240 330.3 398 * 12,000 1.90 4690 1280
(3239) (180.5) (33,379) (2127) (580.6)
Class 1 338.0 268 12,000 1.90 6000 1800
(3315) (121.6) (53,379 (2722) (816.5)
8096B-2  332.1 290 12,187 1.78 5410 1550
(3257) (131.5) (53.760) (2454) (703.1)

From a schedule standpoint, all three engines could be available
in December 1979, and there are no significant differences in
technology requirements. The cost saving is significant and
varies from $42 to $78 million. For this reason, phasing the
engine is not recommended.

Further analysis was performed after the selected option data
dump, taking capture analysis and total programmatics into con-
sideration. Based on this study, the Class I engine was selected.
" Details are in para 3.0, Additional Analysis.
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2.4.4 TFinal Option 3A

2.4.4.1 oOption Definition - Final Option 3A spaie-vehicle defi-
nition and mission requirements are the same as those for Final
Option 3: a reusable-phase developed Tug, tesigned for a maximum
mission duration of 7 days, with built-in growth for an initial

1979 delivery-only capability of expendable spacecraft weighing

3500 1b (1588 kg) or less phased to a capability of retrieving space-
craft veighing up to 2200 1lb (998 kg).

2.4.4.2 Configuration - The Final Option 3A Tug shown in Fig.
2.4-26 and -27, is a reusable one-and-a-half stage vehicle that
uses expendable drop tanks, designated Final Option 3A Phased
Tup-Initial (IVG-1) and Final Option 3A, Phased Tug-Final-Delivery
(IV G-3)/Retrieval (IVG-2). The configurations are designed for
a 7-day mission, with both spacecraft delivery and rendezvous and
docking capability. The basic vehicle is phased developed from
an ‘vitial deliv-ry-only capatility in 1979 (designated Phased
Tug-Initial) to a delivery/retrieval and delayed retrieval flight
mode (DRFM) capability in 1983 (designated Phased Tug-Final).
This Tug is capable of operating in the specified environme'it

at Autonomy Level 11 and a reliability of 0.97. Vehicle geo-
stationary orbit capabilities are:

Delivery only (IVG-1) 1979 4900 1b (2223 kg)
Delivery only (IVG-3) 1983 6500 1b (2948 kg)
Retrieval only (IVG-2) 1983 1900 1b (862 kg)
Retrieval only—DRFM (IVG-2) 1983 2200 1b (993 kg)

For expansion of Final Option 3A Tug performance and flight modes,
refer to Vol 5.0 .of the Selected Option Data Dump (Ref 5.8).

On certain planetary missions, the Final Option 3A Tug is combined
with one of three auxiliary kick-stage arrangements (para 2.2,1l):
one with 10,000 1b (4536 kg) of propellants, one with 1500 1lb
(680.4 kg), or a combination of the two. In all cases, kick
stages are expended and the Tug returns to the Orbiter.

The 1979 delivery-only vehicle (Phased Tug-Initial) is 23 ft 4 in.
(7.11 m) from the forward face of the separation mpdule (not shown
in figures) to tne aft end of the engine bell, and has a dry weight
(including 10% contingency) of 2616 1b (1187 kg) for the core and
1388 1b (630 kg) for the drop stage.

The 1983 delivery-only vehicle (Phased Tug-Final) is 22 ft 6 ‘in.
(6.86 m) from the forward face of the separation module (not shown
in figures) to the aft end of the engine bell, and has a dry weight
(including 10% contingency) of 2432 1b (1103 kg) for the core .and
1388 1b (630 kg) for the drop stage.

2-155




o T T EET T RETET & TR e GERETTIRITAT Rell sl onnrilia28a2200 2000 0

a12fodd pavoqur bnp pesvyq yg uoizdp (ourd 9z-5'g ‘B
. (W686"9) “Ui [ ‘Y 22

T : (WTIeL9) Ui ‘Y
Pamo}S
‘Assy; Aeday Je|0S . ajnpow
pIalys ajsoajayy \  24NSsald juel doug
yueyl a0y \ °ull dung

!

(sooejd p) -Assy

pend a3)snuy) S4ov . | |ejuoziJoH
- / _ / . .Mn//p :
..,V
B 2
(saoeyd 2) % 5,
M (W 628°D)
, 3109 3109
eip 4-9

' |eAdljay/lanag €861 / 4
autbu3 | ssel9 ma,/ of
Aluo-Muanijaq 6261 (pajesdn)
auibu3 aanealsag IW0

‘e



' ORIGINAL PAGE 1S
OF

- Star Tracker

_ '/mu Assy
v

E 4 \ ‘\\\ \
i , §'< I \
i
; Horizon Scanner

4

;‘ High-Gain Front

Antenne (2)
(Stowod)

Batiery. 165 A-h (2 places) ) \
gatery, 5 A-h
Power Distriltion Panel G)

“Drop Tank
He Sphere

EjectionSpring Cartridge

Tug Aft Support fo Cradle
(2 places) Z & Y Loads Rear

Fig. 2.4-27 Final Option 3A Phased Tug Inboard End Views
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The 1983 retrieval vehicle (Phased Tug-Final) is 23 ft 10 in.

(7.26 m) from the forward face of the docking mechanism (not shown
in figures) to the aft end of the engine bell, and has a dry weight
(including 10% contingency) of 2655 1b (1204 kg) for the core and
1388 1b (630 kg) for the drop stage.

The :ollowing paragraphs are brief descriptions of the integrated
vehicle subsystems that make up the complete Final Option 3A Tug.
Detailed subsystem descriptions are in para 2,2, For clarification
and continuity in this document, the following descriptions refer
to previously assigned subsystem designators.

2.4.4,2.1 Structure - The Tug structure primsrily comprises five
elements: core propellant tankage, drop tanks, engine compart-
ment, forward equipment compartment, and spacecraft interface.

The core propellant tanks are isolated, titanium tanks (fuel
forward) with v2 elliptical domes, designed for 12,000 1b (5443
kg) of propellants.

The drop tanks are two pairs of side-by-side isolated aluminum -
tanks with hemispherical domes and thrust cones, designed for
48,000 1b (21,772 kg) of total propellants. The propellant mix~
ture ratio is 1.9.

The forward skirt, engine compartment, and between-tank skirts are
aluminum skin-stringer construction; the thrust structure is an
aluminum cone.

All structural ring frames, hard polnts, struts, and splices are
aluminum,

The drop~tank separation mechanism consists of four forward sep-
aration-nut and spring-cartridge assemblies, four aft-tank strut
separation nuts, and two aft inboard shear-key and ejection-
spring-cartridge assemblies.

The .spacecraft interface for delivery-only capability (1979 and 1983)

is a '6-ft (1.829-m) dia by 5-in. (12.7-cm) deep separation module

containing separation ordnmance and the spacecraft deployment assembly
"Paragraph 2.2, 9 provides a detsiled description of the .separation

ey P

module.v

Lo s ?12‘

: The spacecraft interface for retrieval is a 6~ft (1.829-m) dia by

21-in. (53.34-cm) deep rendezvous and docking module containing

tn.; docking mechanism, scanning laser radar unit, and video sub-
system. The unit zlso has spacecraft deployment capability for use
in the delayed rei:ieval flight mode (DRFY) for deploying a re-
placement spacecraft. Paragraph 2.2.10 provides a detailed dessyip-
tion of this docking module.
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Radial reteoroid shielding is provided for the portion of each core
propellant tank not protected by body structure and fov the core
heliun hydrazine spheres. There is no shielding for the drop tanks
or drop-tan.. pressure spheres.

2.4.4.2.2 Thermal Contr:’ ~ The thermal control subsystem, desig-
nated TH-2()), is passive, using thermal paint on both core
structure and drop tanks and multilayer insulation fore and aft
on the core only. Special optical solar-reflector material is
used at the avionics equipment compartment; radiation shields

are applied at the ACPS thrusters; and heat pipes are used
between the batteries and forward tank dome. Electrical heaters
are used for low-temperature-critical components.

2.4.4.2.3 Dats lManagement - The dats management subsystem, common
to all Tugs, uses a flexible signal interface (FSI) and consists
of a central data processor, encrypter/decrypter unit (GFE),
branch boxes, and interconmnecting cabling. The central processor
contains unite required for gemeral-purpose and command-data-
timing chec.out (CDTC) processing and memnry.

2.4.4.2.4 Guidance, Navigation, and Control - For the 1979
delivery-only capability, a star tracker and skewed redundant
IMUs are used for guidance and navigation. In 1983, IMUs will
be changed to lighter equipment. Rendezvous and docking capa- ..
bility is achieved by addition of a scanning laser radar (SLR) f
and video subsystem (mounted in the spacecraft interface rendezvous
and docking mbdule).

Although the Tug is baselined at Autonomy Level II, addition of
a horizon sensor would permit upgrading to Autonomy Level I
Operation.

A pair- of electrically driven, tsndem linear hydraulic actuators
are used fo. pitch and yaw coatrol in powered flight, with roll
control obtained from the ACPS thrusters. Atsitude in coast
flight is controlled solely by the ACPS systum.

2.4.4.2.5 Communications - The sll-S-Band communications subsystem,
common to .all- Tugs, .consists of high-gain antennas and gimbal
.assesblies; a strip-line ommidirectional antenna, FM and PM trans-

_ -mitters, receivers, power amplifiers, a coupling and switching g
° wuetwork gnd coaxial cable harmess. _ z

2.,4.4.2.6 Instrumentaticn -~ The instrumentation subsystem is not
separate, but is integral with the FSI data management subsystem,
vith the end-item instrumentation units (pressure transducers,
temperature recording coutrollers, etc) provided by the appli~
cable user subsystem and interfacing with the applicable FSI
branch circuit,
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2.4.4.2.7 Flectrical Power, Distribution, and Control - The Final
Option 3A Tug electrical power subsystem is a deployable solar-array/
Ag-Zn battery system consisting of redundant flexible roll-out/
retractable solar-panel assemblies attached to the vehicla by
panel-orientation mechanisms with two-axis freedom, redundant
chargzer/load regulator units, Ag-Zn 165-A-h main and 25-A-h
auxiliary storage batteries, power distributors, wiring, and
connectors. The distribution system uses a two-wire positive

and single-wire return and has solid-state remote power control-
lers and relays. Solar panels and.orientation assemblies are g-
limited and must be retracted during main-engine burns.

In the delivery-only vehicles, spacecraft separation ordnance squibe,
detonating blocks, squidb firing circuit (SFC) and separation-

module detonating cord are parts of the electrical power system,

as are the ordnance and ordnance circuitry for drop-tank separa-
tion in all configurations. ‘

The data management:; guidance, navigation, and control; communi-
cations, instrumentation; and power subsystems comprise the Final
Option 3A Tug avionics system. , The system for the 1979 delivery-
only vehicle is designated AV-l. The designator is changed to AV-3
in the 1983 delivery-only Tug when lighter avionics equipment ie
installed, and tn AV-2 in the 1983 retrieval Tug when the rendez-
vous and docking capability is added.

2.4.4.2.8 Propulsion - The propulsion subsystem consists of the main
engine and auxiliary control propulsion subsystems (ACPS).

For the 1979 delivery-only Tug, the main engine (GFE) is derived
from OME and uprated to 240 P, 330 sec I (3236 kg), 12,000-1b

(53,379-N) thrust, and a mixture ratio of 1 9.

For the 1983 delivery/retrieval Tug, the main engine iz phased to
a new Class I, 800-P engine (GFE) with 338 sec e (3315 N-sec/kg),

12, 000-lb (53,379-N) thrust, and a8 mixture ratio of 1.9.

The main engine support .system is the same for either main engine.
The system, designated PR-1 (54), uses a regulated helium-ambient-
storage propellant pressurization, feed, and dumping system that
peimits horizontsl .or vertical dumping.

'The core and drop tanks have independent pressurant systems and
an 1nterconnecting propellant fill, feed, and dump system with

QD and umbilical disconnects. At drop-tank separation, the
umbilicals are pyrotechnically actuated.
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The 1979 ACPS, designated ACPS-2 (8A), consists of 16 thrusters
(four modules) using a monopropellant (hydrazine) with a capability
of 62,500 lb-sec (278,014 N-sec) impulse, using 3700-psig (2551-
N/cm“) helium as the pressurant.

In 1983, the ACPS for the delivery-only vehicle, desig.ated ACPS-
2 (8C), has a capability of 62,500 lb-sec (278,014 N-sec) impulse.
For the retrieval vehicle, the system has moré on-board hydrazine,
provides a capability of 125,000-1b-sec (556,028-N-sec) impulse,

and is designated ACPS-2 (8B).

2,4.4.2.9 Reliability

- Final Op:ion 3A Tug reliabilities meet

or exceed the requirement of 0.97 for all missions, with or with-
A detailed description of system and subsystem
relisbility is in Vol 5.0 of the Selected Option Data Dump (Ref.

out kick stages.

5.8).

2,4.4.3.3 Mass Properties - Vehicle weights, centers of gravity,

and moments of inertia are presented in detail in Vol 5.0 (ref-

erenced above).
travel are:

a. Weitght Swmnary

[]

In summary, the Final Option 3A Tug weights and cg

Tug Weight, 1b (kg)

1979 Delivery-Only

1983 Delivery-Only

1983 Retrievasl

lten Core Drop Tank Core Drop Tank Core Drop Tank
Tug dry weighe®, . 2,616 1,388 2,432 1,388 2,655 1,288
(1,187) (630) (1,103) (630) (1,204) (630)
Structure 849 (385) 879(399) 849 (385) 879(399) 954 (433) 879(399)
Thermal control 86 (39) 0 86 (39) 0 86 (39) 0
Avionics 640 (290) 40(18.1) 593 (269) L0(18.1) 669 (303) 40(18.1)
Propulsion » 803 (364) 343(156) 683 (310) 343(1%6) 705 (320) 343(156)
Unusable propellants 94 153 89 153 119 153
(42.6) (69.4) (60.4) (69.4) (54) (69.4)
Burn-out weight 2,710 1,541 2,521 1,541 2,774 1,541
; (1,229) (699) (1,143) (699) (1,258) (699)
Nonirpulsive expendables 30 45 20 45 20 45
(13.6) (20.4) (9.1) (20.4) 9.1) (20.4)
Prnpellants (usable) 12,182 47,820 12,197 47,820 12,467 47,820
' (5,525) (21,891) (5,532) (21,691) (%,K55) (21,691)
First-ignition weight 14,922 49,406 14,7238 49,406 15,201 49,406
(6,769) (22,410) (6,085) (22,410) (6,912) (22,410)
Combined first-ignition weigit 64,328 64,164 ! 64,667
(29,179) (29,09%" (29,332)
Shuttle interfsce . 1,850 1,857 1,850
e L (839) (837 (839)
Tug mass fructiom-: i 0.818 0.969 0.829 L, 0.818 0.969
Combined mass fracticn 0.934 o 0.934

*Includes 102 i:mdnmcy

PN R S
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b, Center-cf-Gravii, “ravel - Center-of-gravity travel with a
typical 3500-1b (1588~Lg) 25-ft (7.62-m) spacecraft attached,
remains well within the allowable Shuttle payload cg envelope.
The longitudinal and vertical center of gravity versus allowable
envelope are shown in Fig, 2.4-3 and -4, respectively. The
lateral cg fails within 3/4 in. (1.91 cm) of the Shuttle payload-
bay centerline,

2.4,4.4 Mission Accomplishments ~ As used in this report, mission
accomplishments cover performance, capture summary, and annual
flipht summary--all with respect to che mission model.

2.4.4.4.1 Performance - Performance capebilities of the Final
Option 3A delivery-only and delivery/retrleval Tugs are shown in
Fig. 2.4-28, with spacecraft weight plotted versus delta velocity.
Performance to various orbital inclimations is shown, as well as
rerformance for the various modes previously discussed. Circles
on the plot represent characteristics of the mission model space-
craft. The heavy concentration of points at the 14,000-fps
(4267-n/sec) velocity represents the geostationary corridor.

Final Dption 3A Mission Mode!

Deliver/Retrieve - Expendable
& Reusable Spacecraft , )

Tug Contigurations;
Defivery-Oniy, 1980-1988
4900-ib 1228-kg) Geostationary Delivery

8,3, . Defivery/Retrieval, 1984+1990
D .-m Dativery ¢500-ib (2948-kg) Geostationary Dsivery
: ~ 1980 Detivery *1900-1b (862-ka} Geostationary Retrioval

Y—Emm-lm Detivery mg‘

16,000 -
Spacscraft “.m!
Weight, - ’ .
-+ Ib kg N 1984 Dslivery Tug &
~ Kick Stage 10/1,5

fRetriev} 1900 1b

4: 1862 \uﬁsh * ~ 1984 Detlvery Tug
ma’ (l.& m‘l! Round Tnpd W91 ¢ g2 . & Kich Stage 10
108 (L& rad) Delivery - —*, “-57 g, 57 109 et

? core ony —3 .87 rau)

......

0774 o 80 12 14 16 18 20 22 2 2 2
Vetodity above Shutthe Park Orbit {160-n-mi 29 3 km) circlel, 1000 fps (1000 mis)

U WD Y00 YN WU TS W L VNS JU SRS M N
Q61 (LB 6.0 Wz 6.9 wi) 0.9

(L22) 249 0.66) 488 619 032 8.5)
velocity sbove Shuttie Park Orbit {160-n-mi (296.3 km} circlel, 3000 ips (2000 mis}

Fzg 2 4-;‘28 Final Option 3A Mission Model and Tug Performance

",

'?&f& 4T 100 - Capture ‘Sunmary - A total of 558 spacecraft must
““*be accommodated by the Final Option 3A mission model described
‘(Vol 4.0 of the Selected Option Data Duwmp (Ref 5.8). Final Option
. 3A consists of both current-design expendable and low-cost reusable
“spacecraft, and requires spacecraft retrieval as well as delivery-
~only missions., Applicable mission cateogry, spacecraft user,
launch site, and number of spacecraft required by the Final Option

3A nission model are:
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User/Launch Site

NASA DOD
Total

Mission Category WIR ETR WIR ETR Spacecraft
Geostationary - Delivery - 123 — 59 182
- Retrievsal -- 53 - 29 82
Midinclination - Delivery  -- 10 -~ 93 103
- Retrieval -- 4 - 43 47
Planetary - Delivery - 30 -— - 30
- Retrieval - —— - - -
Polar - Delivery 38 - 34 - 72
-~ Retrieval 30 - 12 - 42
Totals 68 220 46 224 558

Use of the delayed retrieval flight mode (DRFM) is required for
retrieval of certain geostationary spacecraft. The DRFM is re~
quired for 27 of the 53 NASA and 10 of the 29 DOD spacecraft.

By employing th¢ multiple spacecraft delivery capability, which

is within the ground rules of the mission model assessment, the
558 spacecraft can be accommodated with 357 flights (100% capture).
Flight modes that mske up these 357 flights are:

Usey

. Total
Flight Modes NASA DOD  Flights
Delivery | 107 79 186
Kick stages (9) - -
Expended Tugs (8) - -
Retrieval - _87 _8 171

Totals 194 163 357

The eight expended Tug modes and nine kick-stage modes are re-

quired to accomplish the more difficult planetary missions. All

other flights are accomplished by the Tug alone, with the Tug

returning to the Orbiter.

. 24444.4,3, 'Programmatic Flight Summary - Figure 2.4-29 summarizes

_ Tug flights by year and launch site for programmatic considerations.
‘The number of flights in the first year is limited to three by

Shuttle availability. Four additional launches are included for

reliability losses. This results in 344 flights for programmatic

consideration compared to 357 flights required for 1007 capture.
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CY [ 1980 | 1981 | 1982 | 1983 | 1984 | 1985 | 1986 | 1987 | 1988 | 1989 | 1990 | Total
WiR | 0 | 01 014 1B 14 [ | 14161212 1
ETR | 3| 15 | 19 | 13 | 30 | 24 | 24 [ 26 | 19 | 21 | 32 | 882
Totai | 3° | 15 | 19 | 27 | ® | 38 | 41 | 40 | 35 | 39 | 44 | 344

*Limited by Shuttle availability

Pig. 2.4-28 Pinal Option 3; Annual Flight Summary

2.4.4.5 Proprammatics - NASA proprammatics data and results for
Final Option 3A are surmarized in Fig. 2.4-30. The program is
based on completion of preliminary system and subsystem specifi-
cations during Phase B, completion of supporting research and
technology (SRT) tasks identified for Final Option 3A, 1979 IOC
(Phased Tug-Initial) in paragraph 2.6 before the start of DDT&E,
and completing Final Option 3A, 1983 IOC (Phased Tug-Final) SRT
‘tasks by October 1, 1978.
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Characteristics . Schedule
Vehicle: '
Stage-and-a-Half
- Dry Veight: 4004~3820/408 1b (1816~1733/1834 kg) i i i
Spacecraft Cap: 4900 1b (223 kg) del—6500 Ib (2948 kg ATP JOC-ETR 10C-WTR I0C fg::s‘:”“
del/5300 1b (2404 kg) del, 1900 1b (862 ko) retrieval © < © © Govelopsd
. Propulsion: Higis Pe OME=Class |
Avionics: FSI; current IMU—lightweight IMU, SLR [ DDTSE 98.5 mo I
Power: Selar array .
Structure: Isolated Ti tanks; Ti, AL 8 composite body
Thermal: Passive paint; MLI; base heatshield [ Prod 94 mo ]
Programmatics:
Phase Developed ] T
Launch Operations: 11 years ' L Oper B4 mo-
Crew Size: 156 ETR + 100 WTR = 256 fotal thru Dec ‘%0
Number of Fiights: 189 NASA + 155 DOD - 344 total cy [ms]relr7][78T79(80]81{82][83]8a]8s]s6
Fleet Size: 16 Tugs; 5 KS 10; 4 KS 10/1.5; 292 drop tanks | (FY '|7'15T‘L76T7L1“L7 8T 7“!"19 soTL[sl 821 83 ] 84] 85] 86] 87]
150 © 1 Billion
Yearly } Cumulative
120 800k
s S
» &OF ¢ a0r
= S
a [~}
[~] 30r - [~] M-
FY 76] 77| 18] 79] 80] 81] 82 [m] 84 8586 FY 76] 77| 78] 79| 80] 81} 82| 83| 84) 85! 86| 90
ODTRE | 59198184148, 19} 2031112} 1 DDTRE | 59]157(241|289|308 (337|368 |380 381|380/ 381381
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Because no kick stages are required before 1982, basic engineering
is delayed until near completion of main-stage engineering for the
Phased Tug-Initial configuration,

The first Tug is built durirg DDT&E, and the remeining 15 are
built during production. Production completion is controlled by
drop~tank build., The Phased Tug Final configuration changes will
be developed in DDT&E and all delivered hardware will be built
during production.

