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PREFACKE

The Space Station Systems Analysis Study is a 15-month effort (April 1976 to
June 1977) to identify cost-effective Space Station systems options for a man-
ned space facility capable of orderly growth with regard to both function and
orbit location. The study activity has been organized into three parts. Part }
was a 5-month effort to review candidate objectives, define implementation
requirements, and evaluate potential program options in low earth orbit and
in geosynchronous orbit. It was completed on 31 August 1976 and was docu-
mented in three volumes (Report MDC G6508, dated 1 September 1976),

Part 2 has defined and evaluated specific system options within the framework
of the potential program options developed in Part 1. This final report of —

Part 2 study activity consists of the following:

Volume 1, Executive Summary

Volume 2, Technical Report

Volume 3, Appendixes
Book 1, Program Requirements Documentation
Book 2, Supporting Data
Book 3, Cost and Schedule Data

The third and last portion of the study will be a2 5-month effort {February to
June 1977) to define a series of program alternatives and refine associated
system design concepts so that they satisfy the requirements of the low

earth orbit program option in the most cost-effective manner.

During Parts 1 and 2 of the study subcontract support was provided to the
McDonnell Douglas Astronautics Company (MDAC) by TRW Systems Group,
Aeronutronic Ford Corporation, the Raytheon Company, and Hamilton
Standard.
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Questions regarding the study activity or the material appearing in this

report should be directed to:

Jerry W. L aig, EA 4

Manager, Space Station Systems Analysis Study
National Aeronautics and Space Administration
Liyndon B. Johnson Space Center

Houston, Texas 70058

C. J. DaRos

Study Manager, Space Staticn Systems Analysis Study
McDonnell Douglas Astronautics Company-West
Huntington Beach, California 92647

Telephone {714) 896-1885
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DESIGN CONSIDERATIONS FOR A MARS SAMPLE RETURN
LABORATORY MODULE FOR SPACE STATION

INTRODUCTION

A rigorous lunar sample quarantine program was established to protect

the public's health, agriculture, and other living resources from back-
contamination from lunar samples and, in addition, to protect the integrity of
the samples themselves and the scientific program associated with them,
The program included the planning and development of special quarantine
facilities, equipment, and operational procedures, with special emphasis

on the design and operation of the Lunar Receiving Laboratory at JSC, where
the samples were held and analyzed, These precautions were taken with
regard to samples that were given little chance of containing life forms or
precursors of living material because of the extreme hostility of the lunar
environment. The Martian environment, however, is significantly more
compatible with the requirements of life processes, and the precautions
taken with regard to returned Mars samples should, therefore, be signifi-

cantly greater,

The Space Station would appear to afford an almost perfect base for the
initial containment and analysis of returned Mars samples, at least through
the early quarantine tests and biocharacterization of the samples. The Space
Station would be completely isolated from Earth. The Space Station module
designed for sample holding and analysis, referred to here as the Mars
Sample Return Laboratory (MSRL), would be isolated from the rest of the
Space Station, and could be subjected to effective onboard quarantine

procedures.

This report is an initial attempt to outline the design considerations for an
MSRL, the procedures involved in the acquisition, containment, and quaran-
tine testing of the early Mars samples, and the requirements that these

operations would impose on the Space Station.
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ASSUMPTIONS AND GUIDELINES
The design and procedures for the laboratory and the requirements for the

Space Station are based on the following assumptions and guidelines:

A, The Mars sample(s) is contained in a sealed canister(s) onboard an
Earth-orbiting capsule (EOC), which can be retrieved and brought to
the space construction base by Shuttle.

B. The canisters can be removed from the EOC and introduced into an
isolation chamber in the MSRL without contact with crewmen,

C. The sample canisters are sealed to prevent the loss of both Martian
soil and entrapped Martian atmospheric gases,

D, Known gquarantine methods and procedures shown to be effective
against terrestrial microorganisms will be assumed to be equally
effective against Martian life forms,

E, The MSRL module can be completely isolated from the rest of the
Space Station,

F. No requirement will exist for the Mars samples or their canisters
to be introduced to any part of the Space Station nther than the
MSRL module; and until the successful completion of gquarantine
testing, such introduction will be strictly forbidden.

G. No operation on the Space Station will be unduly compromised if it
is necessary to isolate the crewmen assigned to the MSRL in that
module for extended periods,

H. The MSRL module will contain sufficient capabilities and provisions
to maintain three crewmen in isolation from the Space Station for a

duration of TBD.

LABORATORY DESIGN AND OPERATIONS

The following paragraphs discuss possible laboratory operations and design
characteristics of the MSRL relative to these operations, Figure ]l presents
a2 schematic of the overall MSRL module as a guide for the subsequent

discussions,

Sample Canister Acquisition

Some of the activity options available once the EQC with sample canister
returns to orbit are shown in Table 1, Upon return from Mars, the EOC

sample canister will be placed in earth's orbit (shuttle compatible), to be
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TABLE 1

CRbG-3.2

SCB RELATED ACTIVITIES IN A MARS 75630
SURFACE SAMPLE RETURN MISSION

MISSION ACTIVITY

ALTERNATIVES

——Kg/manoa T TR D
/

ND‘.&'HO‘.‘G?

® SAMPLE CANISTER DELIVERY

TO STATION

@ TRANSFER OF SAMPLE
CANISTER TO MARS

SAMPLE RETURN LABORATORY

@ TRANSFER TO [SOLATION
CHAMBER

® INSERT INTO TEST
CHAMBERS

@ TEST OPERATIONS

MARS RETUKN VEHICLE
RENDEZVOUS WITH SCB

EVA

HAND CARRIED

HAND TRANSFER

¢ MANUAL WITH STERILIZABLE
AIR LOCK AND GLOVE 80X

 SHUTTLE RETRIEVES AND
DELIVERS TO SCB

/ CRANE

 REMOTE MANIPULATOR

¢/ REMOTE MANIPULATOR

REMOTE MANTPULATOR



retrieved by a Shuttle Orbiter and delivered to rendezvous and dock at the
SCB. Clearly, this is more advantageous than to attempt a direct rendez-
vous, Once at the SCB, transfer and handling of the sample canister could

be either by EVA or by remote mechanical means. The latter approach is
preferred to minimize possible hazards to man, Thus, the sample canister(s)
';vill be removed from the EOC and introduced into the MSRL without coming
in contact with crewmen or being exposed to any area of the MSRL other than
the Mars Sample Isolation Chamber. The following activities will be con-
ducted relative to the acquisition of sample canisters. These activities are

also outlined in Figure 2,

A, The EOC containing the sample canister(s) is retrieved by Shuttle
and brought to the space construction base,.

B. Crane moves EOC to the Mars Sample Return Laboratory and
positions it outside the Mars Sample Isolation Chamber,

C. The sample canister(s) is removed from the EOC and positioned in
the isolation chamber by means of remote manipulators located
within the chamber. Canister manipulation is controlled by an
operator within the MSRL.

D. The isolation chamber/EOC port is sealed; atmospheric gases are
introduced whose composition is the same as that of the Maxrtian
atmosphere; the pressureb'and temperature within the chamber are
reduced to simulate the Martian environment.

E. No direct access into the Mars Sample Isolation Chamber is pro-
vided from the laboratory proper. All activities within the chamber

are conducted antomatically or by means of remote manipulators.

Laboratory Ingress Procedures

When a crewman assigned to the MSRL proceeds to the laboratory proper,
he first enters the MSRL antechamber, then the MSRL airlock, and finally,
the laboratory proper, shown in Figure 3. In order to direct airflow away
from uncontaminated spaces and into potentially contaminated space, the
pressure within the antechamber will be 2 to 3 inches of HZO pressure below
that within the space construction base. The pressure within the MSRL air-
lock will be 2 to 3 inches of HZO below that in the antechamber, and the

y
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pressure within the laboratory proper will be the lowest, i.e., 2 to 3 inches

of HZO below that in the MSRL airlock., The following procedures are fol-

lowed for laboratory ingress:

A-

Crewman in construction base opens hatch to MSRL, enters ante-
chamber, and reseals hatch,

Crewman opens hatch to MSRL airlock, enters airlock, and reseals
hatch., The airlock is pictured in more detail in Figure 4.
Crewman removes outer garments, places them in designated stow-
age area, removes laboratory garments from storage, and dons
them.

Crewman opens hatch to laboratory proper, enters laboratory, and

reseals hatch.

Laboratory Egress Procedures

A crewman leaving the laboratory proper to return to the space construction

base is considered to be potentially contaminated and will egress through the

decontamination area of the MSRL airlock., The following procedures will
be followed:

A,

Crewman opens laboratory exit hatch, enters decontamination area
of MSRL airlock, and reseals hatch.
Crewman removes laboratory garments and places them in garment
decontamination unit (decontamination method TBD).
Crewman enters personnel decontamination unit (decontamination
method TBD).
Crewman opens hatch to MSRL airlock clean area, enters area, and
reseals hatch,
Crewman dons outer garments, opens hatch to antechamber, enters
antechamber, and reseals hatch,
Crewman opens hatch to construction base, enters base, and reseals
hatch,
NOTE: 'The capability is provided for flooding both areas of the
MSRL airlock, singly or together, with a disinfectant
gas in case of inadvertent contamination. Choice of gas
may be TBD, although ethylene oxide appears to be a good

choice.
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Mars Sample Processing and Initial Analysis

In the Mars Sample Isolation Chamber (shown in Figure 5), selected
examination, measurements, and analyses will be performed on the Mars
sample(s), while it is exposed to the simulated Martian environment. These

activities may include the following:

A, Martian Gas Sample Analysis — Before the Mars sample canister(s)
is opened, it may be desirable to draw off and analyze the gaseous
contents of each container. Special provisions must be made for
this, both in the container design and in the design of the Mars
Sample Isolation Chamber. The gases should be drawn through
highly refined microbial filters before being analyzed in the Mass
Spectrometer/Gas Chromatograph analysis unit. The filters will
than be cultured in various nutrient media.

B. Sample Mass Measurement — The mass of the canister and included
sample will be measured on a mass measurement device, The
known tare weight of the canister may then be subtracted to obtain
the mass of the sample.

C. Sample Microscopic Examination — After the canister is opened,
small amounts of the sample may be affixed to 2 microscope slide
and placed on a remotely operated substage platform. The micro-
scope may be remotely focused. The visual field may be either
projected to a viewing screen or displayed on a video monitor from
a video-microscope camera,

D, Sample Culturing — Measured amounts of the Mars sample may be
cultured for microorganisms in various culture media and nutrient
broths while exposed to the simulated Martian environment,

E., Other Bioclogical and Physiochemical Analyses — Various other
analyses may be performed; most extensive and complex analyses
should, however, be conducted subsequent to quarantine testin, -nd

biocharacterization.

Sample Quarantine Testing and Biocharacterization

The majority of initial tests that will be performed on the Mars Sample will
be those that will ensure that the samples are totally saie for terrestrial life

forms, These tests will involve exposing a large number and variety of plant,
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animal, and protist specimens to the samples in various ways and observing
the results. It is only after these tests that the major biological and physical

analyses will be conducted on the samples.

Processing and handling procedures for the samples are pictured in Figure

6, and outlined as follows:

A. Transfer biological specimens to be tested from the biological
specimen holding units to the quarantine test chambers together
with all equipment and supplies needed for the tests, A gquarantine
cabinet concept is illustrated in Figure 7.

B. Seal the quarantine test chambers and activate the air circulation
system, which isolates the unit from the MSRL air. The test
chamber is now prepared to receive the Mars samples.

C. Transfer Mars samples into quarantine test chambers through inter-
connecting airlocks. (Samples are placed in airlocks by means of
remote manipulators within the isolation chamber, the ports are
closed, and the airlocks are pressurized with test chamber air, The
port leading into the test chamber is now opened, and the sample is
removed with the installed gloves,)

D, All activities within the quarantine test chamber are now conducted
by means of the sealed glove ports.

E. Process Mars samples as necessary and supply to the biological
test specimens.

F., Reseal the remaining samples and remove biological test specimens
by means of an Isoiation Transfer Unit. Place specimens in the
quarantine specimen holding unit through the transfer unit.

G. Decontaminate transfer unit with disinfectant gas. During all steps
of the transfer procedure, specimens should remain isolated from
the MSRL atmosphere.

H. Observe specimens for required periods in isolation within the
quarantine holding units,

I. Decontaminate the quarantine test chambers with a disinfectant gas
and vent to space. Test chambers are now ready for subsequent

testing.

14
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SPACE STATION REQUIREMENTS
The design and operation of the MSRL module will impose certain require-
ments on the Space Station design and operations, as summarized in Figure

8. These requirements will include the following:

A, Three crewmen/scientists will be required for MSRL operations,

B, One crewman will not be allowed to work alone in the MSRL; two
crewmen will be the minimum allowed.

C. MSRIL operations will require approximately 16 manhours per day
{24-hour period).

D. Quarantine tests and sample biocharacterization will require from
60 to 120 days per sample return. Following these tests, the
sample may be exposed to the MSRI. atmosphere during additional
biclogical and physical tests,

E. Quarantine sample testing should yield negative results on samples
from at least three separate returns before any relaxation of pre-
caution should be allowed.

F. Under normal operations, all power and environmental control (both
atmospheric and thermal) for the MSRL module will be supplied by
the Space Station,

G, Air returning from the MSRL to the Space Station will be filtered
and appropriately disinfected (e.g., ultraviolet light) to prevent any
contamination of the Space Station atmosphere.

H. The MSRL module will contain auxiliary power and environmental
control units and provisions sufficient to maintain three men in
isolation irom the Space Station for a TBD duration during emergency
decontamination procedure.

I. Evacuation of the MSRL module in case of unsuccessful emergency
decontamination will be made via EVA. The MSRL EVA airlock
must contain provisions for the storage of three EMU's. An airlock
would not be necessary if MSRL decompression could be assured.

J. The Space Station EVA airlock, through which evacuated crewmen
would reenter the Space Station, must contain decontamination
capabilities similar to those of the MSRL airlock.

K. Appropriate quarantine procedures must be established in the Space

Station for crewmen evacuated from a contaminated MSRL.

17
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L. The docking interface between the MSRL module and Space Station
must be designed to permit the MSRL module to be detached from

the Space Station without opening the sealed port between them.,

MSRL ACTIVITY TIMELINE
Figure 9 and the following descriptions identify the major activities involved

in Mars sample tests and analyses for one Mars sample return period,

Laboratory Preparation Prior to Sample Acquisition

A, Chamber sterilization.
B, Instrumentation test and calibration,

C. Establishment and adaptation of biological specimen colony.

Sample Acquisition

Activities previously described in Sample Canister Acquisition.

Sample Processing and Initial Analysis

Activities previously described in Mars Sample Processing and Initial

Analysis.

Quarantine Testing and Sample Biocharacterization

A, Sample preparation for speciment exposure.
Suspension for topical application and injection.
Mixing with specimen food.

Mixing with drinking water.

Mixing in water environment of aquatic specimens,

. Mixing into plant nutrient mdeium (soil).

o TN G B N CU R (SR

Mixing into nutrient culture medium of microorganisms.

B. Specimen Exposure — Specimens exposed to Mars sample by one or
more of above methods., Specimens should include various mammals
and other vertebrates (rodents, carnivores, primates, fish, amphib-
ians, and reptiles), invertebrates selected from various phyla
(crustaceans, mollusks, insects, etc.), plants representative of
disparate families (grasses and grains, legumes, other seed plants,
gseedless vascular plants, nonvascular plants), various microorgan-

isms (bacteria, algae, molds and fungi, viruses, etc.).

. 19
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C. Specimen transfer to quarantine holding facilities and specimen

observation and measurement,

. Specimen transfer.
Specimen observation.
Physical examination and measurement,

Physiological tests and measurements.

m oS W N e

.  Sample acquisition and analysis,

Biological and Physiochemical Follow-On Tests

A, Tests in other controlled environments.
B. Pyrolytic and gas analyses,
C. Biochemical analyses,

D. Physical chemical analyses.

, 21
V'

MCDONNELL DOUGL{_@_




Part 8

CREW PRODUCTIVITY AS A FUNCTION
OF WORK SHIFT ARRANGEMENT

PRECEDING PAGE BLANK NOT FILMEH

23

‘
/
MCDONNELL DOUGL@_




CREW PRODUCITVITY AS A FUNCTION OF WORK SHIFT ARRANGEMENT

Since the Space Construction Base (SCB) is in orbit to perform specified func-
tions (Construction, Space Processing, Experimentation), it is important that
the maximum amount of productive work be done for each day the Space Sta-
tion is in orbit and for each hour the crew is in orbit, The goal of any pro-
ductivity effort must be maximum product output for the least cost (hours and
dollars).

Station productivity may be partially defined by station use, the number of
productive Space Station hours (elapsed time when construction activities are
being actually performed), divided by the number of hours the station is in
orbit, that is:

PH (productive hours, elapsed time)
N (number of hours on orbit)

SU (station use) = ({1

Crew productivity may be defined as the number of productive hours the

crewman puts in, divided by the number of hours he is available for produc-
tive work. For the EVA construction worker, productive work hours equals
the number of hours he is actually EVA. A simple figure of merit per duty

tour can be derived by the following formula:

AH - OHH - LT
T AH (2)

CP

1

where;

CP,I. = crew productivity for one tour (180 days)

AH = available hours (from groundrules = 10 hours per day)
OHH

il

overhead hours associated with the specific job. For EVA

construction worker, OHH would include the following:

FRECEDING PaGR BLANK NOT FILMFB

4

NICDOMNNELL DOUGL(-AS&

25




A. Hours required for briefing to next shift and from
preceding shiit.

B. Hours required for pre-EVA (transfer to airlock, suit
donning, suit checks, airlock depressurization),

C. Hours required for mid-shift lunch, suit doffing and donning,
airlock pressurization and depressurization, personal
hygiene, and rest,

D. Hours required for rest stops during EVA.

E, Hours required for post-EVA (airlock repressurization,
suit doffing, initiation of suit recharging and drying,
replacement of suit components such as batteries),

F. Prebreathing (if required).

LT = Lost time for illness and accidents in hours (3% of AH).

It is realized that the above formula does not account for the quality of the
productive work performed. A quality factor could be incorporated into the
formula, but at present no criterion data are available on which to determine

the magnitude of this factor.

A complete analysis of productivity must consider all crew hours for which
the Space Station Program pays, including those spent in training and in rest
and recreation (R&R) between tours. The formula for career productivity
might resemble the following: .

(AH, - OHHy - LT} x N

CPe = (AH, x M) + TH + (RRH_ % N) (3)

where:
CPC = crew productivity for 3-year career
AI—I,I. = available hours per 6~month tour
N = number of tours during career
OHH,I. = overhead hours per tour
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LTT = lost~time hours per tour

TH = training hours per career (based on 10 hours per day,
6 days per week)
RHH

Li

T rest and recreation hours between each tour (based on 10 hours

per day, 6 days per week)

The first step in assessing construction crew productivity was to assemble

a set of groundrules under which construction activities in space will be
conducted. The rules are not hard and fast program decisions and are sub-
ject to change. They are, however, the basis for the results presented here,

and changes in them would affect the conclusions reached.

Following are the groundrules for construction workers used in the present

analysis:
¢ Nominal 6-day work week
[ 180~day on-orbit tours
] Station crew, maximum of 12
e 60-day resupply interval
o Rotate one-third of crew each 60 days
e Nominal 10-hour work day
@ Construction crew consists of two suited EVA workers plus one

crane operator per shift

e Nominally 14 hours off-duty activities each day:

Eating 2.5 hours
Sleeping 8. 0 hours
Personal hygiene 1. 0 hour

Exercise, recreation, and medical 2.5 hours
o Control center console manned at all times except when entire
crew is sleeping simultaneously
e Maximum of 6 hours actual EVA per crewman per day
o During actual EVA, a 2-hour break (lunch, rest, and personal
hygiene) required after each 3 hours of EVA
e During actual EVA, a 10-minute rest period in suit is required

approximately each 2 hours
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o Construction workers will be recruited for 3-year careers (four
180-day tours)

° Training of construction workers will require 480 hours (3 months)

e Construction workers will be given 90 days of R&R between each
180-day tour

Using the foregoing groudrules, time lines were developed for the following

three-shift arrangements: 4

A. One 10-hour shift per 24 hours.
B. Two overlapping 10-hour shifts per 24 hours,
C. Three overlapping 10-hour shifts per 24 hours.

