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: PREFACE

The Space Station Propulsion Requirements Study, NASA Contract NAS 3-23353,

was managed by the NASA Lewis Research Center (LeRC) and was performed by *
the Flight Technology organization of the Boeing Aerospace Company in Kent,
Washington. The LeRC contract monitors were Martin £. Valgora and Richard
M. Donovan.

This final report is organized into the following dccuments: '

Volume 1: Technical Report
Volume 2: Executive Summary

The following Boeing personnel were key contributors during this study.

Cal Wilkinson.......Principal Investigator

Scott Brennan.......Propulsion Analysis

Jeff SelzereeeevssosMass Properties Analysis

Bi1l Smith..........Study Manager, Tasks 1,2,3

Gordon Woodcock.....Study Manager, Task 4

Dietrich Brunner....Assistant Stucy Manager

Bernie Lehv.........Technical Review !
Marge Pickle........WNord Processing '
Judy SWappP..........Graphics Support

Marsha Miliman......Technical Editing

The Rocket Research Company, under the direction of William W. Smith, pro-
vided analyses of hydrazine, resistojet, and arcjet thrusters under a sub-
contract,
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1.0 INTRODUCTION

l.1 Study Objective

The primary objective of the work described herein is o define propulsion
system requirements to support Low Earth Orbit (LEU) manned Space Station
development and evolution over a wide range of potential capabilities and
for a variety of STS servicing and Space Station operating strateyies. The
term Space Station and the overall Space Station configuration refers, for
the purpose of this report, to a group of potential LEO spacecraft that
support the overall Space Station mission. The group consisted of the
central Space Station at 28.5-deq or 90-deg inclinations, unmanned free-
flying spacecraft that are both tethered and untethered, a short-range
servicing vehicie, au a Jonger range servicing vehicie capable of GEO
payload transfers. The time phasing for preferred propulsion technology
approaches is also investigated, as well as the high-leverage, state-of-
the-art advancements needed, and the qualitative and quantitative benefits
of these advancements on STS/Space Station operations. The time frame of
propulsion technologies applicable to this study is the early 1990's to
approximately the yezr 2000,

1.2 Scope of Work

The work described in this study consists of four primary tasks. These
tasks, which are presented in figure 1-1, define propulsion system
requirements for a wide range of Space Station configurations, growth
options, and servicing strategies. For certain servicing options, an
additional propulsion system is prequired for a vehicle to transfer crew
members and/or supplies from the STS to the Space Station. The gropulsion
requirements for the additional propulsion systems are examined for each
servicing op.ion. For certain experiment requirements, isolated
experimental platforms are required., The propulsion requirements of these
free-flyers are also examined.
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A parametric analysis is performed for a range of Space Station
characteristics to determine the forces and torques acting on them and the
resulting propulsion requirements for orbit maintenance, pointing control,
and maneuvers in various LEO altitudes. Tradeoffs are performed for
alternative seryvicing strategies, operating options, and candidate
propulsion technologies to quantify their benefits and disadvantages in
terms of propellant requirements, payload impacts, Serviceability,
maintainability, subsystem compatibility and safety.* These tradeoffs
utilize the information from several mission models to evaluate the effects
of variable traffic density un the benefits and result in a comparison of
the alternative Space Station servicing and operating strategies from a
propulsion standponint.

1.3 Report Organization

There are seven major <ections in this report, which encompass Tasks 1
through 4., The sections are briefly summarized by title and content as

follows:
Section 1.0 Introduction Overview and scope of the study.
Section 2.0 Configuration Possible station orientations,
Selection configuration families, design
drivers, and recommended configur-
ation designs.
Section 3.0 Configuration The principal environmental factors
Effects that affect Space Station design and
propulsion requiremants, station mass,
aerodynamic and gravity-gradient forces,
and momentum management.,
Section 4.0  Servicing Altitude selection, orbit decay

Strategies *nfluences, free-flyer servicing, and
servicing vehicle capabilities.