Becauge an operational spacecraft is planned for the first launch,
the operations program starts two months before first launch.
Sixteen main stages, nine expendable kick stages, and 292 ex-
pendable drop tanks are used for 344 flights. Eight main stages
are expended and four are lost due to reliability problems.
Shuttle availability limits the number of flights in 1980 to
three.

The Final Option 3A Tug program schedule and associated planning
discussion is in Vol 8.0, Sec:ion I, para 1.0, and Section II,
para 7.0 of the Selected Option Data Dump (Ref 5.8). Detailed
program cost data are in Vol 8.0, Section II and the appendix

to Vol 8.0,

2.4.4.6 Sensitivity Studies - See paragraphs 2.4.2.6 and 2.4.3.6.

g

‘-\r..,\.‘
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2.4.5 Final Option Configuration Summary

Table 2.4-1 summarizes the selected Space Tug configurations,
including their capability and subsystem mske-up, for esch of the
four final options. System and subsystem designators, assigned
during earlier phases of the Space Tug Study, are showm for con-
tinuity and clarification.

Because safety, ground operations, flight operations, and Orbiter
interfaces are largely common to all final options, these are
presented only once in pars 2.5.
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2.5

SPECIAL EMPHASI1S

Safety, ground operations, flight operations and Orbiter inter-~

faces are generally similar for easch of the final operations de-
scribed in Section 2.4; therefore, to avoid duplication, esch is
treated here as it relates to all final options.

2.5.1 Safety

2.5.1.1 Program Guidelines ~ The System Safety Program Guidelines
established for the Space Tug Systems Study (Storable) are con-
sistent with Section V, Data Package, Space Tu.g System Studies
(Ref 5.12). Potentially hazardous situations were to be identi-
fied for Tug configurations, including consideration of &ll wie-
sion phases and Tug/Orbiter/spacecraft interactions. Hazard
identification was goverened by a broad interpretation of the
hazard definition of MIL-STD-882 (Ref 5.31) i.e., "Any real or
notentfal condition that can cause injury or death to persomnnel,
or damage to or loss of equipment or property."” Key considera-
tions in eliminating or controlling hazardous situations were

the hazard reduction precedence sequence of NHB 5300.4 (ID) (Ref
5.21), design for minimum hazard, use safety devices, use warning
devices, or develop special procedures. In practice, each iden-
tified hazard is evaluated to obtain optimum safety consigient
with Tug requirements. In addition to incorporating safety

In additior to incorporating safety features in Tug configuration
options, safety criteria and requirements were to be developed
for _later program pheases.

2.5.1.2 safety Approach - The initial systeme study safety
approach (Task 2 and Task 3) consisted of applying the Data Pack-
age, Space Tug System Studies, (Ref 5.12) to all areas of design
and operational planning. System safety criteria in Ref 5.12
were -used as trade study drivers, as appropriate.

The zpproach for Final Options 1, 2, 3 and 3A in Task 5 included
a formal system safety analysis, including potential hazard iden-
tification, followed by analysis to establish the hazard level
and control requirements. The analysis results are used to fur-
ther reduce hazard levels. Hazard analysis is considered to have

" two levels: 1) hazard assessment or preliminary hazard analysis
' appropriate for a study phase; 2) a detailed amalysis, an iterative
- process from early phases through final design. Hazard levels

were assigned to each hazard analyzed (catastrophic, critical,
or controlled) in accordance with the definitions below.

.
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"HAZARD LEVELS - A hazard vhereby environment, personnel ervor,
design characteristics, procedural deficiencies, or subsystem
malfunction may result in loss of personnel capability or loss
of system shall be categorized as follows:

a. Catastrophic - No time or means are available for corrective
action,

b. Critical - May be counteracted by emergency action performed
in a2 timely manner.

e. Controlled - Has been counteracted by appropriate design,
safety devices, alarm/caution and warning devices, or special
automatic/manual procedures."

All hazards that csnnot be raduced to & 'controlled" level are
considered residual hazards and are tracked while effort continues
to reduce the hazard level. The analysis further provides hazard
control criteris/requirements for both design and operstional
planning.

2.5.1.3 Summary and Conclusions -~ Table 2.5-1 summarizes the
Task 5 safety analysis for each final option and the kick stages.
For further information and a detailed breakdovn of this summary,
see Vol 7.0 of the Selected Option Date Dwmp (Ref 5.8).

Table 2.5-1__System Safety Summary

! i Final Optiocn Kick
System Safety Activity 1 283 |3 Stages
POTENTIAL HAZARD IDENTIFICATION

PMEA*

. Critieality ) SFPs - 6 6 12 2
Criticalicy 2 SFPs 26 |28/31 | 49/53 4
Ground Operations Analysis
Catastrophic (Functions) 8 8 8 6
Critical (Functions) 3z 32 32 )
Checklist Discrepancies
Systen Safety [} 6 6 0
Opsrationnl Safety 2 2 2 -—
COMPOSITE HAZARDS L1ST

Potential Hazard Sources 18 15 16 9

Hazardous Conditions 17 17 18 11
HAZARD ASSESSMENT

Catastrophic 6 6 6 3

Critical ‘ 15 15 15 6
DETAILED HAZARD ANALYSIS#*

Catastrophiz | 2 2 2 -—

" Critical . . 6 6 6 2

Controlled ' - - -7 3 3 3 -

J RESIDUAL-BAZARDS | .« s
Peuding Detail Design &/or
Procadures 5 5 5 1

Pending Risk Managenent Decision 3 3 3 1
*The dual number of SFPs indicates "Delivery Only/Delivery~
Retrieval."

#*The hazard analysie is a continuing iterative proceen through
all program phases.
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The table indicates the number of potential hazards in each final
option and results of the detailed hazards analyvsis. Residual
hazards fall into two categories: 1) the majority are those that
can nornally be expected to be reduced to a controlled level by
application of known detail design and/or procedural constraints,
such as propellant system design and transfer procedures; 2) threz
residual hazards that reqnire risk management decisions. Twe of
the latter, classified as <ritical, concern the use of & common
pressurization source for fuel and oxidizer and the lack of ACPS
propellant dump capability. The thipd, classified as catastrophic,
concerns the unlikely simultaneous rupture of both propellant tanks
during handling after loading. This hazard requires detailed
handling eguipment design, handling procedure verification, and
acceptance by NASA.

Of primary safety concern were the storable propellants, and the
safety analysis focused on these to identify properties, history
(tanks and pressure vessels on Titan II/III), leak data, spill
data, and other safety considerations. The long history of use
and proven design and handling procedures leads to the conclusion
that storable propellants can be used safely and effectively for
the Tug.

Another safety concern is the simultaneous dumping of propellants
during ascent abort. To prevent a high-order propellant inter-
action, simultaneous propellant dumping should be limited to
above 150,000 feet (47,720 m). At or above that altitude, the
interaction is at a very lov order and is considered safe.

Although there are potential hazards in the design concepts (as
in all aerospace vehicle drsigns) they can be reduced to an ac-
ceptable risk level. The preliminary system safety analysis,
plus previous experience, provides the conclusion that final-
option-design concepts are safety msnageable,

2.5.156 Methods

2.5.1.4.1 Task 2 Subsystem Analysis -~ As stated, the Task 2
effort was not a formal safety analysis. However, the szafety
cxiteria dn Ref 5.12 were applied to the subsystem selection

. and-.synthasis process; €.g., the ACPS wse design to be fail-

.. operational/fail-safe because of safety requirements, and all

. candidhteﬂ not meeting this requirement were rejected. For ,
further deteils, see page II1-10a of the Systeme Detciled Assese-
ment Briefing Addbndww {Ref 5.6).

2.5.1.4.2 Task 5 Program Definition - Several analyses were
performed to identify hazards, which were then subjected to
hazards analyses to determine the criticality of each:
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a. Failure Mode and Efects Aralysis - Each subsystem was analyzed
to identify all Category 1 (crew hazard) single-failure point (SFP)
and all Category 2 (mission hazard) Si¢w. Each SFP was identified

as a potential hazard.

t. Ground Operations and Mainterance Zask Analyeis - Each ground
operations and maintenance task was analyvzed to define hazardous
operations and determine the criticality of the hazards in ac-
cordance with NHB 5300.4 (1D) (Ref 5.21). Each hazardous opera-
tion identified was considered a potential hazaud.

e. System Safety Desigr. Checxliet - The safety criteria of the
study Data Pucrage (Ref 5.12), Skylab design checklists (Ref 5.23),
AFSC Design Handbook DH. (Ref 5.32), #5C Space Flight Hasards
Catalog MSC 00134 (Ref 5.22), and 'Martin Marietta experience were
the basis for a Tug system design safety checklist given to sub-
system designers to indicate complisnce or noncompliance. All
noncompliance regponses were cinsidered potential hazards.

d. Operational Safety Checklist - The NAR Safety in Earth Orbit
report (Ref 5.37) and Martin Marietta experience were the basis
for a Tug system operational safety checklist given to operations
and subsystem design pertonnel to indicate compliance or noncom-
pliance. All noncuspliance responses were considered potential
hazards.

e. System Safety Evaluation - Each subsystem was independently
examined by 8 systems safety engineer to identify potential

hazards, using a hazard identification checklist (accelerastion,
chemical energy, contamination and potentisl hazards identified.

f. Storable Propellarz EZizluat.or. - Proposed propellants were
exagmined, their properties identified, their history (data from
more than ten years of Titan experience) summarized, and the
safety concerns documented.

All hazards identified by these analyses were entered in a po-
tential hazard matrix (Table 2.5-2 is a sample.), which was the
basis for the detailed hazard analyses.

g. Detailed Hazard Aralyses - These were performed to describe the
hazards, identify potential effects, describe analysis assumptions,

. define hazard control requiremeunts, and determine disposition of

the hazard. (Table 2.5-3 is a single actual hazard analysis.)

h. Hazard Catalog - A hazard catalog was prepared to identify and
status the hazards analyzed. Hazard status categories are: elim-
inated, residual, hazard level (per NHB 5300.4(1D)), accepted (by
NASA managenent) and open. Residual hazards are individually cat-
aloged, giving description and recommendation. Table 2.5-4 shows
a hazard catalog hazards list and Table 2.5-5 is a single actual
hazard catalog, Part II - residual hazards.
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Tabie L,8-3 Sarple Kasard Aralysie*

NAZARD LEVEL Lritical ) KO, 1,001 R
| STATUS _Opan. - PAGE | 1 of 3
PROGRAM PHASE Systems Study DATE 8/15/13
SYSTEM: I - Main Propulsion SUBSYSTEM: Oxidizer, N&_
OPERATION/PHASE: 537
HAZARD GROUP: g-Material Deceriorstion, l4-Toxicent

REFERENCES: Arsc pu 1-6, AFM 160-39, KSC GP-359

HAZARD DESCRIPTION:

Nitrogen tatroxide, N204, is a corrosive, Mghly toxic oxidizing egent. 1 is non-
flemmable {n air but supports combustion nd is hypergolic with the hydrazines. The
hazardous effects result vhen No(), is released by lesks or spills.

POTENTIAL EFFECTS:
1. Liquid nitrogen tetroxide in contact with organic materials may cause fires.
2. Vapors are extremely toxic to bresthe. lcw concentration thst msey be inhaled with-

‘ -en P
ASSI.MPT]ONS/RATIONALE

N2Q, proposed for use on the Space Tug is designated MON-1 by MIL-P-26539C heving a
green color and ic nominslly 99% Nz0;, 0.840.2% NO end 0.17% water., The materiai is
an equilibrium mixture of N20; and nitrogen dioxide (NO2). '

2. Nitrogen tetrcxide is not sensitive to mechsnical shock, heat or detonstion.

3. HNitrogen tetroxide is soluble in water, forming nitric scid and nitrous scid. The
latter decomposes to form sdditional nitric acid and evolves oxides or nitrogen.

{C
MAZARD CONTROL REQUIREMENTS: REFERENCE
A, Design
1. Separate incompatible fluid systems to prevent insdvertent mixing. DCL-33
2. Design adjscent incompatible systems so that it is impr .aible DCL-54
to interconnect them.
3. Hypergolic fuels shall not be separated by gnly & single weld. DCL-57
4. 1sohibit N204 with NO to prevent corrosion of titenium. DCL-60
5. Provide personnel showers and eye waesh in propellant transfer
ares.
6. -Provide facility vspor burners for vepor cisposali.
7. Provide a separ-.c srea (tenk) for retention/mneutralizacion
of waste oxidizer.
. " (Continued on Page 3)

DISPOSITION:
1. Entered in Hazard Catalog.

‘.

>

N ~
NPT
.

ORIGINATOR/LOCATION: )
JW. R. O'Haliorau, Ext. 4203

& From Vol 7.0 Selected Optiom Jata Durp (Ref 5.8)
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alle £.5-3 (cont)

NO. 1.001 Rl
PAGE 2 of 3

DATE 8/15/73

POTENTIAL EFFECTS:

3.
4.
5.
6.

(LIST ADDITIONAL CONTENT IN THE ORDER OF SHEETY 1)

Nitrogen tetroxide contsciing the skin causes severe burns.

Nitrogen tetroxide contacting the eyes may caus¢ permanent damage.

Concentrated nitrogen tetroxide vapor contacting the skin msy cause burns.

Low concentration of vapor contacting the .ktn' may cause & yellowing of the skin.

ASSUMPTIONS /RATIONALE

4.

6‘

7‘

The physical properties of NyO4 include:

Boiling point 70.1°F (21.2°C)

Fraezing point 11,84°F (-11.2°C)

Density at 68°F (20°C) 12.08 1b/gal (1421 kg/m3)
Critical temperature 316.8°F (158.2°C)
Critical pressure 1455 psig (1003 K/cm?)
Vapor pressure at 90°F (32.2°C) 10 psig (6.9 N/co?)

The Threshold Limit Value (TLV) for N0y has been established as 5.0 ppm. The
TIV establishes the threshold limit for 8 hours per day, 5 days a week.
Emergency tolerance limits established by the National Academy of Sciences,
Kational Research Council Crmmittee on Toxicology, are:

35 ppm for 5 minutes
25 ppm for 15 minutes
20 ppm for 30 minutes
10 pps for 60 minutes

1f a spill or lesk occurs, vaporization is dependent upon agitation, area wetted,
subient temperature, surface tempersture and surface porosity. An evaporation
rate of 10%/min for NaQ; is considered realistic vhen & spill contacts solar
heated surfaces witia sabient air temperature above 90°F (32,2°C)

The vapor dispersion pattern is dependent on surface and air temperature, wind
direction and velocity and ground wind turbulence. A 30° (0.523-rad) cone of dis-
persion down wind from the source of a spill has been established based on experi-
ments with stwmospheric turbulent diffusion. Calculations of toxic vapor exposures
can be made based on assumed conditioms but the Weather Information Network Display
(WIND) system should be employed for dispersion predictions.

Both y:sytable and fixed toxic vapor detectors'are available that will sense
concentrations of 5.0 ppm (TLV) and less.

AlL known spills of propellsnts have been associated with malfunction of hardware
in the operational mode or with personnel activity. Minor spills [50 gallons
(0.189 w3) or less) have occurted in propellant holding areas, but no spills larger
than the normal few cubic centimeters that are lost during wumbilical discomnect

_have occurred on lawmch pads. .Minor leake of airborme hardware have occurred under
‘long term static storsge conditions. These leaks were discovered by periodic lesk

checks using & portable leak detector before hazardous concentrations were reached.
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Tatle £.5-3 (ooncl)

N. | 1.000 m1
PAGE | . . .

DATE | g/15/73

(LIST ADDITIONAL CONTENT IN THE ORDER OF SHEET 1)
ASSUMPTIONS /RATIORALE :

10, Operating procedures hsve heen developed énd are in use on 7Titen Il and Titan III1
programs that control both vapor and liquid. Contingency procedures include
neutralizetion of liquid waste using a sodiun hydroxide solution.

11. Nitrogen tetroxide has been used safely on the Titan 1l and Titen III programs
by both MMC and USAF personnel.

12. Detail designs and handling procedures cen be developed to reduce the hazard
level to Controlled.

REQUIREMENTS :
B. Operations
1. Provide protective clothing for propellant handling personnel.
2. Propellant haadlers will be trained and certified.
3. Propellant hsndlers must pass an annual propsllant physical oxaminntioq.

4. Personnel required to be in the vicinity of contained No0, will attend o
propellant indoctrination lecture annually.

5. Define the propellant hendling and louding plan.

6. Operations will be controlled by detailed procedures that have been approved
by System Safety.

7. Provide contingency plans to alert and/or evacuste unprotected personnsl from
areas subject to hazardous vapor concentrations.

v
N
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Table i.5-4 Sample Hasard Catalog Part I, Hasards List*

SECTION: 1 - MA(N PROPULSION PAGE: 3.}
=
WAZARD NAZARD s|8|e g
K0, v [ gm o] x
ot 2 &) o -y
(YY) (4 §—l < (=] f}
1.001 Highly toxic, corrosive oxidizer, Nzo“ ) 1.1 {ceir. ¥
1.002 | Highly toxic, !hmble/exploﬂve\ fuel, WH 1.2 [Crit. X
1.003 Propelliant tank ullage overpressure during
preflight X
1.004 Fire/Explosion from both tanks rupture . 1.3 jCac. X
1.005 Propellant contemination of Orbiter Payload Bay X
1.006 Overpressurization of propellant tanks by X
pressurization system
1.007 Pressurized Relium Sphere 1.4 |[Crit, X
1.008 Common Pressure Source . 1.5 |Crit X
2.001 Highly toxic, flammable/explosive monopropellant 2.1 |Crit, X
e . .
2.002 Pressurized Helium Sphere 2.2 |Crit. X
2.003 ACPS propellant dump capability 2.3 [Cet. X

Pi ns ow

L.
% 13 .

% From Vol 7.0 Selected Option Data Dump (Ref 5.8)
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Table 2.5-5 Hazard Catalog Par: II, Restdual Haaarde*

SYSTEM: _1 - Main Prcpulsion ITEM NO, 1,1
SUBSYSTEM: _Oxjdizer, N,0 HAZARD LEVEL _ Critical
COMPONENT: _N/A DATE 8/1/13

HAZARD DESCRIPTION:

Nitrogen Tetroxide, N,O0,, is & corrosive, highly toxic oxidizing agent. It is
nonflimmable in air but supports coxbustion and is hypergolic with the hydrazines.
N 0,. in contact with organic materials may casuse fires, Health huzards include
sain and eye burns from liquid or vapor, and the extreme toxic cffects of
breathing vapor. .

T

i
1

i

m

RECOMMENDATION:

1) Since N,0, has been used safely oa Titan II, Titan IIX, and Apollo, it is
recommended that “2% be accepted as the Space Tug storable oxidizer.

R

2) The hazard level will remsin critical until hardware build snd approved
detail operating procedures demonstrate the hazard is controlled.

DISPOSITION ; ‘ ‘ '

+

:
s
#
d

. Ll

TR LT e e s )

* From Vol 7.0 Selected Optiom Data Dump (Ref 5.8)
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2.5.2 Ground¢ Operations - Ground operations consist of vehicle
tests, fleet size dotermination, lsunch-site operations, logistics,
faciliries, ground-support equipment (GSE), maintenance and re-
furbigshment, and manufacturing. These subjects are summarized

in the following subsections. Details of these subjects are pre-
sented in Vol 6.0, Sect. II, and Appendix of the Selected Option
Data Dwrp (Ref. 5.8).

2.5.2.1 Ground Rules and Assumptions - Throughout the Space Tug
Study, certain assumptions were made to accomplish the operations
analyeses and determine maintenance concepts and fabrication re-
quirements in parallel with basic conceptusl design and configura-
tion definition. Conversely, requirements resulting from these
disciplines vere levied on the design to ensure testability,
maintainagbility, and, most important, reuseablility.

1) Baseline Tug flows assume:
(a) Propellant loaded off-pad;

(b) Spacecraft/Tug mate accomplished in Tug maintenance and
checkout facility (MCF);

(¢) Tug/Orbiter mate accomplished in Orbiter MCF;

(d) Tug/Orbiter separation subsequent to flight in Orbiter
MCF.

- " -

2) Total site operation planning at both KSC and WIR was based
on maintaining the Tug refurbishment and prelaunch time, and
adjusting crew and fleet size to sccommodate the variation
in lsunch rate for each final option,

3) New Tug acceptance will be accomplished in Denver.

4) The expendable Tug in 1990 is the last Tug so that one of
the active Tug fleet can be used. Therefore, the number of
expendable Tugs built will be one less than expendable mis-
sions.

5) EKSC and WIR operations will be based on five-day work weeks.

Pt Tlp\;numbet -of shifts per day will vary to meet program needs

" .for ‘each’ final option.

6) No additional flights or Tugs will be considered ae & result
of Shuttle aborts, reflights, etc,
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7) Tug flights will be limited by Orbiter availability to no more
than three in 1980 and no more than 21 in 1981 (Final Options
1, 3, and 3s8). The build-up for Final Option 2 is assumed to

be:

Flights 198{ 1985 1986
KSC Q 18 24
WIR s B

Totsl 15 3l 41
8) External Tug cleanliuess will be class 100,000.
9) The hypergolic loading facility will be shared with OMS.

2.5.2.2 Vehicle Test -~ Test methods growth, experienced during
the last decade and extrapolation through the next two decades,
indicsate that cost effectiveness in testing with proper priorities,
governed by mission criticalities, will be the driving factors.

In long-duratiorn many-flight programs like Tug, exhasustive testing
of all components, systems, and end items could be performed
regardless of criticality. This would involve an extensive and
costly test program. Instead, ocur approach to the Tug test pro-
gram is to put the emphasie on two areas:

1) Testing new conceptual-design and rew-technology hardware
during early design phazes;

2) Testing for defects in manufacturing workmasnship and testing
for hardware infant mortality during the flight-Tug production
_phase.

Component development testing will be accomplished during the
design phase to evaluate design feasibility and capability to
accomplish its intended function., These tests will be developed
to identify and solve potentiasl and actual design problems during
the hardware evnlution phase. Development testing will consist
primarily of extensive performance &nd limit tests plus selected
environmental tests. Qualification testing will be performed on
flight-configured components to environments greater than antici-
pated during .a.mission in order to assure that the design and
fabrication,of: flight hardware are compatible with flight environ-
K’mnﬂts greater than anticipated during a mission.

The Tug development test program requires five separate test
vehicles:

1) Static Test Article - Static structure load, ground vibration
survey, and other dynamic tests;
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2) Thermal Effects Test Model - Thermal balance tests, main engine
hot firing, and propulsion systems functional test;

3) Propulsicn Test Vehicle - Development propulsion-syetem flow
performance, system compatibility hot firing, ACPS feed-
system verification and hot firing;

4) Controls Mockup - Electronic design confirmation and software
development;

5) Life Test Article - Demonstrate survivability of tanks and
major structure through repcared pressure and dynamic load
cycles.