Twenty-four hour schedules for the three shifts are presented in Figure 1.
The time blocks, though divided into 15~minute segments, represent esti-
mates of the times required for such things as pre-EVA and post-EVA and
are, in general, conservative, Actual time will in most cases probably

be less, thus allowing more time for productive work. In the single-shift
schedule, each crewman performs 6 hours of EVA each day, in two 3-hour
periods separated by a 2-hour break for lunch, personal hygiene, and rest,
The schedule is sufficiently flexible to enable extension of the EVA periods
to 4 hours each if operational experience indicates that this is feasible.
Using the schedule as shown, each crewman has one-half hour of his 10-hour

workday available for work not related to construction,

The two-shift schedule is complicated by the necessity for an overlap period
at the beginning and end of each shift for a briefing of the crew coming on

duty by the crew going off. The time for briefing has been set arbitrarily at
30 minutes, which is probably conservative. In this schedule, the construc-
tion crew does not have any time remaining for nonconstruction work, In fact,
they actually work 10-1/2 hours rather than 10, There is some flexibility in
the schedule in that the EVA periods could be extended beyond 3 hours, but

this would necessitate extending the work day to 12 hours.
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SINGLE 10-HOUR SHIFT

CR5-3-2

1 2 3 4 5 6 7 8 9 10 11 12
SHIFT } ) I 1 ] 3 ! L 1
1 B EVA EVA P E F G E
13 14 15 16 17 18 19 20 2% 22 23 24
i ] 1 1 | 1 § 1 0
1 E SLEEP A
TWO 10-HOUR OVERLAPPING SHIFTS
1 2 3 4 5 6 7 B8 9 10 hh 12
\ | \ ] i 1 1 \ L
1 @ B EVA o EVA D E F
2 @ E SLEEP A
13 14 15 i6 17 18 19 20 21 22 23 24
L 1 | L 1 \ I i 1
1 Q) E SLEEP A
2 | s EVA c EVA D E F
THREE 10-HOUR OVERLAPPING SHIFTS
1 2 3 4 5 6 7 8 9 10 11 12
SHIET | ) 1 L L 1 I ! t ]
1 @ B EVA ¢ EVA D ® g G G
2 SLEEP A @D . EVA c
3 @] e G F G E SLEEP
13 14 15 16 17 18 19 20 21 22 23 24
A 1 1 i} L i L 1 \
1 E SLEEP A
2 EVA o |\ = G F G E SLEEP
3 SLEEP A ()] B EVA c EVA D
LEGEND
A — Personat Hygiene and Breakfast (1 hour)
8 — Transfer and Pre-EVA (45 minutes)
C — Mid-shift break {lunch, personal hygiene, doff /don suit, rest} (2 hours)
3 — Post EVA (45 minutes)
E —  Exercise, Recreation, Personal Hygiene
F —  Dinner {1 hour)
G —~ Nonconstruction Work (Housekeeping, food preparation, maintenance, etc.)
H —  Preand Post-Shift Briefing {Commander and both construction crews) {30 minutes)

Figure 1. Shifts for 24-Hou? Schedule
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It was not possible in the three-shift schedule to schedule more than 4 hours
EVA per crew and still adhere to the groundrules, Some increase in EVA
time can be realized by decreasing the time required for briefings, pre-EVA,
and post-EVA, A substantial increase (to 6 hours per day) can be achieved
by permitting crewmen to spend 6 continuous hours EVA each day, thus
eliminating the need for the 2-hour break between EVA periods. One advan-
tage of the schedule as shown is that each crewman hasg 1-1/2 hours of his
10-hour work day available for nonconstruction work, thus contributing to a

decrease in the number of station support personnel required.

The hours in the Figure 1 schedules were tabulated and are shown in Table 1.
It can be seen that actual EVA hours per crewman is the same for one- and

two-shift operations, but considerably less for three-shift operations, Total
EVA hours for three-shift operations is only slightly more than for two-shift

operations, at a penalty of three additional construction crew workers,

Using Formula 1 from the first page, station use can be calculated from the
data in Table 1 for a 180-day period as follows:
A, One shift

Py _ 5,67 hours x 154 days _ 873,18
hours on orbit ~ 24 hours x 180 days =~ 4,320

SU = = 0,20

B. Two shifts

5,67 hours x 2 x 154 days _ 1,746.36

SU = =5l hours x 180 days - 4,320 =~ 040
C. Three shifts
SU 4 hoursx 3 x 154 days _ 1,848.0 0. 43

24 hours x 180 days =~ 4,320

Station use for the three-shift arrangement would obviously be enhanced (to
0. 64) if each crew worked 6 hours EVA per shift,

, 30
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Table 1

DISTRIBUTION OF CONSTRUCTION WORKER:* HOURS FOR VARIQOUS
WORK SHIFT ARRANGEMENTS {PER 24-HOUR DAY)

One Shift Two Shifts Three Shifts
Hours Per Total Hours Per Total Hours Per Total
Crewman Hours Crewman Hours Crewman Hours
Construction Work
Pre-EVA 0.75 2.25 0.75 4.5 0.75 6.75
Post-EVA 0.75 2.25 0.75 4,5 0.75 6.75
Actual EVA 5.67 17.0 5. 67 34.0 4.0 36.0
Mid-Shift Break(Lunch/rest/personal
hygiene/pre~ and post-EVA) 2.0 6.0 2.0 12,0 2.0 18.0
10-Minute rest periods 0.33 1.0 0,33 .0 0 0
Pre- and Post-Shift Briefings 0 0 1.0 6.0 1.0 3.0
Total Construction 9.5 28.5 10. 5 63.0 8.5 76.5
Non-Construction Work 0.5 1.5 a 0 1,5 13.5
Total Work 10.0 30,0 10.5 63.0 10.0 90.0
Off-Duty Activities
Breakfast and Personal Hygiene 1.0 3.0 1.0 6.0 1.0 9.0
Dinner 1.0 3.0 1.0 6.0 1.0 9.0
Exercise, Recreation, and
Personal Hygiene 4,0 12,0 3.5 21,0 4.0 36.0
Sleep 8.0 24.0 8.0 48.0 8.0 72.0
Total Off-Duty 14.0 42.0 13.5 81.0 14,0 126.0
0 24.0 216.0

Total 24.0 72,0 24,0 144,

(*) Three construction workers per shift: 2 suited EVA workers, 1 crane operator.




Individual crewman productivity canbe calculated using the data from Table 1

and applying the groundrules listed previously. Use of Formula 2 for the

three different shift arrangements provides the following figures of merit:
A. One shift

_ AH - QHH - LT _ 1,540 - 589.82 - 46.2 _
CPp = AH = 1,540 = 0.59

B. Twao shifts

cp - L617-743,82 -48.5

T 1, 617 = 0.51

NOTE: AH = 1,617 hours rather than 1, 540 because the crew
actually works 104 hours per day.

C. Three shifts

1,540 - 693 - 46,2 _
CPp = 1, 540 = 0.52

It is ob:ious from the preceding that the number of overhead hours (OHH)
strongly influences crew productivity., If, for instance, the 2-hour break
between EVA's (now charged to overhead) could be eliminated, the resulting
productivity ratios for one~, and two-, and three-shift operations would
increase to 0,79, 0.70, and 0. 72, respectively.

In the three formulas above it should be noted that only the two-shift produc-
tivity figure (CPy = 0. 51) is pure construction work productivity. Both the
one-shift and the three-shift numbers (CP = 0.59 and 0. 52) include some
nonconstruction work (station operations) productivity. 1f the nonconstruction
work were subtracted from the numerator of each formula, the CPy for one-

shift and three-shift operations would become 0. 54 and 0. 37, respectively.

Given the groundrules listed, crew size for the SCB as a total station is a
function of the number of crewmen required for production operations (con-

struction, space processing, research), plus the number of crewmen required
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for station operations to support production. Table 2 summarizes the
requirements, hours per day, for station operations to support the construc-

tion activities described in Figure 1 and Table 1.

Using the estimated hours in Table 2, total crew size for the SCB was

developed and is shown in Table 3.

Station use and individual crew productivity were plotted and are shown in the
top curves of Figure 2. Though station use for two shifts is double that for
one shift, it increases only slightly for three shifts because each construc-
tion crewman performs only 4 hours EVA on three shifts as oppesed to the

approximately 6 hours for the other two shifts.

Table 2

HOURS PER DAY REQUIRED FOR STATION OPERATIONS
TO SUPPORT CONSTRUCTION

One Shift Two Shifts Three Shifts
(Hours/Day) (Hours/Day) (Hours/Day)

Man Control Station: 16.0 24,0 24,0
Food Preparation 1, 5 2.5 3.5
Scheduled Maintenance 3. 0% 3.0 3.0
Unscheduled Maintenance 4, 0% 4,0 4,0
Housekeeping 5. 0% 6.0 7.0
Trash Collection and Disposal 0. B 1.0 1.5
Cargo Handling 0., 3% 0.6 1.0
Crew Medical Care 0, 3% 0.5 0.7
Berthing and Unberthing 0. 2% 0.2 0.2
Space Suit Support 1.5 3,0 4,5

Totals 32.3 44,8 49, 4

(**y NAA Phase B Baseline estimates

(*#) Includes hours allocated for station command, manual navigation, com-
munications, subsystem management, data management, and inventory
control,
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STATION USE

0.2
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CREW PRODUCTIVITY
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SHIFTS
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0.59
—~— 0.52
0.54 0.51
0.37
{ |
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0.20 T
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0.10
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EFFECTIVE PRODUCTIVITY
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Figure 2. Relative Productivity for Single vs Multiple-Shift Construction Operations

SCB CREW SIZE

NO. OF SHIFTS

One Shift

Two Shifts Three Shifts

Hours per day required for station

operations (LTable 2)

Less the hours per day contributed
by construction crew

Support crew hours required

Number of support crewmen
required (10-hour work day)

Actual support crewmen required

Number of construction workers

Total SCB Crew

(**) Drop fractional crewman if equal to or less than 0. 5.

49, 4

13,5
35.9

NOTE: Above numbers in both tables are for one day of a 6-day work week.
The seventh day will be a minimum work day with only control station
manning, food preparation, and mandatory maintenance being

performed.
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Crew productivity is plotted for both '"pure’ construction crew productivity
(solid line), which does not include station operations productive work, and
for overall productivity (dotted line), which gives the crewman credit for all

productive work performed during his 10-hour work day,
Effective productivity (EP) was calculated using the following formula:

SUxCPxNC

EP = (4)
NC + NS

NC = Number of construction crewmen

Ng = Number of support crewmen

The effective productivity curve on the lower left of Figure 2 is based on the
time allocations given in Table 1 and shows effective productivity as the
product of station use, crew productivity, and number of construction
workers, divided by the total station crew size., The points on the solid line
were computed using '"pure'' construction crew productivity, while the points
on the dotted line used overall productivity. For two-shift operations, these
points are the same because the crews do not perform any nonconstruction

productive work,

The effective productivity curve on the lower right of Figure 2 shows the
result of making what appears to be a reasonable change in the three-shift
timeline. It was assumed that pre-EVA and post-EVA activities for the over-
lapping crews could be performed simultaneously, that pre and post-shift
briefings could be done at the same time as pre-EVA and post-EVA, and that
the time required for these activities at each shift change would be 1 hour,
This arrangement permits each of the construction crews on the three-shift
schedule to work 5 hours EVA per shift and reduces the overhead for each
crew by 15 minutes per man, resulfing in a dramatic increase in effective
productivity, With this timeline change, the station use number for three
shifts increases to 0, 53, and the crew productivity numbers change to 0. 47

for "pure! construction productivity and 0. 57 for overall productivity.
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SUMMARY AND CONCLUSIONS

o One~shift working arrangements for construction workers provide
the highest individual crew productivity but the lowest station use.

® One-shift operations suffer the highest penalty in proportion of sup-
port crew required -~ 100%. One support crewman is required for
each construction worker.

@ Three-shift arrangements suffer the least penalty in proportion of
station support personnel requirved -- 44%. Only 4 station crewmen
are required to support the 9-man construction crew, while an
identical number, 4, is required to support the two-shift, 6-man
construction crew,

@ Two-shift working arrangements appear optimum in terms of both
station use and individual crewman productivity, both being only
slightly lower than for three-shift operations while requiring a
smaller total crew size. The two-shift operation also has more
flexibility to accommodate longer periods of EVA (if they are later

found feasible) than does the three-shift arrangement.
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Part 9
A PRELIMINARY ANALYSIS OCF THE

LOCAL LOGISTICS PROBLEM ON THE
SPACE CONSTRUCTION BASE
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Section 1
INTRODUCTION

This write-up documents a preliminary analysis of the local logistics problem
on the Space Construction Base (SCB). The problem is basically twofold.
First, how do vou move modules from the Shuttle Orbiter Bay to the desired
SCB ports and berth them ? Second, how do you move assembly parts from
the canister module to their final assembly position? An associated question
is: how do you replace a module or assembly part should this become
necessary? The problem is compounded by the ground rule that the Shuttle

is only allowed to dock at one port on the end of the SCB. This port would

be the one in the lower left hand corner (No. 12) in Figa re 1-1 which shows

a typical SCB configuration.

One might think of many possible ways of getting a module from this port to
the opposite end of the SCB, i.e., rails, wires, etc. After qualitatively
considering a number of concepts, three were accepted as worthy of a pre-
liminary analysis. The three concepts are the mini-tug, the fixed crane,
and the mobile crane. The mini-tug is a small, highly reliable, manned
vehicle which is capable of safely maneuvering large objects in the close
vicinity of the SCB. The fixed crane is positioned at a SCB port and is
capable of extending a long mechanical arm to grasp and move objects. The
mobile crane utilizes two shorter mechanical arms to move about the SCB
like a two-legged spider. Each of these concepts will be considered in the

sections which follow, including discussions of requirements and feasibility.

PRFCEDING PAGE BLANK NOT FILMH
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Section 2
MINI-TUG

The mini-tug concept considered in this analysis is a small one-man vehicle
with major emphasis on maneuverability and reliability. As envisioned, the
attitude control thrusters would also provide all translation. At one end, the
mini-tug would have to have a docking port compatible with the SCB ports.
When not in use, the vehicle could be berthed at any unoccupied port. It
would probably be necessary, however, to devote one SCB port to the mini-
tug with special provisions for refueling, systems checkout, etc. To avoid
the probiems associated with zero-g fuel transfer, it might be advisable to
have replacable fuel canisters. Empties could be taken down on return
Shuttle flights to be refilled. It is expected that the mini-tug would need
hard-dock capability for module transport. For assembly part transport,
the vehicle would need some type of remote manipulator arm, This would

probably be a six degrees-of-freedom arm but could possibly be less.

2.1 MINI-TUG MODULE TRANSFER

Figure 2-1 presents a sketch of the mini-tug during a module transfer. In
order to facilitate a preliminary performance analysis, a number of assump-
tions were made concerning the physical characteristics of the mini-tug, It
was assumed to weigh 4536 kg (10,000 1bm), to be 3. 05m (10 ft} in diameter,
and 3,05m (10 ft) Jong. As illustrated in Figure 2-1, which is drawn roughly
to scale, the mini-tug is quite small in comparison to a standard 14515 kg
(32,000 lbm) module. This results in a combined center of gravity for the
mini-tug/modile configuration which is far outside the bounds of the mini-
tug. Thus, when lateral translation is desired, it is not possible {o simply
apply a lateral thrust in the desired direction of motion. Such an action
would introduce an unwanted rotation about the combined CG. In order to
keep the summation of moments zero, opposing lateral forces must be
applied in the front and rear of the mini-tug. The magnitude of each force

must be proportional to its distance from the combined CG, with the constant
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Figure 2-1. Mini-Tug/Module Configuration

of proportionality determined by the desires net lateral force. Given the
physical characteristics presented in Figure 2-1, the total of the two forces

required is almost six times the net lateral force desgired.

Another problem which arises in regard to moving a large module is operator
vigibility. A wide-angle closed-circuit TV camera (with lights) facing out

of the module port opposite tne mini-tug would be almost a necessity. It is
very likely that the remote manipulator arm will have its own TV camera

and lights, Assuming the arm is of sufficient length (approximately 3. 05m
[10 ft]), it should be possible to use it to look forward around the module.

A full 360-deg yaw capability at the shoulder joint would allow the mini-tug

pilot to check clearances around the entire circumference of the module,

The preceding paragraphs have given a brief description of the mini-tug
concept. The next logical question concerns its performance. Can it
transport a module in a reasonable length of time using a reasonable amount
of propellant? Before this question can be answered, however, mention

must be made of another factor which enters into the problem. Although the
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area around the SCB is often referred to as a zero-g environment, it is not
in fact the same as it would be if the SCB were suspended in a void free of all
forces. The zero-g results from a balance of centrifugal acceleration and
the pull of gravity, This balance is exact at the center of gravity of the SCB,
but not necessarily so at other ioca*ions, If an object were placed at rest
with respect to the SCB coordinate system, it would in general begin to move
away from that spot. This effect can be described quanitatively by the
following equations

F m (X - 207)

X
FY

il

m (¥ + 20X - 30°Y)

s 2
Fz—m(z+w Z)

The XYZ coordinate has its origin at the SCB center of gravity, with the
Y-axis along the radius vector R, the Z-axis along the angular momentum

vector, and the X-axis completing a right-handed system (see Figure 2-2).

The quantities FX’ FY, and FZ are external forces, w is the orbital rate of
the SCB, m is the mass of the object under consideration. These are first
order equations which assume the SCB is in a circular orbit and that Xz, Yz,
Z2 << RZ. Since these conditions are well satisfied for our problem, the
equations should be more than adequate. Using these equations, one could
apply an external force history and then integrate to obtain a state history
for the problem at hand, however, it is much simpler to assume a state
history and solve directly for the external force history required. This can

then be easily converted to a propellant requirement.

In order to evaluate the magnitude of these orbital effects on the mini-tug,

a hypothetical state history for a module transfer was assumed. The assump-
tion is that the mini-tug would dock with a module located 30.5m (100 ft) aft

of the SCB CG. The mini-tug/module would back out from its initial position
10.7m (35 ft) from the centerline to a 29m (95-ft) distance to provide transfer
clearance. During the first half of this maneuver (segment@, Figure 2-2),
the vehicle would be under a constant acceleration outward, and during the

second half (segment), the acceleration would be reversed. The mini-tug/
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Figure 2-2, Module Transfer with Mini-Tug Orbital Effects in Direction of Motion
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module would then turn and begin accelerating forward at the same accelera-
tion along a path parallel to the SCI centerline (segment@). chmcnts(D),
@), and(@would reverse lthe process in order to herth the module 30. 5m

(100 1) forward of the SCB CG. An acceleration magnilude of 0. 0305 cm/secz
(0. 001 ft/secz) was assumed throughout. It was expected thal this accelera-
tion could be provided by 22, 25N (5 1bf) hydrazine thrusters with the cffect of

variable thrust achieved hy controlling pulse timing.

