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ABSTRACT

A conceptual sfudy of an orbital maintenance and material
transfer shuttle is presented. The shuttle is a one-man vehicle
i:sed for transporting personnel and materials between other orbit-
‘ng vehicies ana for performing maintenance and repair on space

stations or inmanned satellites,

The application of thc chuttle to existing and proposed space
systems is examinad and found to be feasible and economically
advantageous. The trade-offs between range, duration, propulsion
and on-board power systems are presented and design values selec-
wed. A simpi. guidan:e technique using a short-range radar is
formuiated.

Results of simulated maintenance experiments conducted
with a worker in a pressure suit are reported and integrated into
the shuitiz design.

A preliminary design of the vehicle with definitive weights
and subsystem/charactezlstics is preseluted.

is i/echnical documentary repon;j: has been reviewed and is

/

MARC P. DUNNAM, Chief

Technical Support Division
AF Aero Propulsion Laboratory
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Section 1

INTRODUCTION AND SUMMARY

1.1 PROBLEM STATEMENT

Anticipated space activities for the near future include man.ned'vohicles'
for a variety of purposes, in addition to numerous unmanned satellites. This
space complex will require a logistics support system to perform the functions
of transfer of personnel, materials, and equipment from one satellite to another;
to perform maintenance and repair operations on both manned and unmanned
vehicles; and to assemble near-earth space stations and vehicles for deep-space
exploration. A small vehicle with a quick reaction time is envisxoned for this
logistics system to minimize the problems associated with the precise docking
of large vehicles, and to efficiently perform rescue operatlons

The specific purpose of this shuttle vehlcle is: to develop and exploxt the :
capability.of man to perform the basic missions- descnbed above.. Therefore a

. one-man capsule with the following characterlsucs is’ conmdered

0

Greater protection than is afforded by.a’ space suit ;
Adequate tools and equipment for effectlve mamtenance and repalr
Means to supplement man's strength and to provide mobllxty necessary .
for in-space assembly work ™ - .

e Provision of material and supply handlmg devxces to transport pay-
loads exterior to the shuttle-

The assumptions which provide the guidelines for this investigation are
as follows: '
1. A protective anthropomorphic suit will be ;‘lvailable to the astronaut
in case of emergencies.
2. Shuttle shall be complete within itself and be able to operate independ-
- atly of the primary or target vehicle within its design range.

Manuscript released by the authors August 1963 for publication as an RTD
Technical Documentary Report.




3. The shuttle shall not be required to enter a hazardous radiation
envelope emitted by a nuclear power source.

4. Protection from extreme radiation levels caused by solar activity
will not be provided. Protection will be afforded by the primary or
target vehicles during extreme solar activity.

5. Initial orbital conditions of target relative to the primary vehicle
will be given prior to departure.

6. The shuttle will be protected from air loads and heating during launch.

The shuttle will never reenter the atmosphere.

1.2 STUDY APPROACH

The study was conducted in two phases: an operations analysis and con-
ceptual study, and a preliminary design of the vehicle. The final results are
presented in this report, arranged to read from the general system considera-
tions to the configuration development, and to ‘the detail component design sec-
tions. The detail results presented in the later sections are used where necessary

in the general sections of the report,

1.3 RESULTS

1.3.1 Mission Definition
The space systems projected are reviewed and techniques for applying the

shuttle to each are described in Section 2, The results are used to define the

eight design missions summarized in Table 1-1.

1.3.2 Shuttle Effectiveness
Many operations in space may benefit by the facilities supplied by the

shuttle. Some assembly operations, for instance, may be impossible without

i
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heavy-duty manipulators. When the shuttle is advantageous, but not essential.
the price attached to these benefits is of particular interest. Section 3.1.1,
therefore, presents a comparison of the cost of operating space systems with
and without the shuttle.
1.3.2.1 Basis of Effectiveness Study

. The evaluation of the shuttle concept from an economic point of view is

based on the cost of plaung satellites in orbit. The laun hm;., costs are the

dominant factor:;' € total cost of most space systems, :md1 thc doll:

s per
ffécts of .

a cc ynvenient measuring stick for comparm;, thc e

_ stem: operatlon As the analysis is intended to appl) to future sys-
tems and as launch costs are expected to decrease, it is found dqprual)lc._._t_o‘
include the effect of hardware costs in the analysis. "Hardware" includes the

,. research and development cha.rges allocated to the mission in question. The cost’

~ enters. this analysis-as the ratio

Launch.cost + hardware cost
Launch cost + propellant cost

h.udwarc ,- S

This ratio is termed the "cost factor' and may be taken as 1 +

s ; as propellant costs are low.