Flight-vehicle testing will commence with the prototype vehicle
and will be continued on each flight article. All acceptance
testing will be conducted at the contractor's facility before
shipment of Tugs to KSC or WIR.

Prototype vehicle acceptance tests will include systems tests--
an EMI/EMC test to demonstrate electromagnetic compatibility with
Orbiter payload requirements, and a thermsl vacuum test closely
approximating a typical mission environment, with margin. Flight-
vehicle tests include functional demonstration of Tug systems
performance, including senscr acquisition tests, vehicle con-
figuration verification to released engineering, and data review.

2.5.2.3 Fleet Bize ~ Total fleet size is determined by three pri-
- many factors as discussed in paragraph 2.1.2:

‘1) Missions accomplished by experding Tugs;
2) Tugs lost due to reliability/malfunction, or other reasoms;
3) Active Tugs required to accomplish the mission model in 1990,

It is also based on the premise that the last expendable Tug is
one of the active fleet units expended in late 1990.

Other factors that were comsidered are yearly launch rates and

" nimber of Tugs required for the first and subsequent years to

. ;uaccomplish the mission. These factors, though considered during
‘“*fleet sizing, basically determine the production rate and number
of Tugs required at each launch site at any specific time during
the program. Considering this, plus the overall cost trade-off,
and the fact that, in specific circumstances, it is more eco-
nomical to expend a Tug than to accomplish the mission by othex
techniques, the Tug fleet was calculated to be:
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- ORIGINAL PAGE 18
OF POOR QUALITY

Fingl Option 1 - 15 Tugs;
Final Option 2 - 13 Tugs:
Final Option 1} -~ 16 Tugs;
Final Option 3A - 16 Tugs.

The active fleet is defined as the Tugs needed at any specific
period to accomplish the mission model as it equates to launch
rate., More specifically, in the céntext in which the active
fleet is referred to here, it is the number of Tugs required to
accomplish the 1990 mission model considering that, in 1990, all
expendable Tugs and reliability losses will have been expended.

Figure 2.5~1 is the result of active fleet size analysis using

the Tug turn-around time defined in paragraph 2.5.2.4--the typical
Orbiter-Tug miseion length of seven days and the point of payload
integration and payload-Orbiter demate baselined at the Orbiter
checkout facility.
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= .
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23 :l 6, 8 1012 14 16 1%2022 2426 283b 32
'.‘Aa?f’réﬁiﬂi S JLaunch Centers, days . l |
: 100, 50 3530 26 222018 161514 13 12 1110 9 8
=,“ S Yearly Launch Rate

't

Fig. 2. 5-1 Active Fleet Size
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2.5.2.4 Launch Site Operations - Launch site operations for the

four final options are basically the same, regardless of type of
spacecraft or mission requirements, and there is very little effect
when the subsystems are modified; i.e., the main engine is changed
or the avionics is uprated from a "heavy” systen to a lighter

"state-of~the-art"

systen, Basic drivers for all operations are

fleet size, launch rate, and location for various integration
milestones; i.e., Tug-spececraft mate, Tug-Orbiter mate/demate,
and propellant loading. Throughout analysis and costing of vari-
ous options, a change of 10C was found to have minimal effect on
ground operations.

The pre-10C operational plan for KSC and WTR will be accomplighed
in two phases, as¢ shcwn in F’'gure 2.5-2. Phase I is basic acti-
vation of the facility and training of personnel; Phase II will
process the first operational Tug through its normal functions.

Phase ] - Site Activation & Verification

January 1979

weeks!1 f2[3]als[e6]7[8]9f10[nf12{13[14]15}16{17]18{19]20{21}22]23]24125] 26]

= Crew Training

=3Safing & Purge Area SOF/

=) WCF/PPF SOP

Phase I1 Tug 1

] PLF SOP/

] Launch Complex SOP/
) Personnel Certification

weeks| 27128} 2930]31132[33]34 [35]36 {3738} 39]40{41]42]43]a4]a5]45|4a7]a8]e9[50]51|52]

L = Tug RAl & Subsystem Checkout 8 I/F Verification
] Tug CST/EMI

Legend:
§#43 Orbiter Required
EEER shuttle Requived

ooy Load/Unload Propellants
£ Purge/Safe Operation
Orbiter/Tug Mate & Checkout
BB Pad Operations
[ Systems & Integrated Systems Checkout
Recycle Tug for =) Propellant Loeding & Spacecraft/Tug Mate
Flight Operations—e L= Orbiter/Tug Mate & Checkout
=3 shuttle/Orbiter Mate & Checkout
=l P2d Operations
A Launch

Fig. 2.5-2" Pre-I0C Operations Plan .
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Launch-gite ground turnaround-operations timelines are shown in
Figure 2.5-3. Functions timelined are major elements of the Tug
launch-site operation. Also included are top-level functional
flow times, WBS Level 5 breakout, and tabulation by hour of the i
number and types of technical personnel needed for ground turn-
around functions for one Tug.

The figure shows that it requires 184 hours of Tug operation to
turn one Tug sround. This time was determined through a detailed
analysis of functional activities required on the Tug, accessi-
bility of Tug hardware for test.crew access, and its availability
for simultaneous testing. Because of access limitations, an
increase in crew size will not appreciably reduce the time re-
quired. A reduction in crew size will increase the time but
could cause an increase in active Tug fleet size to meet launch-
center requirements.

Using this functional flow, personnel requirements data, and ;
knowing the launch rate at each launch site, a basic test opere-
tions crew size can be developed for each site. This crew/option
matrix is shown in Table 2.5-6.

Table 2.5-6 Crew Size Swmmary

Final Options }
T ULITITLT 1 2 3 3A

\ | 4 ksc | wrr | ksc [wrr | ksc {wrr | ksc [wrr
T Iwirst . support |24 |18 | 24|18 | 24 {346 | 24 ( 34 '
}{%9{;} Test © |30 {30 | 30|30 | 30|52 | 37 66 ;
ToraL | 54 [48 | sa |48 | s4)s6 | 61 |100
Average  Support | 44 {18 44 | 34 44 | 34 46 | 34 j
e iﬁ‘t’ozx’bvfrfstﬂ 52 |30 | 9852 | 98{s2 |112] 66
1990 ToTAL |96 |48 | 142 |86 | 142 [86 | 156 100 ;

Ayttt n%»"w E R PP

) Because the optimum checkout span has been found to be 184 hours
T for:the-baselined flow of the Tug, factors that most affect crew

RN, (B s!zemwthe ‘size of the active Tug fleet and the launch rate as

-u;yﬁi i4‘ﬂv1t wnrieS‘wdth «2ach .option.

. ‘_" N

-
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2.5.2.5 Logistics ~ Logistics support provides the systems and
disciplines required to ensure integrated logistics throughout

the program. Existing logistics systems, computer programs, and
data products that have been proved on launch vehicles, Skylab,

and Viking programs will be used to support the Tug. The logistics
technical approach defined is not sensitive to individual Tug
configurations; however, costs associated with refurbishment, re-
pair, spares, and transportation do vary, based on the design com-
plexity of the different configurations, fleet size, and the num-
ber of Tug missions., Variations in costs of logistics support

for the different Tug configurations are reflected in the logistics,
refurbishment and integration sections of the WBS (320-05/13/14).

Elements included in the overall logistics program are maintenance
analysis, spares selection/management, identification, development
and conduct of the training program, and management of vendor 'doc-
urentsation. Primary documentntioﬁ'tofﬁe prepared will be opera-
tions, maintenance, and handling manuals for the GSE, remove-and-
replace procedures for Tug components, and transportation and
handling plans for all program equipmext.

Spares required to support the Tug program for each of the four
configurations have been identified and are based on anticipated
issue rate, repairability, lead time to procure or repair, quan-
tity per Tug, and cost. Major factors in determining spsres &
were the concepts that: .

1) A repaired avionic component is considered to have zero
operating time when it is put back in service.

2) .}ropeliaﬁt pressurization and mechanical components can be
refurbished s specific number of times and are considered
. to have zero operating time after refurbishment.

2.5.2.6 Facilities - Facilities required to support the Tug
program can be grouped into two categories--ground test and
launch operations.

Ground test facilities include all facilities and equipment
necessary to build, assemble, and check out the Tug at the
contractor's facility, and to perform required static and dy-
_namic testing of the vehicle and its related subsystems. These
facility requirements are listed in Table 2.5-7 by specific
buildings and areas, extent of modification required, and gen-
eral elements of work to be performed im each.

Facilitiee considered at launch sites are those required to ser-
vice, maintain, launch, and recover ‘the Tug. Also included at
both areas are provisions for administration and logistics sup-
port. Table 2.5-8 itemizes the major buildings and areas re-
quired and the degree of modification anticipated to support the
Tug program.
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Tug-Orbiter mate 4 demate X

1 Existing facility reguired for Orbiter

2 Existing fecility mod

3 fHew facility
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Tetle 2,6-7 Denver ond Off-Site Facllities FPlon
Use
Facilities Cude Purpose DiQ |A
Martin Marietta Denvar
1. Engineering Materials Lab 1 Materials/coup test & verif XX
2. Enviroamantal Lsbd 1 Black box tasting X|X
3. Structures Lsb 1 Tank/structures (GVS) testing X
4, lmak Test Facility 1 Tank mass spsctrometer He leak test)] X} X |X
5. Space Simulation Lat 1 Thermal vacuun teat X
6.. Space Support Bldg Hi-Bay Assy 2 In=line-assembly tests X}IX X
7. Space Support Bldg Accpt Test Fac | 2 Acceptanct testing XX |X
8. Contyvols Mock-Up Laboratory 2 Guidance mystems test/verif XIxX|x
9. Cold Flow laboratory 1 Propulsion sub & systems teat XiX
10, Manufacturing 1, 3, 4| Tug & Tug struct component build X{x1x
11. EMF 1 Electronic component build & C/0 XX |Ix
12, Psilure Analysis Ladb 1 Analyze failures X{X{X
13. Space Opsrations Simulator lab 2 Docking simulation X|Xx|X
14, Ilnertisl Guidance Lsboratory 2 Star cracker test & verif XiX
Off-Site Test Facilities
1. White Sande Test Facility
gngine Test Facility 401 i Hot engine firing X
2, Johnson Space Center
Chanber A 1 Thermsl vacuum § solar testing X|X
(Final Option 3A only)
Legend:
1 Existing facility--little or no mod required D = Developuent testing '
2 Modify existing ares/facilicy Q = Qualification teating
3 Fev facility required for Final Option 3A only A = Acceptance testing
4 Factory mod required for Final Option 3A only
Table 2.5-8 KSC and WTR Farility Plan
, Use
Facilities Code | Purpose KRSC | WTR
1. Maintenance & checkout facality | 3 Tug, checkout, spacecraft mate, )
(spacecraft processing facility) storage maintenance & refurbish-
. ment, Class 100,000 cleanliness
° level
2. Propellant loading facility 2 Propellant & pressurants loading | X
; _ & final leak test
3. Sufing ares ” . 1 Hanger for safing & deservicing X
e e before removal
&, umch’cagp\hx 1 Recractable clean room (Class X
) i‘ L K feag 100,000) on launch tower plus
N oy g M overhesd cranes for Tug removal
“:g.-;.a Em «g: . & replacemert
i . . S
5. Onluunee storage facilicy 1 Handling & storage of kick-stage | X
o S wotors
6. ’Orbiter, mating facility 1




2.5.2.7 Ground Support Equpiment - GSL required to test and sup-
port the Tug program from design development through last launch
is itenized in Tgble 2,5-9,

ladble 2.5-9 Grownd-Support Equipmert Swmrary

GSE Type End Items* Total Units”
Final Options Final Options
1 2 3 3af1 ,2 3 3
Electronics | 18 21 21 22 [ 53 88 91 94
Servicing 18 18 18 18 | 155 175 180 18C
Handling 22 22 22 27 | 147 138 163 211

*Function of final option Aesign

“Funttion of final option fleet size and/or launch rate

Electronic GSE makes maeximm use of on-board functions for test
and checkout of the Tug avionics subsystem, and of the three types
of GSE, is most sensitive to Tug development. The decign concept
of electronic GSE has the flexibility for & phased growth to sup-
port projected miesion growth of delivery and/or retrieval. The
design concept also envisions a8 ground computer test set common

to the launch processing system (LPS) for use during faciory
acceptance., This approach will permit generation of compatible
software for ‘both factory and launch sites,

Servicing GSE is totally Tug oriented. However, Tug servicing
will be very similar to that for the OMS, and nearly identical
to that for the Titan Transtage. As & result, a8 minimum of new
design is required to have these items ready-for production.
When similar functions are béeing performed for the OMS, it is
expected that identical GSE may be used vith only an interface
kit added for adaptation to the Tug. More detailed scheduling
may point out common use of specific items that could result in
program cost savings.

Handling GSE is completely new in design and will be built for
the Tug because of the unique structural interfacus, interrela-
tions between the Tug and the cradle, and Shuttle installation
and removal requirements. The intent is to make handling GSE
simple in design, functionally interrelated, and easily portable
for maximum use of each item at all contractor and launch sites,
Design and construction will stress simplicity and durability
instead of complexity, light weight, and hence, higher cost.
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2.5.2.8 Maintenance and Refurbishment - Maintenance and refurbish~-
ment concepts and requirements developed during the study provide
effective and economical logistics support to meet turnaround and
launch requirements for the Tug.

Scheduled (preventive) and unscheduled (repair) maintenance will
be performed on the Tug and its ground support equipment in a
manner consistent with the operational time constraint, to pre-
vent deterioration of inherent design levels of reliability and
operating safety and accomplish support. and protection at a mini-
mum practical cost.

Scheduled and unscheduled maintenance performed either directly

on the Tug, associated ground support equipment, or in a support-
ing role will be categorized into the following levels: (1) first-
level (organizational), (2) second-level (intermediate), and

(3) third-level Maintenance (depot),

Refurbishment and repair (R&R) costs have been determined for all
final option Tug configurations as well as for the kick stages.
Information obtained from analysis of maintenance, subsystem ’
design, fleet sizing, and total launches all entered into the
final cost evaluation. Major drivers in computing program R&R
costs are the quantity and types of components for each Tug con-
figuration, the number of flights a Tug end component will ex-
perience, and projected failure rates.

Prélimihary main-engine costs were received from Aerojet Liquid

 Rocket Company and are factored into WBS 320-13/14.

' $2.5.2.8.1 Rﬁfurbiéhment Approach - Refurbishment is performed on
.. propellant pressurization and wechanical components according to

their wear characteristics and the need to incorporate soft goods

"~ (0-rings and'vaIVEVSeAté)

m smﬁ# e

,fiThe ftequency of required refurbishment was determined during the
mi“;nmintenance analysis. When the average number of flights "(uses)
mexceeds ‘the frequency of refurbishments, the component is ‘replaced.

" The removed unit is then reworked and verified as a serviceable
.spare. and, placed in stock. If the frequency of refurbishments

' ;Nwexceedsbanticipated average flights per Tug, no refurbishment
mzkcost is :lncluded._“_~ :

‘5;Analysis of avionics components resulted in the concept that cur-
"rent state-of-the-art units will not be refurbished on a time-

limited basis. Instead, the condition of avionics will be moni-
tored and components considered serviceable until on-board or
ground checkouts deteriine otherwise.
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2.5.2.8.2 Repair Approach - Repair (unscheduled maintenance) is
required by failure of a component during flight (noncatastrophic)
or ground checkout. Upon receipt of the component at third level
maintenance, the unit is routed to the appropriate location for
complete repalir and reacceptance. Reacceptance constitutes func-
tional verification and verification of "zero" time on the unit.
It i then returned to stock as a spare.

Repair costs for each option were computed using standard issue
rates as a basis for the number of pyrobable failures throughout
the program. It was also assumed that launch-to-launch flight
cycle was one use for any specific component.

An assumption made in computing the total repair cost was that
major repair would be made by the component supplier at his
facility. This approach eliminated the indeterminable cost aspect
of providing the suppliers' acceptance and repair capability at
one or both launch sites. When subsystems are completely defined,
a more detailed analysis of this approach should be made.

Repair costs for GSE are estimsted to be & peycentage of acquisi-
tion cost. Because much of the effort for GSE 1s in structural
fabrication (chaseis vacks, frames, etc, as well as assembly and
test), a realistic technique is to compute the percentage against
oniy the procured items that historically have high repair costs.
Therefore, repair costs for GSE in each option were set at 20%

of acquisition cost for major procured items.

2.,5.2.9 Manufacturing - Tug wanufacturing concepts for the final
options have been developed with concern for logical fabrication
of subassemblies that flow parallel through production and converge
at the final assembly and installation position. Basic manufac-
turing techniques and processes required to fabricate, inspect,
and test the Tug have all been proved. Tug-peculiar configura-
tions for composite fabrications and welding of the screen tension
device will require supporting research and technology (SR&T) to
optimize detail design and fabrication processes. Fusion and
resistance welding teciiniques will be developed for material gages
necessary for Tug tanks. Processes will first be qualified on

the static test article, then optimized and validated on the

first production vehicle. Although detailed anslyses were con-

. ducted for each final option, it has not been determined that the

characteristics of each option have any direct effect on manu-
facturing, tooling, facilities, processes, skills, or planning
philosophy.

Our manufacturing plan divides the Tug into logical subassemblies
that can be built and tested as separate units. The oxidizer and
fuel tank sections and the vehicle foiward shell are the three
major comwponents of the structure. The main prooulsion and
attitude control systems will be delivered to final assembly as
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approximately 35 welded and tested subaseemblies. Vehicle wiring
will be built up on a tool and installed on the Tug as a complete
harness. Figure 2.5~4 shows the flow of these major components
through fabrication, assembly, installation, and test.
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2.5.3 Flight Operations

Flight and ground mission-support systems for the four Tug final
options were examined to provide an overall operational analysis
consistent with current levels of definition. A summary of this
examination is presented in this section. Details are in Vol
6.0, Sect I of the Selected Option Data Dwmp (Ref 5.8).

2.5.3.1 Ground Rules And Assumptions - Tug flights will be con-
ducted by both DOD and NASA as the prime operating agencies. For
visibility and uniform understanding of the operations concepts
of the two agencies, the following ground rules and assumptions
were used.

- The USAF will be the executive agent and mission operating
agency for the DOD and all DOD users; RASA will act in the
same capacity for all users other than DOD.

- The Space Shuttle and Tug upper stage will be launched from
both KSC and VAFB during the operationsl program.  NASA will
be the launch agency at KSC; USAF will be the launch agency
at VAFB. Each agency will have missions requiring the use
of both launch sites.

- RASA viil provide all general-purpose Shuttle facilities at
KSC; DUOD will provide such facilities at VAFB. DOD payloads
will be processed in a DOD-controlled facility at both VAFB
and KSC.

- A DOD Shuttle system simulator will be at 'VAFB for training
DOD personnel. This simulator will be available for closed-
loop simulations with the VAFB launch control center (LCC),
KSC LCC, .and the Sunnyvale operations management center (OMC).

;‘“Vehicle“operations management control will be assumed by the
operating agency at holddown release, regardless of the launch
gite.

4= . Operational management control of DOD missions will be ex-
ercised from a DOD OMC located with the STC at Sunnyvale ard
using the AFSCF network. Operational control of NASA missions
will be exercised from s NASA operations center. The DOD may
use NASA-developed software in its OMC. DOD-unique softwa:d,
if required, will be developed and provided by the DOD.

2-193




- Esch operating sgency will be responsible for planning its
own missions. Shuttle mission design and mission planning
capabilities of both operating agencies will be compatible
in crew training, procedures, contingency handling, and rescue
mission design. Additionally, on-board software will be com-
patible in crew training, procedures, contingency handling,
and rescue mission design. Additionally. on-hoard software
will be compatible with launch and control centers and mission
simulation facilities, and will be the same for s&ll vehicles
except for ‘ome mission-peculiar subroutines.

= NASA will maintain & common data base to be used for mission
design and operations support by both operating agencies. The
Tug contractor and launch centers will mske appropriate per-
formance and calibration data updates to the data base as
required.

- Tug autonomy levels will be preempted, following Tug deploymént
from the Orbiter, for RF command and data flow verificationm,
and during Tug recovery for statusing and safing.

-~ The use of an operations S-band tracking and data relay satellite
system is assumed.

- The DOD and NASA will provide a joint, coordinated use of fa-
cilities for the resolution of contingency situations on the
']Shutﬁ}e.
2.5.3.2 Orbitul Operatious Performance Data - A general description
of Tug configurations selected for each final option was presented
in Table'2.4-1 .‘"‘*‘f‘j

Design performance data (weights, propellant load sizZing, velocity
budgets, étc) required to define the capability of the selected
Tug -and ‘kick-stage configurations evolved in this study are sum-
marized 4n para 2.1. These were presented in detail in Vol 6.0,

- Sect. 1 of the Selected Option Data Dwmp (Ref 5.8).

These configurations have been shown to be capable of capturing
all*baseline missions defined by NASA and DOD, using the following
Vflight*modes._ ' .

- Reusable Tug Modes (delivery, retrieval, round trip) - gen~
erally the preferred techniques;

-~ Kick Stage Modes - Used only on the mure difficult planetary
missions;
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- Delayed Retrieval Flight Mode - Used only on geostationary
missions;

- Expendable Mode - Used only on the more difficult deep space
missions.

In parallel with the evolution of design data, orbital-opersations
performanc~ requirements were examined to assess the air/ground
operational interface. Critical functions or mission events af~-
fecting crew safety and mission success were identified by mis-
sion phase and generalized for applicability to most mission pro-
files. When assessed with the operational modes defined by au-

tonomy level, a ground/on-board interface functional responsibility

matrix was developed (Table 2.5~10). The following definitions
apply: '

Prime - Normal planned functiénal responsibilities;

Auto - On-board computer control and limit check;

Backup - Requires ground decision that on-board system failed;
Override - On-board requests assistance from ground;

Shared - Functional responsibility divided between on-board and
ground.

Autonomy Level II was used as a baseline for the final optioms
presented in para 2.4. The definitions of all autonomy levels
are listed below.