Figure 2-2 shows the axial force histories required for the first half of the
module transfer previously described. The solid line is the axial force
history assuming the SCB were in a void. Il requires a constant force of
5.8N (1.3 1b0) with only the directlion changing with the segments. 'The dashed
line represents a case where the SCB centerline is aligned with the X-axis
of the orbit system and the module centerline is initially alighed with Y-axis.
Axial force required for movement along Y for clearance displacement is
effected to some exilent, but for the translation along X (segment@}, it is
not, The line made up of long and short dashes represents a case where the
SCB centerline is aligned with the Y-axis of the orbit systemn and the module
centerline is initially aligned with the X-axis. Here the displacement along
X is uneffected, whereas the translation along Y is effected to some exient.
Notice thatl in both cases the differences duc to orbital effecls are relatively

small and can either increase or decrease axial force requirements.

The situation is quite different when lateral forces are considered. If the
SCB were in a void, there would be no lateral forces at all, Orbital effects,
however, introduce lateral forces which are then magnified by the induced
roiation problem discussed earlier. This effect is illustrated in Figure 2-3.
The solid line represents the required lateral force magnitude history needed
to counteract orbital forces for translation along the X-axis with Y displace-
ment for clearance. Induced rotation problems dictate that the net lateral
force he vector sum of two opposing forces. The magnitude sum of these
forces is represented by the dashed line and is almost six times greater

than the net force required. Note that it is also several times as great as
the axial force requirement. Figure 2-4 presents the same data for Y trans-
lation with X displacement. The increase in lateral force was such that it
was necessary to change the scale by a factor of two. In conclusion, it can

be said that orbital effects combined with induced rotation problems
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significantly effect propellant requirements for translating and that these

effects are highly dependent on transfer path.

Ir an actual module transfer, there will also be periods when the mini-tug
is simply maintaining a fixed position with respect to the SCB. For this

case, the equations reduce to the following form

FX=0
_ 2
FY-~3ran
B 2
FZ—-muZ

Note from these equations that maintaining a pogition above or below the SCB
CG requires three times as much force as maintaining a position the same
distance out of plane. Maintaining a position in front or behind the CG
requires no force. The force required is proportional to both the displace-
ment from the SCB CG and the mini-tug/module mass. This is plotted up in
Figure 2-5 in the form of propellant flow rates (\irp) assuming an exit velocity
of 1956 m/s. The in-plane and out-of-plane flow rates are additive. No
account is made here for extra propellant required due to induced rotation
problems. When this is taken into account, propellant requirements could
become almost six times greater for a worst-case orientation. Thus,
hovering with a module at a safe clearance distance above or below the SCB

CG could require propellant expenditures of almost 1/2 kg per minute,

During the course of a module transfer, it will be necessary for the mini-tug
to rotate the module to obtain the proper orientation. Figure 2-6 presents
propellant requirements as a function of rotation time and angle. This
assumes 22. 25N (5 1bf) thrusters, with a separation distance of 2.4m (8 ft)
and an exist velocity of 1956 m/s. Note that as rotation time increases,
propellant requirements not only become less but become more linear with

respect to rotation angle,

The final drain on propellants considered was attitude control. This analysis
assumes a two-sided deadband with a minimum pulse time of 20 ms on the
22,25N (5 1bf) thruster. Results are presented in Figure 2-7.for the mini-

tug alone, as well as for the mini-tug/module configuration. It requires
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less propellant to control the mini-tug with 2 module than without, and less
propellant to control roll than pitch and yaw. ‘The higher the moment of
inertia, the slower the angular velocity resulting from the pulse, the longer
the time between pulses, and consequently the lower the propellant require-
ment. Even though propellant requirements vary two orders of magnitude in
going from a very loose to a very tight deadband, attitude control propellants

are not significant compared to other propellant drains.

Table 2-1 tabulates total propellant requirements for the hypothetical module
transfer under consideration. Propellant drains are broken down by type and
listed down the left-hand column in the chronological order in which they
ocecur, with the exception of attitude control which is a continuous drain,

Data is tabulated for each of six possible transfer paths which differ only in
orientation with respect to the orbit system previously defined, The tabulated
propellants include effects due to induced rotation. Even though a tight
bandwidth of 0. 0l deg was assumed, the attitude control propellant is
insignificant. Translation times reflect an acceleration of 0.0305 cm/seca
(0. 001 ft/secz), and other time were selected according to what seemed
reasonable. Note that the total propellant requirement varies by a little

more than a factor of two, depending on orientation.

2,2 MINI-TUG ASSEMBLY PART TRANSFER

A second function of the mini-tug is to transfer and position assembly parts.
The assembly part selected for analysis, a multiple beam lens antenna
element, is one of the largest and most massive that is presently under
consideration. This assembly part along with a hypothetical transfer path

is illustrated in Figure 2-8. The remote manipulator arm is used to grasp
the assembly part, position it for transfer, and hold it fixed with respect to
the mini-tug during transfer. The mini-tug/assembly part configuration in
Figure 2-8 shows the assembly part in its fixed position during transfer.

The physical characteristics given reflect same. WNote that the pitch moment
of inertia (I ) is now less than the yaw moment of inertia (Iz) due to the
asymmetry of the assembly part. Since the combined center of gravity now
lies between thrusters, it is no longer necessary to waste energy by thrusting
in opposite directions in order to avoid rotation. This can be accomplished
now by simply balancing the thrust from the forward and aft thrusters for

zero moment,
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8 % E Table 2-1
§ BB
¢ D o TYPICAL MINI-TUG PROPELLANT REQUIREMENTS FOR MODULE TRANSFER
no S
r E &
g = X Transfer X Transfer Y Transfer Y Transfer Z Transfer Z Transfer
I3 53 Time with with with with with with
ﬂ § {min} Y Displacement Z Displacement X Displacement Z Displacement X Displacement X Displacement
5’, Displacement Translation 8.2 3,83 kg 1,41 kg 6.84 kg 4. 53 kg 4,04 kg 4.15 kg
for Clearance
. 90-deg Pitch Up 1.39 kg 1.39 kg 1.39 kg 1.39 kg 1.39 kg 1.39 kg
10
Station Keeping 2.60 kg 0. 88 kg 2.73 kg 3.61 kg 0.53 kg 3.53 kg
Translation Along SCB 114.9 6.75 kg 10. 58 kg 10.89 kg 11.25 kg 2.43 kg 7.84 kg
90-deg Pitch Down E.39 kg 1.39 kg 1.39 kg 1.39 kg 1.39 kg 1.39 kg
10
Station Keeping 2,60 kg 0.88 kg 2.73 kg 3.61 kg 0.93 kg 3.53 kg
Translation to Remove 5.2 3.83 kg 1.41 kg 6. 84 kg 4. 53 kg 4.04 kg 4. 15 kg
Clearance Displacement
o Station Keeping 20 1.92 kg 0.64 kg 5.46 kg 6.4 kg 1.86 kg 3.76 kg
i Total Time  71.3 min
Attitude Control Piich 0,009 kg 0.009 kg 0.009 kg 0.009 kg 0.009 kg 0. 009 kg
BW= 0.0l Deg
Yaw 0,009 kg 0. 009 kg 0.009 kg 0. 009 kg 0.009 kg 0. 009 kg
Roll D.13 kg 0.13 kg 0.13 kg 0.13 kg 0.13 kg 0.13 kg
Total Propellant 24.46 kg 18.73 kg 38. 42 kg 36.6 kg 17.16 kg 29,89 kg

Requirement

Pt



13.4m

TYPICAL TRANSFER PATH i A
M = 5,523 kg
Iy = 30,644 kg-m2 1.83m
ly = 21,760 kg-m2

Iy = 31,585 kg-m?

MULTIPLE BEAM LENS 1
ANTENNA ELEMENT |

3

Figure 2-8. Assembly Part Transfer with Mini-Tug

The hypothetical transfer path includes backing the antenna element out of
its canister and up along the Y-axis to provide clearance. This is followed
by a roll and pitch which orients the vehicle to move forward along the
X-axis. After the forward translation, another pitch and roll orients the
vehicle to move back down below the centerline. After the downward
translation, the vehicle pitches up and moves in to position the assembly
part. The exact sequence of operations, including position and attitude
histories, is given in Table 2-2. Times and propellant requirements are
tabulated for a slow (a = 0.0305 cm/secz) and a fast (a = 0.305 cm/secz)
transfer. For the fast transfer, other times were speeded up in proportion
to the translation times, and 67N (15-1bf) thrusters were used in the rotation
and attitude control calculations. Note that attitude control propellants have

more than doubled even though the time during which control is required has
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TYPICAL MINI-TUG PROPELLANT REQUIREMENTS FOR

Table 2-2

ASSEMBLY PART TRANSFER AND POSITIONING

Slow Transfer 2
{a = 0,0305 cm/sec”)

Fast Transfer
{a = 0.305 cm/sec™)

Time Propellant Time Propellant
{min) (kg) {min) {kg)
+Y Translation 6.67 0.39 2.11 .12
(Y: +3 —+15; X = +24; Z = -8)
90-Deg Roll (Counterclockwise) (3.00) 0.18 (1.00) 0.58
90-Deg Pitch Up (3. 00) 0.24 (1.00) 0.76
Station Keeping 6. 00 0. 07 2.00 0.02
(X = +24; Y = +15; Z = -8)
+X Trans)ation 4.71 0.25 1.49 0.78
(X: +24-=430; Y = +15; Z = -8)
90-Deg Pitch Down (3. 00) 0.24 (1. 00) 0.76
90-Deg Roll (Clockwise) (3. 00) 0.18 {1, 00) 0.58
Station Keeping 6. 00 0. 07 2.00 0.02
(X = +30; Y = +15; Z = -8)
-¥ Translation 9. 43 0. 60 2.98 1.62
(Y: +15—-9; X = £30; Z = -8)
90-Deg Pitch Up {3.00) 0.24 (1.00) 0.76
Station Keeping 3,00 0.02 1.00 0,01
(X =+30; Y=-9; Z = -8)
+Z Translation 5,27 0.28 1.67 0. 86
(Z: -8—0; X = +30; ¥ = -9)
Station Keeping 20.00 0.11 5.00 0.03
(X = +30; ¥ = -9; Z = 0)
Total Time 61,08 min 18. 25 min

Pitch 0.156 0. 44
Attitude Control
BW = 0.01 deg Yaw 0.24 0. 63

Roll 0.21 0.57
Total Propellant Requirement ? 48 kg 9. 54 kg

s
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been reduced to less than a third. This is because of the larger thrusters.
Attitude control propeliant, however, still makes up a very small fraction of
the total propellant requirement and could be further reduced by relaxing

the deadband. The total propellant required appears to be roughly inversely

proportional to the transfer time.

2.3 MINI-TUG REQUIREMENTS

The requirements listed in Table 2-3 are for the most part preliminary in
nature and are probably not exhaustive. They should, however, provide a
good starting place for future study. A number of the requirements are
obvious and others have already been discussed. This section contains some

explanatory comments on the remaining requirements.

Requirements 4 and 5 which relate to determination and control of position
and orientation with respect to the SCB are of particular significance. The
relative state vector is what is needed and on-board accelerometers give

the inertial state. Taking the difference of the inertial states of the SCB

and the mini-tug would give the relative state but would introduce accuracy
problems. An alternate or supplemental approach might be to navigate with
respect to beacons fixed on the SCB. Requirements 6, 8, 9, 12, 13, 14, 15,
17, and 18 are directly concerned with safety. This is particularly important
since the mini-tug would be working in very close proximity to thin-skinned
manned modules with shirt-sleeve environments., The attitude control system
would have to be designed to prevent a stuck thruster from throwing the
vehicle into a spin. Manipulator arm joints should be designed to lock should
the joint motor fail. Operator visibility is very important. Collision
avoidance software would be highly advantageous in case of operator error.

A constraint on maximum distance from the SCB should be incorporated

along with an emergency radio beacon and reserve life support capability.
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Table 2-3
MINI-TUG REQUIREMENTS

Requirement
No. Description
1 Able to dock or berth at standard module port.
2 Able to rotate, translate, and control modules up te
15,422 kg (34,000 lbm) and 15.24m (50 ft) long.
3 Able to manipulate and position assembly parts up to
1,134 kg (2,500 1bm) and 15,24m (50 ft) long.
4 Able to know its own position within TBD ft and orientation
within TBD deg with respect to SCB,
5 Able to control attitude (+ TBD deg) and relative position
(+ TBD m) while carrying maximum module,
6 Multiple failure capability on attitude control thrusters.
7 Mechaniczal arm (~3m) to grasp and position parts.
8 Unobstructed view for arm operator.
9 Collision avoidance and maximum distance software.
10 Software to control maneuvers accounting for rotating
central force field and translation-rotation coupling.
11 Thruster exhaust should not interfere with experiments.
12 On-board radio and emergency homing beacon.
13 TV and lights at end of manipulation arm.,
14 Portable TV and lights which can be placed at opposite end
of module being transported.
15 Fuel and life support to operate TBD hrs., plus TBD hrs.
life support reserve.
16 Able to refuel or easily exchange fuel tanks while berthed.
17 Arm able to pivot 360 deg around mini-tug axis to allow a
look around the module carried.
18 Automatic joint lock on arm in case of motor failure.

MCDONNELL DOUGL‘-@‘
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Section 3
FIXED CRANE

The fixed crane constitutes an approach to the local logistics problem which
is drastically different from the mini-tug approach, Rather than moving
about the SCB with modules and assembly parts, it stays fixes at one port

and uses one or more long mechanical arms to grasp and move objects.

3.1 FIXED CRANE CONCEPTS

Figure 3-1 is a sketch of the fixed crane moving a module. This is intended
as a functional representation only, and it is by no means to scale. The

fixed crane is envisioned with an operator control station permanently mounted
at a selected module port. The control station would have two very long

(35m), six degree-of-freedom, remote manipulator arms attached on opposite
sides, Each arm will be functionally similar to a human arm with piich and
yvaw freedom at the shoulder; pitch at the elbow; pitch, yaw, and roll at the

wrist; and open-close capability on the grasper.

In addition to being able to control the remote manipulator arms the operator
will be able to rotate the entire crare control platform about an axis per-
pendicular to the module centerline and passing through the center of the
port. This should have definite advantages in terms of operator visibility
and coordinated arm use. Operator visibility will be further enhanced by
placing a closed-circuit TV camera with lights on the end of each manipulator
arm. Camera views are displayed to the operator on CRT inside the crane

control station.

Control of the remote manipulator arms is not a simple task, although many
possibilities are open. One possibility might be to have a2 small lever
associated with each degree of freedom. Lever displacement could be used
to command the joint angle, angular rate, or angular acceleration. The
number of degrees of freedom involved, however, would make this an

impossible task for the operator.
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Figure 3-1. Fixed-Crane Concept

One interesting approach to simplifying the operators task is a Waldo
(sometimes called exoskeleton) control. This concept (see Figure 3-2)
takes advantage of the functional similarity between the crane arm and the
operator's arm. A device is placed arocund the operator's arm which can
sense joint angles. These are then converted to commands for the remote
manipulator arm. The operator would have both direct visual feedback and
closed-circuit TV. It could also be set up so the arm constraints would
provide a force feedback when the crane arms made contact with an object.
The Waldo concept would allow one man to operate both crane arms simul-
taneously. This is perhaps the only concept which makes this mode of
operation feasible. It is doubtful, however, that simultaneous operation of
the two arms will be employed since (1) sequential operation can perform the
same tasks with less complexity and (2) operations analysis to date has
revealed no requirement for such an operational mode. Waldo control has
the disadvantages of requiring a good deal of operator space and limiting

angular excursions of the crane arms to those available with the human arm.
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Figure 3-2. Waldo Contral

Illustrated in Figures 3-31 and 3-41 are two other types of controllers which
might be employed. The first of these is the replica controller (see

Figure 3-3), Here the operator grabs a handle attached just beyond the wrist
on a scaled replica of the crane arm. As the operator translates and rotates
the handle the replica arm follows. The replica arm angles are then used as
commands for the crane arm. This concept is very appealing since the
remote manipulator arm can be operated with one hand. It also has the
disadvantage, however, of requiring a great deal of travel space for the
replica arm. The concept illustrated in Figure 3-4 is the one being used

for the Remote Manipulator System (RMS) on the Shuttle. It consists of two
hand controllers. One commands rotation rates and the other commands
translation rates. Since these are rate commands, very little space is
needed for operator hand movements, which is the principle reason this
controller was choosen for the Shuttle. There are, of course, many other

possible controllers but those mentioned appear to be the most promising.

L Shuttle Remote Manned Systems Requirements, Martin Marietta Corp.,

MCR-73-337; NAS 8-29904, Final Report, Vol. II, February 1974.
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CRS

Figure 3-3. Control Console with Replieca Controller Figure 3-4. Control Console with Translational and
Rotational Hand Controllers — RMS Control

Figure 3-5 illustrates a concept which could be used to great advantage with
the fixed crane. For lack of a better name, this will be referred to as a
cherry-picker module. Its purpose is to allow the crane arm to be used to
position a worker in a remote spot for delicate adjustments, maximum
visibility, etc. Before entering the cherry-picker module the worker would
uge the main crane controls to lock the grasper of one crane arm onto a
special fitting on the cherry picker. This would complete an umbilical
connection to hook up auxiliary crane controls inside the cherry-picker
module. The worker would then enter the module and begin to move himself
about by commanding the attached crane arm. Once in position he could
flip a switch on his auxiliary control panel which would freeze the arm to
which he was attached and allow him to control the other arm. There would
be no necessity for an operator at the main c¢crane control station. This
concept is further illustrated in Figure 3-6, with some differences. One
arm holds a cherry-picker cage in which the worker is EVA, The second
arm is in a gooseneck mode which will passively hold the assembly part

in any position in which the worker places it.
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Figure 3-5. Cherry-Picker Module

Figure 3-6. Fine Positioning
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3.2 FIXED CRANE REQUIREMENTS

Up to this point the discussion of the fixed crane has been quantitative in
nature. This section takes an order-of-magnitude look at the quantitative

side. The expression order-of-magnitude is used primarily because a very
simplified arm motion is assumed. It is assumed that a 14,515 kg (32, 000 1bm)
mass is swung through 180 deg with a rigid, fully extended 35m crane arm.

It is highly unlikely that a transfer would be made in exactly this manner. It
should, however, provide a conservative estimate of torque, power, and
energy requirements as well as a basis for parameterization of transfer

time and stopping distance. The effects of flexibility in the arms will be

considered during parts of the study,

Figures 3-7, 3-8, and 3-9 present torque, power, and energy requirements
in that order. These figures do not, however, include orbital effects. Time
required for the hypothetical transfer is parameterized from 5 to 90 min.
Continuous torque as well as torque applied only at the beginning of the

transfer are considered. In the latter case the distance through which the

mass travels while the arm is under torque is also the distance which would
be required to stop the motion, Safety considerations would favor a
relatively short stopping distance. Distances of 0.61, 1.52, and 3.05 m
were considered. The continuous torque case corresponds to roughly a
55m stopping distance. An examination of Figure 3-7 shows that shoulder
torque, and its associated normal tip force vary over three orders-of-
magnitude for the range of transfer times considered. Note that for a given
transfer time the effect of stopping distance on torgue requirement is highly
nonlinear. Torque and tip force for a constant stopping distance vary in a
manner inversely proportional to transfer time squared. As expected, the
shorter the stopping distance the higher the torque requirement. The power
requirements in Figure 3-8 are more drastically effected by transfer time.
They are inversely proportional to the transfer time cubed. As a result,
the variations in Figure 3-8 cover almost six orders-of-magnitude. The
relative effect of stopping distance is approximately the same. When energy
requirements are considered in Figure 3-9, everything is reversed. The
shorter the stopping distance, the less the total energy required for the
transfer. For a given transfer time, the effect of stopping distance is not
as nonlinear as it is with torque and power requirements. ¥For a constant
stopping distance, energy requirement varies in a manner inversely

proportional to transfer time squared.
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Up to this point no orbital effects have been considered in our hypothetical
fixed crane transfer. Figure 3-10 represents an effort to evaluate how
significant these effects might be. The figure presents tip force perpendic-
ular to the crane arm (Fg) as a function of time for a 30 min transfer with
a 0.61m (2 ft) stopping distance. Due to symmetry only the first half of the
transfer is considered. Segment @is under a constant angular acceleratien
and segment is at a constant angular rate. If the SCB were in a void,

¥, would be a constant during segment @ and ze ro during segment as is
shown by the solid line in the figure. In order to evaluate orbital effects,
use was made of the same orbit coordinate system and linearized equations
discussed in Subsection 2.1. The dashed line corresponds to Iy for a
translation along the Y-axis of the orbit system with a displacement in the
X direction. During segment @, the force required is almost identical to
the force required in a void, During segment. , the force required due to
orbital effects rises to about 0. 9N and then gues back down. Although this
ig very small compared to the segment @torque it is continued for a much
longer time. The total area under the force/time curve is increased by
almost 50 percent. For a Y translation with Z displacement (long and short
dashes) the effect is more pronounced with 150 percent increase in area,

In conclusion, the orbital effects appear insignificant in terms of maximum
torque and power requirements but quite significant in terms of energy

requirements,

Table 3-1 is a list of requirements for the fixed crane. As was stated with
regard to the mini-tug requirements, these are for the most part preliminary
in nature and probably not exhaustive. They should, however, provide a good
starting place for future study. Some of the requirements are obvious and
others have already been addressed. The discussion which follows relates

to some of the more significant requirements. The requirement for a

35m reach is a direct result of the fact that the crane is fixed. Present
ground rules required that it be able to reach across the solar arrays and
position a second crane on the opposite side while grasping the crane body.