The shuttle may be used for many purposes thereby disl;‘ibutingksh;{(_lilgi._»‘
hardware costs over all-of the missions performed. The analysis recognizes
this by introducing a utilization factor by which a proper allocation of shuttle

“hardware costs to any specific task may be made. This factor is takc_nvils_‘ unity
“for each of the examples quoted in this summary. That is, cach-mission is :

treated as though the shuttle were used exelusively: for that purpose.

.The'._'s'hu‘ttle is light compared to the primaries of Table 1-1 which

~would I)_c,L.x.s‘(::.(lvif the shuttle were not available. The cost study based on.
_wpiglitfih dl;l,)i:l is then. essentially, a comparison of propcllant savings wnlh U)c
cost of the shuttle. These propellant savings are a function of the number of
miss'iohg flown and the propellant required for each, which is related to the

“range over which the shuttle travels. The combination of number-of sorties. and



propellant required, may be expressed as a ''mission constant" which is defined
as M = Nx (MR - 1).
A measure of the efficacy of the shuttle is the ""equal cost" value of this

mission constant, that value at which the cost of operating the system without

the“shuttle is equal to the cost of the-SySteHT\’Vith the shuttle. The shuttle does

:the ]O]) th‘lt would be done by a heavier vehlcle f01 most N

ioné_, and therefore
! ".1s more ad\ antageous as'the length of- the .

nusslon in ‘which the shuttle cost is compared to *ne

2 m'mned satelhte dlffﬂrb in this: respect:: Increased range i ueases‘shuttle

ystem cost compaled to replacement cost; therefore;: the, mlsslon constant

defmed above is not applicable to t‘ms mlssmn., It is assumed that the unmanned

atellues are placed in orbits close:to the orbit of the primary.

The comparison of the s_huttle_to a remotely-controlled module involves
recurring costs for the remotely—contrﬁoued hardware which is discarded after
each flight. These costs are not related: to- the mass ratio, so the mission con-
: sta.nt is not sufficient to describe this type of mission. '

The missions examined in this study indicate‘that_ shuttle costs are fapidly

recovered in reduced operational costs; typical examples are shown below.

1.3.2.2 Training Mission Effecuveness

"The system considered for the training mlss1on consmte of a Gemini and
the shuttle. It is assumed that space is available in the adapter to house the
shuttle during launch and that a total weight of 700 pounds is available for the
shuttle and its propellant. - The basic shuttle developed from the preliminary
design. stripped of special equipment for maintenance purposes, is equipped
with a simple canopy instead of the shelter type used for lnaintcnance‘ o’perva‘tions.
Radar and docking equipment are included to enable rendgzvoue expu‘lmcnts to
be performed. A weight summary is given in Table 1- “The equal cost mis-
sion constant shown represents the amount of manecuve l‘mv f01 \\’hl(,h fhe propel-
lant used by the heavier vehicle balances the cost.of the shuttl ‘md tlm pxooellant;
it uses. The entire cost of the shuttle is Lhdl”e(l to one mlssmn as it mu% b(,

left in orbit. A cost factor of 1.5 is used m Llu:, example. I‘hc shuttie uecd in®:
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this example yields a AV of 750 fps which is less than that of the 885 fps
available if the 700 pounds is used for propellant for the 7, 000-pound Gemini
vehicle. !_{owevel'-, the shuttle AV is sensitive to empty weight, for instance, if
17 pounds is removed the AV becomes 885 fps. '

1. 3 2.3 Material Transfer Missions Effectiveness

. The range is a function of mass ratio for a given vehicle and transfer time,
] .__' rean;h mlnh:m constant then deﬂ.nes, a set of rmtgpu and numbern of wrﬂes.