*Cost trades are outside the scope of this study and are discussed only in
a general sense with respect to propulsion options at the end of the
report.
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Section 5.0 Propulsion Space Station, free~flyer, and servicing
Requirements vehicle propulsion requirements, based on
the recommended servicing strategies.
Section 6.0 Propulsion Propulsion system options, capabilities,
Systems and prospects for development.
Analysis

Section 7.0 Recommendations Selection of preferred propulsion
system(s) and future Space Station
development.

1.4 Space Station and Free-Flyer Propulsion Applications

The purpose of Space Station and free-flyer propulsion systems is to main-
tain orbital altitude over long periods of time and to assist in, or
enable, attitude con* °0l, servicing gperations, and emergency maneuvers as
dictated by mission requirements and operational strategies. This study
defined ranges of the resulting propulsion requirsments by examining (1)
potential Space Station configurations, (2) the effects of configuration
designs on aerodynamic drag, attitude control torques, and control moments,
and (3) Space Station and free-flyer servicing considerations including
alternative operational strategies. Based on these requirements, the study
examined a wide range of propulsion technologies to assess their appli-
cability to this service and to summarize their advantages and disadvan-
tages.,

1.4.1 Normal Operations

The Space Station and free-flyer propulsion systems are primarily required
to perform orbit maintenance. Attitude control is normally provided by
momentum management devices, but the propulsion system is required for
backup and desaturation. Orbit maintenance is required to counteract
aerodynamic drag forces, which cause orbit decay. These forces vary
considerably depending on atmospheric density and vehicle size. Only
propulsive means for orbit maintenance are considered in this study.
Other techniques, such as a combined Station reboost/Orbiter deboost using
a tether, are not considered.
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Space Station and free-flyer attitude must be maintaine¢ to ensure proper
pointing of the solar arrays and to accommodate on-board experiments.
Therefore, asymmetric forces causing aerodynamic torques and gravity-
gradient effects must be overcome. These torques can be countered (1)
propulsively by using a thruster on a moment arm from the center-of-mass,
(2) by using torque rods that interact with the Earth's magnetic field to
impart a torque to the vehicle, and (3) by using momentum management
devices (MMD). The MMD's are especially useful for countering cyclic
torque but will eventually become saturated if the torques are nen-cyclic
or have a non-syclic component. Thrusters located on a nioment arm or
torque rods will be required to desaturate MMD's periodically.

Although one category of free-flyers investigated in this study is tethered
to the station, other free-flyers require independent propulsion systems
for orbit maintenance, attitude control, and servicing. The propulsion
requirements for both normal and emergency operations for free-flyers are
alsc analyzed in this study.

1.4.2 Emergency or Critical Operations

There are four emergency, or critical, situations that the Space Station
will encounter: (1) disturbances due to docking the Orbiter with the
station; (2) threatened collision with other orbiting objects, a runaway
servicing vehicle, or an Orbiter; (3) the need to rescue an astronaut or a
piece of equipment; and (4) safe end-of-life station disposal to a desired
location on the Earth or to a higher altitude orbit. The Space Station
propulsion system will be required for the first two situations. Rescue
operations may be performed by the Orbiter, OMV, 0TV, MMU, or a personal
rescue system. The OMV may also be usad for end-of-life station disposal.
(See sectijon 5.5 for a complete discussion of emergency or critical
situations.)

1.5 Factors Determining Propellant Requirements

Propeliant requirements are expressed in terms of mass, volume, and type.
Propellant mass requirements depend on the free-flyer and station propul-

AG e S aaia, M

A

o g e L e N o ey S et




PE AL

;
‘
E:;
e
E

sion systems chosen, the specific impulse for the propulsion system utiliz-
ed, and the total impulse necessary to accomplish propulsion  requirements
over the resupply interval.