It must also be able to reach back to the port next to where the Shuttle docks
and to reach around to the belly side of the SCB. The 89N (20-1bf) tip force
requirement is really a fairly soft number based on the data in Figure 3-7,
The requirement that the SCB corridor on which the fixed crane is positioned
be kept open for crane operations is of particular significance since it cuts
down the number of modules which can be berthed on the SCB by 25 percent.
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Table 3-1
FIXED CRANE REQUIREMENTS

® Able to manipulate and berth modules up to 15,422 kg (34, 000 lbm) and
15.24m (50-{t) long with one arm.

e  Able to manipulate and position assembly parts up to 1,136 kg
(2,500 1bs) and 15.24m (50-ft) long with one arm.

e 35-m reach and general grasping capability,
L) Degrees of freedom:
Crane body (yaw)
Shoulder joint (pitch and yaw)
Elbow joint (pitch)
Wrist joint (pitch, yaw, and roll)
o Arm tip force capability of 89N (20 1bf).
® Arms operated sequentially, but not simultaneously.
e Manual and automatic six DOF control of each arm.
® Gooseneck or vernier control for fine positioning.
o Auxiliary control from cherry-picker cage.
@ TV camera and lights on each crane arm as well as remote.
@ Unobstructed view for crane operator.
° Two or more handholds per module.
e Open corridor in -Z direction of XZ plane,
® Solar arrays locked or angle limited during transfer across.

® Collision avoidance software and/or max torque override,

@ Automatic joint lock in case of joint motor failure.
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Section 4

MOBILE CRANE

Perhaps the most severe requirements associated with the fixed crane are

(1) the extreme length of the crane arms and (2) the open corridor on the SCB.
The first can be relaxed considerably and the second eliminated entirely by
introducing the concept of the mobile crane. As was noted back in Figures 3-8
and 3-9, power and energy requirements for a module transfer with a crane
are very low. With a reasonable efficiency factor and orbital effects thrown
in, they still remain low. In fact, the power required for the CRT is
considerably higher than the power required for module transfer. When all
these factors are taken into account, it appears that the crane could be
operated off internal battery power. Thus, it should be possible to made the
crane autonomous from the SCB. It could then not only move [reely about

the SCB, but also out onto large space structures under construction.

The mobile crane would be very sirnilar to the fixed crane except that it would
be smaller and the control station where the operator sits would not have to
be fixed to a port. In addition, a third grasper would be added to the back
of the control station as shown in Figure 4-1. As it is shown here, this
grasper is being used to anchor the mobile crane to the SCB, leaving both
arms free. In this mode, the mobile crane could operate in a manner
analogous to the fixed crane with the added advantage that it could be
positioned anywhere it was needed. Because of this capability, the arm
length could be reduced to about 15.24m (50 ft). This would involve much
less development risk since remote manipulator arms of this length are
presently being developed for the Shuttle. Since sequential use of the arms
would probably be the most likely mode of operation for the mobile crane, it
might be possible to use the Shuttle RMS controller as well. The important
thing to note is that no single operation with the mobile crane would be any
more complex than those with the fixed crane. The sequence of operations

possible, however, could result in much greater capability.
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Figure 4-1. Mabile Crane — Two-Arm-Free Mode

Some of this additional capability is illustrated in Figure 4-2, where the
mobile crane is shown performing an operation which would be impossible
with the fixed crane. With one crane arm firmly attached to a handhold on
the SCB, the other arm is used to move a module around an obstacle to its
new berthing port. During the entire sequence, the operator is in an
excellent position for visibility. The capability illustrated in Figure 4-3 is
even more impressive. While anchored to the SCB with one arm, the

mobile crane uses the other arm to position the module being transferred so
that it can be grasped by .ne grasper behind the operator. This grasper then
rotates the module as desired for clearance and the mobile crane carries

it along the length of a fully stacked SCB. The two free arms move along
from handhold to handhold with very low torque requirements, as a swimmer
would move along a horizonal bar under water. The arm movements are
sequential {not simultaneous) and at any given time one arm is always firmly
attached to the SCB., It is very likely that control of the repetitive motion of

moving between handholds could be automated.
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Figure 4-2. Mobile Crane — Without Stowing

Figure 4-3. Mabile Crane — Stow and Walk
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Table 4-1 is a summary of requirement differences associated with going
from a fixed to a mobile crane. The mobile erane would need rechargeable
batteries, on-board radio, and life support to give it autonomy. It would
also be necessary to provide additional handholds so that the mobile crane
could move about freely. There would be increased safety requirements,
including circuitry to prevent accidental release of the last grasper, life
support reserve, and an emergency homing beacon. On the other hand,
arm length could be reduced to 15.24m (50 ft) and the requirement to keep
an open corridor on the SCB could be dropped.

Table 4-1
MOBILE CRANE - REQUIREMENT DIFFERENCES

Increased or Added Requirements

e Twelve handholds per module.
Rechargeable batteries (1,500 W-hr).

Circuit to prevent accidental release of last grasper on base.

e On-hoard radio and emergency homing beacon.
e

Life support to last TBD hr, plus TBD hr reserve

Reduced or Eliminated Requirements

© Arm reach reduced to 15. 24m (50 £ft).

e Open corridor not required.
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Part 10

MISSION HARDWARE CONSTRUCTION
OPERATIONAL FLOWS AND TIMELINES
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MISSION HARDWARE CONSTRUCTION OPERATIONAL FLOWS
AND TIMELINES

The construction-related objective elements which received emphasis during
Part 2 were;

SPS Test Article-1 (TA-1)

SPS Test Article-2 (TA-2)

30m Radiometer

27m Multibeam Lens Antenna (MBL)

cagE>

The requirements for both TA~1 and TA-2 dictated that they demonstrate
on-orbit fabrication techniques and that TA-2 be prototypical of a model SPS
being considered by JSC. TA-1 and TA-2 were designed accordingly, and
the on-orbit construction sequence developed as illustrated in this appendix
(Figures 1 and 2), Timelines (Figures 3 and 4) for these processes were
developed and are also included., Assembly of a ground-fabricated TA-1
configuration was also analyzed, Though the two different approaches to
construction of TA-1 (Figures 5 and 6) do not compare directly, (each
assumed a different set of construction support tooling) some interesting
observations can be made (see Figure 7): (1) either fabrication or a fabrica-
tion and assembly approach to TA-1 requires considerable EVA (in the
assemhbly case it was for assembly; in the fabrication and assembly case it
was for setting up the tooling) and (2) delivery of preassembled sections,
because of their low density, require significantly more Shuttle logistics
flights,

The configurations for the 30m radiometer and MBL were analyzed with
respect to whether or not they could be fabricated on orbit, Deployment was
ruled out as a result of study Part 1, The result was that the tight telerances
require ground fabrication with final assembly done on-orbit due to the size
of the antennas, Some support structure could be fabricated on orbit however,
The approach considered for the 30m radiometer and illustrated by the flow

(Figure 8) and timeline (Figure 9) included in this appendix involve assembly
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on a turntable located at the end of a scrongback, An EVA scaffold is erected
and the work rotated by the turntable to the EVA astronauts on the scafiold.
Subsequent analyses revealed that some savings in time could be realized if
the scaffold was replaced by a cherry picker on the end of a crane arm,

This would allow the EVA astronauts to maneuver themselves the work—

the turntable would still be used however,

Assembly of the MBL was analyzed assuming that the work was located on a
turntable, but not out on a stronghack, EVA access was considered to be
provided by a cherry picker arrangement. The resultant flow (Figure 10)
revealed some awkward operations, and the conclusion 1is drawn that like
the 30m radiometer, the MBL should be assembled on a turntable at the
end of a strongback.
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Figure 10. MBL Assembly (4 of 5)
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OTV CONCEPT DEFINITION
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, Section 1
INTRODUCTION AND SUMMARY

The Space Station Systems Analysis Study effort included the area of trans-
portation, in particular the definition of an Orbit Transfer Vehicle (OTV). A
number of program options were evaluated in Part 2 and transportation
requirements calculated for each, both in terms of requirements to low earth
orbit (LEQ) and requirements to geosynchronous earth orbit (GEO). Results

of these analyses indicated that very large amounts of mass must be transported
from LEO to GEO; thus the need for an OTV. This in turn requires even

larger quantities of mass to be transported to LEQ, i.e., the necessary OTV
propellant. Tt is therefore important that the OTV be a high-performance,
lightweight, reusable system.

Early trade studies considered single stage, two-stage optimum or two-stage
common OTV concepts. Clearly, a two-stage system is more efficient,
requiring significantly lesser amounts of propellant, and therefore fewer
supporting Shuttle flights. The optimum two-stage system is a smaller
system than the two-stage common (in which the two stages are identical),
but the amount of savings is not so significant as to overcome the advantage
of stage commonality., Further, the common stage design has more potential
payload capability. The common stage OTV concept was selected as shown

on Figure 1-1,

As mentioned previously, the goal of OTV design was lightweight, or high-

mass fraction (\'). A number of groundrules were put forth towards achieving

this goal. First of all, it appeared that space-basing would be highly desirable,
ci.e., boost the OTV to LEO_rand conduct all subsequent operations from there.

In this manner, the empty OTV would be carried up in the Shuttle, thus

avoiding high loads from the tanks full of propellants. Design loads would

also be minimized during powered flight by keepmg the accelerations down .

to about one-tenth g. A high-expansion-ratio, extendible- nozzle engine would

be used, incorporating a zero-NPSH feature. Thus, tank pressures would
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be at a minimum, saving considerable weight, ¥inally, extensive use of
composite structure was outlined to minimize non-tank structure weight. The
MDAC cryogenic Tug study results were used as a base for the efforts - -
described in the following sections.

The OTV two-~stage {commmon) concept selected is shown on Figure 1-2 and a
summary of the major stage characteristics and capabilities is shown in
Table 1-1.

Table 1-1 (Sheet 1 of 2)
OTV CHARACTERISTICS

Physical oTV-1 T oTV-2
Length - m (ft) 17.069 (56) 17,069 (56)
Diameter - m (ft)

Shell 4,42 (14.50) 4,42 (14.50)

Tank 4,10 (13.45) 4,10 (13.45)
Mass - kg (1b)

Dry 4260 (9392) 3737 (8239) .

Burnout 5041 (11,113) 4462 (14,639)

Ignition 63,424 (139,824) 62,845 (138, 548)
Propellant - kg (1b)

Loaded 58,550 (120, 079) 58,550 (120,079)

Usable 57,206 (126,116) 57,206 (126,116)
Mass Fraction (\') . 9205 _ . 9290

Performance - LEO to GEO, kg (lb)

Mission -~ Delivery 49,858 (109,917)
Round Trip 13,300 (29, 321)
Retrieval 17,535 (38, 658)
Expendable 64, 000 (141, 094)
Subsystems
. Propulsion - Category IIA RL-10 engines (one on OTV-2, two on -
OTV-1) |
- Isp'# 459 sec at 6:1 MR (mission effective = 455, 6 sec)

Zero NPSH, tank head idle mode
Extendible nozzle, e = 66.2/262
Blowdown monopropellant ACS

. .
: /
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Table 1-1 {Sheet 2 of 2)
OTV CHARACTERISTICS

. Structures

™ Avionics

'Graphite- epo:ﬁy monoc oque load-carrying shell

2219 aluminum tankage
Fiberglass tank supports

Square frame, four latch, extendable docking
mechanisms

. Shuttle-derived fuel cells (two)}, replaceable modules

Upper stage LADAR for automatic docking (uncooperai:we
target)

S-band communications Orbiter compatible; NASA
standard computer

Forward skirt mounting on aluminum isogrid structure

. R B
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Section 2
OTV SIZING SUMMARY

2.1 SIZING FOR PROGRAM REQUIREMENTS
The OTV was sized in response to the LEO-to~-GEO transport requirements.
These consisted of objective elements, Space Station modules, crew modules,

and logistics as needed for each program option.

The numerical distribution of delivery and round-trip payloads for a typical
option (L.G1) is shown in Figure 2-1. As scen, most of the payloads are
under 20, 000 kg for the delivery mission and 7, 000 kg or under for the round-
trip mission. These data suggest that the OTV design capability should be
20, 000 kg for delivery and 7, 000 kg for round-trip. These requirements
were tabulated for each GEO program option. Farametric OTV capabilities
were then compared to the mission requirements to determine the sizes
needed. Deiivery and round~trip payload capabilities are overlaid on the
mission reguirements for Option LG1 in Figure 2-1. Performance capabilities
include single~ and two-stage OTV's with the latter considered in both opti-
mum and common stage configurations, The optimum consists of sizing the
two stages for maximum performance, which is a propellant loading split
between Stages 1 and 2 of about 2/1 for delivery missions and 55/45 for
round-trip missions. For the common stage design, both stages are the
same size. All the stages are reused in the primary mission mode; however,
the capabilities for delivery in an expendable mode were also calculated fo
extend the capability for outsized payloads. The tic marks on each perform-
ance line indicate the transition points from integral stages to separate
1.02/1LH2 tank designs. The center ordinate of the chart is the total oTVv
propellant loading common to both the delivery and round-trip perfbr'mdnCe

lines.

. The bulk of the delivery missions (15 of 17) require less than 20, 000 kg _
"‘pabllz_ty ‘This could be accomplished by both single- and two-stage OTV's
the single stage requiring 65, 000 kg of propellant, and the two-stage requiring
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Figure 2-1. OTV Requirements/Capabilities (LG 1}

about 50,000 kg. When the round-trip requirements (7,000 kg) are con-
sidered, a propellant loading of 100, 000 and 80, 000 kg would be required for
the single- and two-stage OTV's respectively. Note that the single-stage
version would have to be launched in two pieces (LHQtank and LOjy tank/
engine) and assembled in orbit. Also note that the 80, 000-kg, two-stage
OTV could.-accommodate the 28, 000-kg delivery mission. Clearly, the

64, 000 kg payload would size an OTV beyond that which could be used
efficiently for 34 of the 35 LG1 flights. This mission would be accomplished
by S.pecial means, probably multiple OTV ele'ménts used in an expendable
mode. The propellant savings and flexibility of the two-stage OTV over that
-of the single stage resulted in the two-stage selection for Option LGl. The
reduced OTV prdpellaﬁt aioné would result in a $320 million saving due to
decreased Shuttle flights (17 x $18.9 million). The common stage design
was’ chosen over the optimum concept for t'::d.mmonality reasons, the perform-
ance difference being small; thus, an 80, 000-kg propellant, common two-
stage OTV {two 40, 000 kg stages) was selected for LGI1.
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This analysis and selection process for sizing an OTV was done for all four
program options; the individual results are shown in Figures 2-2, 2-3
and 2-4, for Options LG22, G and G'. The types selected, sizes, and

major influences for each option are shown in Table 2-1.

The OTV size selected for LG2 was 55, 000 kg of propellant per stage. The
basic requirement of 53, 000 kg to meet the 10, 000 kg round-frip requirement
was raised to 55, 000 kg to accommodate the delivery of the 64, 000 kg creoss-
phased array, The OTV would be expended for this missicn,

Option G analysis resulted in 53, 000 kg propellant per stage OTV to meet

the 10, 000-kg round-trip requirement. For Option G*, a 55,000-kg OTV
stage was selected., With this size, a two-stage OTV would be used to satisfy
the round-trip mission requirement of 11, 000-kg and one of the two common

stages would be used for the 15, 000-kg delivery mission,
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Table 2-1
INITIAL OTV SELE CTIONS

Propellant/ - Payload
Stage (kg)

Option Type {kg) Delivered Round-Trip Expendable Major Influence
LGl 2-C 40,000 28, 000 7,500° - 46,000 Delivery payload
1LG2 2-C 55,000 39, 000 11, 000 64,000 Expendable

payload
G 2-C 53,000 37,000 10,000 60, 000 - Round-trip
7 payload
G 2-C 55, 000 39,000 11,000 60,000 Round-trip
: 15,000 payload and

delivery (1 stage)

The two-stage common design OTV was selected for all four options based on .
the reduced logistics costs for propellant delivery and the com.ﬁmna.lity of
design. The logistics cost savings of the two-stage OTV over the single stage
oTvV, due to reduced S'Euttle"flights'é.t $19. 1 million, are shown in Figure 2-5.
These cost savings, as a function of program, are: LG1-$340 million; LG2-
$1.6 billion; G-$560 million; and G'-$880 million.

The OTV concept selected for development in the study was a two-stage
common space-based reusable OTV with each stage sized to the maximum
that could be launched on a single Shuttle flight.

2.2 ENGINE SELECTION
Based on early sizing values, an investigation of axial acceleration values
and structural loading was undertaken to establish engine quantities desired.

The OTV values used were as follows: -

Dry Weight kg (Ib) | 7,120 ~ (15,700)
Propellant Weight kg (Ib) ° 59,870 (132, 000)
: 66,990 (147, 700)
Payload Weight - - , o L oL o
Delivery kg (Ib) 39, 370 (86, 800)
Round Trip kg (Ib) 10, 160 (22, 400)
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Figure 2-5, Shuttle OTV Propellant Flights Required

Using' these data, ‘tables of vehicle weight distribution were prepared for
each mission phase, i,e., vehicle ignition, OTV-1 burnout, OTV-2 ignition,
OTV-2 first burnout, etc. Considering first the delwery_ mission, the

following values were determmed for the OTV burns.

OTV-1 OTV-2

- o kg - (b)) kg {(b)
First burn — Ignition 173,360 (382,200) 106,370 (234, 500)
__ — Burnout 116,890 (257,700) 58,560 (129, 100)
Second burn — Ignition 10,520 ( 23,200) 19, 190 { 42, 300)
— Burnout 7,120 (.15,700) 7,120 ( 15,700)

In order to hold the vehicle acceleration ievel to abdﬁt 0. 10g. wit.h.payload B
_a‘board the thrust level would have to be around 114.6 kN (25 770 1b), ox the
' equlva.lent of about two RL-10-derivative engines.. CAssuming the OTV-1 had -
two of these engines, acceleration levels would be 0. 0.79g.é.t liftoff and 0.116g
at first burnou’c - Values for second burn, i. €y the 1eturn trlp, no payload

were 1 29g at 1gn1t10n and 1.91 g at burnout. Using these va.lu.es and the
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aforementioned weight distribution, structural loads were dbet’e»rfnihed for all

elements of the OTV-1 both at first burn ignition and burnout. Then, in order
to determine if the second burn condit_i_ons were more severe, these loads were

compared against.the weight distribution to determine allowable acceleration

levels., For OTV-1 second burn, the allowable g's, for the most critical

gtructural componénts», were 1. 35 at ignition and 2, 05 at burnout, greater

than the 1.29 and 1. 91 previously noted. Thus the selection of two engines

for OTV-1 seemed appropriate.