fuqud.d'n tl'ied pame manuar. Tl:m parludd-ia unt n chmf in' tﬁin trndé-uff becmné

g‘rimafjf. which n’l‘rhﬁlﬁr'trfvalrm;the’-tnrget. The rit.ﬂ; of‘t:urget weight m pri-

Be +33Lutcnia vnth,.the _shuttlewthpmfdm mvplvcs t.hc cout
Iadt.q;dﬂather-qgan t,l'le..mtn_giﬂqn edﬁ’at-npt The eqlmt ‘cost numh-er of- missions for’
o the ﬁifu miﬂs'lansain pluttéd ln F'im. lnﬂ T]:ie reaupply I:I:I.Dﬂ]ﬂ& is aaaumed to .

Ve Eomponentk' eqhal-;ni '.'elgﬂtriuwhe rrespunding»shuttle.component, and the

is assumed equ‘al m-weight to the shuttle. A range ..

'-wv Sereten, Gy 20 .

wr r'equu‘mg,asmass ratlo of L «10 1s also asSumed - Sl :' : .

"satélhte‘bemg mamtalncd‘

I .-t \.v..- “ e .' ‘e . . . MY e . .
e e S 2 < - .

< Each curve m Flg. 1-1° a’nd 1-2 deflnessfci' a partlc.ular type of mission

] the condltlons under whlch a%system w1th a shuttle is equal in cost to a system

> wx’thout a shuttie. Cqmbmatlg)ns of range and number of sort:es or of cost
factbr “and; sorties whlch plot above and to the rlght of a curve 1nd1cate that
the shuttle is advantageous for that case,’ . .

: Thése wﬂuna are plﬂtted in Fi; 1-—1 £c:-r uavEr*dJ material t.'rhnnfér dpl:ratluna
’{l"ﬁe ’i:urire for hl =":'175 comj:are_u t.he “n]:.ut:l:le with! ‘al Tmu.-lh gart.h-t.o-prhlt ierr:.t

-?ﬁ- li‘hﬂﬁl&d h] the': snme,‘waj in boi;h-n?a‘,teh;u Intt;té nthe:‘-,e,mamplan plot’,tgd
nushn;tt.le. Ehiuh f;-nvelﬂ'tu thet,pq]r,lnal,‘l ﬁnﬂ re;uma-\iriﬂl .it--IB._dpmpared wfth as e .




RANGE (NAUTICAL MILES)
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RANGE BASED ON:

TWO IMPULSE TRANSFER
TRANSFER TIME 1200 SEC

lyp = 300 SEC
SHUTTLE ADVANTAGEOUS
PRIMARY
Task WEIGHT
s
RESUPPLY 7,000

=
=
-

NUMBER OF SORTIES (N)

FIG. 1-1 EQUAL COST MATERIAL TRANSFER MISSIONS
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1.3.3 Design Range
The distance between a primary and a target vehicle resulting from the

ascent errors expected when the target is launched from Earth by a typical
booster is expected to have a 3-o value of 12.1 n.mi. at injection. This range
may increase to 20 n.mi. within an hour after orbit injection. The closest
approach of a primary to a target resulting from a Hohmann transfer between
two well known orbits is expected to have a 3-0¢ value within 8 n.mi. The maxi-
mum range considered for the shuttle is therefore 20 n.mi.

The propellant used in a 20 n.mi. transfer is a function of the time used
for the transfer and the thrust level provided; the transfer time affects the
weight of the on-board power and the en.vironmental control systems. This
trade-off is shown in Fig. 1-3.

1.3.4 Propellant Requirements

The propellant and electrical requirements calculated for the various mis-
sions and ranges considered are shown on the bar chart Fig. 1-4,
Providing sufficient propellant for the entire mission when multiple trips are
required, results in a vehicle grossly over-sized for other missiops: It is more
attractive to supply additional small vehicles, and to operate them as teams when
necessary. Adopting this approach, it is seen that 200 pounds of propellant is
adequate for all but the heavy payload missions. The reserve quantity is se-
lected by giving the pilot enough propellant over the mission requirement to
return without payload from 20 n. mi. in 20 min; this amounts to 65 pounds for the
vehicle considered. Usable propellant of 265 pounds is therefore selected as the
design value. In this chart, "A'" represents material transfer missions, .""B"
personnel transfer missions, "C'' maintenance, and '""D' assembly migsions

as defined in paragraph 3.3.1.
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1.3.5 Electrical Requirements