Level I Autonowy

- ACompletely independent of any msn-made inputs after separation
(beacons, orbiter, ground)

~ On-board measurements and calculations allow mission to be
-- completed in its entirety, including all Tug and spacecraft
" operations '

- Final on-board rendezvous and dobking capability

~ Command uplink override capability and telemetry downlink
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~sile 2.6-10 Ground/On-boari Furcticral Reeponsibility by Mission Phase

Autonomy Levels
Mission 1611 111 1V
Phase Function On BOARD | Ground On Board | Cround | On Board | Ground
Hared Contingency propellant dump for abort Prioe Override | Prime Backup - Prime
ALc€3t | ionitor Tug systems for out-of-limits Auto Override | Shared | Shared | Prime
' conditions
Orbiter | Tug system checkout in Orbiter bay duto Override | Shared Shared - Prime '
Park Orbiter/fug fluid anterface disconnect Auto Override | Prime Backup | Prime Backup
) Continne Tug systems verification deployed * | auto Override | Shared Shared -— Prime
, on BRMS arm
Orbiter/Tug electrical interface disconnect Anto Override | Prime Backup | Prime Backup
Cooplete systems verification after relesss Anto Override | Shared Shared - Prime
of Tug .
High-gain antenns deployment Auto Override | Prime Backup | Prime Backup
Aligunent check of IMU with orbiter & Auto Override | Prime Backup - Prime
separation burn (ACPS)
Pre-Main | IMU realignment using ster tracker Avto Override | Prime Baclup | Prime Backup
g’: ¢ So‘hr-nruy retraction® Auto Override | Prime Backup | Prime Backup
Acquire burn sttitude Auto Override | Prime Backup | Shared Shared
Main Main engine preparation sequence Auto ‘| Override | Prime Backup | Prime Backup
2?_::‘ Main engine burn Auto Override | Prime Backup | Shared Shared
Main engine shutdown sequence Auto Override | Prime Backup | Prime Backup
Post~ Solar array deployment & srticulation® Auto Override | Prime .Backup | Prime Backup
}l-‘.:;:m aAcquire/hold therms) attitude Auto Override | Prime Backup | Shared ~ Shared
Burz State vector updates ‘ 1-Auto Override | Pripe Backup - Prime
(Coast) . 11-Pripe | Backup
Pre- Solar array retraction® Auto Override | Prime Backup | Prime Backup
gi‘;‘"" AcqQuire delivery sttitude Auto Override | Prime Backup | Shared Shered
Spin up 8p raft (1f yequired) Auto Override | Prime Backup | Shared Shared
Perforw vtdciiv-ry checkout o spacecraft® Auto Override | Prime Backup | Shared Shared
s/c 4 Electrical ‘interfece disconnest® Auto Override | Prime Backup | Prime Beckup
Delivery Realease spacecraft v Auto Override | Prime Backup | Shared Shared '
Post~ Solar array deployment & articulation® Auto Override | Prime Backup | Prime ‘Backup
gﬁ“‘r’ Acquire thermal attitude Aoto Override | Prime Backup | Shared Shared
Stationkeep®® Arvto Override | Prinme Backup | Shared Sharad
Pre- Retract solar array Auto Override | Prime Backup | Prime Backup
. g::tﬁv- A:qu-irc rendezvous sttitude Auto Overrvide | Prime Backup | Shared Shared
alse
s/C Rendezvous with spacecraft Auto Override | Prime Backup | Shared Shared
‘:;:“'7- Acquire docking attitude Auto Override - Prime - Prime
.| Spio=up docking edapter, if spacecraft is Auto Override -- Prime - Prime
{spioning .
Dock Auto Override — Prime - Prime
Despin, if required Auto Override | Prime Backup | Prime Backup
l’uﬂ.?i;,11 Acquire deorbit attitude Augo Override | Prime Blélv.Up Shared Shared
i:i'r“v- dh e s
’ | alm
Pre— Establish Tug/Orbiter RF link Prine Backup Prime Backup | Shared Shared
g::::: s.!ing/pu‘iliv-tion Prime Backup Prime Backup - Prime
vous attcolar array § high-gain sutenns retractior | Auto Override | Prime Backup | Prime Backup
Orbiter |Reestablish electrical interface Auto Override | Prime Backup | Prime | Backup
Retrieve |, rform exhaustive systems limit checks/ Prime Backup Shared Shared - Prime
on NS verification
Post- Reestablish fluid interfaces Prime Backup Prime Backup | Prime Backup
E::‘;::We Systems status report to ground to Prime Backup Prime Backup | Prime Backup
biter Bay expedite turnaround
*Does nct apply to Final Option 1
#*2Does not apply to delivery-only cases
a*esolar Array Retraction not applicable to Final Option 1
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level 11 Autonomy

- Ground or navigatiocn satellite beacons acceptable (either must
serve multiple users)

- evel 1 autonomy required for orbits in which ground or satel-
lite beacons do not provide satisfactory state determinations

- Final on-board rendezvous and docking capability

- Command uplink override capability including spacecraft status.
redirection and retargeting of mission with telemetry downlink

Level II1 Autonomy

Ground stations provide state update during entire mission

On-board calculations are performed for mission completion

Final rendezvous is made by on-board capability

Final docking with ground support
~ Command and telemetry capability

Level IV Autonomy

~ All ‘phases ‘are controlled from the ground

- Calculations are pefformed primarily on the ground (such as
main burn and midcourse—duration and direction)

-~ Ground will control final rendezvous and docking

~ Command and telemetry capability

-(.0" T
TR SRR I
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2.5.3.3 Network/Communication - Ground-station passes and contact
times required to maintain readiness for ground command override
during critical Tug functions were developed ueing representative
uission timelines. These data are summarized in Table 2.5-11.
Details are presented in Vol 6.0, Sect. I of the Selected Option
Jata Dumy (Ref 5.8). Station passes and contact times are shown
as requirements and were not compared with ground-station cover-
age. Therefore, contact times are independent of the network
used and there may be some incompatibilities (i.e., a require-
ment to communicate with the Tug for monitoring and/or command
override during critical events when there is no ground station
coverage).

Due to ground-station pass-duration variations with altitude,

any requirements for contact times in excess of 10 minuies were
divided into two passes if altitude was less than 5000 km, but
listed as one paess if more than 5000 lm. Minimum monitoring time
shown for any event is ope minute, to allow for data lock-on and
analysis in case override commands ar¢ required.

An operational S~band tracking and data relay satellite (TDRS)
system was assumed; however, there are known ground-station
constraints above 5000 and below 1300 km because of incomplete
coverage. They are not reflected in this study.

Mission-critical functions requiring ground override action could
conceivably occur in any mission phase or any autonomy mode;
hence, network readiness and manning-level requirements are not
expected to vary greatly with mission phase or with the first
three levels of autonomy.

2.5.3.4 Guidance and Navigation - The purpose of the guidance

and navigation error analysis portion of the Tug study was to
ensure that the subsystems selected allow the Tug to meet the
specified delivery accuracy requirements and return to the Orbiter
within accuracy uncertainties that permit the Orbiter to acquire
and rendezvous with the Tug. Further, requirements for midcourse
corrections and/or vernier burns to meet these accuracies were
defined for impact on subsystem design. Various types of navi-
gation systems were anzalyzed to determine their ability to meet
the different autonomy levels. Navigation with periodic updates
from ground tracking stations was evaluated as & system meeting
the Autonory Level I1I1 requirements. One-way doppler (OWD) and
interferometer landmark tracking (ILT) systems were considered for
Autonomy Level II, and horizon sensors (HS) were considered as

the only satisfactory candidate meeting the requirements of
Autonomy Level I.
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Table [.6-10 Tuz Netuorx Jperations Requirements

Station Tug Mode
Misgion Config Category 1 2 3 4 L) 6
Geostationary 15 Stations | No passes
below 5000 km 13 15 15 15 12 15
Total contact
time (min) 86° 104 104 116 98 84
TORS + No passes
S Stations above 5000 km 3 5 6 3 4 3
Total contact .
time (win) 86 104 116 116 98 84
High-Inclination 15 No preses
Circular/ . Stations below 5000 km 13 15 15 15 12 15
Elliptical Total Contract
Time (win) 86/72 | 104/90 | 116/102 | 116/102 | 98/84 | 84
TDRS + No passes
S Sratioms above 5000 km 3/2 4/3 4/3 3/2 4/3 3
Total contact
time (min) 86/72 | 104/90 | 116/102 | 110/102 | 98/84 | 84
Ouier « 135 No passes
Planetary Stations below 5000 km 13 14
Total contact / . / / /
time (min) 62 102
- TDRS +. . | No passes ‘ |
5 Stations above 5000 km 1 2 )
Total contact
time {(min) 62 162

Note: Llevel Il sutonomy assused
Extrapolations of analyzed cases because computer runs performed on geostationary mission only

Teg Mode 1 = “Single-stage deliver only - Pinal Option 1 Tug
Tug Mode 2 = Single-stage delivery/retrieval - Final Option 2 Tug
Tug Mode 3 = Delivery/retrieval (phasse~developed) - Final Option 3 Tug
Tug Mode 4 = Stage-and-a-half delivery - Fingl Option 3A Tug
Tug Mode 5 = Delivery & first-half delsyed retrieval i
Tug Mode 6 = Gecond-half delayed retrieval Special Cases
b e,
T
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The predominant Tug mission objective was to deliver and/or re-
trieve a spacecraft from a geostationary Earth orbit. This type
of mission demonstrates most of the complex vehicle functions and
was therefore used as a basis for these analyses, Delivery ac-
curacy requirements were specified for a geostationary mission,
which allows a direct evaluation of results.

. 2.5.3.4.1 Ground-Update Navigation - Autonomy Level 1II allows

a state update to be received from ground tracking stations during
the entire mission. The ground network used in this analysis has
15 stations, as defined in Table 10-1 in Vol 6.0, Sect. I of the
Sclected Optior Data Dww (Ref 5.8).

While continuous ground contact is not required to navigate suc-
cessfully, a TDRS system has been assumed to be available that
would permit receiving an update when the Tug was not within view
of any of the 15 ground stations. Navigation uncertainty for a
geostationary delivery mission to 87°E longitude was evaluated
using a Martin Marietta computer program.

A discussion of the computer programs and derived navigational
uncertainty results were graphically presented with supporting,
text in Vol 6.0, Sect. 1 of the Selected Option Data Dump (Ref
5.8). Accuracies for both the delivery and return-to-Orbiter
states were within the requirements.

2.5.3.4.2 Autonomous Navigation - Autonomy Level I and II navi-
gation requires a means by which the Tug can determine its attitude
and state with on-board sensors and computational software, in-
dependent of any dedicated ground-generated information. Autonomy
Level I further requires that no man-generated ground information
(such as beacons) may be used. Three sensors meeting these au-
tonomy requirements were considered for use with the on-board IMU
package. A horizon sensor (HS) meets Autonomy Level I require--
ments ‘and will provide a complete, although somewhat rough, es-
timate of the Tug's position above the Earth if the vehicle's
inertial attitude is known from the IMU package. The HS model
errors are assumed to orig‘nate from the altitude uncertainty of
the CO, absorption layer and uncertainty in sensor Measurements.

An interferometer landmark tracker (ILT) and a one-way Doppler
(OWD) -system were investigated as candidates to improve the navi-
- gation capability of the HS and still meet Autonomy Level II re-
quirements. The ILT is a phase detector that measures the phase
difference between components of a wavefront received on two
spatially separated antennas. Because it is capable of processing
a short radar pulse, system performance is not degraded by rapid
axial motion of the Tug.
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The OWD system is 'one-half” of the conventional Doppler process.
OWD does not retransmit a signal, but compares the received fre-
quency with the previously defined nominal frequency to determine
relative velocity. Thus, the uncertainty (or instability) of

the frequency source contributes to total sensor uncertainty,
vhich is primarily a result of the precision of the on-board
clock.

Error analyses for these sensor models were conducted using the
same computer process used for ground-update navigation. The
results were reported in Vol 6.0, Sect. I of the Selected I ption
Zaza Jwwy (Ref 5.8). Agaln, accuracies for both the delivery
and return-to-Orbiter state were within requirements.

2.5.3.5 Rendezvous and Docking - The avionics rendezvous and

docking requirement is met by addition of a scanning laser radar

and video subsystem in the spacecraft interface rendezvous and docking
module. The ACPS tanks are selected to provide the energy re-

quired to execute the rendezvous maneuver. Detailed avionics and
propulsion considerations for specific options were presented in

Vol 5.0, Sect. I of the Selected Optior Zzia Dwp (Ref 5.8).

A typical rendezvous sequence, shown in Fig. 2.5-5, consists of
an initial (intercept) burn that places the Tug in a new orbit
designed to intercept the target at a specified time. During the
subsequent coast, guidance equations are resolved to determine if
correction burns are required to ensure an interception. Then,
a braking burn .is executed to orbit with the target vehicle.
Finally, another check is made to ensure that relative velocities
are within hand-over requirements of the terminal system. Addi-
tional data showing a typical geostationary mission were pre-
sented 4o .Fig..-11-2 and 11-3 of Vol 6.0, Sect. I of the Selected
Option Data Dwnmp (Ref 5.8). ‘
o R - S

Tug perfor‘-sf“f«lntercept burn at time T,.

{in this case, based-on vrelative 1

range & range rate data)

Target position at Ti‘

Check made to see if correction bum Transfer

?reater than an input tolerance (1 ft/sec) Orbit

0.305 m/sec) is required, burm executed
if required

etc. Above check nepeated‘at requested .
time tntervals (200-sec intervals) ‘ Terget

Braking burn performed at nominal distance
behind target by Tug to orbit with taryet.

Check made to assure relative oV within
specified tolerance (0.05 ft/sec)(0.015

Tug
m/sec). Rendezvous Geometry Orbit

Pig. 2.5-5 Tug Rendezvous Sequence
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From a range of approximately 30 n mi (55.6 lam), the scanning
laser radar, a ranging device baselined for Final Options 2 and 3,
will track to a corner reflector on the target vehicle. From a
range of approximately 100 ft (30.5 m) to dock and latch, a TV
camera will be employed, using either, remote manual operation
from the ground or an automatic data processing of light-bar-type
data to satisfy automatic docking requirements. Laboratory eval~-
vation using the ground operators concept was reported in Vol 5.0,
Apyendix D of the Selected Opiion Data Dump (Ref 5.8).

i
E
-
5
g
8
b,
&
E
i

Rendezvous and docking may be feasible without using a separate
video camera. Its absence would impose a severe operational lim-
itation becsuse backup or workaround capability would be minimal
if the initial docking attempt failed. A video csmera will permit
manual intervention, and is a significant requirement for opera-
tional flexibilicy.

2.5.3.6 Softwere = Development and mission-peculiar updating of :
the Tug airborne computer softusare package is one of the major g
operations-oriented tasks in the Tug DDT&E program. Basically, 3
the approach followed is similar to that used for the Titan IIIC
system. The package will be capable of directing Tug over a de-
fined range of mission possibilities; scientific equations are
developed, and computer logic is programmed for this defined mis-
sion range.

" The Tug flight software problem is more complex than that for
conventional expendable deliveries like Titan IIIC. This greater
complexity is shown by the use of a 4-megabit memory and fhree
central processing units in the airborne computer, and it implies
a more complex problem in software programming and validation.

A conservative, completely redundant dual-validation loop is con-
sidered an absolute requirement for Tug system development.

The first loop employs an interpretive computer simulation (1Cs).
This velidation provides a necessary development tool for diagnosis
and validation of flight software. The ICS provides a complete
digital simulation of the six-degree-of-freedom vehicle mechanics,
. sexvo response of the vehicle flight-control systems, and the

.. airborne .flight computer. In addition, a complete set of air-
borne computer diagnostics that permit tracing any anomalies in

the flight program is provided.

The second validation loop uses a controls mockup (CMU) in which
as many articles of flight hardware as possible (inertial measure-
ment unit, flight computer, engine actuators, etc) are coupled
with a hybrid computer simulation of those elements that cannot
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be set up in the laboratory (flight wechanics, engine thrust, etc)
The merit of the laboratory validation is that it provides maxi-
oum confidence in the softwsre package that can be obtained short
of actual flight test.

Playing the 7light software through a flight computer in these
facilities provides complete functional confideunce in the sys-
ten developed. Run times are real time (whereas ICS is slower
than real time), and it is possible to validate all critical
cases in the defined mission range. ICS validation, due to com-
putational time and cost, can only ssmple criticsl cases. For
rendezvous missions, the space operstions simulation (SOS) con-
taining a moving-base docking unit is routine as part of the CMU.

This dual (ICS/CMU-SOS) validation loop provides complimentary,
complete confidence in the flight software package. After this
validation, there is complete confidence that & software system
capable of operating over the defined mission range has been de-
veloped. Then, the only recurring activity required to fly a
particular mission within the scope of the defined miasion range
is preparation of specific mission targeting parameters, prepar-
ation of a mission-peculiar input tape, and verification that
the tape has been prepared and entered in the flight computer as
intended. .
2.5.3.6.1 Spacecraft Deployment Software ~ The functional capa-~
bility required of the flight software package to deliver space-
craft over the range of missions defined by NASA and DOD, and
return to the Orbiter, is shown in Table 2.5-12.

The following assumptions were made relative to software develop-
zent:

~ SRT activity'will be pﬁrsued diligently before the start of
Phase C, and basic technology required to perform functions
will be well in hand.

— Phase.B will ‘provide for trade studies that will identify what

-  basic.types of logic technique are to be used (e.g., what type
of powered-flight guidance equations are best, whether the com-
puter will use floating-point arithmetic, whether one-way
Doppler will be used).

- Flight software will be capable of Autonomy Level I or II op-
eration, with backup by ground system on demand or request.
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Table 2.5-12 Deliveby Capability On-Board Computer Funotions

Guidance & Navigation

~ Store Ephemeris Data, Etc
Migsion Orbit
Shuttle Orbit
Ground Station Data (Trackers & Navigation Sourccs)
Physical Locstion
Electronic Characteristics:
Availability Schedulas

- Orbit Determination Logic
Using Inputs from IMIJ, Clock, Star Tracker & l-Way
Doppler (Horizon Scanner for Level I Autonomy)
On-Board Determination of Navigation Update

- Provide Powered Flight Guidance
Based on Updated IMU Navigation & Mission Targets

Flight Control

- Provide Required Stability & Tramsient Response during
Powered & Coast Flight

= Control Pointing cf Antennae & Solar Arrays
Malfunction

- Monitor Equipment Status & Take Corrective Actior

- Managé Redundant ACPS Status & Backup Modes

-~ Perform Redundant Sensor Anslysis, Computations & Discard
Questionable Data

Data Management

'~ Manage System Data Flow over Data.Bus

- Control Multiple CPU Memory as Function of Flight Mode

-rQInterface a8 Required with Grouné Command, Data Link Systers
Ground Checkout |

) Provide Data/Function Interface with Ground & Orbiter
W&ifn, CGmputers~»d :

?;; Londuct On-Board, Statusing in Conjunction with Ground,
Orbiter Computers & Launch/Flight Crew Monitor or Override
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~ Maxioum use of the flight computer for prelaunch check and
in-flight self-check will be achieved.

- A cooplete dual validation of flight software will be made
before first flight, through laboratory setup with maximum use
of flight hardware (CMU) and complete simulation validation
(ICS).

- Maxinum flexibility of flight software to minimize recurring
analysis required for mission-to-mission retargeting will be
a goal.

- DDTSE will result in efficient computer tools to permit mini-
mun snalyst-in-loop activity in retargeting missions.

-~ There will be no CMU/ICS validation of a recurring mission.

Flight software development tasks and the schedule are shown in
Fig. 2.5~-6. A detailed discussion of these tasks is in Vol 6.0,
Sect. I of the Selected Opiion Data Dwwp (Ref 5.8).

2.5.3.6.2 Computer Differences for Spscecraft Retrieval
Capability ~ Retrieval capability requir«s the use of several ad~-
ditional components on the Tug and significantly more complex mis-
sion plans. Component additions include a rendezvous radar, TV
docking camera, and mechanical docking mechanisms. Complications
in mission plsnning include multiple-impulse to approach the
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target, translational maneuvers to dock with it, and longer total
nission durations to accommodate rendezvous sequences. These
functional requirements require more on-board computer functions
to direct the added activities.

Additional computer functions are summarized in Table 2.5-13.

Tetle £.5-13 Additional On-Board (omputer Furctions for
Retrieval Capability

Guidance and Navigation

RADAR Use Algorithm

TV Imsge lnterpretation Algorithm
Rendezvous Guidance Logic

Docking Guidance Logic

Flight Controls

ACPS Use for 3-Axis Translation
Transient Response during Docking (Possibly Spinning S/C)

Plus

Malfunction Detection, Data Mansgement & Checkout for Added
- Conponents & Functions

The additional functions have an impact on the tasks shown in
Fig. 2.5-6. A detasiled discussion of this task impact was re-
ported in Vol 6.0, Sect. I of the Selected Optton Data Dump (Ref
5. 8)

2-207




2.5.4 Orbiter Interfaces - Fipure 2.5-7 shows the general arrange-
ment and physical interfaces of the Orbiter and Tug. The specific
interfaces (structural, avionics, fluid, operaticns, environmental
including GSE, spacecraft), and design effects of the Tug on the
Orbiter and spacecraft, are discussed in the following paragraphs.
The discussions are typical for all Tug final options unless other-
wise noted. Additional details are in Vol 5.0 of the Selected Op-
tion Data Dwitp (Ref 5.8).

Spacecraft Interfoce { ' ~Dump Line
%987 i {2 Places)
P W S
R
|
R - :
Tug-” X 1080

b e

Fig. 2.5-7 General Arrangement

2,5.4.1 Orbiter/Tug Structural Interfaces

2.5.4.1.1 Tug Effects on Orbiter - One condition--an Orbiter
abort landing with a fully loaded Tug [65,000 lb (29,484 kg))--
exceeds the allowable cradle/Orbiter support point interface
lcad. These-support points will require modification to accept
the- loads imposed by the Tug under this condition. (See Fig.
2. 5-8 and -9. )

apa X

2. 5 4 1 2 qufProvided Equipment and Interface Status

a. FinaZ Opttons 7, £, and 3 Cradle - Figure 2,5-8 shows the
cradle design used for single-stage options. Cradle-to-Orbiter
‘interface points are statically determinant, as defined in Fig.
2.5-9, with two vertical and two longitudinal cradle reactions
taken at Orbiter Sta 1041, one vertical reaction at Sta 1134.5,
and one lateral taken at Sta 1040. The Tug-to-cradle structural
tie arrangement is statically indeterminant with eight lateral

- (Y) and eight vertical (Z) ties, and a vee-groove clamp for
longitudinal loads-(X).
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One Door Shown

Ortiter/Cradle
Vertical Tie
(near side only)

Orblter/Cradle
TugiCradie-  vertical & Longitudinal

T )
mﬁ: Verlical Tie  Tie 2 places)
B places)  OrbiteriCradle (8 places)

Lateral Tie
Fig. 2.5-8 Final Option 1, 2, and 3 Cradle Concept

Coordinates - Aflowable Loads Pounds (kg) Maximum Tug Loads Pounds (kg) ]
point| Y0 {Yo % |Px Py P2 Px Py P2
1 1041 95.5 (414 | +253,000 | O +90,000 } +86,199 | 0 + 97,494 (+44,223)
) T (4114, 759) (+40,823) 1 (+#39.099) ! 0 - - 59,364 (-26,927)
-146, 583
I L (-66, €71)
2 1041 +95.5 1414 | +253,000 | O +90,000 | +90,024 | 0 +171,566 (+77, 821)
(+114, 759) (+40,82)] (+40,834 | 0 - 22,906 {-10,390)
-146, 121
(-65, 2719)
3 11345] -95.5{414 |0 0 +00,000 | 0 ' 0 +104, 798 (+47,536)
. ’ ((+ 40 881 0 0 - 59,950 (-27,193)
4 1040 {0 3070 +105,000 {10 0 +130,22¢ | 0
{+49 442) {+59 071)

+Z

Tug Cradle +Y

+X

Note: Loads undertined exceed orbiter allowables and
are for an abort case fully loaded.