The same process was repeated for OTV-2. In this case, a single RL-10
engine was designated, resulting in the following g levels:
- First Burn (with payload)
Ignition 0. 064
Burnout 0.116
Second Burn (no payload)
Ignition 0.335
Burnout 0.955

As béf'o:re',- the second burn condition was found to be less critical than the

first burn; thus the one-engine selection seemed satisfactory.

The entire process just described was repeated for the round-trip mission.
In this case, hCWe#er, the loads were also compared to those determined for
the delivery mission, and they were found to be less critical. - Accelerations
were soméwhat higher, though. For OTV-1 burn, witha payload- a‘bcard |
g levels ranged from 0.094 to 0.153, and with no payload, from 1. 179 to
1.915. For the second stage OTV Whlch a.lways has payloa.d aboard '
accelsratmns ranged from 0. 088 to 0.394. Acceleration histories for all
cases are illustrated on Flgu.‘re 2-6. ’I‘he various-data generated in the
course of this a.nalys:Ls were a.lso used to dete1m1ne the loads presented in
Section 4. 1. 1. ' ' '

2.3 OTV FINAL SIZING

. Final OTV. s:.ze was based largely on the available volume of the Shuttle
'cargo bay, i.e., it was dec1ded to make the OTV as large as poss1b1e since
prehmmary investigations indicated that such a s:Lzmg would be compa.tlble '

“with program requirements. This final OT V' configiration is shown on -

Figure 2-7. : !
gate w-l . 115

L MePONNELL DoUGLAS XA D T e




CR5-3-2

2
DELIVERY
— vio— 'ROUND TRIP
g
& 1. I
E 1 il
2 I
T
o |
Q. . .
3! 0TV | oTV-2
!
}i
l e
I |
I p—
0 1,000 ' 2,000 : 3000 - 4,000

BURN TIME {SEC)
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Space construction base guidelines were followed in the sizing exercise.

The maximum external dimensions of the OTV were taken as 4, 42m (14. 5 )
in diameter and 17.07m (56 ft) in length. This latter dimension provides
room for planned EVA. The engines were assumed to be stored in a retracted

position to save length., Also, a 25-cm (10 in) gap was left between tanks.

Maximum tank wall diameter was: based on a combination of factors — accommo-
dation of the multilayer insulation (MLI) and allowance of space for a hydrogen

~ feed line to pass around the oxygen tank. Anticipated fhickness of the MILI was
about 6 cm (2. 36 in), and for the vacuuni-jacket'ed feed line about 10 cm
(3. 93 in), Hence, a2 diameter of 4. lm (13.45 ft) was selected, leaving a space

. of 16 em (6. 3 in) between the tanks and the outer shell. Although the space
requirements around the hydrogen tank were not as severe, that tank wés
configured at the same diameter in order to have common dome and cylinder

toolmg.

o The resultmg conflguratlon, as shown in Figure 2-7, has a hydrogen tank

of 121,032 m (4,274 ft ) and an oxygen tank of 45. 107 rn {1,593 ft Je
Resulting ca.pac1t1es, allowing 5% for ullage volume, are 8, 364 kg (18 440 1b)
of hydrogen and 50, 186 kg (110, 641 1b) of oxygen. Thus the final propellant
load is 58,550 kg (129, 081 1b), which is quite compatible with the desired

propellant capacity determined from a review of program requirements. .
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Section 3
OTV PERFORMANCE

3.1 OTV MISSION PROFILE

The basic mission profile for the OTV is shown on Figure 3-1. The
reusable OTV will be space-based in LEO, and will be used either to

deliver payloads to GEO or to carry payloads on a round trip ffom LEO to
GEO. Propellants will be delivered to the OTV via a Shuttle tanker; the OTV
will be carried to LEO empty. '

The configuration as pictured is a two—stage, common design, i.e., both
stages are the same size, each containing 57, 206 kg (126, 118 1b) of liquid
oxygen/liquid hydrogen usable propellants. The engines are Category IIA
RI-10 derivatives, with two on the first stage and one on the second stage.

Stage diametér is 4,4m, and overall length (without payload) is 34m.

The first-stage OTV provides the initial boost to the second-‘sté.ge OTV and -
payload for the orbit transfer, After shutdown and separation, it then coasts
back to LEO, circularizes, and awaits return of the second stage. Mean-
while, the second stage completes the transfer, and circularizes at GEO,
After mission objectives are met, the second-stage OTV deorbits and trans-

fers back to LEO, where it circularizes and rendezvous with the first stage.

PRECEDING pagg BLANK NOT FILMES
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CRS5-3-2
GEOSYNCHRONOUS ORBIT Dﬂm DELIVERY OR
oTV-2 ROUND-TRIP MISSION

COMPLETES TRANSFER,
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ORBITS, RENDEZVOUS
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(XD
oTV-1
PROVIDES BOOST
FOR OTV-2 AND
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PAYLOAD RETURNS TO LEO
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oTV-1 SPACE-BASED '
IN LOW = .{
EARTH ORBIT D0 F
SHUTTLE TANKER
Figure 3-1, OTV Mission Profile
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3.2 BASELINE PERFORMANCE
Basic payload capability for the two-stage (common) OTV as defined in the

paragraph on final sizing is as follows:

Delivery (to GEO) 49,858 kg (109, 916 1b)
Round Trip (LEO-GEO) 13,300 kg (29, 320 Ib)
Retrieval (from GEO) 17, 535 kg (38, 658 1b)
Expendable (to GEO) 64, 000 kg (141,097 1b)

The performance is based on each stage expending 5%, 769 kg (127, 360 1h) of
LOZI LH, propellants at an oxidizer/fuel weight mixture ratio of 6:1. Ref-
erence mission velocity (one way) was assumed to be 4,320 mps (14, 173 fps).
Vacuum specific impulse delivered by the Category II RL-10A engines is

459 sec, which is reduced to an effective value of 455. 6 sec considering the
propellant used for tank head idle (THI) and that vented. The stage mass
fractions (\'s) used for these periormance calculations were 0.9197 for the
first stage (OTV-1) and 0. 9283 for the second stage (OTV-2)., These \'s

were calculated as

_ Expended Propellant
Expended propellant + Burnout Weight

and are based on weights found in Section 5 of this report (Appendix).

3.3 PAYLOAD SENSITIVITIES
The payload sensitivity to a number of OTV parameters was investigated.
These parameters included specific impulse, mass fraction, mission

velocity and propellant weight.

3.3.1 Specific Impulse Effects

The effects of changes in vaccum specific impulse of either or both OTV
stages are shown in Figure 3-2 for the delivery mission. Specific impulse
was varied from 440 to 480 sec, while other parameters were held constant,
i.e., stage propellant weight 57, 769 kg (127, 360 1b), OTV-1 mass fraction
0.9197, OTV-2 mass fraction 0. 9283, and one-way velocity 4, 320 mps
(14,173 fps). The following partials were determined:

Delivered Payload/OTV-1 Impulse 87 kg/sec (192 lb/sec)

Delivered Payload/OTV-2 Impulse 182 kg /sec (402 Ib/sec)

Delivered Pa.y].oa.d/OTV 1 and?2
Impulse

.
) 7
njlép@:mfnﬂ;‘k.l_. nbﬂcrz@-_

1]

]|

269 kg/sec (594 lb/sec)
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Figure 3-2, Effects of Specific Impulse
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3.3.2 Mass Fraction Effects

The effects of mass fraction variations in either or both OTYV stages are
shown in Figure 3-3 for the delivery mission, Mass fraction (\') was varied
from 0.90 to 0, 94, while the following were held constant: stage propellant
weight, 57, 769 ke (127, 360 lb); vaccum specific impulse (both), 455, 6 sec;
one-~way velocity 4, 320 mps (14, 173 fps). The following partials were deter-

mined:
Delivered Payload/QTV-1 \! = 2,050 kg/0. 01 fraction (4, 520 lb/O 01
: fraction}
Delivered Payload/OTV-2 X' = 010 kg/0. 01 fraction (2,010 1b/0, 01
fraction)
Delivered Payload/OTV-1 & -2X' = 2,960 kg/0, 01 fraction {6,530 1b/0, 01
fraction.

3.3.3 Mission Velocity Effects

The effects of increasing mission velocity by 30.5 mps (100 fps) were as
follows: .
Delivered Payldad - 842 .kg (1,836 lb), or 27.62 kg/mps. (18.56 1lb/fps)
Round-Trip Payload ~ 292 kg (643 Ib), or 9.6 kg/mps (6.4 lb/fps)

3.3,4 Propellant Weight Effects

The effects on delivered payload of changes in propellant weight of either or

both OTV stages are shown in Figure 3-4, | Propellant weight was varied from
40, 000 kg (88,185 1b) to 70,000 kg (154, 324 1b), while specific impulse was
held at 455, 6 sec, stage mass fractions were held at 0, 9197 and 0. 9283 for
stages 1 and 2, respectively, and one way \?elocity was kept at 4320 mps
(14,173 fps). The following partials were determined from these data:

1/0T 0.497 kg/kg (Ib/1b)

0.342 kg/kg (1b/lb)

0.864 kg/kg (Ib/lb)

Delivered payload/OT V-1 propellant
Delivered payload/OTV-2 propellant

Delivered payload/OTV 1 and OTV-2
propellant '

3.4 PROPELLAXNT OFF-LOAD EFFECTS
The effects of two different types of propellant off-load were 1nvest1gated
that of a dzrect~percent off- load in either or both stages, and that of a change

in mixture ratio in either or both stages.
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3.4,1 Direct Percent Off-Load
The payload effects dus to propellant off-loading were determined for up to a

30% off-load in either or both stages. In each case, the stage weipht was held
constant, so a new mass fraction was calculated. In addition, the propellant
vented and that used for THI were held constant; thus, the effective spedific

impulse was changed for each case of ofi-load.
The results of this investigation are shown on Figure 3-5 for both the delivery |
mission and the round-trip mission. Shown are effects of off-load in either

stage while the other is at 100% capacity (57, 769 kg), and effects of an equal

percent of off-load in both stages.

80 CR&-3-2

50

DELIVERY MISSION

40L

30 -~

PAYLOAD (10% KG}

ROUND-TRIP MISSION

o 10 20 30 40
% OFF-LOAD '

Figure 3-5. Effects of Stage Off-Loading

/
MCDONNELL bduq@




3,4.2 Mixture Ratio Effects
Payload effects due to changing the propellant mixture ratio ia either or both

stages were determined. Changing mixture ratio results in one of the pro-
pellants being off-loaded. As the mixture ratio goes down from 6:1, the LI-IZ
is held constant and the LO, is off-loaded an appropriate amount, If the
mixture ratio goes up , (greater than 6:1), the LOZ is held constant and LHZ
is off-loaded., Stage weights were held constant; hence, revised mass frac-
tions were calculated for each case. Also, effective specific impulse had to
be recalculated for each case. Nominal impulse was taken from basic engine
data, shown on Figure 3-6. Using a constant propellant for THI and venting,

appropriate effective impulses were then determined.

The results of these calculations are shown on Figure 3-7 for one delivery
mission and the round-trip mission., Shown are effects of mixture ratic shift
_ in either stage while the other is at 6:1, and effects of changing both stages

the same amount.

CR5-3-2
480
—1 72,000
480|—
— 70,000
o
W
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35 — >
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Flﬂure 3-6 Estimated. Effects of [nlet, Mixture Ratio on Vacuum Speclf:c Impulse and Thrust
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Section 4
SUBSYSTEM DESCRIFTIONS

4,1 STRUCTURES

The general approach to structural design is based on previous in~house
studies, 'I‘he. diameter of the stage (4. 420m) was as sumed to be the same as
the maximum module diameter allowed by the JSC Space Construction Base
Guidelines and Criteria, dated January 1977, The total propellant was taken
from the results of initial performance studies similar to those described in
Section 3. However, the stage proved to be too long: The stage was resized
to the maximum length with the same mixture ratio and a lower propellant
mass. The current length provides room for planned EVA. The structural
arrangement is shown in Figures 4-1 and 4-2 (OTV 770216). An ullage
volume of 5% is provided in each main propellant tank. The outer shell is
the main body load-carrying member and the tanks are suspended within

the shell,

4,1,1 Structural Loads

Three types of loads were considered: ground handling, Orbiter payload

bay flight loads, and spaceflight loads, The first two were based on accel-
erations found in JSC 07700 and a no-propellant condition, Five Orbiter
flight conditions were evaluated. Loading due to axial load plus bending

moment was determined,

Spaceflight loads were based on maximum one-way payload delivery and
maximum round-trip payload carry. Ground handling accelerations were
determined to be smaller then Orbiter flight accelerations and were thus

not critical. A summary of the critical loads for each body section is shown
in Table 4-1.

4, 1. 2 Shell Structure

Two options were considered: a load-carrying shell with suspended tanks,

and a load-carrying tank with an attached shell, In considering thermal
PRECEDING PAGE BLANK NOT PILMES
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4,1,5,2 Mechanism Description

To reduce costs, the docking mechanisms were assumed to be identical on
both stages. They are similar to those on a previous Space Tug Study
(Contract NAS8-29677), The system is shown in View C-C of Figure 4-2,
During launch in the Orbiter, the mechanism is stowed aft and inboard so
that it does not protrude beyond the stage. When docking is desired, the
tubular square frame holding the four latches 1s extended forward beyond the
stage by extending the shock absorber struts by compressed air. Each side
of the square frame is made up of three sections., A fixed section with a
centralizing acme thread is bolted to each side of the guide arm with two
through-bolts, A left hand thread is used on the section at one end of each
side and a right hand thread on the section at the other end. The threaded
sections are joined by an extruded section into which a threaded machined
fitting has been bolted at each end. The threads are lubricated with vacuum
grease to provide a long service life, The length of 2 side of the square
frame is increased or decreased by rotating the center section of extruded
tubing on that side, like a2 turnbuckle. To expand or contract the frame, the

four center sections must be rotated synchronously.

The drive motor and the flex spline of a harmonic drive are bolted to a
flange on the end of one of the fixed threaded sections, A planetary wave
generator is used, KEach of the other three sides has an identical harmonic
drive arrangement but without the drive motor. ¥or radial motion of the
latches the drive motor is energized, and the square frame is expanded or
contracted until the latches are at a diameter compatible with the mating

surface,

The maﬁmum mass of a pavload was assumed to be less than the mass of a
loaded OTV, i,e., 66,971 kg (147,646 lbm). The closing velocity was
assumed to be 0,305 mps (1 ft/sec). The total energy to be absorbed is
1,555.5 Joules (1,147 ft-1b), Due to slight misalignment of the mating
surface at ifnpact; two-thirds of the kinetic energy was assumed fo be taken
at one latch, The shock absorbers were designed with a maximal stroke of
30 em (11.8 in.). Helium gas was assumed because of its high specific heat

ratio of 1,66, Reversible abiabatic compre's'sion of the gés was assumed and
PRECEDING PAGE BLANK NOT MILMED, .
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the initial gas pressure was calculated to provide the necessary work of
compression, This pressure was found to be 34,5 N/c-.rnz (50. 0 psi).

The shock absorber strut incorporates an antirebound feature by displacing
0il while being compressed, but not allowing the oil to flow back into the
cylinder when the compressed air attempis to extend the cylinder after the

cylinder has been compressed.

4,1,6 Meteoroid Protection

The duration of exposure to meteoroid flux is undetermined, but is probably
on the order of 30 days maximum per mission. This is considerably longer
thau 2 1 to 6 days defined in the previous Space Tug Study, The previous
Space Tug relied oun the shell and MLI blankets for protection of the cylindri-
cal sections of the main tank and various pressure vessels, and on the

purge bags and MLI blankets for protection of the main tank domes, The
current configuration has no purge bags since the stage is not loaded with
propellant on earth, However, the current MLI is 250 layers of reflectors
on the LO, tank and 180 layers on the LHp tank, vs 45-50 layers on the pre-
vious study, Also there is a vapor shield of 0, 41 mm (0. 016 in.) aluminum
between the MLI and the tank wall. In addition, the shell thickness of the
current configuration varies from 1. 68 to 2. 79 mm (0, 66-0, 110 in.) compared
to the previous configuration of honeycomb sandwich with 0.25 mm (0. 010 in, )
faces. It is felt that the current configuration is probably adequate for a
30-day mission. With more information on the mission duration, a precise

meteoroid protection analysis may be made,

4, 1.7 Avionics Support

The avionics support structure consists of an eight-sided "conic' structure,
which extends over the forward dome of the LHj; tank and is attached to the
frame, which also supports the docking mechanism struts, This support
structure also acts as a meteoroid barrier for the dome., A circular door
in the center provides access to the tank access door and the LHy vent and

relief valve cluster,

The support structure is composed of a framework of 7075 aluminum beams,

with 7075 aluminum isogrid panels attached to the framework to provide a

.
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closed meteoroid barrier, Holes in the nodes of the isogrid provide

attachment of avionics components, If necessary, thermal control devices

may be connected to the support structure to provide heating or cooling of

the avionies components,
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Table 4-1

SUMMARY OF ULTIMATE FLIGHT LOADS IN ORBITER
AND SPACE FLIGHT

N Ultimate
N/m (Ib/in)

Boost
Maximum Orbital
Load Factor Landing Landing Orbical Round
Orb Alone Liftoff A B Delivery Trip
Forward 11.3 29.8 39,2 32, 1 12259 | 564
Skirt 2,573.8  4,175.7 5,591.6 4,888.3 (70. 0)
LHz .
17,511.2 32,953,0 14,299.6 18,725.6 12,609 12,080
Tank
(188. 2)
21,687.9 44, 168.8 25,425, 2 28,476, 4
Inter (252.2) 12,784 12,340
-Tank 5 5045 5,832.5 23,277.6 13,824.0
L0y ' 14,076, 3 4
ot -7,524.5  -4,908.4 " g 00 6,295, 7 12,784 12,340
Inter- 12,259 '
Stage -809. 2 517.4 2,892.7 1,626.2 (70. 0) 11,539

transfer to the main propellant tanks, which causes boiloff, it was felt that
tanks suspended by low-thermal-conductance struts would better minimize
thermal transfer, especially from the intertank structure. The meteoroid
protection problem appeared to impose about the same mass penalty for
either option. Therefore, a load-carrying shell was chosen as the baseline

configuration.

For the shell surrounding the hydrogen tank {(one of the two most highly
loaded), the following material and construction configurations were designed:
(1) GY-70/904 graphite epoxy monocoque; (2) 7075~T6 aluminum monocoque;
(3) aluminum isogrid; and (4) sandwich consisting of graphite epoxy faces with
aluminum honeycomb core. A summary of the masses per unit area for these
configurations is shown in Table 4-2., From this trade study, graphite

epoxy monocogue was chosen for its minimal mass and its lower construc-

tion costs compared to graphite epoxy sandwich,

Y, 1138
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Table 4-2
LH, TANK SHELL COMPARISON OF MASSES

Mass

Config, No. Configuration kg/m? (Ib/£:2)
g
1 Graphite epoxy monocoque 3,576 (0.732)
4 Graphite epoxy sandwich _ ~3. 641 (0. 746)
(2 ply faces) :
4 Graphite epoxy sandwich 4,535 (0.929)
3 Aluminum isogrid o <4, 709 (0, 964)
2 Aluminum monocogque 7. 101 (1.454)

Assuming that graphite epoxy monocoque would be optimum or near optimum
for the other sections of the shell, these sections were designed with this
material and construction without repeating the trade study. A summary of

shell thicknesses is shown in Table 4-3,

Table 4-3
SUMMARY OF SHELL THICKNESSES

Section mm in.
Intertank 2.79 0.110
LI—I2 tanlk 2,24 0, 088
LOZ tank 1.68 0. 066
Forward skirt 1,68 0. 066
Interstage 1.68 0. 066

In all designs using graphite epbxy monocoque, thicknesses were assumed
to be in multiples of four plies~~0 degree, 45 degrees, 90 degrees--so that

bending stiffness would be nearly isotropic.