The electrical load chart, Fig. 1-4 shows a strong dependence on the
type of mission. Twelve hundred watt hours are, provided for adequate power.
As most of the power is not required for safety of to operate the vehicle,

. small reserves might appear tolerable however, to avoid deep discharges

and resulting voltage drops, 100 percent reserves .on the 1200 watt hours are

chosen; making’ a total of 2400 watt hours; avallable . :

1.3.6 Mission Duratlon ! ) . L ; . . og

The mission duratlon for the cases con51dered is summarued in Table 1- 2
Havmg eliminated the multiple trip mlssmns on the basis of excessive propel— N
lant requirements, the maintenance mlssxpn ,dommates. A nominal 5 hours is
selected, and reserves for 5 hours are provided.. Total life support provisions
are then adequate for ten hours, which is considered desirable for tracking and

rescue of a lost or out-of-propellant shuttle.

1.3.7 Rendezvous Technique
The guidance technique for shuttle application in Ref. 1-1, Self-Maneuvering

Units for Maintenance Workers (SMU) is modified by use of the radar or a visual

reference reticle. . From a 20-mi. starting range, terminal position errors are
reduced from 100 to 20 ft a.nd terminal velomty errors from 20 to 5 fps. The
resulting saving in propellant is about, 20 pounds takmg into account a 5-pound
instrument investment fqr_' the visual reference. Since the radar weighs only

20 pounds, the weight investment is paid for in a one-way trip. The guidance
system for the shuttle consists of a 6-mi. radar with range and range rate
displays and a érossThair-type angular refercnce indicator. For visual refer-

ence, a reticle is used which is representative of the radar angular reference

: ir_ldieatqr. The guidance technique recommended is open loop navigation for

ranges exténding beyond 6 mi. ; and the modified SMU method for terminal

maneuvers.

1.3.8 Maintenance Technique Evaluation

An experimental evaluation of several techniques for performing mainte-

nance work from the shuttle was performed as part of the study. A worker in

.a Mark 4 pressure suit performed several tasks selected from Ref. 1-2 Space

11




Table 1=2

MISSION DURATION SUMMARY

(In Minutes)

g g
-
Z 2 |=slwo ol=51 § | »
8 g 2 (85|52 |=5| 82| 8 |2
T.;ET Mission T 2|88 |5¢lE2 | 2 § 1 =
=K e |55|2¢ |8g[E5|1 35 | 8| &
= a |ES]8k |EE|l8= ] = | < | &
A [Material Transport 20001b [15.6| 7.2 10 20)] 7.2 60
6700 lb/trip 15,6 7.2 10 40| 7.2 80
20, 000 1b/:ission 240
(3 trip/mission)
B |Personnel Transport 15.6| 7.2 20 20 7.2 70
(5 trip/mission) 350
C Maintenance-station 15.6 114.7 130.1
Unmanned satellite 15.6 1 7.2 20 20) 7.2 |267.2 337.2
D ssembly 15.6 | 7.2 10 40| 7.2 60 140
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Maintenance Techniques with several arrangements of the shuttle. No

attempt was made to simulate weightlessness, as one function of the shuttle is
to provide a stable work platform. Necessary restraints were present. Results
are summarized in Table 1-3.

Table 1-3
SUMMARY OF CUMULATIVE TASK TIMES
(minutes)
Replace Replace
Ré’:slﬁg: Meteordid Fffx?;l?ziﬁl Damaged
Puncture Switch
Shirt-Sleeve 19.9 6.1 14.8 8.6
Control .
Saucition Unpressurized
Suit 38.5 5.5 19.4 10.3
Hatch at 45 Deg 90.0 6.55 - 37.4 22.7
Shuttle With
Pressurized Hatch at 90 Deg 86.8 7.2 49.4 26.5
Suit
Fabric Armpieces Abort 7.55 48.0 34.4

The technique of working inside the pressurized capsule when the size of
the part to be maintained permits, or working through a mating hatch in a pres-
surized target, are similar so far as the worker is concerned. The test results
shown for a worker in an unpressurized suit, are therefore applicable to both of

these cases.