Fig. 2.5-9 Single-Stage Tug/Orbiier Interface Loads
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used for stage-and-a-half vehicles.

z. Final C(psion ia Cralle - Figure 2.5-10 shows the cradle design

Tug/Cradle Latera)
& Longttudinal Tie

Tug/Cradle Vertical
& Laterz) Tie

Tug/Cradle )
Vertical Tie

—

Orbiter/Cradle
Vertical
(near side only)

Orbiter/Cradle Vertical
8 Longitudinal Tie
(2 places)

Ordbiter/Cradie
Tug/Cradle Lateral Lateral Tie

- & Longitudinal Tie

PRSPV

Fz,g' '2.5-10 PFinal Option 3A Cradle Concept

The cradle-to-Orbiter interface points are statically determinant
as defined in Payload Accommodations (Ref 5.13). There are two
fittings on the side box beams at the forward bulkhead that take
longidudinal (X) and vertical (Z) loads into the Orbiter at Sta
1041. The third vertical (Z) tie is on the left box beam at
Orbiter Sta 1181. The lateral (Y) load is taken out at a fitting
on the forward bulkhead frame at Orbiter Sta 1040.

_ There are eight cradle-to-Tug interface points formiﬂg an indeter~
minant tie between cradle and Tug. Six of the eight tie points
fall on the forward cradle frame. Two vertical (Z) Tug reactions
are taken at cradle fittings on the side centerline at inboard
flange areas. Two lateral (Y) and two longitudinal (X) Tug reac-
tions are carried in the upper clamshell region and two other
lateral and longitudinal reactions are carried in the lower fixed
portion of the bulkhead frame. Fittings on the inboard sides of
the box beams carry both vertical (Z) and lateral (Y) Tug reactionms.
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e, Zernter of Sravity - Each Tug configuration's cg falls within
the Orbiter's requirements. Figures 2.5-11 and 2.5-12 show the
longitudinal and vertical center of gravity for single-stage con-~
figurations (stage-and-a-half configurations are similar). Lat-
eral cgs fall within 0.75 in. (1.91 cm) of the payload-bay center-
line for all configurations.

é. Interface Loads - Each Tug configuration's interface load
falls within the Orbiter's capability, except in the fully loaded
abort case, as shown in Fig. 2.5-9.

2.5.4.2 Orbiter/Tug Avionics Interfaces

2.5.4.2.1 Tug Effects on Orbiter

c. Electrical - A relay contact is provided in the Tug return
wiring (Fig. 2.5-13) to allow connection of the Tug return line
to its vehicle ground point whenever the Orbiter return is not
tied to its structure. The Orbiter should provide ability to
control this relay.

Two redundant Orbiter electrical connectors that mate with the
Tug connectors should have the size and number of wires shown
iﬂ Hgo 2.5-16.

Tug power requirements are within the provisions of Payload
Accommodations (Ref 5.13).

b. PRata Management - One interface box, Orbiter- or Tug-provided,
is required to interface the Tug data management subsystem and
Orbiter data processing subsystem (computers). The principle

" circuits are:

1) Standard branch circuits to perform the Tug control-line
time-division demultiplex and data-line multiplex functions;

2) Buffer registers for temporary word storage to accommodate
differing dock rates and formats f-r data flowing in either
direction;

3) A frequency divider (integrated circuits) to convert an Orbiter-
supplied stable clock to the 2 MHz needed for Tug flexible
signal interface (FSI) control (for Orbiter override capa-
bility)'

4) i binary counter and sufficient AND logic to gate the buffer

registers in a time-division multiplex manner for two-way FSI
control (again needed for Orbiter override capability).
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000 kg) 1000 Ib
Ge.2) 80r ~ & Combined cgs for 1018 1115 Note: Single-Stage Tu
Tug, Cradie & (2586)  (2832) cg shown, Stage-and-
L Max 65 Spacecraft a-half Tug similar
@.2) 6} (29.5) (& within envelope)
' Full
2ylcad Abort® Allowable Orbiter
feight Empty payload longitudinal
8.1 ‘40L- cg envelope
“Abort (Assumes
12,350 1b (5601 kg) of
|- O0X & 3,100 Ib (1406 ko)
©.1) 20f of Fusl
Total Weight 23,582 Ib
e (10, 696 ko)
0 10 20 30 40 50 60 f
(3.05) 6D 9.1 {12.2) {15.2) {18.3) (m)
Distance from Forward End of Payload Bay Flear Volume
1 1 . A 1 1 I )
582 702 [.v7] 942 | 1062 | 1182 B2 in
(1478) (1783) (2087) (B92) (2697) (3002) B8307) (cm)

Orbiter Station xo

Fig. 2.8-11 Longitudinal Center of Gr?avity ve Allowable Envelope

Payload Weight

tam) in, m) f Note: Single-Stage Tug
(12600496~  2.4) 8¢ cg shown, Stage-and-a-
R I O ) half Tug similar (& within
S B o B Allowable Payload envelope)
L Vertical cg Envelope
(1138) 448 1.2) 4 R @ » & Combined cg for
» R Tug, Cracle &
Distance : Spacecraft
“- | from B 2
(1016} 400} Payload O B ¢ - — Payload Bay ¢
o :ga ' N e v
Sation | | N Empty  Abort @assumes
: I L2 ok 12,350 Ib (5601 kg)
(8%4) 352 S i Y of OX & 3100 Ib (1406 kg)
EE EE N AN , " of Fuel; Tota! Weight -
O L5 N \\\ AN 65 (29.5) Max 23,582 Ib (10, 696 kg)
- ' Mhﬁﬂi. ?*I; o N " . 2 1 - j eoed
COmRsKEr e 2 20 8 B0 1000 1b
: (0) 9,1) (18.1) (21.2) (36.2) (1000 kg)

Pig. 2.5-12 Vertical Center of Gravity vs Allowable Envelope
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Bus 2

Bus 1

Return

Orbiter .
Tug Cradle__
Tug ‘ > SPACECT2ft
S | Return
Tug EPS { > —i} /}
Main Bus A 77 vehicle
Ground Pointl
i Loy obaus 1
P . ¢;>Bus 2
Tug Loads Tug Loads Tug | Spacecratt

RPC - Remcte Power Controller
- Connector (See Fig. 2.5-14

for details. )

Fig. 2.5-13 Tug/Cradle/Orbiter and Tug/Spacecraft Electrical Interface

Tug | Tug Cradle
or
Tug  |Orbiter
Cradle Legend:
. = 1
"ne ) Tug C radle: Orbiter
Positive { ne | | ==
Power ne || =0
NesatM{ 12 '
Note: 1. This represents one of two redundant-
connectors & identical wiring
e - - 2. Power feeders sized to allow 1000-W
Control { power transfer
signal 3. #12 Wiring - Nickel plated, Kapton
‘ s — insulated
. . m { .
Twisted ‘ -I )
Shielded Pair
$22 Wire i

Fig. 2.5-14 Typical Tug/Tug Cradle/Orbiter Interface Connector/

Wiring
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Software needed to program the Orbiter computer for Tug interface
functions would vary from one mission to the next. The maximum
software requirement would be for crew display functions.

e. Instrumentation - Tug has no separate instrumentation sub-
system. The instrumentation function is included in the data
management subsystem.

d. Guidaonce and Navigation - The Tug does not affect the Orbiter;
i.e., there is no interface,

e. Commmicatione - The Tug does not affect the Orbiter beyond
the provisions of Payload Accommodations (Ref 5.13).

f. Caution and Warming - It is recommended that the Orbiter be
provided with a caution and warning light on the standard Orbiter
crewman's control consoles. This light would be activated by
the Tug data management processor in reeponse to out-of-limit
Tug or spacecraft conditions. Software used with the one (of
five) standard Orbiter computers assigned to the Tug on transport
flights will allow the crewman to ask for and get more detailed
data on Tug or spacecraft parameters through standard computer-
interface :.2yboard addressing and cathode-ray~tube (CRT) display.
Similarly, the crewman can exert override control of Tug func~
tions.

2.5.4.2.2 Tuy-?rovided Equipment and Interface Status

a. Electrical - Figure 2.5-13 illustrates the Tug side of the ‘
Tug/Orbiter electrical interface. Two remotely controlled switches
control the power source from the Tug or Orbiter to the main buses
of the Tug (two for redundancy). Two redundant Tug connectors,
which mate with the Orbiter comnectors, will be provided (Fig.
2.5-14) to transfer Orbiter power and return to the Tug and trans~
mit all hard-wire control and data between the Tug and Orbiter.
. While mated electrically to Orbiter power, the Tug can use Orbiter
ground return (structure ground) with ability to switch to the
Tug ground point (a single-point ground) through the relay con-
tact;v'Iug electrical energy requirements from the Orbiter are:

. . Time Power Required - T-0 to Energy Required - 16 kWh

Y ez X246 hr and Tug retrieval-

" ;;f co-Orbiter touchdown and Average Power Required - 667 W
v " secure

Peak Power Required - 1000 W

b. Data Maxagement - The interface box, identified in paragraph
2.5.4.2.1.b, will be provided to interface the Tug data manage-
ment and Orbiter data processing subsystems.
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Lo Juesirenzarion - This function is included in the Tug data
management subsystem,

Lo ovmgdeazi{orne - Figure 2.5~15 shows the status of the com-
munications interface, The Tug syster 1is 3l)l S-band with gimbaled
high-gain antennas, stripline omnidirectional antenna, FM and PM
transmitters, receivers, power amplifiers, a coupling and switching
network and coaxial cable harness. The systez is redundant and

is compatible with Payload Aececrrmodaiicr.s (Ref. 5.13).

« Tugto Ordter
mn e
Cme /Zﬁ:—:—':—:—gz o o Ruly S
/ Mods Tug Tk, v |

Seacecraft — Shuttle Con'iguraior .-

Antennas ¥y

2N - onn’ 56 31 4
/ \ - 16 ps !
°W“/ﬁ/ iwu'.ww 176 f .
Strip / wa \ + 16 ey :
n '
ot [2w +HGin 1500 .

w I « 16 Kps
7,

~ W ol

STW.?P !10 W : hi-Gain &L 2220

1€ kmps

2N e 0o o 2
2 wos
o

S~

-

How < o %200
Relay + 2w
Satellite 100 ¢ pi-Gain 1L&X i€, 2700
+ 2 '
“For det2’w? link @ suizinos, see
Vol 5,0, Sed. 1, Parz 23,3, 2¢c of
Ref 5,8

Fig..2.5-15 Tug Commeiications
e. Cuidance and Nevigation
1) Guidance - There is Orbiter interface.

2) Navipation - There is no Orbiter interface: the Tug self-
navigdtes ates from prelaunch on.

7. Cautior and Warming - There is' no dedicatec hardware for
caution and warning except the sensors (switches, transducers,
etc) that allow the selected parameters to be —onitored. The
monitor, control, and data transmission to the Orbiter are via
the data transmission subsystem for all parame:ters, through the
control and data signal wires shown in Fig. 2.5-14. Due to the
flexible-signal-interface approach, all parazeters instrumented
(for any reason) in the Tug could be transmitted as caution and
warning parameters, eliminating the need to predetermine the
desired parameters to monitor at this time (the only effect on
the interface being in the software).

.
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2.5.4.3 Tug/Orbiter Fluid Inte:faces

2.5.4.3.1 Tug Effects on Orbiter - One nominal 3l~in. (8.89-cm)
dia oxidizer and fuel dump line is required, which incorporates
one half of a connector of the sams diamster on the Tug/Orbiter
interface end and incorporates a connector for GSE dumping on the
other end. Provision will be required for in-flight dumping
through these lines, which tentatively interface as ahown in

Fig. 2.5-16. The precise location of the interface will be de-
termined in lat : work., The desired flow rate and allowable
pressurz drop iy the Orbiter lines are shown in Fig. 2.5-17 for
ascent abort,

2.5.4.3.2 Tug-Provided Equipment end Interface Status - Fuel

and oxidizer dump lines will be required on the Tug cradle from
the Tug/cradle interface to the cradle/Orbiter interface. These
lines will be nominal 3'in. (8.89-cm) dia and each (one fuel

and one oxidizer) will incorporate one half of a reconnectable
quick-disconnect coupling at the Tug/cradle interface in addition
to & manua) connector half at the cradle/Orbiter interface.

2.5.4.3.3 Dump Philosophy and Characteristics

a. Prelawch - After main-tank propellants are loaded, trailers
(GSE) will be provided for duumping, which may be either simul-
taneous or sequential and may be performed any time before termi-
nal countdown. Either horizontal or vertical dumping capability
is provided.

b, Ascent Abort - Dumping during powered flight should be limited
to above 150,000 ft (47,720 m) to keep any propellant interaction
to a very low order and allow simultaneous dumping in order to
land empty. To meet a landing weight goal of 32,000 1b (14,515
ki) maximum, only oxidizer will be cumped. Figure 2.5-17 indi-
cates the dump times.

e. On Orbit - Sequential or simultaneous dumping capability is
provided and no Orbiter thrust is required during dumping; how-
ever, initial settling of Tug propellants by the Orbiter 1is re-
quired.

. d.;:HME.Kit/Tug.Integrated Dunp - Integrated dumping'capability-
.-should be considered if the same propellants, dump rates, and
similar tsnk pressures prevail for both the Tug and OME.

2.5.4.5 Tug/Orbiter Operational Interface

2.5.4.5.1 Prelaunch Operations - Prelaunch operations involve
interface verification and & launch readiness (Fig. 2.5-18 shows
Tug turn-around flow):
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y Cradle
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a. rterface Verification - Verification involves:
e Tug/cradie/Orbiter hay/RMS mate and verify compatibility;

e Tug/Orbiter umbilicul mate (elec rical and propellant) and
verify compatibility; ‘

e Tug avionics checkout using LPS and Tug/Orbiter on~board
systeus;

e Tug propellant duwsp trailers connected to Orbiter;

e Tug propellant temperature/pressure verified and monitored by )
LPS and Tug/Orbiter on-board systems;

e Orbiter-bay timperature/atmosphere monitored by LPS or other
Orbiter GSE.

b. Lamunch Readiness - A countdown/countup via the LPS and Tug/
Orbiter on-board systems is required,

2.5.4.5.2 TFlight Operations - Flight operations involve launch
and boost, va-orbit delivery and on-orbit retrieval.

a. Lanch and Boost - The interface consists of status monitoring
the Tug by the Orbiter-Tug dats management cystem to the Orbiter
dsta processing subsystem.

b. On-Orbit Deployment - The interface includes RMS deployment
of Tug, power tramsfer from Orbiter to Tug, init ate RF control
to Tug by Orbiter (Tug ACPS inactive), Orbiter status monitor of
Tug, disconnect Tug umbilicals, RMS release of Tug, Orbiter/Tug
separation, Tug ACPS activated in 'large-limit-cycle" mode, and
Orbiter "hand-over" control to Tug.

c. On-Orbit Reirieval - The interface includes Orbiter interro-
gate Tug status via RF, Tug ACPS acting in 'small-limit-cycle"
wode, RMS capture of Tug (ACFS deactivated), umbilical remate,
power transfer to Orbiter, Tug system status monitor by Orbiter,
Tug stowed in Orbiter bay.

*2.5.4.6 'Tug/Orbiter Enviroumental Interfaces - Payload Accommo-
dations (Ref 5.13) specifies the environmental interface param-
eters -of vibration levels, acoustic levels, shock levels, payload-
- bay atmosphere, and payload-bay wall. The Tug is compatible with
these. It is requested that the Orbiter bay be maintained at

65 * 5°F (18.3 * 1.41°C) after Tug stowmge until Shuttle liftoff,
for Tug propulsion-system performance purposes.
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2.5.4.7 Tug/Spacecraft Structural Interface

2.5.4.7.1 Tug Effect on Spacecraft

a. Each delivery-only spacecraft must ':..% a8 structural adapter
to be bolted to the separation module duust.bed in paragraph
2.5.4.7.2.a. below.

b. Each replacement spacecraft or retrieved spacecraft must have a
structural adapter for mating to the docking module described in
paragraph 2.5.4.7.2.b. below. The adapter will be attached in

a manner similar to the Apollo probe-and-drogue method, with the
drogue being part of the spacecraft adapter.

2.5.4.7.2 Tug-Provided Equipment and Interface Status

a. The separation module (Fig. 2.2-18 and 2.2-19) is used on all
10-ft (3.05-m) dia Tugs, with or without kick stages, which in-
cludes Final Options 1, 2, and 3. Final Option 3A is the same
except the diameter is 6 ft (1.83 m). The baseline module con-
sists of two machined angles spliced with twe notched frangible
doublers, with an oval stainless-ste¢l tube in the splice. The
angle flanges in each end of the 5-in. (12.7-cm) section bolt

to the Tug or kick stage and spacecrafi. Separation is achieved
by detonating fuses inside the stainless tube, causing the fran-
gible doublers to shear. After the doublers shear, final sepa-
ration is achieved by springs around the inside perimeter of the
module.

b. The docking module (Fig. 2.2-20) is used on all 10-ft (3.05-
m) dia‘Tugs that have docking capability; namely, Final Option 2.
The module consists of a 10-ft (3.05-m) dia shell, 21 In. (53.3
cm) deep, which houses a modified Apollo-type probe, an actuator-
damper system, and 18 mechanical latches. The probe is mounted
in the center of a triangular frame, which in turn is supported
by six actuztor-damper devices supported at the inboard flange
of the moduie aft ring. A torque motor, mounted in the probe
housing, provides spin-up for the probe head. Initial space-
craft capture is with capture latches mounted in the probe head.
After initial capture, the actuator-dampers are retracted, and
hard docking is achieved through 18 mechanical latches on the
. perimeter of the 10-ft (3. OS--) dia module.

_ NI R

All flight loads are transmitted through the latches and outer
‘structure, rather than through the docking mechanism. ¥or a
delivery and retrieval mission, the spacecraft is installed with
hard latches and deployed by unlatching and extending the actuator-
dampers. Option 3A uses the same method with a 6-ft (1.83-m)

dia module.
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¢. Environmental parameters (vibration, shock, acceleration, and
loads) imposed on the spacecraft will be a maximum of 1207 of
those imposed by the Orbiter.

2.5.4.8 Tug/Spacecraft Avionics Interface

2.5.4.8.1 Tug Effects on Spacecraft

a. Electrical - To receive power/signal data from the Tug, each
spacecraft must provide two electrical interfacing connectors
compatible with the interface shown in Fig. 2.5-19.

Tug Spacecraft
(or kick stage)
——-L-—“
Positive —l-—'—'-l—z—---
Power 1-412
- —_—1 ﬂ -
Negative { 1-412 | Note: 1. This represents one of two redundant

connectors and identical wiring,
Power feeders sized to carry 450 W,

3. #12 Wiring - Nickel plated, Kapton
insulated,

Signal

Data

Twisted ‘
Shielded
Pair,
§22 Wire

Fig. 2.5-12 Typical Tug/Spacecraft Interface Connectior and Wires

b. Data Management - To provide Tug-to-spacecraft command, con-
trol, and checkout services, a spacecraft data management subsystem
compatible with the Tug flexible signal interface is recommended for
each spacecraft. This subsystem, pattermed after and compatible
with Tug (FORMAT and CLOCK), will interface through the two con-
nectors (four signal pins per comnector, two connectors for re-
dundancy) and will provide for:
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1)

2)

3)

Either Tug, Orbiter, or GSE to issue any discrete commands,
to gate and receive data from any telemetry channel, and
transfer binary data to any compatible memory instrumented
in the spacecraft;

Tug (when connected to the spacecraft) to provide limit check
on any !ezlemetry channel in the spacecraft and issue discrete
commands in response to any spacecraft out-of-limit condition;

Tug limit check and general-purpose computer to be capable of
automatically correcting oug-of—limits or dangerous conditions
in the spacecraft.

These provisions require a Tug-compatible CDTC processor and
branch circuits in the spacecraft.

2.5.4.8.2 Tug-Provided Equipment and Interface Status

a.

1)

2)

3

b.

Electrical

Two redundant connectors will be provided, with the wiring
type and size shown on Fig. 2.5-19 to mate with the space-
craft connectors. '

Steady~-state voltage of 22 Vdc minimum at 300 W will be pro-
vided by the Tug at the interface.

Ripple voltage at the Tug/spacecraft iniarface will be 4 V

- peak to peak while the Orbiter is supplying power to the Tug.

- Data Maiagement - Two four-pin interfaces will be provided in

the connector to interconnect the Tug and spacecraft time-division
multiplexed control and data lines.

“ P NV p AR
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2.6

SUPPORTING RESEARCH AND TECHNOLOGY

A supporting research and technolegy (SRT) program of $20 million
has been designed to minimize risk and maximize confidence in
developing a space transportation system that meets the performance,
cost, and schedule goals established during this study contract.

All technology requirements were carefully examined by the Tug
study team with full support of the technology specialists from
the Research and Development Departwent. Completion of SRT tasks
before the start of DDTSE will minimize cost and provide for a
low-risk hardware program.

A list of SRT Tasks, their costs, schedules, and applicability to
each of the final options is in Table 2.6-1.

The DOD R&D project test and evaluztion program is the same as
the NASA SRT program.

2.6.1 Tug SRT Tasks

Descriptions, schedules, and supporting data for each SRT task are
in Vol 5.0 of the Selected Option sSata Dump (Ref 5.8). One ad-
ditional task, Avionics Task A-19, Moving Base Docking Simulation,
applicable to the retrieval capability required for the 1983 I0C
for Final Options 2, 3 and 3A, is described in the next paragraph.

2.6.1.1 Movinpg-Base Docking Simulation - A series of moving-ltase
simulations will be required to study the remote and autonomous
control of docking. Autonomy Level II will be baselined, which
(by definition) includes both blind and man-in-the-loop docking.
A worst-case rotating vehicle will be assumed. Because a rotating
vehicle can {in the absence of friction or presence of a dis-
turbing torque) be coning; this motion will also be examined.