In the intertank area there are many pressure vessels which must be easily

removable for recharging, Most of the shell is cut away for remcvable
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‘doors., The carry-through structure then becomes primarily eight longerons,
The door housing the ACS rockets also supports the hydrazine tank to fuel
them., The entire unitis removed and replaced after each flight. Only an

electrical connection must be made to make the system operable,

At each of the docking-mechanism support-strut attachment points there is
a longitudinal fitting (shown in Section D~D of Figure 4-2) to distribute the
concentrated load. This is typical for the second stage forward skirt and

the interstage structure,

4,1,3 Tankage and Supports

The L0y tank diameter (4. 10m) was chosen to provide room on opposite
sides of the tank for the 10 cm diameter vacuum jacketed LH, feed lines
and the multilayer insulation. The LH3 tank diameter was chosen to be
identical to the LOy tank diameter so that common tooling could be utilized

in making the domes and cylinders.

Cassinian domes of n = 2 and k = 0,40 were chosen because that combination
is the flattest that can be obtained without tensile buckling of the dome due
to pressure. Spherical domes were considered but rejected because the

stage is length~limited and minimal gages may be used with Cassinian domes

anyway.

Tank wail thicknesses were based on a pressure of 13.8 N/c:rn2 (20 psia)

which is necessary for the vapor shield/venting sys tem of the tank, This

pressure is adequate for the RL-~10 engine inlet pressure requirements,

2219 aluminum was selected as the tank wall material because of good cryo-
genic properties, good weldahility, extensive experience, and abundance of
test data.

The aft senports of each tank are 16 pairs of tubular laced glass £_iber_ epoxy
hinged struts. The choice of material was based on thermal conductivity
and economy of fabrication, The forward struts of each tank are tangential

supports which allow for radial and longitudinal expansion and contraction of
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the tank due to pressure and temperature changes while restraining the tank
from sideways motion, ' ‘

4,1,4 Thrust Structure

The first and second stage thrust structures have different geometry

but are of the same general construction. The thrust of the R1.~10 engine

is approximately 66,700 N (15,000 1bf limit), A 1.68 mm (0. 066 in.) conical
skin of graphite epoxy is stiffened with graphite epoxy or aluminum stiffeners.
The stiffeners are also used to mount the multitude of pressure vessels,
valves, and lines usually associated with liquid rocket engines. Since the
shell is the primary load-carrying structure, the thrust structure is attached
directly to the shell rather than the L.O; tank aft dome, This eliminates the
need to penetrate the LLOp tank with Huck lockbolts or similar attachments.
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4.1.5 Docking Mechanism

4,1.5.1 Basic Concept Selection

Once both OTYV stages have been delivered to LEO and have been fueled, they
will have to be.doéked together for flight., Likewise, since the stages separate
during the course of fhe mission, they will again have to dock together prior to
initiating the next mission. The means for docking the two stages will be

integral with the structure that joins the two, that is, the interstage structure.

The interstage will most probably have to be transported to orbit with the
upper stage O’I‘V-(OTV-Z). - The OTVs are sized so that they take up all the
usable length of the Orbiter r;:é.rgo bay. Hence, the only room for the inter-
stage is at the stage aft end, around the engine. Since there is no need for a
docking mechanism at the aft end of OTV-1, it is presumed that the interstage

will be transported with OTV-2. This is shown on Figure 4-3,

A number of options are available regarding both interstage and docking inter-
face location. First of all, the interstage could remain attached to OTV-2,
and with its docking interface (passive) on the aft end, mate with the OTV-1
with an active docking interface at its forward end. In this case the front

ends of both OTVs would be the same, as the upper stage would have pro-
visions to dock with payloads. A performance penalty would have to be paid,

however, as the interstage would then be second-~stage weight.

In order to avoid the performance penalty, it is preferred to maintain the
interstage with the first stage OTV; thus, after delivery to orbit, the inter-
stage would have o be attached to OTV-1. The normal stage interface, with

attendant docking mechanism, would be at Location A, shown on Figure 4-3.

There are a couple of options available for attaching the interstage to the
lower stage, plane B on the figure. The simplest might be to provide another
- docking mechanism at that interface, and pay an appropriate weight penalty.
In this case, on the initial trip to LEO, the OTVs would dock a.'s is, and that

" interface {at B) would then remain intact until such time as a return trip to

earth is necessary. The alternate to that would be to provide a field joint at
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CR53-2
NO DOCKING INTERFACE REQUIRED

i 7|
E oTV-1 K

) S, — —

NOT NORMAL DOCKING INTERFACE.,
MUST CONNECT INTERSTAGE,
WHICH SHOULD THEN REMAIN,

INTERSTAGE POSITION FOR
TRANSPORTATION TO LEO

oTv-2

NORMAL DOCKING INTERFACE
FOR PAYLOADS (OR ADAPTER)

NORMAL DOCKING INTERFACE
FOR INTERSTAGE-TO-OTV-2
_ Figure 4-3. Docking Concepts
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Location B. -The the interstage would have to be removed from OTV-2 and
bolted to OTV-1, which would most likely be an EVA operation. The reverse

would then have to take place to provide for the return trip to earth,

The three cases discussed are summarized on Figure 4-4, Case 1 is that
where the interstage remains with the upper stage. Case 2 calls for the
double docking interface, and Case 3, the field joint and attendant EVA oper-
ations., Case 2 is the preferred approach. Although there is some perform-
ance penalty with the additional docking interface, it is not nearly as much as
that of Case 3. By ha-ving the additional mechanism, there is no need for
EVA, Also, the OTVs would have a common forward end, and each would be

available to accommodate a single-stage mission.

CASE3 CASE 2 CASE 1 CR5-3-2
/. = =
—_— oTV-2
DOCKING RING (PASSIVE) < ><
1
DOCKING LATCHES (ACTIVE) ‘““") s )
T 1
| ——
FIELD JOINT
OTv-1 A
INTERSTAGE FOR TRANSPORTATION TO LEO oTv-2 aTva2 OTV-2
INTERSTAGE FOR MISSIONS _ OTV-1 oTV- oTv-2
EVA REQUIRED {INTERSTAGE TRANSFER) YES NO NO
FIELD JOINT oTV-1 NONE oTV-2
DOCKING LATCHES OTV-1 OTV-1 (TWO} oTV-1
DOCKING RING. oTv-2 oTV-2 oTV-2
OTV-1JOTV-2 COMMON FRONT END NO YES . YES
DOCKING INTERFACES ONE TWO ONE
WEIGHT ON OTV-1 KG (LB} 353{778) 439 (958) 153 (338)
WEIGHT ON OTV-2 KG {LB) 82 (202) 92 {902} 273 (602}

Figure 4-4. Docking Conceépt Evaluation
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4,2 PROPULSION

The OTV main propulsion system is based on the use of the oxygen/hydrogen
propellant system which haé been well demonstrated on the Apolio program
and Centaur vehicle. Selections of the Pratt & Whitney (P&W) RL-10
derivative main engine, hydrazine attitude control subsystem, and other sup-

port subsystems will be discussed in the following paragraphs.

4,2.1 Main Engine and TVC
A P&W derivative of the RL-10A-3-3 engine (used on the Centaur vehicle)

was selected for the OTV main engine. This derivative engine is identified

as the Category IIA RI.-10, and design and cost characieristics were devel-
oped by P&W during a NASA/MSFC-funded study titled Design Study of RL~10
Derivatives., This engine selection was based primarily on cost considera-

tions as discussed in Section 4. 2. 4.

The Category IIA main engine configuration is shown in Figure 4-5 and
4"6-

The Derivative IIA engine is derived from the RL-10A-3-3 engine, with
increased performance and operating flexibility. With a2 nominal full thrust
level of 66, 723N (15, 000 1b) (in vacuum) at a mixture ratio of 6, 0:1, the Deriv-
ative ITA engine is defined as the RL10A-3~3 engine with the following changes:
. Add two-position nozzle and recontour primary section to give a
large increase in specific impulse with no increase in engine
installed length. Engine installed length is therefore, limited to 178cm
(70 inches). With a truncated two-position nozzle installed, this
engine has to be able to be installed and tested in the existing test
facilities at FRDC. |
e Reoptimize RL10A-3-3 injector for operation at a full thrust
mixture ratio of 6,0:1. ' '
e Add tank head idle mode (THI) of operation. THI is a pressure fed
- mode without turbopump rotation. Propellants are supplied from the
vehicle tanks at saturation pressure. Propellant conditions at the
engine inlets can vary from superheated vapor, through mixed

phase, to liquid., The objectives are to supply a low thrust for
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Figure 4-5. Derivative |IA Description
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: 66.2/262
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: MANEUVER THRUST
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Figure 4-6. Derivative I1A Engine Installation Drawings
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propellant settling and also obtain useful impulse from the ‘
propellants used to condition the engine and vehicle feed systems.

¢ Add maneuver thrust (MT) mode of operation, MT provides low
thrust in pumped mode, without significant impact on the engine's
design.

e Add two -phase pumping capability, Allows operation at both full
and maneuver thrust levels with saturated propellants in the vehicle
tanks and without tank pressurization system or vehicle mounted
hoost pumps.

e Add capability for both H2 and O2 autogenous pressurization. May
be required on very long burn planetary missions in order to avoid

excessively low propellant vapor pressure,

Although maneuver thrust is noted as an added feature on the derivative IIA
engine, a need has not been identified for this capability on the OTV, There-
fore, if a cost savings could be realized, this feature could be deleted as a
requirement for the Category IIA engine, The desirability of the H, and O3

autogenous pressurization capability will be discussed in Section 4.2, 2.

A schematic of the engine full-thrust fluid flow path with key pressure and
temperature values is shown in Figure 4-7. This schematic shows the require-
- ment for 11N/em? (16 psia) propellant at the engine interface. It also shows
that the chamber is cooled by the hydrogen which is vaporized, passed through
the turbine for pump driving power, and then dumped into the combustion
chamber, where it is mixed with the oxygen and burned. This is a very
efficient cycle, since there is no requirement for an external power source

to drive the turbopump.

A schematic of the engine tank-head-idle (THI) flow is shown in Figure 4-8.
This schematic shows information similar to that of the full-thrust operation,
In this operating mode the tur bopumps are not rbtaﬁng, and propellant feed
is strictly by tank pressure., DBoth propellants are in a gaseous state when
they énter the combustion chamber, The hydrogen is heated and vaporized in
the chamber cooling passages and the oxygen is vaporized in a heat exchanger

in the hydrogen feed line.
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Figure 4-7. Derivative ||A Propellant Flow Schematic,
Full Thrust, MR = 6.0
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211K (380"R)
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47 N CM?
(6.8 PSIA)

0.036 MG’SEC 10,08 LBSEC
11 N CMY 116 PSIA
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11N om?,
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Figure 4-8. Tank Head Idle Propellant Flow Schematic
Derivative |1A Engine
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The extendible nozzle shown in Figure 4-6 provides increased specific
impulse with no increase in installed engine length. The dump cooled extendi-
ble nozzle is formed by a smooth outer skin and a corrugated inner skin.

The corrugations form coolant passages for hydrogen which enters at an

inlet manifold located at an engine area ratio of 66 and discharges to the
atmosphere after passing through exit nozzles formed by dimples in the corru-
gations at an overall engine area ratio of 262, The extendible nozzle coolant
supply originates at the turbomachinery gearbox and is supplied to the inlet

manifold of the extendible nozzle by a quick disconnect feed value.

The nozzle is translated by means of a jackscrew actuation system, which
consists of three ballscrew jackshafts which are attached on the aft end of the
primary nozzle by individual drive gearboxes and bearing assemblies, and
supported at their forward end by an adjustable link. The nozzle drive/
synchronization is provided by two redundant electric motors and three inter-
connecting flexible cables which transmit motor torque to three gear trans-
missions which drive the ballscrew shafts, The interface between the primary
primary nozzle and extendible nozzle is sealed by the use of finger leaf

seals.

The steady-state and transient performance characterisitcs of the RL10-

Derivative IIA engine are summarized in Table 4-4.

The TVC actuators selected for the OTV are the Apollo SPS electromechanical

actuators which were designed and fabricated by Cadillac Controls Co.

The Apollo SPS Gimbal Actuator is a linear-stroke electromechanical servo

actuator. It provides a force output proportional to conirol current input.

Internal position and velocity feedback devices provide electrical outputs
which are summed in an external circuit, The closed loop thus formed

makes the actuator a stable-position control servo.

Each actuator contains a compound-wound dc motor with an RF1I filter, The

motor drives a pair of contrarotating magnetic particle clutches through
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Table 4~4

STEADY-STATE AND TRANSIENT PERFORMANCE SUMMARY
(DERIVATIVE IIA ENGINE)

Full Thrust Performance

Thrust, N (Ibs) Vac 66,723 (15, 000)
Mixture Ratio 6.0
Chamber Pressure, N/cm?2 {psia) 276 (400)
Specific Impulse, sec 459, 2
Required Inlet Condition
Fuel <40% vapor
Oxidizer <40% vapor

Tank Head Idle Performance

Thrust, N (Ibf) Vac 698 (157)
Mixture Ratio 4.0
Specific Impulse, sec 387

Typical Tank Head Idle Transient .
Initial Thrust, N (Ib) 4009 (92)

Final Thrust, N (lb) 698 {157)
Cooldown Time in sec(4) 89/90

Start Transient —~
Tank Head to Maneuver Thrust Time, 1.56 +0, 30

(1)

SecC

Impulse, N-sec (Ib-sec)(2) 17,260 + 5340 (3,880 +1200)
Maneuver Thrust to Full Thrust Time, 1.31 +0,12

sec

Impulse, N-sec (Ib-sec)(?) 91, 670 + 6670 (20,608 +1500)

Deceleration Transient
Full Thrust to Maneuver Thrust Time, 0.4 +0.,11

sec(l) _

Impulse, N-sec (lb-sec)(3) 31,110 + 4890 (6, 994 +1100)

Maneuver Thrust to Tank Head Idle 1.0 £0.10

Time, sec

Impulse, N-sec (lb-sec}(3) 7406 + 1156 (1,665 +260)
Shutdown Transient

From Full Thrust Time, sec(5) 0.12 +0.03

Impulse, N-sec (lb-sec) 7264 + 667 (1633 1£150)

FPropellants Discharged, kg (lbg 9.1 (20)

From Pumped Idle Time, sec(®) 0.11 +0.03

(L)g 30% of Thrust Change
(2)2, 0 seconds duration
3)1. 4 seconds duration
{(4)Tank Pressure = 11 N/em
" (500°R)}), Cold Inlet Lines
(5)ro 5% of Initial Thrust Level

2 (16 psia), initial Engine Temperature = 278°K
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Table 4-4

STEADY-STATE AND TRANSIENT PERFORMANCE SUMMARY
(DERIVATIVE IIA ENGINE) (Continued)

Impulse, N-sec (lb-sec) 3250 + 222 (731 +50)
Propellant Discharged, kg (lb) 5) 6.8 (15)

From Tank Head Idle Time, sec! 0.08 +0.02
Impulse, N-sec (lb-sec)(6) <1486 (£334)
Propellants Discharged, kg (lb) 5(11)

(S)To 5% of Initial Thrust Level

(6)Shutdown impulse from THI varies with initial conditions and operating
time in THI.

spur gears (Figure 4-9). The clutches are excited by a control current,
which reaches rotating coils through brushes and slip rings. As the excita-
tion current increases, a proportional torque is produced at the output
pinion. This pinion drives a gear which is integral with a recirculating ball

screw nut. The ball screw translates applied torgue to output force.

The output force will act to extend or retract the actuator depending on which
clutch is excited. The ball screw is guided and aligned by means of a
recirculating ball nut and spline, which also transmits screw reaction torque
to the structure. The actuator is connected to the engine by self-aligning
spherical rod ends which permit small angular excursions for engine gimbal-
ing. Velocity generators are provided for rate feedback and are driven from
the ball serew nut by antibacklash spur gears. Position transducers provide
position indication and position feedback, and are driven linearly by attach-
ment to the ball screws. Motors, clutch pairs, velotity generators, and
position transducers are duplicated to provide redundancy for reliability
purposes. Snubbers are provided at extend and retract travel limits. The
snubbers consists of multiple belleville springs and serve to reduce impact
loads in case of overtravel. Actuator components are supported on a cast,
machined, aluminum load-carrying structure. The entire actuator is

enclosed in a welded stainless steel cover with welded metal bellows for
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POSITION TRANSDUCER

CLUTCH BRUSHES
BALL SCREW

FEEDBACK ARM

DC MOTOR
CHANNEL Il

BALL SPLINE
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BALL SPLINE NUT AND ’
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Figure 4-9. Actuator Schematic
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angular and linear travel. A visual pressure indicator is provided for
external monitoring of internal pressure. Each actuator weighs approximately
11.8 kg (26 1b), has a null length of 56 cm (22 in) and a stroke of 5.08 cm

(2 in),

4,2.2 Support Subsystems

Thig section containg a brief description of the major support subsystems,
i.e., pressurization, feed, fill and drain, propellant utilization, and

pneumatic, The vent subsystem characteristics are discussed in Section 4.3.

4,2,2.1 Pressurization

The Category IIA RL10 has zero NPSH start capability, provided that the
vapor pressure of the incoming propellants is between 11 and 13.6 N/crn2

(16 and 20 psia)., There is some question at this time whether this condition
can be satisfied without pressurization when the proposed thermal control
system is employed in combination with long engine burn times. Therefore,
it is recommended that the autogenous bleed capability of the engine be
employed until test and/or flight data establish the thermodynamic character-

istics of the propellants during orbital mission operations.

Autogenous pressurization is only available when the engine is operating.
During this period of time, warm hydrogen and oxygen gases are supplied
from engine interfaces and directed into the tank ullage volumes. Even with

autogenous pressurization it is possible, under adverse engine
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burn/thermodynamic conditions, that a separate prepressurization subsystem
could be required to meet the 11 N/c:rnz (16 psia) pressure limit prior to

engine start.

4.2.2.2 Main Engine Feed

The main engine feed assemblies for OTV use both developed and new pre-
valves. The LH, feedline has a 7. 6 cm (3.0 in) MLI wrapped duct from the
tank outlet to a 7.6 cm (3 in) prevalve. The ducting from the prevalve to the
engine interface is the same diameter, is insulated, and has a transition
section to the 8.1 cm (3.2 in) engine interface. The LOZ feedline is insulated
10.2 cm (4 in) ducting from the tank outlet to the engine interface and also
contains a 10.2 cm (4 in) prevalve. This feedline has 2 10.2 cm to 11.7 em
(4. 6 in) transition section at the engine interface. Both prevalves are
pneumatically actuated. The 10.2 em (4 in) LO, valve is a Parker ball
valve which was used on the Saturn I-C stage. The 7.6 cim (3 in) Ll'—I2 valve

is a new valve, but could be similar in design to the other Parker valves.

Feedline thermal conditioning is accomplished during main engine THI
operation. Liquid propellants are maintained at the feedline ihlets by

acceleration force provided by the main engine idle-mode thrust.