The shelter technique, designed to allow the worker to perform effectively
while retaining the major protective advantages of the shuttle, is represented by
the test results with the hatch in the 90-deg and the 45-deg positions. The shelter

provides a retaining compartment for loose pieces as well as providing meteoroid

protection anc control of the thermal environment.

*
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The objections to exposing the worker to a vacuum are overcome by use of
the sleeve technique in that the worker need not wear a pressurized suit and, is
therefore more comfortable and less fatigued Howcver, the work is still done

) by the operator 8 hands whlch are enclosed in pressurlzed gloves. The limited
.moblhty of the worker requlres that the entlre shuttle be easily shifted with
respect to the work and rapidly locked in place. Elther an external storage area
for tools and spare parts that the worker can reach with the sleeves, or a small

) alrlock through which he can pass objects is necessary Specific difficulties

encountered with the sleeves anlude- the using’ of both hands simultaneously,

seeing ob]ects worked upon, ‘and handling bulky objects whose dimensions approach

the. length of the worker s arms. :

A natur‘a.l approach to overcoming- the reach and inobility restrictions of the
sleeves, whlle retaining the protective features of completely enclosed pressur-
ized worker, is to provide mechanical devices to do_the exterior job while the
worker remains in the shuttle. In reviewing the specific operations required of
the shuttle operator, it is found convenient to classify the manipulator
requirements encountered into four groups. These are defined in Table 1-4,
which gives the characteristics, the expected application and the number required
per shuttle. The types it is seen, proceed from those mtendcd to handle the
complete vehicle, to those that handle large components to the two types for
performing small precise operations. With these broad applications in mind,
the manipulators available were surveyed. In gencral, the weight and power
requirements are disappointingly high, and the load and dexterity capabilities
disappointlngly low.

The most natural approach to the design of a.multi—purpose manipulator
* is to imitate the human hand thereby making use of existing tools and techniques
possible. However, the classﬁ'xcatlon of manipulator characteristics suggests
that manipulators designed especially to work in conjunction with satellites and
tools designed for this specific purpose may be more successful than the an-
thropomorphic approach. ’

14
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1.3.9 Preliminary Design

The general arrangement of the trainer version is shown in Fig. 1-5, an
inboard profile of the operational version in Fig. 1-6, and a weight statement in .
Table 1-5. Salient features are:

Adaptability to alternate missions by installﬁxg appropriate forward
shells; all basic system's are installed in the aft shell

One-man crew with space for one passenger

Docking hatch to fit Apollo-Gemini.type receptors

Space, weight, and power, adequate for tools, spares, and checkout

equipment .
Shelter for exterior maintenance work
Grapplers capable of alighting on cooperative and uncooperative
targets, the handling of cargo and in-space assembly modules
Overall dimensions '

Height: 92.9 in.

Width: 89,0 in.

Length: 73.0 in.
Internal volume: 95 cu ft

Principal features of the subsystem are:

Propulsion

Fuel: 50-50 UDMH - Hydrazine

Oxidizer: N204

Feed system: Pressure fed, dual bladders, N2 pressurant

Main propulsion: 16 thrusters, of 25 lb thrust each

Pitch and yaw control: main thrusters

Roll, side and vertical translation: 8 thrusters of 5 lb thrust each
Nozzle: radiation cooled, expansion ratio 40

Engine. control: pulse width modulation

Environmental control

Atmosphere: pure oxygen
Pressure: 3.5 to 5.0 psi

16




Table 1-5
WEIGHT SUMMARY

(pounds )

Item Mah}tenance Training

Mission Mission
Structure 238 166
Mechanical 58 41
Environmental control 88 64
Electrical power supply 87 53
Attitude control 87 77
Main propulsion 128 128
Communication and navigation 44 44
Miscellaneous 44 19
Contingency 23 18
Dry Weight 797 610
Propellant 270 65
Oxygen and water 37 25
Tools, spares, test sets 160 -——-
Gross Weight (Less Crew) 1264 700

CO2 removal: LiOH
Heat rejection: water boiler.

Electrical Power

Silver-zinc batteries

1.3.10 Problem Areas

Although the design of the shuttle vehicle presents no critical technical

problems, problem areas do exist with regard to the <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>