The propellant--slosh (0-g) umodels developed in SRT Task A-3
Propellant Slosh Effects in Low-g Evwirovment will be included

in the dynamics of the Tug model used to drive the moving-base
simulator. Induced precession of the target vehicle will be
modeled by the use of a small gimbaled target platform on an

. air-cushion floor. The docking logic will be incorporated in the

dynamic model, which drives the primary moving-base simulator. .
The algorithm will be an expansion and iteration of the steering
laws developed in SRT Task A-2 Docking Strategies Assessment.

The candidate sensor sets will be: 1) RF (short range) augmented
by video, with both artificial intelligence (on-board processing)
and man-in-the-loop; 2) SLR augmented, as above, by video and SLR
on its own. An IMU is always assumed.
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Table 2.6-1

- ORIGIN

AL PAGE 1S

ALITY

Support Fesearcrn and Tecrroiogy Cost and Schedule

Final Option

Est

Task 1 2 3 3A Cost, Schedule,

No. Task Title 78} -~ 83] -- |79 183] 79| 83! SK m
STRUCTURES

S-1 Composite Material Characterization X X X X 169§ 18

S§-2 Composite Joint Study X bS X X 82| 12

$-3 Failure Analysis for Composite Strictures X X X X 264 18

S-L Finite Elements for Composite Structures X X X X 316 18

§-5 Composite Honevcomb Assurance X X X X 1504 14

S-6 Honeycorbd Core Oprimization X X X 66| 9

§-7 Lightweight Shell Structures X X X 3921 22

S-8 Investigate Facture Toughness of Thin-Gage | X X X 2401 18
Titanfum, 6GAL=-4V

s-9 Composite Belium Pressurizsarion Vessel X X X X 731 9

§-10 | Crack Detection Seunsitivity for Thin-Gage X X X 105( 18
Liners & Joints

S§-11 | Analytical Methods for Cozposite Pressure X X X X 211118
Vessels :

S§=12 | Lliner Bonding fcr Helium Pressurization X X X X 52111
Vessel ,

S$-13 | Liner Manufacturing for the Ee Pressuriza- | X X X X 66| 8
tion Vessel

5-14 Compusite Overvrapped Tank Assurance X b A X 1581 11

$-15 | Propellant Behavior im Elastic Tanks X 85| 16

$~16 | Dock & Capture of Elastic Spin Satellites X X X 127 | 16
ITHERMAL

-1 Reusability of Multilayer Insulation X X 323§ 18

T-2 Reusability of Tug Coatings X X 333 | 18
AVONICS
Rendezvous & Docking

A-1 Remote Maunned and Aut Docking 1,070 { 16

A2 “Docking Strategies Assessment X 815 | 36

4-3 . | Propellant Siosh Effects in Low-g Environ- | X X X X 257 18
;ent :

A=t BF Target Signatures X X 220 | 15

A-5 $LR Receiver Application as & Star Tracker P( 194 | 12

A-19 | Moving-Base Docking Simular. cn X X X 3,400 | 36

. Guidance & Navigation

4-6 | Terminal Phase Rendervous Kavigation & x 3 X 257 | 24

~ . | Guidance ... . - .

A-7 Stzptegy Assessment for High-Volume Tug X X & X 475 1 24
ppgtations

A-8 | Target Vehicle Signatures as Star Tracker X X X 96 |12
Targets .

A-9 Autonomous MNavigation Techiiology for Space | X X X X 106 | 12
Tug

A-10 Inertial Measurement Units Evalustion & X X X X 1,055 ] 13
Selection
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Tatle L.82-2  (conel)
Final Option
Task 1 2 2 3A Gost, |Schedule,
REY Tase Title 79 j——{| 83 |-~ 179 |83 J79 |83 |SK m
AVIONICS (concl)
Communications & Data Management
A-1l Planar Arvay Antenna 99 j12
A-1l J(ne-way Doppler & Emergency Command Recelver|X X 242 |18
A-13 Flexitle Signal Interface X X 466 |18
Electrical Power
&~1L  Tesign of Roll-Up Solar-Array Systez . X X X 395 |16
h=153 "Blue" Solar-Cell Evaluation X X X 421 6
A~lé iactery Developwent & Evsluation X X X 170 |18
A=17 Multiplemed Power Dist Control & Monitor- X X X 260 |12
ing System Development :
4~18  Electromechanical Uabilical Coanection X X X X 255 |14
Sssten
FLIGHT OPERATIONS
F-l (persbility Analysis X X X X 1,268 (18
PROPULSION
Yaiz Propulsion Svetew (MPS)
Bl eng-Life Turbo Pump Assembly K X 3 1,000 |15
-2 exc of Eng Restart Capability with Mis- X X 1,500 {18
sion Duty Cycle
P Bizh-Area~Ratio Nozzle Performance X X X 1,000 |12
Pl Engine Life, Maintenance & Refurbishment X X X X 200 1 8
P-5 Evaluation of Inspection, Cleaning, Mainte- |X b 4 X 49 |12
nance for Propellant Management Device 1
P-6 Propellant Mansgement Device Evaluation X X X X 21
-7 Pvaluation of Propsllant Utilization System { X X X X 49
P-8 Propellant [ump Techmology X X X X 128 12
P-9 Propellant Compatibility & Corrosion X X X X 180 |16
$-10 Effects of Engine Exhaust on Spacecraft X X X X 237 |16
FE-11 Fab Technology for Tug Propellant Mgmt X X X X 271 {10
mvices
Attitude-Control Propulsion Svstem (ACPS)
P~12 FEvérazine Thruster Life & Reuse Demo Program|X X X X 400 (12
P~13  %:E_ Propellant Compatihility & Corrosion X 132 15
" P-14 Evaluarion of Inspection, Cleaning, Msint !X X b4 X 50 | 8
for Propellant Management Device
P~15 Propellant Management Device Evaluation X X 1x X 17 1 4
R RAXUFACTURING )
»1 trerored Veld Technology, Domes & Barrels X X X 74 |18
-2 Composite Structure Development X X X 86 |18
¥%-3 One-Piece Dome Fabrication, 2219 AL &6-4 T4 X 159 |18
2 Screen Surface-Tension Device, Iank b X L X 54 |18
Total Final Option 1 -~ 1979 10C | 12,166
Total Final Option 2 - 1983 10C 19,802
Total Final Option 3 - 1979 10C 12,042
- 1983 10C 7,760
Total Final Option 3A - 1979 10C 12,201
- 1983 10C 7,760
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Nominal and perturbed docking runs will be made. The pertubations
are intended to cover those deviations in initial conditions and
sensor and communication performance that are within specification.
This effort will not include a8 single-point failure analysis.

The required schedule for Task A-19 is 36 months, and the esti-
mated cost is $3,400,000. The cost is based on 750 man months of
labor, $200,000 for computer, $175,Q00 for material, and $70,000
for hardware.
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3.0

3.1

DDITIONAL ANALYSIS
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Additional analysis work that has been accomplished between the
September Selecied Optior Jata Jwvyz (Ref 5.8) and submittal of this
final report is summarized in the following paragraphs.

FINAL OPTION 3 ENGINE SENSITIVITY STUDY

3.1.1 Introduction

The Final Option 3 baseline is a phase-developed program that in-
cludes phasing of the engine from an OME 240 in the Phased Tug~
Final. The rationale for phasing tht engine was to minimize peak
funding requirements early in the program.

The Selected Option Data Iwmp {Ref 5.8) included an engine sensi-

tivity study that considered the impart of not phasing the engine.
Three engines were considered. The results presented at that time
are summarized in Table 3.1-1; additional details are presented in
Vol 5.0, Sect. II, pages 6-1 through 6-8 of Ref 5.8.

Not vhasing the engine results in savings in DDI&E costs and a re-
daction in yearly peak funding requ’rements. However, we were
unable to select an engine at that time because total programmatics,
including capture analysis and its effect on Tug and Shuttle costs
had not been considered in the sensitivity study. (Note that the
OME 240 and 8096B-2 show greater savings in engine costs than the
Class 1, but have less performance capability.)

The following paragraphs summarize the results of 2n engine sensi-
tivity study for Final Option 3, based on total programmatics.
Updated engine and vehicle performance data are also incorporated.
Additional details are presented in Martin Marietta letter
73Y-81,182, dated October 19, 1973, Contract NAS8-29675, Option 3
Engine Sensitivity Study.

3.1.2 " Summary of Results

Results are summarized in Table 3.1-2. Using a Class 1 engine in
both the Phased Tug-Initial anl Phased Tug-Final not only reduces
the DDT&E costs by $36.2 million, but also reduces the number of
flights required, resulting in lower transportation costs.

6§é of‘the OME 240 or 8096B-2 engines in both the Phased Tug-

" "Initial and Phased Tug-Final, results im lower DDT4E costs than

the Class I (phased or not phased), but the number of flights
is increased due to the lower performance, resulting in higher
transportation and total program costs.

3.1.3 Recommendation

It is recommended that the Class 1 engine be used in both the
Phased Tug-Initial and Phased Tug-Final for Final Option 3.
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Table 3.1-1 Engine Sevsitivity

to lict Phasing Engines

& ’
Configuration Fizal Option 3 | Final Option 3 | Final Option 2
Final Gption 3 | wizh OME 240 with Class 1 with 80968-2
Paraneter of Interest Baseline® Zngine Engine Engine
F?crfomncc Capability
Delivery 1979, 1b (kg) L400 (1996) Le00 (1996) $710 (2590) 5990 (2717)
Delivery 1983, 1b (kg) 600C (2722) L6500 (2127) 6000 (2722) 5410 (2454)
Retrieval 1983, 1b (kg) 1800 (516.9%) 1230 (580.6) 1800 (816.5) 1550 (703)
Cost Delta, $M
DDTLE -£1.28 -36.17 -56.09
Investment -1.59 -1.%9 - 2.7
Operations -12.10 - 4,22 -19.51
Total -74.98 -41.98 ~78.39
Schedule Effect
OME 240 - No effect
Class 1 ~ First flight vehicles have PFC performaace
80968-2 - No effect
Technology Requirements
No significant difference betveen engine options
«OME 240 phased to Class L.
Table 3.1-2 Swmmary of Resulis of Evgine Semsitivity Study
Baseline* OME 240 Class ] 8096B~2
Geostationary Performance Capability
Delivery 1979, 1b (kg) &40U (1996) 4400 (1996) 5700 (2585) 4900 (2223)
Delivery 1983, 1b (kg) 6000 (2722) 4500 (2041) 6000 (2722) 5100 (2313)
Retxrieval 1983, 1b (kg) 1800 (816.5) | 1200 (544.3) | 1800 (816.5) | 1450 (657.7)
Number of Flights 352 391 344 375
Tug Fleet Size 16 18 16 18
Delts Engine Costs, SM
DDTISE -60.3 ~36.2 =-60.3
Prpduction - 0.1 - 0.8 - 3.5
Operations - 0.3 0.0 - 5.7
" fotal Delta -60.7 -37.0 -69.5
Delts Tug Costs, M +48.1 -7.3 +33.6
Delta Shuttle Costs, $M +409. 5 -94.5 +241.5
Delts Program Costs, SM +366.9 -138.8 +205.6
*Bageline: .OME 240 phased to Class 1.
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3.2

FINAL OPTION 3 SPECTAL SENSITIVITY STUDY (3SS-1) - I0C 1980

3.2.1 1Introduction

The Initial Operational Capability (I0C) for the Final Option 3
baseline is Decezber 1979 (ETR). An IOC sensitivity study option
was presented in the Selectec Jziion Data Dwvp (Ref 5.8), which
showed the impact on funding requirements if the 10C date were
slipped two years (Fig. 3.2-1). This showed that yearly funding
requirements could be reduced; however, 10C dates for WIR and the
Phased Tug-Final were delayed. This delay is undesirable for
mission accomplishment and programmatics. A "valley" in the
funding requirement occurs between peaks, similar to Final Option
3. 1t appears that the valley would be eliminated if all except
the initial Final Option 3 10C dates were retained. In addition,
the sensitivity study indicated that there was no advantage in
slipping the ETR I0C date more than on2 year.

The purpose of this special sensitivity study, referred to as
Option 3SS-1, is to determine the impact of delaying the IOC at
ETR one year, while maintaining the Final Option 3 1I0C dates for
WTR and the Phased Tug-Finsl. There are no Shuttle restrictions
on the number of flights in the first two years of operations;
however, a reasonsble build-up in Tug flights is included. Study
detalls are presented in Martin Marietta letter 73Y-81,232, dated
November 9, 1973, Contract NAS8-29675, Additional Cost and
Schedule Data. “

3.2.2° Summary of Results

Figure 3.2-2 presents the funding requirements for Option 3SS-l.
The 10C for ETR has been delayed one year relative to Final Option
3, vhile the I0C for WIR and the Phased Tug-Final remain the same.
A launch-rate build-up in the firs!{ two years of operations has
been included. Funding requirements for DDT&E peak at $66.5M in
FY 1979; the total funding requirements peak at $95M in FY 1981-
1982. Note that there is no '"valley" between the two peaks. This
option provides a reasonable build-up in peak funding require-
nents. ) ’

Figure 3.2-3 compares the total funding requirements for Option
3SS-1 with the Final Option 3 baseline and the 10C sensitivity-

. study option presented -in the Selected-Option Data Dump (Ref 5.8).

Delaying the Option 3SS-1 ETR 10C one year reduces the peak DDT&E
funding requirement (relative to the Final Option 3 baseline) by
$24M, wvhich is approximately the sume as that for the 10C sensi-
tivity study option. The level ia total peak funding requirements
remains the same as the Final Option 3 baseline and the IOC sensi-
tivity study option; however, the peak occurs at the same time as
the Final Option 3 baseline (two years earlier than the IOC sensi-
tivity study option).
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Option 3SS-1 provides the advantages of low DDT&E peak funding
early in the program (similar to the IOC sensitivity study option),
earlier operational capasility at WIR and for the Phased Tug=-Final
than the 10C sensitivity study option, and eliminates the valley
betwveen funding peaks.

Table 3.2-1 compares total costs for Option 3SS-1 with the Final
Option 3 baseline. DDTS&E costs for Optiom 3SS-1 are slightly
higher because the span time for level-of-effort tasks to develop
the Phased Tug-Iritial is incressed by one year. This is somewhat
offset by using only ome shift to build the first Tug and major
test articles. Production costs are reduced becsuse fewer kick
stages and separation modules are required. Operations costs are
reduced because the operational span time is one year shorter and
a build-up of crew size is used. The number of flights is reduced
by 13 due to the elisination of three flights in 1980 and the
build-up in 1981 and 1982.

Table 3.2-1 Cost Comparison

Final Option 3 Final Option
Baseline, $M 3ss~1, $M
Tug Costs
DDT&E 354 361
Production : 209 204
Operations . 318 295
Total Tug _ 881 860
Number of Flights 352 339
Operations Cost/Flight 0.90 0.87
Shuttle Costs - : 3696 3560
Transportation Cost 4577 ; 4420

e e

3.2.3 Recommendation.

Option 33541“15 recommended over the Final Option 3 baseline and
the I0C sensitivity study option for the following reasons:

1) Eaxly”ngr&z.peak funding is reduced relative to Final Option 3.
2) The operatiomal capability for WIR and the Phased Tug-Final
is retained (two years earlier than the IOC sensitivity study
option). '

3) The valley between peak funding requirements is eliminated,
providing a reasonable build-up in peak funding requirements.

4) A reasonable build-up in flight rate and crew size is provided
at both ETR and WIR.
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3.3

FINAL OPTION 3 SPECIAL SENSITIVITY STUDY (38S-2) - IOC 1980, ENGINE
NOT PHASED

3.%.1 Introduction

A gpecial sensitivity study (Option 3SS-1, para 3.2) indicated that
a8 phased development program with an initial I0C date of December
1980 and final IOC date of December 1983, provided a more reasonable
funding distribution than either the Finsl Option 3 baseline or

its 1I0C sensitivity study option presented in the Selaected Option
Data Dump (Ref 5.8). Operational costs were also reduced by build-
ing up the launch rate and crew size at ETR in 1981 and 1982.

Engine sensitivity studies (para 3.1) indicated that the engine
should not be phased and that the Class I engine should be used
for both the Phased Tug-Initiel and Phased Tug-Final (Table 3.1-2).
This will reduce DDT&E costs.

The purpose of this special sensitivity study was to combine the

sensitivity studies previously discussed to provide programmatics
for a phased development program with sn initial IOC date of

December 31, 1980, and a final IOC date of December 31, 1983,

with the Class 1 engine not phased. This special sensitivity

study is ruferred to as Option 3SS-2. Additional study details
are presented in Martin Marietta letter 73Y-81, 239, dated November

14, 1973, Contract NAS8-29675, Additional Cost and Schedule Data,

Engine Net Phased.

3.3.2 Summary of Results

Figure 3.3-1 presents the funding requirements for Option 3SS-2.
The IOC for ETR has been delayed one year relative to Final Option
3, while the IOC dates for WIR and the Phased Tug-Final remain the
same. The Class 1 engine is not phased. Launch rate limitations
in the first two years of operation are the same as in Option 35S-1.
Funding requirements for DDT&E peak av $74.1 million in FY 1979;
total funding requirements peak at $87.8 million in FY 1981. This
option provides a reasonable build-up in yearly funding require—
ments similar to Option 3SS~1.

Yigure 3 ,3-2 compares the DDTSE and total funding requiiements
,for Option 38S-2 with the Final Option 3 baseline. As was the

' case with' Option 3SS-1, delaying the IOC date one year reduces
DDT&E peak funding requirements. Because the second engine devel-
opment is not required, DDTSE costs sre 1:duced in the FY 1981~
1982 time period, lowering the total peak funding requirements.

The valley between the peaks shown for the Final Oprion 3 baselinz

is eliminated in Option 38S-2, providing a more reasonable funding
distribution.
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Table 3.3-1 compares total costs for Option 3SS-2 with the Final
Option 3 baseline and Opticn 35S-1. DDT&E costs are reduced by
not phasing the engine (-$36 mjllion); however, this is somewhat
cffset by increasing the DDT&E spar time relative to the Final
Option 3 baseline (+$7 million). Production costs are reduced
slightly (relative to Final Option 3 baseline) due to learning-
curve effects on the engines and reduction of separation modules.
As was the case in Option 38S-1, operations costs are reduced
because the operational span time is reduced one year and & build~-
up of crew size is used.

Table 3.3-1 Cost Comparison

A Y

Final Option 3
Baseline Option 3S8S-1 | Option 3§§8-2
Tug Costs, $M
DDTSE 354 361 325 :
Production 209 204 208 :
Operations 318 295 295 &
Total Tug 881 860 828 :
Number of Flights 352 339 336 :
Operations Cost/Flight 0.90 0.87 0.88 ' .
Shuttle Costs 3696 3560 3528
Transportation Cosis 4577 4420 4356 :
E
:

The number of flights is reduced due to the elimination of' three
flights in 1980, the build-up in 1981, and the increased performance
capability of the Phased Tug-Initial with the Class I engine.

Option 35S~2 requires three fewer flights for 100% in 1983 and
achieves 100 capture in 1982 with the build-up limitations imposed.
(Option 38S-1 does not achieve 100%4 capture in 1982.)

3.3.3 Recommendation

Option BSS—fﬁis recommended over the Final Opticy 3 baseline and

Option 3SS-1 for the following reasons:

1) Early DDT&E peak funding is reduced relative .to the Final
Option 3 baseline.

2) DDIT&E costs are reduced by not phasing the engine.

3) The operational capability for WIR and Phased Tug~Final is
retained. .

4) The valley i:etween peak fundihg regquirements is eliminated,
providing a reasonable build-up in peak funding requirements.
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5)

6)

A reasonable build-up in flight rate and crew size is provided
at both ETR and WTR; 100% capture is achieved in 1982,

The number of flights required to achieve 100% capturé in 1983
is reduced.
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3.4

CENTRALIZED TUG MAINTENANCE AND CHECKOUT FACILITY TRADE STUDY

3.4.1 1Introduction

The purpose of this study was to investigate the feasibility of
using a centralized tug maintenance and checkout facility (CTMCF),
as opposed to separate maintenance and checkout operations at both
KSC and WTR, the following items were considered:

1) Active fleet size;

2) Crew size and skill mix;

3) Facility and GSE requirements;

4) Logistics support, depot activities, and spares provisioning;

5) Tug turnaround time and active fleet size impacts;

6) BHazards or risks associated with additional handling and
transportation;

7) Major Tug overhaul/refurbishment;

8) ZLaunch site activities.

Additioaal details are presented in Martin Marietta letter
73Y-81, 129, dated October 8, 1973, Contract NAS8-29675, Space
Tug Central Checkout Facility Trade Study.

3.4.2 Summary of Results

The CTMCF concept is a realistic and economical approach io Tug
maintenance and checkout. Final Options 2, 3, and 3A realize a
substantial savings in total program costs. In adapting to a
central facility, Final Option 1 would cause an increase of less
than $1M in total program cost. Table 3.4-1 summarizes the major
cost deltas that woald be realized if a CTMCF concept were adopted.

All costs are directly related to data presented in Vol 6.0,
Sect. II, and Vol 8.0, Sect. II of Ref 5.8, and are listed in
thousands of dcllars.




Table 3.4-1 Delta Cost Swmary

Cost, $ Thousands

Final Final Final Final
Option 1 ] Option 2| Option 3| Option 3A
Net Reduction - Active
Tug Fleet 0 1 1 1
Savings - Production (1) 8,504 8,375 8,131
Savings - Operations -5,958 8,604 16,041 20,402
Savings - Facilities 5,160 5,160 5,160 5,160
Total Savings - 798 22,268 | 29,576 33,693

The advantages of going to a centralized checkout facility outweigh
those for separate facilities, both from & programmatice and an
operational standpoint. Program cost will be lower as a result

of reducing GSE, number of Tugs required in the active fleet, and,
depending on launch rate, the number of personnel requjizssd. ' One

of the bigges’: advantages not directly relatable to cosy 14 the
efficiency and consistency obtained by doing all maintenance, re-
furbishment, and basic Tug checkout at one facility. The problems
that arise as a result of two separate facilities; i.e., configura-
tion control, inventory, software and procedure update, crew
training, etc are‘virtually eliminated.

The location selected for this centralized facility can affect-Tug
fleet size; therefore, it is recommended that the centralized
facility be at the most active Tug launch site.

3.4.3 Recommendation

It is recommended that, for optimum use of Tug-related hardware,
manpover, and program resources, a central maintenance and check-
out facility concept be adopted and that it be located at KSC.
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TUG PROPELLANT LOADING LOCATION TRADE STUDY

3.5.1 1ntroduction

The purpose of thisg trade study was to investigate the merits of
loading & storable-propellant (hypergolic) Space Tug in various
locations at the launch site. Four locations were considered for
Tug propellant loading:

1) On Orbiter with cargo bay doors open;

2) On Orbiter with cargo bay 9oors closed;

3) Om pad in payload changeout unit on access tower;

4) Off pad in propellant loading area.