4,2.2.3 Fill and Drain

The LH, and LO, fill and drain lines interface with the tanker vehicle through
a docking ring located at the forward end of the OTV. DBoth fill and drain
lines are 2.54 cm (1.0 in) in diameter for compatibility with the tanker, and
are insulated with multilayer insulation from the docking interface to the

tank interface. Self-sealing disconnects can be used at the docking ring
intei‘face to close the fill and drain lines when the tanker vehicle is dis-
connected from the OTV. This design eliminates the need for active shutoff
valves on the OQTV.

The fill and drain system will probably require diffusers and/or baffles in
the propellant tanks to meet the vent requirements during low-g propellant

resupply from the tanker.
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4,2,2.4 Propellant Utilization (PU)

The selected mode of propellant utilization is closed loop with continuous
sensing capacitance probes, The probes are existing design (e.g., Tran-
sonics) concentric-tube configurations with an expected outage accuracy |
of £1/4%. The control loop operates as follows: (1) the probe outputs enter
a PU electrdnics a{ssembly (signal conditidner), (2) the con&itioned signal

goes to a module interface unit (MIU), (3) then to a digital computer which
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determines the proper engine PU valve command, (4)to an MIU, and
(5) to the engine PU valve. A PU valve mixture ratio control range of =0,5

is considered to be adequate.

4,2.2.5 Pneumatics

The pneumatics assembly provides regulated helium (324 + 8 N/cmz primary -
470 + 12 psia) for the main engine, Tug valve actuation and docking system
supply. With the exception of one component, the assefn’bly is éomposed of

developed hardware. The components are tabulated below:

Component Quantity Previous Use Manufacturer Remarks

e 1,.27ecm (1/2 in) dis- - 1 . New

connect B development
e 1.27 em (1/2 in) check 1 5-IVB Carter

valve
o 1.27 ecm (1/2 in) burst 1 S-1vB Calmec

disc/relief valve
e 0-028 m3 (1 £t3) bottle 1 PT-4 Pressure

Systems Inc..

e 1.27 cm (1/2 in) dual 2 S-1VB Fairchild

regulator
» 1.27 ¢m (1/2 in) sole-~ 2 S-1VB Calmec

noid
e 1638 em3 (100 in3) 1 S-IVB Airtec

plenum
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4,2.3 Attitude Control System
The OTV attitude control system (ACS) is described in this section. The

baseline system selected is a blowdown monopropellant hydrazine system
based on previously developed and qualified hardware. A moudlar concept is
employed whereby each of four independent modules is replaceable in earth
orbit. Each module contains a blowdown propellant tank, four thrusters and
an electrical interface. The ACS impulse requirements for the OTV were
scaled from results obtained during the Space Tug Systems Study (Cryogenic)
for NASA/MSFC.

4,2.3.1 Impulse Requi' ments

The total impulse determined during the above referenced Tug Study was
235,755 N-sec (53,000 lbi-sec) for a 30-day round-trip mission. Two-thirds
of this impulse was required for translational maneuvers associated with
rendezvous, doclcing; etc; one-third was required for attitude stabilization.
Assuming that this same fractional distribution applies to the OTV, and that
the translational and stabilization impulses are proportional to mass and
moment of inertia, respectively, the OTV impulse was determined as follows:

132, 000 2 147, 000

_ 1
I (Total) = 53,000 (-——~———55’ 000) X 7 + 19, 800 b4 -37)

= 940, 811 N-sec (216, 000 Ibf-sec)

‘Lherefore, the OTV requires 240,203 N-sec (54, 000 lbf-sec) impulse per

module, assuming uniform propellant use from the modules.

4.2.3.2 Systems Comparisons and Selection

Three ACS systems were considered for OTV application: cryogenic, stor-
able bipropellant ’(NZOAL/MMH); and blowdown' monoprbpellant hydrazine.
The cryogenic system was assumed to be integrated with the main propellant
system, _with resupply propellants p.rovidad from the main tanks, Therefore,
this system was not modularly replaceable. ‘However, the storable systems
were assumed to be replaceable modules with no orbital transfer of propel-
lant and gases. These sg’rs‘tems’ are shown schematically in Figures 4-10,
4-.11, and 4-12,
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Figure 4-10. Cryogenic ACS System
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MODULE ISOLATION
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111N (25 LBF)
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Figure 4-11. Bipropellant ACS Module
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Figure 4-12. Blowdown Monopropellant ACS Module
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The cryogenic system was eliminated early in the comparisons because the
development cost estimate of $40 million (1973 dollars) was fhree to four times
higher than storable propellant systems. In addition, there was no significant

weight advantage at the impulse levels being considered,

The bipropellant and blowdown monopropellant systems were then compared
on a weight basis considering the components shown in Figures 4-11 and 4-12.
Thrust levels of 445 N {100 1bf) and 111 N (25 Lbf) were considered to he ade-
quate for pitch/yaw control and roll control, respectively. The weights are
based on previouwiy Ar v temad Hhegiters and components, and new propellant
tanks and pressurant bottles (bipropellant only). Other data which affect the

weight egtimates are tabulated below:

Bipropellant Monopropellant

Average Isp 2667 N-sec/kg (272 sec) 2108 N-sec/kg (215 sec)

Propellant tank 1,586 1\/11\]'/1112 (230 psia) 2,62 MN/mz (380 psia)
pressure

Blowdown ratio N/A 2:1
Pressurant 27.58 MN/m? (4000 psia) N/A
bottle pressure

Propellant tank Titanium 6AL 4V Titanium 6AL 4V
material

Pressurant Titanium 6AL 4V Titanium 6AL 4V
bottle material

Tank safety 2.0 2.0

The module weights were then calculated as a function of total impulse; the
results are shown in Figure 4-13. For the previously determined module
impulse of 240, 203 N-sec (54, 000 lbf-sec) it can be seen that each bipropel-
lant and monopropéllaht module weighs 125 kg (275 lbm) and 147 kg (325 1bm),
respectively. Therefore four modules weigh 500 kg (1, 100 lbm) and 588 kg
{1, 300 1bm), respectively.

The monopropellant system was selected even though it is 88 kg (200 lbm)
heavier than the bipropellant system, because the development cost in approx-
imately one-half the bipropellant system cost, and the system is inherently

more reliable, since it requires less than one-half as many components. One
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possible disadvantage of the blowdown system is the decrease in thrust level
as the propellants are used, If further study indicates that this is an
unacceptable characteristics, a pressurization subsystem can be added to
each module with little or no weight increase. The system reliability will

decrease, but will still be higher than the bipropellant system,

CRE-3-2
380
300
BLOWDOWRN
250 1— HYDRAZINE
[G)
X
E 200 p—
Q
w BIPROPELLANT
= N204IMMH
[m]
W 1s0
<
Q
P |
100
4L 1 1 | 1 | | | [
150 200 250 300 350 404q 450 800 560

TOTAL IMPULSE (16° NSEC)
Figure 413. ACS Module Weight
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4,2.4 Advanced Engines

Higher performance engines than the Category IIA R1L-10 derivative selected

would be available if additional development funds were available. Three
advanced cryogenic rocket engines have received significant R&D funding to
date, the Category IV RL-10 (NASA/Lewis), the Aerospike (NASA/MSFC),
and the Advanced Space Engine - ASE (USAF). Characteristics of these
engines are shown in Figure 4-14, As indicated, performance increases _in
terms of higher specific impulse and lower weight are possible compared to
the Category IIA RL-10. In addition, the Aerospike engine is substantially
shorter than the other engines, which cuvuld be of significant advantage for

length-constrained vehicle applications.

If any of these three engines were developed and available for the OTV, the
improved performance characteristics could be used heneficially, However,
significant development costs are involved to get a qualified engine. When
addressed in the MDAC Cryogenic Tug study, the performance increases did
not justify the increased RDT&E costs. Further investigation of these engines

for OTYV application is necessary.

4,2.5 Off-Loading/Mixture Ratio

The OTV was sized at a 6:1 propellant mixture ratio (weight ratio of oxidizer
to fuel). Norninal OTV perforrnance was based on engine characteristics at
that ratio. In the event off-loading were required, e.g., for less energetic
missions, it would be generally more advantageous to off-load oxidizer prior
to off-loading fuel, depending on the magnitude of the velocity decrease.
Oxidizer off-loading decreases the mixture ratio, and will result in increased
specific impulse with a decrease in engine thrust. Fuel off-loading, or raising

the mixture ratio, has the opposite effect.
These effects are shown on Figure 4-15, which was extracted {rom Pratt &

Whitney documentation. The data were extrapolated slightly (as indicated by

the dashed lines) to cover a wider range of mixture ratio than was presented.
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CAT. IlA CAT. IV ADVANCE SPACE
RL 10 RL 10 AEROSPIKE ENGINE (ASE}
SPECIFIC IMPULSE (SEC) : 459 470 470 a7
MIXTURE RATIO 6.0 6.0 5.0 6.0
THRUST (M) 66,723 66,723 66,723 66,723
LENGTH (vt} 1.78 1.58 0.56 1.28
WEIGHT (KG) 233 182 145 166
RDT&E (1973 SM) 57 119 140 154
DEVELOPMENT TIME 48 60 60 6
{MONTHS)
(1) RETRACTED LENGTH — TWO-PQSITION NOZZLE

Figure 4-14. Advanced Engine Characteristics
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5.0 55 6.0 6.5
INLET MIXTURE RATIO

Figure 4-15. Estimated Effects of inlet Mixturg Ratio on Vacuum Speeific Impulse and Thrust
Derivative {1A and 11B Engines, Full Thrust
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4.2,6 Engine Life
The current specification engine life for the Category IIA RL-10 is 5 hours.

As was pointed out in Section 2. 2, engine burn times per mission for the
OTV's are somewhat lengthy, being slightly over 1 hour for the single-engine
OTV-2 and just over 1/2 hour for the dual-engine OTV-1. Thus, the number
of stage reuses, especially for the upper stage, would be limited based on

the 5-hour engine life,

The 5-hour life of the Categroy IIA RL-10 is based on Pratt & Whitney
accumulated failure-free operating time on RL-10 hardware. Therefore, it
is assumed that the engine life could be extended up to a maximum of 20 hours
if a test program were accomplished to demonstrate this capability. It is also

assumed that the basic cost involved is that of the tesl program itself,

Pratt & Whitney has published program costs {1973 dollars) for four RL-10
derivative engines. The test program costs for the 5-hour life Category-IIA
engine are $24. 3 million and the test program for a 10-hour life Category-IV
engine is $29. 9 million. Assuming this difference is due to additional tests
required to demonstrate the additional 5-hour life, it will cost $5. 6 million
{1973 dollars) to demonstirate each 5-hour life increment. Therefore,
increasing Category-IIA engine specification life to 20 hours (assuming this
is possible) would cost 3 X $5. 6 million or $16. 8 million. The Pratt &
Whitney program costs did not include propellant costs because they considered
the propellant to be GFE. The propellant quantities are significant since 5
hours of engine firing requires 38117 kg (84, 034 1b) of LH,, and 228,700 kg
(504,200 1b) of LO, (mixture ratio of 6:1 and Isp of 459),

2
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4,3 THERMAL CONTROL

A high-performance thermal control system is required for efficient LH;

and LO; storage during a 60-day OTV mission, and while the OTV is being
fueled in orbit, Evacuated MLI, consisting of multiple radiation barriers,
has been shown to give very low, effective thermal conductivities (Refer-
ence 1) and is proposed as the basic thermal protection mechanism, Because
the OTV tanks only contain cryogens in orbit, the use of a vacuum jacket or
purge blanket around the MLI to allow ground-hold capability is not required.
External support of the MLI is provided by a heavier face-sheet, as

described in detail below,

While in orbit, the OTV tanks must be vented to prevant pressure buildup
resulting from heat leak through the MLI, Because the liquid-gas interface
position in the tanks is not precisely known, ordinary tank venting is not
reliable, since liquid, rather than vapor, may be wastefully vented, To cir-
cumvent this problem, reliable low-g venting can be achieved by use of a
thermodynamic vent system (Reference 2), This system expands vent fluid
(liquid) to a lower pressure and temperature, exchanges heat with the warmer
tank fluid (or intercepts the incipient heat flux) and boils the vent fluid so as
to always vent vapor. This is the thermodynamic equivalent of oriented (or
settled) vapor venting. The thermodynamic vent system proposed for the
OTV uses a vapor-cooled shield, external to the tanks and integrated with
the MLI blanket, to intercept the heat flux through the MLL The shield is
constructed of 0.40 mm {0, 016-in. ) thick high-conductivity aluminum sheet
to which a vent flow tube is thermally connected. The shield is colder than
the tank and sustains a thermal gradient to transfer the intercepted MLI heat
flux to the vent fluid., This kind of vent system has been fully developed and
ground tested for large LH, »nd L.O, tanks (References 3 and 4), and its per-
formance will be evaluated in low-g in a proposed Spacelab experiment

(Reference 5).

The vent fluid is liquid, which is reliably supplied from a capillary acquisi-
tion device inside the tank, and which is expanded through a static orifice to
a lower pressure and temperature. This liquid is then boiled in the shield

at constant temperature, utilizing the high latent heat of vaporization of the

vented liquid., Studies have shown (Reference 3) that somewhat less vent
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weight penalty is required if gas is vented; however, gas is not readily
suppliable in low-g (while liquid is), and indeterminate gas or liquid venting
would require a variable orifice (or cryogenic regulator) because of the
large difference in orifice flow rate betweén liguid and gas. This cryogenic
regulator is a potential source of unreliability and is rejected in favor of
more reliable liquid venting through a static orifice. The vent rate is con-
trolled by a2 regulator system which senses tank pressure, but at warmer
temperatures of the vent fluid, where more reliable and accurate regulation

is possible,

The vapor~cooled shield (VCS)} provides a convenient support for the MLI
blanket, as shown in Figure 4-16, The MLI material assumed is 0, 15-mil
double-aluminized mylar (although the sturdier 0, 25-mil mylar could be

used with about a 20% increase in MLI blanket weight) with dacron B4A net
spacers, which are formed in gore sections and laid up on the VCS (supported
by tooling) with the edges overlapped and taped. The heavier face sheets
used top and bottom (Figure 4~16) provide support for the blanket. There

are perforations in both the MLI and the VCS for depressurization of the

MLI during evacuation, A heavy dacron net is placed next to the VCS to
provide an outflow path during depressurization, The blankets are held to
the VCS with nylon thread/buttons at the edges, and a lap joint is provided

at these edges and laced up after the VCS halves are mated together. Any
access openings at the top and bottom of the shield are filled with lap-joint
plugs taped in place similar to the method shown in Figure 4-16. This kind
of MLI system has been completely developed by MDAC (Reference 1) and has
demonstrated an effective thermal conductivity of 3,507 x 10-5 W/m-°"K
(2.027 x 10-5 Btu/hr-£t-OR} at LH; temperatures at a layer density of

100 layer-pairs per inch,

For any given mission duration, the vent rate (and total vent weight penalty)
decreases with thicker MLI, while the MLI weight increases with thickness,
Clearly there is an optimum MLI thickness which minimizes the sum of the
vent loss weight and MLI weight, For the OTV LH; tank, for a 60~day mis-
sion (following complete filling of the tank), the optimum MZLI thickness is
4,52 em (1. 78 in.) (or 178 layer-pairs) resulting in a H; vent loss of 297 kg
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Figure 4-16. MLI Blanket and Lap Joint Construction
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(654 1b) and an MLI weight of 325 kg (717 1b), Similarly, the optimum Op

- tank MLI thickness is 6,17 cm (2, 43 in.) (or 243 layers-pairs) resulting in
an O vent loss of 180 kg (397 1b) and an MLI weight of 194 kg (428 1b). The
VCS and supports weigh 172 kg (380 1b) for the LH; tank, and 82 kg (180 1b)
for the LO; tank,

It must be emphasized that careful attention should be paid to the minimization
of heat leak to the tanks through other sources, such as tank supports and
plumbing, to achieve these optimum vent losses. The remaining heat capa-
city of the vent fluid may be used to cool the plumbing and supports to achieve

very low conductive heat leak through these sources.

A more advanced thermal control system operational design which reduces
weight penalties but adds system control complexity is to use the vented Hjy
gas in the VCS around the LO; tank. The H, gas has sufficient sensible heat
capacity to intercept the heat flux through the LO, tank MLI, thus requiring
no venting from the LO, tank, and also reducing the L.O, MLI thickness
required. The H, vent flow, after it leaves the Hy tank VCS, is warmed up
to about 56K (100°R) (above the LO, freezing point), enters the LO, VCS
and warms up from 56K to about 97K (175°R) while intercepting heat flux
through the O, tank MLL The Oy MLI thickness needs to be only 1. 57 cm
(0. 62 in.) which would weigh only 60 kg {132 1b), thus saving 180 kg (397 1b)
of O; vent loss and 134 kg (296 1b) of MLI weight for a total weight savings
of 314 kg (693 1b).

Control of this system would be more complex since two tank pressures
would have to be monitored and used to adjust the vent flow., One method
of control would be to bypass (as required for LO; tank pressure control)
some of the H, vent flow before it enters the LO; tank VCS. Development

of this kind of vent system should be pursued to achieve substantial OTV

performance benefits,
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4.4 AVIONICS

‘The OTV missions include transfer of both manned crew modules and unmanned
experimental modules. Both stages must be able to fly autonomously; the
lower stage returns to LEQO following upper-stage separation, the upper stage
continues to GEQO, rendezvous and docks to a space base and returns. There-

fore, avionics must be provided for two active stages.

Some simple guidelines for design of the OTV avionics are listed in

Table 4~5, The provision for crew control of the stages plus the need fo
provide emergency communications in case of upper-stage abort result in a
much more complex system than would be necessary for unmanned autonomous
stages, The development cost of the manned capability can, of course, be
reduced to 2 minimum by the use of Orbiter components. The use of Orbiter

data bus equipment would also aid in reducing hardware modifications and

would simplify mission module stage interfaces.

4.4,1 OTV Avionics Description

The stage electronics system is illustrated in Figure 4-~17. Both stages
require the same complement of equipment with the exception of the laser
detection and ranging system (LADAR), which is only employed on the upper
stage. The only differences between the stages occur in the main engine
electronics {due to two engines being controlled on the lower stage and one on

the upper) and in the software.

Dual computers (one on standby) transfer and receive data through multiplexer/
demultiplexer units (MDM) via the input/output (I/O) unit to equipment

located in the forward, intertank, and aft portions of the vehicle. Uplink

and downlink data transfer is directly between the I/O and the communications
system which consists of the signal processor, transponder, and RF equip-
ment. An interface is also provided for data transfer between stage 1/0O's

and the mission module I/Q's.

Two MDM's in the forward section of the stage interface with a power control
and distributor (which have been packaged as an assembly to reduce mainte-

nance) the LADAR, and the guidance and control equipment. The intertank
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Figuré 4-17. OTV Avionics Block Diagram




Table 4-5
OTV AVIONICS GUIDELINES

® Upper stage critical electronics fail operational, fail-safe as a minimum.

. Provide for manual control of upper stage and lower-stage abort.

» Provide for manual/automated control of upper stage allowing return
to LEO.

. Provide for docking to uncooperative target,

. Consider on-orbit maintainability requirements and task minimization.

. Minimize DDT&E cosis.,

® Maximum acceleration of upper stage with payload is 0.955 g, 1.9 ¢
without payload.

° Both stages must return to LEQ by individual guidance capability.

s Provide for communications between the mission module and the tracking

and data relay satellite (TDRSS) in case of upper-stage abort.

area contains redundant fuel cell systems plus control units (all of which con-
tain multiplex interface adapters, MIA's,. for interfacing with the MDM's) for
reaction jet drivers and pneumatic controllers. The aft MDM interfaces the
main engine electronics and aft power distributer. The MDM's also interface
with signal conditioning and instrumentation electronics (not shown) in all

sections of the stage,

4.4,2 Avionics Equipment Requirements

Equipment quantities, weight and power requirements are listed by subsystem

in Table 4-6, In many cases, redundancy is accomplished internal to the
units. This is reflected in lower number of required units with somewhat

increased weight and power requirements over individual units.