The following items were considered for each of the four loading
locations:

1) Safetyy

2) Shuttle timelines;

3) Servicing interfaces;
4) Storage cgpgbility;
5).591113 during loading;
6) Reliability;

'7) GSE;

8) Facilities;

9) Tug weight and cost;
10) Access;
11) Crew size;

12) oﬁéfétibnal costs;

13) Cleanliness;

14) Security.
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3.5.2 Summary of Results

While Tug propellant loading has some advantages at each of the four
locations studied, propellant loading on the pad appeared to have
several distinct advantages over loading at other locations. The
preferred propellant loading location, in decreasing order of
prefevence, is:

1) On pad in payload changeout unit on access tower;
2) On orbiter with cargo bay door; open;

3) Off pad in propellant loading area;

4) On Orbiter with cargo bay doors closed.

3.5.3 Conclusions

The advantages of Tug propellant loading on the launch pad out-
weigh propellant loading on the Orbiter and off the pad. Pro-
gram costs can be reduced below costs involved in off-pad loading,
and Tug access and safety are improved over loading on the Orbiter
with the doors open.

By coupling this approach with the centralized tug maintenance

and checkout facility (CTMCF), all of Tug-oriented facilities at
WIR can be eliminated. After WIR receives the Tug from the CTMCF,
it would be placed in the on-pad clear. room for R&I and systems-
level checks. The spacecraft would then be mated, systems checks
performed, propellant loaded, and the payload mated to the Orbiter.
This same approach could be used at KSC to reduce. the number of
test cells and the size of the Tug MCF.

Fuoa o *
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3.6

COST SAVINGS

3.6.1 Introduction

The cost estimates for the final options were based on certain
assunptions and ground rules, some of which we believe to be con-
servative. After the Selected Option Data Dwrp (Ref 5.8), the
ground rules and assumptions were reviewed and potential cost
savings identified relative to each final option.

3.6.2 Summarvy of Results

Table 3.6-1 presents a list of potential cost savings relative to
each final option as presented in the Selected Option Data Dump
(Ref 5.8), and a brief discussion of the rationale for each. The
items are presented so that cost savings are additive.

3.6.3 Recommendation

1t is recommended that the cost saving: shown in Table 3.6-1 be
incorporated. The resulting revised cost summary is presented in
Table 3.6-2 to show the total effect of the cost savings. DDT&E
costs for kick stages are not included.
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Table 3.6~1 Swmmary of Cost Savings for All Final Options

Savirgs, § Thousand

Propased Cest- Cost [Timal Tinal Final VTinal
Raduction ltem Discussion Type jOption 1| Option 2] Option ) Optien 3A
1. Life Test Article Frecture onalysis & sowpon cast poret § 1,79 3,0 3,008 4,039
sufficiect o werify task strectuve.
2. Thermal EKffects Test
fodel (TETW)
4, Tharmal Balance Parforn ou first (light vehicle if DDTAX | 35,189 5,560 3,53 $.2n
unable to assure design by asalysis.
Bo previous progrems for saslysis
verificatics,
b, Hot Firimg Sufficiont tant should be accomplished | DOTAL | 2,74) 2,800 4,811 4,096
on Propulsion Test Yehicle (PIV) & at :
engine centractors vithout camducticg
all-wp firiag or TETM,
3. EKick Stage Thernal Perfors by amalysis caly, DOTAE 605 62 605 608
4, 8educe Mumbar of Asgume a0 Josses dus to deasps of Prod. 706 1,014 1,016 1,034
Cradles by 3 esch Orbirer. %isimm required is the:
(2 for Final Opction 1)| 5 nach.
5. Om-Pad (our of Climinate requiremsct for Pripellazt DITAE Y| 2,217 2,317 2,217 2,237
Orbiter) Propeliast Losding Facility (PLF) bulléings: ’
loading instead of bovever, s modificazion cost would
off-pad. be realized to upgrede the laumch
complex. Asswms XOL of currest cost
of PLY.
6. Contral Tug CTICY inproves efficiency, reduces DOYGE §12,278 14,278 12,27¢ 12,278
Yaiptensnce & Checkout] flee: wize, crew & GSE, Use of
Factlity (CTXCT): exiscing faciliny without “dass Prod. | 3,330 13,004 12,875 12,631
use axistiog facility;| 100,000 ¢ requiremencs
dolate cleanliness reduces cost by 632, Ops =-5,958 8,604 16,043 20,402
requiremsnts .
l1ter 6 Subtotal §,650 33,886 41,194 45,311
7. D pot nhass enxine. Sensitivity studies indicate DOTAE ooTeL | ~— - 28,800 28,800
Initial 10C i» Dec costs & number of flights can be
1980 & fiasl I0C i reduced by not phasing Class ! ecgioe. | Prod. -— .- 1,600 10,100
Dec 1963. Provids Dalaying infilal 10C 1 year reduces
fliight bulld~ep i DOTLE posk funding; build-up reducss Ops - - 23,700 23,502
L1 crow size.
(Option 385-2) It 7 Subtozal 54,000 | 62,402
8. Dslste procuremmmt & Provided by the government usiing DDTLE | 2,340 2,787 3,200 3,471
mainteusace of control | existing equipment and persounsl.
cantut o ulpmant . Hot charged to Tug. Ops 3,302 2,337 3,121 3,.2,
Item & Subtotal 5,642 54124 6,321 6,592

-9, Provide S Teg field Control cemter crew provided by Ops 11,197 8,866 11,597 11,597
‘Teps 1o lieu of goverument. ¥ot included In Tug
control center crew. costs.

10. Train WASA & DOD Beduce duplication of effort. ops $80 823" 580 580
cres jointly.

1i. Ixtend DDZRE 1 Yesr Incresses total DDTEE cos: but recuces | DDTEE |— (7,400) |== -~
(Option 2 only) prugres paak-yaar fundirg.

11. Acomptauce Testicy 1o | GSL reguivemmots are r.duced & chere DOIEY j— 2,300 2,700 2,700
CINCT for Tug Bo. 3 is oo change 4n cyov éise. Prod. 3,200 2,300 3,260 3,200
thew 13, Ttes 12 Subtotal 3,200 | 4,600 [' 5,900 | 5,900

oy R e <
ainoellanecns Adjustments in cost baslina. DOTAE (1,200 (100) 600 600
 Oeveceioss : . . Prod. | 1,200 - - -
R Ops §,300 5,700 7,500 7,000
N Item 13 Subtotal €,300 5,600 6,100 7,600
LarS
. Total DUTEE Savings 27,507 25,037 64,630 66,877
fozal Production Savings B, 436 16,318 18,689 26,945
7o0tal Operacions Savizgs 17,821 26,030 62,519 66,202
Total Ssvings 54,164 67,385 1144,858 162,024

Prod. = Production
Ops = Operstiocns
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Table I.€-2 Revieed Cce: Swmary

3282

Costs, $M
Revised | Revised | Revised | Revised
Option 1 jOption 2 jOption 3| Option 3A
Tug Costs
SRT (12.2) (19.8) (19.8) (20.0)
DDT&E 183 254 263 286
Production 158 153 190 361
Operations 224 208 256 261
Total 565 615 709 908
Number of Flights 227 254 336 331
Average Ops Cost per Flight 0.99 0.82 0.76 0.79
Shuttle Costs 2384 2667 3528 3476
iransportation Cost 2949 4237 4384

( ) Not included in totals
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3.7 Revised Option Definitions

3.7.1 Introduction

The sensitivity studies presented in the Selected Option Data
Dump (Ref 5.8) and additional anaslysis presentaed in this report
indicate that the final option definitions should be revised as
follows:

-~ Delete life test article and thermal-effects test article;
~ Assume no cradle attrition; .
- Load propellants and install spacecraft on pad (but out of Orbiter);
-~ Use central tug maintenance and checkout facility (CTMCF), use
existing facility, delete Class 100,000 cleanliness require-
ment ;

- Agssume control-center eqﬁipment and maintenance provided as GFP
(existing equipment);

- Assume control-center crew provided by the government; do not
include in Tug costs;

-~ Train NASA and DOD crews jointly;

- Do not inélude DDTSE costs for kick stages in Tug costs;

- For Option 2, start DDT&E one year earlier;

~ For Options 3 and 3A, do not phase the engine, delay initial I0C
oue year, do not provide 100Z capture in 1981;

- Perform acceptance testing in CIMCF.

Accordingly, this section presents the 'revised option definition,"
which incorporate these revised ground rules and assumptions.

'~»3.7.2 Summary of Results

“TIable 3.7-1 preseats the requirements for the revised option defi-

nitions. -.Cost savings items are idemtified in paragraph 3.6.1.
_,ﬂwnecause all Tug candidates (interim cryogenic, or storable)

irequire kick stages, which are not well defined, DDT&E costs
‘,g,EOt kick stages are not included in the total costs. DDTSE is

- started one year earlier in Revised Option'z to reduce annueal

peak funding requirements. The engine is not phased in Revised

Options 3 and 3A, and the 10C for the Phased Tug-Initial at ETR

is delayed one year. A build-up in flighkt rate and crew size

is also provided at WIR and ETR rather than drive the program

directly to 100% capture in 1981.
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Table 3.7-2 presents a summary of the revigsed option definitions,
including physical characteristics, performance capability, and
identification of major subsystems. Dry weights and performance
capabilities for the initial delivery Tuges in Options 3 and 3A
have been revigsed as & result of using the Class I engine.

Table 3.7-3 presents the significant programmatic factors for the
revised option definitions. The operational span time for Revised
Options 3 and 324 has been reduced from 11 to 10 yesrs by delaying
the initial I0OC. Crew sizes have been reduced, except for Option
1, by use of & centralized tug msintenance and checkout facility
(CTMCF). The number of flights for Revised Options 3 and 3A have
been reduced as a result of not phasing the engine, the shorter
operational span “ime, and not driving the program to 100% cap-
ture in 1981. Fleet »ize for Revised Options 2, 3, and 3A have
been reduced by one Tug as a result of using the CIMCF.

Table 3.7-4 presents the cost summary for the revised option
definitions. DDTSE costs for the kick stages are not included.
Tug costs have been reduced as a result of the cost savings
identified in paragraph 3.7.1. Shuttle costs for Options 3 and
3A have been reduced as 8 result of the reduction in the number -
of flights required (Table 3.7-3). '

3.7.3 Discussion

The following paragraphs present the differences between the
final option definitions and revised option definitions. 1f no
differences are indicated, there are none.

3.7.3.1 kgytion 1 - Cost savings relative to the final option
definitions are presented in paragraph 3.6. Costs for Revised
Option 1 were determined to be:

Dollars, Millions

DDT&E Production Operations Total

'Final Option 1 236.8 166.1 242,2 645.1
Less Kick~Stage DDTGE -26.1 -26.,1

Subtotal o 210.7 166.1 = 242.2 © 619.0
Cost Savings (para 3.6)  -27.9 ~ -8.§ -17.8 -54.2
Revised Option 1 182.8 157.6 224 .4 564 .8
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Takle 3.7-3 Programiatic Factors for Revised Option Definitions

Revised | Revised | Revised | Revised
Option 1 | Option 2 | Option 3 | Option 3A

Launch Operations
(Years) 1) 7 10 10
Crew Size

ETR CTMCF 69 69 69 69

ETR Lasunch Site 55 55 55 60

WIR Launch Site _48 _35 33 _60

Total 172 ‘179 179 189
Number of Flighte®

NASA 119 139 185 180

DOD 108 s 151 151

Total 227 254 336 331
Expendables

Tugs (Main Stage) 10 6 8 8

Kick Stage 10 3 5 5 S

Rick Stage 1.5 4 -— - -

Kick Stage 10/1.5 4 - 4 4

Drop Tanks -- - -- 279
Fleet Size

Tugs (Main Stage) 15 12 15 15
*Notet: Includes reli-

ability losses 3 3 4 4

Table 3.7-4 Cost Swmmary for Revised Option Definitions

Costs, $M
Revised |Revised | Revised | Revised
Option 1 |Option 2 | Option 3 { Option JA
Tueg Costs ‘
SRT (12.2) (19.8) (19.8) (20.0)
DDT&E 183 254 265 286
Production 158 153 190 361
Operations 224 208 256 261
Torsl .. - 4k 565 615 709 908
| *hmber-of Flights . | 277 254 336 ki
Average Operations
Cost per Flight 0.99 0.82 0.76 .79
Shuttle Costs 2384 2667 3528 3476
Transportation Cost 2949 3282 4237 4384

(‘) Yot Included in total
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3.7.3.2 Option 2 - Sensitivity studies indicate that peak funding
can be reduced by starting DDTSE one year earlier (Ref 5.8, Vol

2.0, pages 2-162, 2-163, 2-188, and 2-1
recommended for Revised Option 2.

89).

This program is

Cost savings relative to the final option definitions are pre-
sented in paragraph 3.6. Costs for Revised Option 2 were deter-

nined to be:

Dollars, Millions
DDT6E JProduction Operations Total
Final Option 2 297.7 169.1 233.7 700.5
Less Kick-Stage DDT&E -18.1 -18.1
Subtotal 279.6 169.1 233.7 682.4
Cost Savings (para 3.6) -25.1 -16.3 -26.0 -67.4
Revised Option 2 254.5 152.8 207.7 615.0

3.7.3.3 Options 3 and 3A - Paragraph 3.1 presents the effects
of not phasing the engine on Final Option 3; paragraph 3.2 pre-
sents the effects of delaying the IOC at ETR or® year and re-
. Paragraph 3.3 presents
the combined effecis of these two sensitivity studies on Final
Option 3. This program is recommended for Revised Option 3; a
similar program is recommended for Revised Option 3A.

stricting the number of flights in 1981

Because the Class I engine is used for the Phased Tug-Initial,
Tug dry weights and geostationary delivery capabilities are

improved as follows:

Final Option Revised Option
1b kg  1b . kg
ggtlon 3
Dry Weight 2,934 1,331 2,804 1,272
Performance Capability 4,400 1,996 5,700 3,585
Option 3A
Dry Weight 4,006 1,816 3,874 1,757
Petformgnce Capability 4,900 2,223 5,900 2,676

Figures 3.7-1 and 3.7-2 present the Phased Tug-Initial performance
carability charts for Revised Options 3 and 3A, respectively.
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A

Table 3.7-5 compares the number of flights required for 100%
capture, and with programmatics considered. The revised options
require fewer flights during the first four years of delivery
operations due to the increased performance capability of the
Phased Tug-Initial using the Class I engine. Programmatics for
the final option definitions limit the number of flights to three
in 1980; 100X capture is achieved in 198l1. Programmatics for the
revised options eliminate the three flights in 1980, due to the
delayed I0C, and limits the flights in 1981 rather than drive the
program to 100X capture; 100X capture is achieved in 1982,

Table 3,7-6 compares the mission'accomplishment in terms of the
spacecraft delivered and retrieved. Programmatics considerations
limit the number of spacecraft delivered in 1980 for the final
options. HNone are delivered in 1980 for the revised option end
the number of spacecraft delivired irn 1981 is limited; 1002 cap-
ture is achieved for retrieval in both cases.

Cost savings relative to the final option definitions are pre-
sented in paragraph 3.6, Costs for Revised Option 3 were deter-
mined to be:

Dollars, Millions

DDTSE Production Operations Total

Final Option 3 353.7 209.3 318.3 881.3
Less Kick-Stage DDTSE  =26.1 -26.1

Subtotal 327.6 209.3 318.3 885.2
Cost Saviugs (para 3.6) =64.6 -18.7 -62.5 -145.8
Revised Option 3 263.0 190.6  255.8 709.4

Costs for Revised Option 3A were determined &8 follows:

Dollars, Millions
DDT&E Production Operations Total

Final Option 3A 380.6 388.2 326.8 1095.6
Less Kick-Stage DDTSE ~-26.1 =26.1

., Subtotal 354.5 388.2 326.8  ° 1069.5
‘.. Cost Savings (para 3.6) =68.9 =26.9 -66.2 -162.0
. Revised Option 34 285.6 361.3 260.6 907.5
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Table 3.7-6 Mission Accomplishment for Cptions 3 and 34

1002 Programmatic Capture
Capture | Final Option | Revised Option
Spacecraft Delivared
NASA 201 ‘189 181
DOD 186 167: 162
Total 387 356 343
Spacecraft Retrieved
NASA 87 87 87
boD 8 8 84
Total 171 171 171
Total Spacecraft » 558 527 514

3.7.4 Recommendations

Final option definitions presented in the Selected Option Data
Durp (Ref 5.8) have been revised to incorporate the results of

sensitivity studies and additional analysis.

These revisions

are referred to as revised option definitions and represent our
recommendation for the best Space Tug (Storable) for each appro-
priate progrummatic option.
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3.8

Assessment of DOD Programmatics

3.8.1 Intwcduction

The Selected Option Data Dwy (Ref 5.8) included schedule and
cost data based on DOD programmatics; however, in accordance with
previous agreements, no attempt was made to assess the pros and
cous of DOD programmatics relative to NASA programmatics. The
purpose of this study was to provide a qualitative assessment of |
DOD programmatics. Study details ave presented in Martin Marietta
letter 73Y-81,183, dated October 19, 1973, Contract NAS8-29673,
Assessment of DOD Programmatics.

A\

3.8.2 Sumary of Results

The DOD programmatic approach reduces the risk of modifications
during production and operations because an operational test and
evaluation (OT&E) is conducted before commitment to fullscale
production. However, this delays production and produces an
uneven distribution in yearly funded requirements, which is
considered undesirable.

Becsuse the Tug fleet is relstively small (approximstely 15) and
centrally located, modifications can be readily incorporated
after delivery.

3.8.3 Recommendation
It 1{s recompended that commit-to-production not be constrained
by flight-test evaluation. Evaluations and reviews can be held
in a timely fashion so that the start of production ic not de-~
layed. .
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3.9

Validation Phase tor Space Tug (Storabla)

3.9.1 Introduction

The purpose of this section 48 to identify recommended tasks for
the Air Force validation Phase of the Storable Space Tvy lProgram.
Tho tasks are identified in terms of specific outputs that must
be backed up by preliminary design, snalyses, and trade studies.
The section is in general agreement with and in an axpansion of
the outputs identified in AFSCP 800-3,

It is -assumed that supporting research and technology (SRT) tasks
in the Appendix to Vol 5.0, Selected Option Data Dump (Ref 5.8)
are conducted in parallel with nr as par:t of the validation phase.
The SRT tasks identified include the prototype testing necessary
to define hardware characteristics and eliminate technology risks.

Principal outputs of the validation phase are the Part I configura-
tion item (CI) detailed performancc specification and interface
requirementes specifications. Criteria and requirements documents
and detailed plans are provided to validate schedules and costs

for the full-scale development and production phases. ‘

Outputs identified in the following paragraphs define requiremenis
for the sllocated baseline, which provides a firm foundatie: for
comnitment to full-scale development,

3.9.2 Validation~-Phase Task ldentification

The following tasks are listed for the DOD validation phase.

3.9.2.1 Research and Technology (including hardwaie prototype
tenting) = This work is performed in parallel with or as part of
the validation phase details presented in the supporting research
and technology (SRI) appendix to Vol 5.0 of the SeZected Option

Datg Dwmp (Ref 5.8).
3.9.2.2 Specifization (MIL-STD=490)

1) Updated system specification

2) Part I, configuration item (CI) detailed performnnce specifi-
~cations for:

(a) Prime equipment
(b) Real property facility items

(c) Noncomplex items
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(d) Computer programs
(e) Critical identifiable engineering components

3) Preliminary interface requirements epecifications, ICDs
(referenced in above specifications) for:

(a) Tug to spacecraft

(b) Tug to Orbiter

(c) Tug Engine to Tug
4) Procurement specifications for' iong-lead items,

3.9.2.3 C(Criteria and Requirements Documents

1) Design criteria

2) Test and checkout criteria

3) Operational software requirements

4) GSE requirepments (including software)

5) Facility requirements

6) -~Software -walidation requirements

7) Tooling requirements and tool specification orders
8) Human factors criteris

9) Inveuntory equipment requirements

3.9.2.4 Plans

1) contractor full-scale development plan, including configura-
tion management plans, cost, and schedule contrsl plan.

2) Test plans
(a'v)'{}\ Integrated systems test plan
(b) Full-scale development test plam, iacluding component
and subsystem development, qualification, acceptance,
and flight-test evaluation

(c) Additional CI prototype testing before full-scale develop-
ment
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3
4)
5)
6)
7)
8)

9)

10)
11)
12)
13)
14)
15)
16)
17)

18).

19)

Training requirements plan

Logistics plan

Make-or-buy plan

Design standardization program plan

Manufacturing plan

Advance process plan .

Mission success plan, including reliability assessment,
quality assurance, maintainability, and failure reporting
and tracking.

Tug refurbishment plan

Flight operations plan, including ground support
Tug/Shuttle/payload management integration plan

Safety plan

Subcontractor management plan

EMC plan

Communications plan

Valus engineering ‘plan

T;lnoportationxplan

Plan for operational procedures

35.5.2.5 Schedules

1)
2)
3)
4)

Full-scale development phase at the Cl level

Planning schedules for the production phase st the Cl level

'Schedule commitments for subcontracted items

Integrated schedules for Shuttle/Tug operations
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3.9.2.6 Costs

1) Es’imutes at the CI level for a cost-type proposal for the
full-scale development phase

2) Planning cost estimstes at the CI level for the production
phase

3) Cost estimates for major procurement items based on vendor
quotations .

3.9.2.7 Study Results

A

1) System and subsystem trade studies, including cost and schedule

2) Risk assessment, includiug assessment of supporting research
and technology status

3) Performance and targeting analyses

4) Mission capability analyses

Qe
.

N I R
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3.10

A A TN -

Candidate 1974 Study Tasks for the High-Technology Space Tug

3.10.1 Introduction

This section identifies specific tasks that NASA ghould pursue in
CY 1974 to evolve a High-Technology Space Tug (HTST) in the 1985
time frame to supplement or replace the interim Orbit-to-Orbit
Shuttle (00S) for the Space Transportation System (STS).

3.10.2 Summa ry

NASA should make maximum use of Space Tug System Study results,
recognizing the interim 00S in the STS. Results of these studies
should be maintained, combined, and modified to provide a cost-
effective plan to integrate the HTST into the STS in the 1985

tine period. Emphasis should be placed on continuation of mission
modeling, identification of performance and programmatic require-
ments, detailed advanced design studies in certain areas, in-
vestigation of the entire spectrum of upper stages, misgion and
ground operations studies, and resolution of safety issues.

3.10.3 Discussion
A brief description of each task follows.

3.10.3.1 Systems Analysis - The objective of the systems analysis
tasks is to seek and define the most cost-effective program for inte-

grating the HTST into the STS. Specific tasks are discussed below.

a. Migsion Model Assessment - During 1973, we evaluated more than
40 mission models that were deterministic; i.e., the launch and
retrieval data for a given spacecraft were specified. It is an-
ticipated that such mission models will continue to evolve. Theee
should be evaluated using typical HTST candidates, recognizing

the existence of the interim 00S. Missions from whi~h the HTST

is more cost effective should be identified. ‘

Mission models should also be examined, using a probabilistic ap-
proach in which the launch date for & given spacecraft or satel-
lite network is uncertain. Such modeling would take into account
variations in satellite replacement due to random failures, in-

" fant mortality, and wear—out. This would in turn affect Tug
" fleet size and provide additional visibiiity to the variability

of launch rate, fleet size, and cost.

b. Cost-Effective HTST Programs - Tug/spacecraft combinations
should be examined in light of known Shuttle size and weight
limitations to determine the most cost-effective method of
satisfying mission model requirements. Interim 0OS and HTST
candidates should be evaluated and compared. Spacecraft mission
requirements for the HTST should be identified as a result of
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time phasing, performance capability, and costs relative to the
interim 00S. Rick-stage candidates evolving from the task de-
scribed in paragraph 3.3.2 should bde included.

&, Accurlate Cosl Data aid Evaluate lnoeriainiies - Cost data
resulting from the Space Tug Systems Studies should be accumu-
lated, documented, and compared. Discrepancies and uncertain
arcas should be investigated to obtain better cost data. Results
of probabilities mission modeling will also indicate variations
in operational costs for which probability distributions can be
derived.

d. I'rade-Off Requirememts vereus Cost and Performance - During
the Space Tug Systems Studies, certain requirements, ground rules,
and assumptions drove the resulting design and programmatic op-
tions. Trade-off studies should be conducted to optimize the
requirements, performance, design, cost, and programmatics, which
would lead toward identification and definition of the most cost-
effective program.

€. Servicing Mission Requiremenis - During the Space Tug Systems
Study, some attention was given to a servicing mission. It

should be further explored in 1974 to determine and 2valuate
specific requirements for rendezvous and docking, flight opera-
tions, and spacecraft-to-Tug interface requirements. Design and
operational studies should be conducted to better understand the
operations and requirements of the Service Module (SM) and Service
Replacement Unit (SRU).

f. Eeconomic Studies of Spacecraft Retrieval and Servieing - The
interim 00S provides for spacecraft delivery but cannot retrieve
a disabled or spent spacecraft. The high-techrology Space Tug
will have retrieval as well as delivery capability; however, the
economics of retrieval are controversial. Another alternative
is to provide spacecraft servicing on orbdit.

The economics of selective spacecratt retrieval or servicing shonld
be investigated to determine which spacecraft should be retrieved
or serviced. Trade-offs should be based on costs tor spacecraft,
refurbishment, and transportation. It is anticipated that the
more -expensive spacecraft justify retrieval, vhereas heavier
spacecraft would justify servicing.

g. Program Plan - A program plan shouvld be developed that leads
to initiation of the development phase and thence to production
and operation. Advanced studies, conceptual design, and sup-
porting research and technology (SRT) tasks should be identified
and scheduled, Msajor program milestones and decision points
should be defined. The program plan would provide the basis for
NASA's pursuit of the HTST and monetary expenditures.
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h. Maintain Criteria and Spacecraft Definition - The Space Tug
Systems Studies were based on certain criteria and spacecraft
definitions. Other criteria, ground rules, assumptions, and in-
terpretations evolved during the studies. These criteria should
be maintained, updated, and expanded. Discrepancies and different
interpretations should be resolved and results documented. The
results will provide the basis for the system performance speci-
fication (para 1.) «nd the ultimate design specifications for tne
HTST. .

1. Preliminary Ferformaice Specification - A preliminary perfor-
mance specification should be started in 1973, maintained, and
updated in subsequent years. The specification should define
overall performance requirements for the HTST system and pro-
gramatic constraints. This would provide the basis for concep-
tual studies, program definition and, ultimately, the basis for
competitive contractor biddirg.

3.10.3.2 Upper-Stage Evaluation

a. Background - All Tugs thus far defined have required kick
stages of various energy requirenments. Kick-stage requirements
vary from those needed only for high-delta-velocity planetary
missions for high-technology Tugs, to those needed for 502 of
geostationary placement missions for the reusable 00S. The kick
stages vary in size as a function of mission requirements and
Tug capability. Simple state-of-the-art solid-rocket-motor kick
stages have generally been satisfactory for geostationary place-
ment with the 00S, and to a lesser extent for planetary migsions.

Righer-energy kick stages have been considered for many planetary
applications. These include low-thrust, very-high I.p ion-pro-

pulsion stages powered by solar—electric or nuclear-electric
systems. These higher-energy kick stages have also been con-
sidered for possible geostationary applications such-as space-
craft retrieval and on-orbit spacecraft service.

Betveen the high-energy kick stages and the state-of-the-art solid-
rocket-motor kick stages lie flourine-based liquid-propellant
stages, higher-performance, efficiently packaged solid-rocket-

. motor kick stages, liquid-propellant kick stages derived from

**! Transtage hardware, and kick stages based on planetary-orbit-
inject propulsion systeus.

b, Study Approach - The entire matrix of kick-stage possibilities
should be assessed for application to the various Tug configura-
tions currently under consideration. Cost, performance, and mis-
sion capture evaluation and trade-offs should be conducted to
establish Tug-to-kick-stage 'best fit" and cost effectiveness.

The logical transition of a select kick stage from interim 00S to
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a high-technology Tug is an obvious goal. In particular, a kick
stage based on Transtage components should be sized for optimum
fit for reusable 00S geostationary delivery and for later appli-
cation to high-technology Tug planetary delivery.

High-energy kick stages should be evaluated for multiple appli-
cation with interim and high-technology Tugs, with emphasis on
use with 00S to capture the NASA planetary segment of the misaion
model .,

c. Sequence - Kick-stage assessment should follow the sequence:

1) Mission requirement assessment of various user's desires and
available mission models (to be worked in conjunction with
the previous task);

2) Mission requirement assessment as & function of Tug delivery
capablility:

3) Stage sizing;
4) Mission capture of various Tug/kick-stage combinations;

5) Cost assessment and economic effects of various Tug/kick-
stage combinations:

6) Selection of optimum kick-stage configurations.

3.10.3.3 Advanced Design

a. S?ruatureq

1) Propellant Slosh Analysis - Satisfactory methode and computer
anhalyses of propellant behavior in slanted or asymmetric tanks
- should be developed. This includes the interaction of fluid
. with thin-walled tanks as it pertains to structural loads and
- control-system stability.

2) Lightweight Structure (Composites) for Nontank Structure -
Additional studies of the application of composites to mini-
mize nontank or skirt structural weight should be conducted.

. .. This would use the loads and configuration applicable to con-
cepts as defined in the Space Tug Systems Studies and would
,-be in addition to the work now being done under contract
- NAS8--29979, "Design Fabrication and Test of Lightweight Shell
Structure."
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3)

1)

2)

1)

“'9)

Docking liechanisms

Generate a more detailed preliminary Aesign of the docking mech-
anism concept resulting from the Space Tug Systems Studies.

Perform preliminary dynamic analysis of this preliminary design.

Begin work to develop analytical tools for docking and capture
of an elastic spinning satellite.
Propulsion ’
4_£gllant Dump Philosophy and System Safing - The execution
in-space" dumping of storable propellants and provision
of 8 safe and passive propulsion system after s mission or
mission abort has been recognized as a prime area of concern.
A study should be undertaken to establish the propellant dump
philosophy and system safing technique.

Evaluation of Propellant Utilization Systems - Controlling
propellant residuals is considered a critical problem in
minimizing weight penalties for the Space Tug uwain propuleion
system. To minimize propellant residuals, an accurate and
reliable propellant utilization (PU) system must be used that
includes a propellant quantity gaging system and necessary
control electronics and mechanisms. The objective 18 to
evaluate and select the prefetred PU system and establigh

its performance.

Avionics

Flight Test Feasibility Studies - A study should be made to
investigare the feasibility of an avionics subsystem and
. components test pnilosophy based oun "piggyback" on the in-
terim 00S. That is, the interim O0S will provide the perfect
test bed for qualification and testing of data mahagement,
power, and especially navigation equipment (one-way Doppler,
‘interfermeter landmark tracker, horizon sensors, scanner
laser radars, etc) of new design intended for the mid 1980s.
1f the test concept appears feasibtle, a plan 8h0uld be roughed
v out and the program impact assessed.

Thult Isolation and Replacement Philosophies - A comparison
of fault isolation and replacement philosophies should be
conducted. This should include redundancy planning philoso-
phy, data management pilot-copilot or majority-vote and soft-
ware yroutines. This study cannot be performed without a
cursory analysis, replete with assumptions as to the caution
and warning philosophies of the Orbiter,
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K)

4)

5)

6)

On~Buard Checkout -~ An investigation should be made to deter-
mine the cost savings and technical advantages of system
checkout through the use of the flexible signal interface
data-management approach. The approach must be deepened
somewhat to include the assumption of black-box characteris-
tics, then a vendor control technique can be developed and
expanded to provide the cost savings data.

Rendezvous &nd Docking - Blind rcndezvous and docking should
be investigated by:

-~ Developing the guidance algorithms;

- Investigating the applicability of our Mars landing-site-
selection hardware (image dissector) and accompanying soft-
ware (edge detection Sun/shadow) to blind dock to a co-
operative vehicle.

An emperial study should be made of man-in-the-loop rendezvous
and docking using the Martin Msriettu space operations simu-
lation laboratory, studying the effects of:

- Delay in picture, range data;

- Degradation in the reconstructed picture;

-~ Minipum time-line mamneuvers.

This effort can be done for two manmonths of effort if the
laboratory is up and running for other purposes. This was
the case in 1973 and may be in 1974.

Communications - Investigate in-depth Orbiter communications
interface with the Tug vehicle--recommend optimum frequency

allocation or compatible Orbiter, Tug, spacecraft, relay
satellite and ground network RF links.

Solar Array or Fuel Cells - A study should be made of solar
arrays versus fuel cells for the HTST. This study should

relate the development of these technologies to selection of
the iutertm OOS and to the heavy impact on cost and develop-

o

. .
.,»ment.“ N

Solar-Arggy Deployment - A study should be conducted to define
problems associated with deployable equipment like solar
arrays and antennas. The study should include life time
cycling, ACS impingement, emergency action on failure before
Orbiter/Tug retrieval, contamination, Sun-shadow effect, and
interference.
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d. In*erfaces - Additional studies should be conducted to ensure
that HTST and 00S interfaces with the Orbiter are compatible in a
nanner that requires minimum Shuttle modification when transition-
ing from the 00S to the HTST. Items requiring additional study
are:

1) A satisfactory method of achieving proper alignment and place-
ment of the Tug in the Cradle;

2) A suitable method of latching and uﬁlatching the Tug retention
devices on the Cradle;

3) Number of Tug-to-Cradle interface points to obtain minimum
weight;

4) A method of making remote connections of the Cradle-to-Tug
umbilicals; :

5) Location and method of support for Cradle-to-Orbiter dump
lines and electrical umbilicals;

6) Review and comparison of 00S structural, mechanical, elec-
trical and functionsl requirements. Recommend 00S/Orbiter
interface compromises to accept HTST with minimum modifica-
tion and/or HTST compromises to be compatible with 00S/Orbiter
interfaces.

7) Study the effects of converting from an interim storable 00S
to a cryogenic HTST.

3.10.3.4 Mission Operations - Systems operability studies should
be continued concurrently with systems analyses and advanced de-
sign studies. The ground and in-flight checkout philosophy
should be established and crew involvement defined. Constraints
or operational limitations should be identified, documented, and
majintained. '

3.10.3.5 Ground Operations - The functional flow, test require-
ments, checkout philosophy, GSE and facility requirements evolving
from the systems studies should be maintained and up-dated. Dif-
ferences between the studies should be compared and resolved.
Cleanliness requirements, propellant handling and Tug refurbish-
ment, handling, and installation in the Orbiter should be studied,
trade-offs conducted, and preliminary requirements defined. Con-
siderations should be given to integration with interim 00S ac-
tivities, and Orbiter and spacecraft integration.
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3.10.3.6 Safety

Trade-off and sensitivity studier should be conducted to

determine the effects of safety requirements on vehicle design,
performance, and cost. For erample, safety criteria used for
the Space Tug Systems Study are more conservative than those
for 00S.

b.
1)
2)
3)

4)

Additional studies should be conducted to:
Identify propellant fire hazards and preventive action;
Explore the possibility of propellants freezing in lines;

Explore the possibility or degree of Orbiter contamination
and preventive action;

Resolve safety issues of hypergolic and ciogenic propellants.
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CONCLUSIONS AND RECOMMEIDATIONS

FINAL OPTION DEFINITIONS AXD SENSITIVITY STUDIES

We have addressed the study objectives and key issues in a logical
and systemmatic manner, and have defined the final options 2ad
associated programmatics and cost in depth. A supporting research
and technology (SRT) program has been identified to minimize pro-
gram risk. Sensitivity studies and additional analyses have pro-
vided additional insight. The significant results and conclusions
are sumarized as follows: :

- 1002 mission capture (about 300 spacecraft) can be achieved
with a small (approximately 15) Tug fleet.

-~ A few (approximstely 10) Tuge and kick stages must be expended
to capture the very high-energy planetary missions.

~ Any spacecraft delivered can be retrieved using & delayed re-
trieval flight mode.

- Multiple spacecraft delivery minimizes the number of Shuttle
flights required. '

-~ Tug length is as important as delivery capability in minimizing
the number of Shuttle flights.

- The storable Tug can readily accomplish a 30-day servicing
mission.

- Spacecraft retrieval is relatively inexpensive to develop, but
expensive to routinely implement.

-~ The Tug main stage should consisé of a single stage.

- A high level of safety and reliability can be achieved; safoty
and reliasbility are equal drivers.

. = Storable propellants provide maximum safety due to their sta-

bility and precise reaction predictability; tamk venting is
not required after loading. Storable propellants have been
used for more than ten years without a disabling injury or

major incident.

- Storable Tugs offer efficient use of payload-bay volume, simple
interfaces with Orbiter and ground systems, safe operating
modes, and simple design leading to low DDT&E costs.




“.2
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Use of separation and docking modules significantly increases
the flexibility of the Tug and is cost effective.

Autonomy levels do not significantly affect Tug performance
and cost.

The final option definitions advance the state of the art with
pinimum development costs,

The reusability of the selected.storsble Tug configurations
provide minimum production and operating costs.

The final option definitions provide minimum risk of achieving
performance goals within the estimated costs and schedules.

Considerable cost savings can be achieved by revising the
ground rules and assumptions used or evolved during the study.

Extending the DDTSE phase reduces psak funding, but slightly
increases total cost.

The main engine should not be phase~developed.

‘Commni t-to-production should not be contingent on flight-test .

evaluation (DOD programmatics).

REVISED OPTION DEFINITIONS

Finsl option definitions and associated programmatics and costs
were presented in the Selected Option Data Dump (Ref 5.8) in
September 1973. Some of the above conclusions indicate that the
final option definitions should be revised, specifically:

Delete life test article and thermal-effects test article;
Assume no cradle attrition; '
Load propellsnt on pad (but out of Orbiter);

Use central tug maintenance and checkout facility (CIMCF);

‘Us#: -kisting facilities; delete Class 100,000 cleanliness

requirement ;

Assume control center equipment and maintenance is provided
as GFP (use existing equipment);

Assume control center crew is provided by the government and
is not charged to Tug;




- Perform acceptance testing in CTMCF;

= Train NASA and DOD crews jointly;

~ Do not include kick-stage DDT4LE costs in Tug costs;
- Start DDTSE phase one year earlier for Option 2;

- Do not phase the engine (Options 3 and 3A); delay initial 10C
uvhe year; do not drive the program to 1002 capture in 1981.

Accordingly, this section presents the recommended ''reviged option
definitions' that incorporate the above revised ground rules and
assunptions. .

Table 4-1 presents the requirements for the revised option defi-
nitions; the lower section summarizes the differences between the
requirements for the final option defi .itions and the revised
option definitions. The cost savings items result from the above
revisicus to certain ground rules and assumptions used or evolved
during the study. Because all Tug candidates (interim, cryogenic,
or storable) require kick stages, which are not well defined,
DDT&E costs for kick stages are not included in the total costs.
DDT&E is started one year earlier in Option 2 to reduce annual
peak funding requirements. The engine is not phased in Options

3 and 3A, and the I0C for the Phased Tug-Initial at ETR is deiayed
one year; a build-up in flight rate and crew size is also pro-
vided at WTR and EIR rather than drive the program directly to
1002 capture in 1981. Table 4-2 presents & summary description
of the revised option definitions, including physical character-
istics, performance capabilities, and identification of major
subsystens.

Table 4~3 presents the mission accomplishment for the revised
option definitione, includin_ prograsmatic considerations. The
flight rate is limited in the first two years of operations and
reliability losses are included. Tsble 4-4 compares the number
of flights used for programmatics wirh the number of flights re-
quired for 1007 capture.

Table 4-5 presents the significant programmatic data for the Re-
vised Options. Crew sizes during the first two years of operations
are smaller than those shown, due to the build-up in flight rate.
Except for Option 1, use of a centralized tug maintenance and

checkout facility {CTMCF) reduces crew size and Tug fleet size. The

length of the operational program and crew size drive the opera-
tional costs. Fleet size affects production costs and is primarily
driven by the number of expendables and reliability losses. Note
that a large number of flights is accomplished with a small Tug
fleet, due to the reusability of the Space Tug (Storable).
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Table 4-3 Summary of !tisgion Acoomplishment with Programmatic
Considerations” - Revised Options :

Revised | Revised | Revised | Revised
Option Option Option Option
1 2 3 34
Spacecraft Delivered |
NASA 189 .110 181 181 |
DOD 149 FreY 162 162 |
Total 338 221 343 343 |
3
Spacecraft Retrieved ;
NASA —— 79 87 87
DOD _4t | 19 _84 _84
Total _4&t | 18 an i
Total Spacecraft | 342 379 514 514
Delivery Flights
NASA 119 59 97 93
bop - 108 34 _65 65 r_
Total : 223 93 162 158 '
Retrieval Flights
NASA —-——— 80 88 87
DOD _ut 8 86 | _86
Total 4t 161 174 173
" Total Flights 227 254 336 331
*Total m!ssion model reduced for Shuttle limitations and
"build-up rate. Flights are increased for reliability losses.
fséttio’
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4.3

Table 4-6 summarizes the total coste for the Revised Options.
DDTSE costs for the kick stages are not included.  The cost of
supporting resecarch and technology (SRT) is shown, but not in-
cluded in the totals. The cost per flight is based on operating
cost and does not include the cost of expendables. Shuttle costs
are based on $10,500,000 per flight, Tug costs for Revised
Option 2 are greater than for Revised Option 1, due to the greater com-
plexity in DDT&E. Production cost per unit is higher, however,
fleet size is smaller. The span time for Revised Option 2 is
shorter, which tends to reduce operations costs. Tug costs for
Revised Option 3 are higher than for Revised Option 2, due to the
phased development, larger fleet size, and longer operational
progran. Because Revised Option 3 has significantly more flights,
the cost per flight is less. Tug costs for Revised Option 3A are
greater than for Revised Option 3, due to added development and
production costs of the drop tamks, which are expended. Recause
the number of flights is only slightly reduced, the cost per
flight is higher. Transportation costs are driven by Shuttle
cost.s, which are in turn driven by the mumber of flights. Revised
Option 3A is an exception because Tug costs are significantly
greater than for Revised Option 3; however, the number of flights
is only slightly reduced. ‘

SUGGESTED ADDITIONAL EFFORT

During the Space Tug Systems Study, it was decided that the De-
partment of Defense would provide an interim Tug, referred to as
the Orbit-to~-Orbit Shuttle (00S), while NASA would pursue the long
range Tug referred to as the High Technology Space Tug (HTST).

RASA should make maximum use of the Space Tug System Study results,
reccgnizing the interim 00S in the Space Transportation System
(STS). Results of these studies should be maintained, combined,
and modified so as to provide a cost-effective plan to integrate
the HTST into the STS in the 1985 time period. Emphasis should

be placed on continuation of the mission modeling, identification
of performance and ‘programmatic requirements, detailed advanced

; design studies in certain areas, investigation of the entire
spectrum ‘'of upper stages, continuation of mission and ground op-

erations studies, and resolution of safety issues.
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The following list surmarizes specific tasks that should be started
in CY 1974 by NASA and its contractors.

a. Systems Aralyses

- Assess determin%stic and probabilistic mission models
~ 1dentify cost-effective HIST programs

- Accumulate cost datea and evaluate uncertainties

- Trade off requirements versus cost and performance

- Study servicing mission requirements

-~ Conduct economic studies of spacecraft retrieval and servicing
- Develop a program plan

- Maintain criteria and spacecraft definitions

- Develop a preliminary performance specificatioﬁ.

b. Upper (kick) Stage Evaluatiom

- ’EValdate the entire spectrum of kick-stage possibilities for
common application to the interim 00S and HTST

- Pvaluate a kick-stage de{ived from Transtdge components.
e. -Advanced Daéign
1) ' Structures

- Develop propellant slosh analy;es

- Conduct additional studies of composites

- Generate preliminary design of docking mechanisms and per-
form preliminarv dynamic analyses.
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Propulsion

- Establish propellant philosophy

- Evaluate prupellant utilization systems.
Avionics .

- Study feasibility of 00S flight test

- Establish fault isolation and replacement philosophies
- Investigate on-board checkout

- Conduct rendezvous and docking studies
- Investigate communications interfaces

- Trade off solar arrsy versus fuel cells
- Study solar-array deployment.
Interfaces

- Compare 005 interfaces with HIST

- 1Identify 00S, HTST, and Shuttle compromises to achieve
compatibility

- Determine the effects of transitioning from an 00S of one
’ propellant to an HTST of another propellant.

Miseion Operations
"Establish checkout philosophy
Define crew participation

Identify operational constiaints.
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Ground Operations

Maintain and npdate previous studies

Resolve differences

Conduct trade-off gtudies

Integrate HTST operations with 00S.

Safety

Trade off safety requirements with performance and cost

Revolve safety issues..
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Organization, lLos Angeles, California, March 21, 1971,
Revised August 10, 1971 (Secret).
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5.31 Requirements for Sustems Safety Programe for Systems and
Asgociated Subsystems and Equipment. MIL-STD-882. Air
Force Systems Command, Washington, District of Columbis,

© July 15, 1969

5.32 Checklist of Gerneral Design Criteria. AFSC DH1-X. U.S.
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1972. .
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