4.4,3 Subsystem Tradeoffs/Recommendations

Equipment types and sources were evaluated for the various OTV avionics
subsystems. Table 4-7 summarizes the candidates, trade considerations,
and resulting recommendations. The following sections describe the con-

siderations involved for each subsystem in more detail.
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Table 4-6 (Page 1 of 3)
EQUIPMENT LIST

‘svronoa TranNoasw

Quantity W/Unit Power/Unit Power/Unit Weight (Kg)
Subsystem Upper Lower (Kg) (W) Stdby W (Op) Upper Lower
Data Management -
~ Central Computer 2 © 2 22 8.6 42 44 44
System Control and Computer 1 1 25 50 50 25 25
Interface Unit
Multiplexer /Demultiplexer 4 4 4 50 50 16 16
Wire Harnesses and Connectors X X 20 -— -- 20 20
Guidance and Navigation
IMU 2 2 25 75 180 50 50
5 Acceleromters 2 2 2 8 8 4 4
Star Tracker/Sun Shield 2 2 16 - 23 32 32
Rate Gyro Assembly 2 2 4 25 25 8 8
LADAR and Electronics 1 - 18 5 40 18 -
RCS Jet Driver 4 4 7 -- 10 28 28
Communications
Omni Antenna 3 3 2 - - 6 6
RF Mux 1 1 1 - -
Transponder 2 2 13 35 65 26 26
Network Processor 1 1 8 42 42 8 8
Microwave Equipment X X 3 -- - 3
Audio Control Unit - - 5 34 34 -- -~
Audio Terminal Unit - - 2 - 2.7 - --




Table 4-6 (Page 2 of 3)
EQUIPMENT LIST

Quantity W/Unit Power/Unit Power/Unit Weight (Kg)
Subsystem Upper Lower (Kg) (W) Stdby W (Op) Upper Lower

SYT7OnN0a TIINNOaIA

Control and Display

. Engine Electronics 1 1 13 -- 50 13 13
' Rotation/Translation Electronics - - 10 -- 40 - -
Attitude Direction Electronics - - 20 - 22 . -
Keyboard/CRT - - 12 20 90 - -
Display Electronics - - 16 207 207 - -
Flight Control System Unit - - 20 40 40 - -
Hand Controllers - - 10 | -- 5 - -
] C&W Annunciator Panel - - 2 10 60 - --
* C&W Electronics Unit - - 6 45 45 - -
Mission Timer - - 1 4 4 - -
Event Timer - - i 4 4 - -
Master Timing Unit - - 6 31 31 - -

Instrumentation
Transducer 120 120 0.5 -~ -- 60 60
Power Sup‘ply/Signa.l Conditioners 3 3 8 22 22 24 24

Power

Fuel Cell Power Plant 2 2 52 - -- 104 104
Power Distributor/Controllers 3 2 5 30 30 15 15

Wire Harnesses X X 30 -- - 30 30




SVISnod TTaINNOGD W

TA!

Table 4-6 (Page 3 of 3)

EQUIPMENT LIST

Quantity

W/Unit Power/Unit Power/Unit Weight (Kg)

Subsystem Upper Lower (Kg) (W) Stdby W (Op) Upper Lower
System Battery 1 30 - -- 30 30
Accessory Weight 2 2 35 - -- 70 70
Reactant Tanks and Line Set 1 1 40 -- -- 40 40
Emergenéy Battery 1 1 34 -~ - -- -
TOTALS 675 657




4.4,3.1 Data Management

The control computer requires 2 minimum 16-bit word length, a 32, 000-
word memory and operation rates consistent with the state of the art. The
NASA standard computer meets these requirements with seven additional
4k memory units. Two computers would be used in the upper stage, two in
the lower. A system control unit would monitor the output of the computers
with selection of the controlling unit on the basis of error count. Manual
override when carrying a manned module or remote command control in the

unmanned case would also be possible with this unit.

The standard computer was selected on the basis of cost savings resulting
from an expected high prociuction rate, its compatibility with space (it is

not convectively cooled, requiring an atmosphere), and its ease of growth
should additional capacity be required, The Space Ultrareliable Modular
Computer (SUMC) was rejected due to its development status., The AP-101
Orbiter computer's capacity was considered excessive, and it is convection
cooled. The Spacelab unit was considered and rejected due to absolescence
(it is 2 modification of a missile computer) and the fact it is of foreign manu-

facture with attendant logistics and spares problems,

The computers would transfer data via a computer input/output unit incor-
porating the required redundancy. To reduce the number of units requiring
maintenance and since off-the-shelf units cannot be employed, the data con-
trol and I/O units would be combined. Although a development unit, it would
incorporate many of the elements (such as the bus controllers) avilable from

the Orbiter's I/0.

The interface between the I/QO and Tug systems for command and control
(data bus system) would consist of Orbiter multiplexer/demultiplexer units
(MDM) providing serial data and command channels as well as discrete
inputs and outputs. The bus would operate at the standard 1 Mbps rate. The
units would be located in forward, mid, and aft sections of each stage and
the manned module. Orbiter multiplex interface adapters (MIA) would be

incorporated in all interfacing systems for compatibility,
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Table 4-7 (Page 1 of 3)

AVIONIC SYSTEMS RECOMMENDATIONS

Subsystem

Candidates

Trade Considerations

Data Management

¢ Computers
s Interface units

» Bus interface units

Guidance, Navigation, and
Control

s Inertial measurement
unit
s Rate gyro set

e Star tracker/sun sensor

» Control electronics unif

Rendezvous and Docking

» Rendezvous and docking

*Recommendations

SUMC Derivative

*NASA standard spacecraft
computer

#*Orbiter units

Modified Spacelab system

NASA standard intertial
reference unit

*Orbiter IMU, rate gyro
assembly, star trackers

Sperry AS5LG-15 laser gyro
(IMU) system

*Scanning LADAR

LLTYV system

16-bit word computer required.

Excessive capability in Orbiter AP 101

Major Spacelab system redesign;
foreign manufacture.

SUMC in development.

Orbiter MDM and bus controller
elements of 1/O applicable.

Subsystem used in upper stage must
be failop, fail safe.

Orbiter system would require no
modification

Many components/systems available
off-the -shelf.

System selection may be made on
minimum cost.

Automatic system required for upper
stage in unmanned mode; backup TV
guidance.

Passive lower stage; Orbiter active
rendezvous in LEQ,
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Table 4-7 (Page 2 of 3)

AVIONIC SWSTEMS RECOMMENDATIONS

Subsystem Candidates Trade Considerations
Orbiter rendezvous radar Manual alignment aids with crew
module,
*Alignment aids Non-cooperative target.
Communications » *0Off-shelf antennas Transponder must be compatible with

» Antennas

s Transponders

s Power amplifiers
s Signal processors
Power

s Power source

e Controllers/distributors

*Recommendations

# Phased arrays

» NASA standard S/C
transponder

s *QOrbiter components

» Develop solar array/
battery system

s *Modified Shuttle fuel
cells

e New technology fuel
cells

s “Separate reactant tanks

o Inert flush and dilute

Orbiter S-band interrogator.

System must be TV bandwidth
compatible.

Solar arrays require retraction during
burns; 2 g acceleration max at burnout.

Array/communications orientation
conflicts.

RTG's pose radiation hazard.

Fuel cell poisoning a problem using
fuel tank reactants.

Separate tanks an operations problem.

Battery system size prohibitive due to
mission durations and manned
requirements.,




Table 4-7 (Page 3 of 3)
AVIONIC SYSTEMS RECOMMENDATIONS

SYTDINIOOd ITTIINNOIIN

Subsystem Candidates Trade Considerations
Displays, Controls, s *Modified Orbiter e Low cost
~, Caution and Warning equipment
¢ Keyhoard, display e New design e Mission compatible

electronics, CRT
» FCS panel, controls

» Rotation/translation
control electronics

*Recommendations
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The resulting subsystem is considered to be the lowest-cost system which
can be configured which meets the reliability goals of a manned spacecraft,
At the same time, it uses the most advanced electronics designs which are
available off-the-shelf,

4,4,3,2 Guidance, Navigation, and Control

Components of the guidance, navigation, and control system consist of the
inertial measurement unit, rate gyro assembly, accelerometer assembly,
star tracker, and a control electronics unit., The major requirements
imposed on the system are that it meet the reliability goals of 2 manned
flight vehicle and be capable of integration with the data management display
and controls subsystems with a minimum of development effort. For this
reason, the NASA standard inertial system was rejected, as were laser
IMU's, although the latter might provide some reduction in mainienance
requirements. The Orbiter equipment is recommended since it is compat-
ible with the data bus system previously selected and meets all other
requirements as well, Some modification to the rotation and translation

control electronics unit is expected.

4,4.3,3 Rendezvous and Docking

The OTV upper stage must be capable of unmanned automatic docking; it is
assumed that the lower stage will return to programmed LEQO space coordi-
nates and remain there in a passive status with active rendezvous performed
by the retrieving vehicle. The only equipment known capable of automatic
acquisition, tracking, alignment, closure and docking is the prototype LADAR
system developed for NASA/MSFC by ITT. Since this unit has been in
development for many years, DDT&E costs should be negligible. In conjunction
with the LADAR, a TV system of low light level has been required in previous
studies for inspection and axis alignment, and as an initial backup system
until the LADAR is proven. Due to the reguirements for additional tele-
vision, signal processing, and transmission eqﬁipment on the OTV, plus the
remote control facilities on the ground or in orbit, it is hoped that this system
might be eliminated. This would only be achieved through an augmented test

program.
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4.4.3.4 Communications

If the TV link can be eliminated and data rates per stage held to 16 Kbps or
less, link margins should be sufficient to allow the use of off-the-shelf
omni-antennas, associated microwave hardware, and transponders. The
crew modale would, of course, require a capability for digital voice at

32 kbps in the manned mode in addition to command and telemetry channels.
Although no off-the-shelf assemblies are available for performing the trans-
ponder and signal processor functions, standard components and circuit
elements may be obtained from numerous sources. In addition, such equip-
ment may be obtainable from other programs prior to OTV start since units
developed for_free-ﬂying pavloads and compatible with the Orbiter payload

interrogator should be usable for the crew module application,

4,4,3,5 Displays, Control, Caution and Warning

In the manned mode, the support of a crew module by the OTV will entail
providing the crew a manual control capability for the upper stage and an
abori capability for both stages. The possibility of an upper-stage abort
requires that elements of the data management and communications system

sufficient to sustain the crew until rescue also be provided.

Equipment for display and control, which would include a keyboard, display
electromics, CRT, and a flight control panel, are all available from the
Orbiter. Modification of the latter and rotation/tranvylation electronics for

the band controllers would probably be extensive.

4.4,3.6 Electrical Power Subsystem

Of the existing systems available to provide power, RTG's have been ruled
out due to small power output and radiation hazards. Solar arrays were
eliminated due to maximum acceleration g loads approaching 2 which would
require retraction during burns, with subsequent extension. This would
impose development costs which might become large to produce the required

reliability and lifetimes with arrays capable of repeated cycling.

Rermaining conventional systems include pure battery and fuel cell derivatives.
Battery weight is considered tc be prohibitive as a result of power levels

and mission duration. The candidates for fuel cell systems include a
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modification of units designed for the Orbiter and a new design which will
operate at low pressure 10.3 N/cmz (15 psia), and use fuel tank reactanis
directly. The latter approach is not recommended at this time. A low-
pressure system would be a new development, and would require an

accumulator, pumps, etc. Further, propellant purity might well be a2 problem.

Therefore, the recommended system would ernploy Shuttle-derived fuel cells
and use sets of Shuttle tanks. Each fuel cell module could then be designed
as a replaceable module, with only electrical connections, and no fluid or

gas line connections.

Based upon the power profile shown in Figure 4-18, a system capable of
supplying an average power of 770W and peak power of 1,200W is required for

each stage,

CRS5-3-2
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LOn LH
1,000 o 2 o2
g so0f-
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} ROTATION l _
0 1\’ | 1 ] I l r\( I | |
35pays ©70 12 13 14 15 16 17 20 21 22
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s 800
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Figure 4-18. OTV Power Profile
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Section 5
MASS PROPERTIES

The OTV weights were generated using an MDAC computer program called
DAKTUG. The program uses an external data file for geometry and mission
constraints and a series of operator-prompted options for subsystem selec-
tions. The program sizes tankage and support subsystems based on input
options, and then integrates various subroutines to define the resulting geo-

metry, areas, volumes, and detail weights.

The summary of the detail printout from DAKTUG for the booster option is
contained in Mass Properties, Part 6 of this Volume. Table 5-1is a sum-
mary of the OTV booster mass plus the upper stage as comparison. The
primary assumptions are a 30-day mission, 770W for OTV plus 300W for
payload, total APS impulse of 960,811 N-sec (216, 000 lb-sec) and a useable
propellant of 57,206 kg (126,118 ib).

The primary difference between the two stages in Table 5-1 is in the propul-
sion section - guantity of engines, lines, pneumatics, umbilicals, actuators,
etc. The basic structure was assumed to be the same for this iteration with
the exception of the thrust structures. In the avionics the difference is less
instrumentation/wiring with less engines and only one TVC Battery with the -
single engine., Trapped propellants differences result from the use of two

sets of lines for the booster.

The majority of subsystem weights and interrelationships between subsystems
were developed during the Phase-B Cryogenic Tug Study, resulting in more
detail than the current level of definition. A limit of 10% was used for con-
tingency. In Figure 5-1, preliminary estimates of the fully loaded OTV
booster are presented, The A for each stage is based on total expendables
and is 0. 9205 for the booster and 0. 9290 for the upper stage.
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Table 5-1 (Page 1 of 2)
OTV MASS SUMMARY

Stage Mass
(Kg)
Description Booster Upper

Structure 1,662 1,587

Fuel Tank and Supports 438 438

Lox Tank and Supports 205 205

Body Structure T44 744

Thrust Structure 152 77

Meteoroid Shield 20 20

Payload Interface 103 103
Thermal Control 478 478
Avionics 692 677

Data Management 113 113

GNC 36 36

Communication 69 69

Instrumentation 125 122

Electrical Power Source 225 215

Power Distribution and 51 50

Control

Equipment Thermal Control 73 72
Propulsion 1,041 655

Engines 432 216

Support 518 348

ALPS 91 g1
Dry Weight (3,873) (8538 1b) (3,397) (7489 1b)
Contingency 387 340

Total Dry Weight

(4,260) (9392 Ib)

(3,737) (8239 1b)

Residuals 781 725
FPR 173 173
PU 145 145
Pressurization (GO, /GHj3) 329 329
Trapped 134 78
184

;
, /
MCIONNELL oouaLL@_




Table 5-1 (Page 2 of 2)
OTV MASS SUMMARY

Stage Mass
(Kg)
Description Booster Upper
Burnout {(5,041) (11,113 1b) (4,462) (9837 1b)
Inflight Losses 58,383 58,383
APS Maximum Capacity 359 359
Vent Propellant 409 409
Idle Propellant 154 154
Fuel Cell Reactant 255 255
Usable 57,206 57,206
Ignition (63,424) (139,825 1b) (62,845) (138, 548 1b)
z o | CR532
e X «:; DOCKING MECHANISM
DOCKING LT_E;?,\?SM 2219 ¥ (SEPARATION PLANE)
MECHANISM
/ TANK SUPPORTS
9 - N
LHo TANK \ Ao oAT A
LOs TANK
FUEL CELL
MODULE -
TWO PLACES”]
STA 14.64M \ GIMBAL STA 0.0
AVIONICS, LOAD-CARRYING SHELL
SYSTEMS
ATTITUDE CONTROL SYSTEM
CENTER OF GRAVITY MOMENT OF INERTIA
MASS X ¥ z ROLL Y AW PITCH
63424 KG 6.6M 0.0 0.0 106 147.0 147.4
{139,822 LBM}
Figure 5-1. Fueled OTV Mass Properties KG > M2+ 103
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Section 6
SPECIAL STUDIES

6.1 TANKER STUDIES

6.1.1 Basic Tanker Concept

Since the OTV is a space-based concept, fueling and refueling will take place
in low earth orbit. A rather substantial quantity of propellants will be required
to load both stages, and a number of Shuttle flights will be necessary to com-
plete the task (assuming, of course, that the Shuttle vehicle will serve as the

tanker).

For nominal size OTV with a capacity of 58,550 kg (129, 081 lb) perstage, a
total of 100, 372 kg (221,282 1b) of liquid oxygen and 16, 728 kg (36, 880 1b) of
liquid hydrogen must be transported to orbit. These numbers include usable
propellant, losses, boiloff, residuals, etc, Further, initial chilldown of the
tanks may very well require up to a week or more, and substantial propellant
losses. Therefore, it is important that the tanks be kept chilled once
thoroughly chilled so that these losses are not incurred when refueling for

subsequent missions.

Two basic tanker concepts may be considered, one which carries the propel-
lants separately and one that carries both at the same time in the nominal
6:1 mixture ratio. The number of flights necessary to transport the propel-
lants is the same in either case. ¥or separate tankers, assuming a Shuttle
capacity of 27,215 kg (60, 000 Ib), it would take abput 3.5 loads of LO, and
less than a full-capacity load of LH,, or a total of five flights. For combined
propellant transfer, i.e., a Shuttle tanker load of 3,888 kg (8,571 1b) of

LH, and 23,327 kg (51,429 1b) of LO,, it would take over four tankers full,
o¥ again, five flights. Tank volume required for each of these two cases,
assuming a 2% ullage for each tank, is shown on Figure 6-1. As can be seen
from this figure, a separate LOj; tanker makes very poor use of the cargo

bay volume, while'take up very nearly all usable bay volume. On the other
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hand, the combined propellant tanker mades good use of the bay volume

and would easily accommuodate whatever docking means may be necessary to

allow OTV dock to the Orbiter for propellant transfer. In addition, the com-

bined propellant tanker permits a single tanker confipuration, rather than

two, which would be simpler, since the Shuttle would not have to be recon-

figured during OTV loading.

SEPARATE TANKERS
OXIDIZER (L1QUID OXYGEN!)

—b-l 3.63M L—‘
{1182 FT)

27,216 KG (60,000 LB)
25.12 M3 {887 FT3)

n

W0,
'

FUEL {LIQUID HYDROGEN)

4 16,79 M I
(55,1 FT) I
442 M
(14,5 FT)
— —
WLH2 = 16,766 KG {34,756 LB)

v

235 M3 (8,302 FT3)

Figure §-1. Shuttle Tanker Conecepts
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Other considerations favor the combined tanker, such as simultaneous chill-
down. Initial chilldown will take some time since the OTV is a high-
performance system. The first tanker may be lost for all practical purposes
due to the large amounts of boiloff. Hence, one trip would conceivably be
saved. It is also possible that there is some structural advantage to simul-
taneous tank chilldown, i.e., considering contractions, deflections, etc., of
both tanks, Finally, the two-propellant tanker permits replenishment, or
top-off, of both tanks, if necessary. In the event there was some lengthy
mission delay, and replenishment should become necessary, tank top-off

could be achieved with a single tanker,

In summary, the two-propellant tanker was selected for OTV fueling for the
following reasons:

) Better cargo bay use.

® Single tanker configuration.

e Simultaneous tank chilldown,

e Simultaneous tank replenishment.

6.1.2 Tanker-OTV Positioning

Assuming a two-propellant (combined) tanker, the various possible tanker-
OTYV positions for propellant transfer had to be addressed. Some of these

arrangements are shown in Figure 6-2.

The simplest, most straightforward approach seems to be that shown by

Part A of the figure. In this arrangement, the tanker is stat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>