Propellant storage volume requirements depend on propellant mass require-
ments and propellant density. Density, in turn, depends on propellant type
and state (liquid or gas) and, in the case of a gas, storage pressure, If
oxygen and hydrogen systems are used, water may be stored and electroly-
sized as required. If CO2 effluent from the Environmental Control and Life
Support System is used as it is produced, it could significantly reduce
propellant storage and resupply requirements.

Propellant selection for the Space Station and free flyers is a complex
issue influenced by numerous factors including thrust level, duty cycle,
thrusting strategy, safety, reliability, system synergism, maintainability,
commonality, and development risk.
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2.0 REPRESENTATIVE CONFIGURATION SELECTIONS

2.1 Space Station Configurations

The configuration selection part of this Space Station Propulsion Require-
ments Study was conducted at a time when the NASA Headquarters Mission
Analysis Studies were underway. At that time, the Space Station configur-
ation data base included the "old" Phase B studies from the early 1970's,
the Space Operations Center (SOC) and the Science and Applications Manned
Space Platform (SAMSP) studies, plus concurrent Boeiny I[R&D configuration
studies. The SOC and SAMSP design concepts are il ustrated in figures 2-1
and 2-2, respectively. Both of these are varian.s nf what is now called
the "planar" concept. We began the study with a survey of the various
station orientations and configurations. Although our study developed
alternatives to the planar design, the fact that most prior Space Station
studies considered only this design led us to develop a generic planar
concept as our principal reference for analyzing propulsion requirements.

2.1.1 Space Station and Platform Orientations

The general placement of Space Station and platform components is based on
the planned station orientation, the means for orienting the solar arrays
to the Sun, and mission needs. Figure 2-3 illustrates the four station
orientations investigated in this study. A fifth strategy of havinyg no
control over orientation was discarded as incompatible with Space
Station/platform mission objectives.

In an inertial orientation, the Space Station attitude is fixed relative to
inertial space. This strategy is ordinarily used as a means for Sun-
tracking, but it can also be used as a target-tracking aid. (These
functions often infer a flight mode that is not strictly inertial, but one
that imposes similar propulsion requirements.) A constrained inertial
orientation in which two of the vehicle's principal axes of inertia are in
the orbit plane, offers relatively straightforward controllability for some
configurations. This orientation permits inertial target-tracking devices
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1 to remain essentially fixed during any particular target-tracking session.
However, an unconstrained inertial orientation, i.e., target-tracking by
aiming the entire vehicle, poses difficult control problems. Skylab
employed an inertial orientation mode that provided adequate Sun-tracking
without solar array articulation. The JSC delta design shown in figure -
2-4, which is a recent configuration option not analyzed in this study,
employs a similar strategy. The Science and Applications Space Platform
(SASP) concept developed by MSFC employed the inertial strategy to peimit
Sun-tracking with a single degree of freedom for seasonal variations .
("beta-track") for the solar arrays. The beta-track is a slow oscillating
motion that can be accommodated by flexible power cables; a rotary joint is |

which provides a limited degree of Sun-tracking by tilting its large solar
array platform. This design is not included in the current analysis
because of its Tlimited Sun-tracking ability. Most Earth-oriented con-
figurations have articulated arrays that rotate in two axes: one axis moves
very slowly as the beta angle changes with the season and orbit precession
and the other axis rotates once per orbit. Stations that can be
Earth-oriented are analyzed most fully in this study because a large
portion of the missions require Earth pointing. As the section on

environmental effects shows, torques and gravity-gradient effects are also ;

not necessary. Rates and excursion angles depend on orbit parameters.
Typical values are one cycle of + 52 degrees amplitude for 60 days. ¥
. ¢
2 Earth-orientation indicates that a spacecraft maintains a fixed attitude ;
f; with respect to the local vertical as it orbits the Earth., A strictly i
'I Earth-oriented spacecraft has fixed arrays that cannot track the Sun. A ?
-; modified exampie of this is the JSC "Big T" configuration (figure 2-5),
i

i

Bt Sl
UG AN O Tavh + e e s A

¥
¥ T

more manageable in this orientation.

A gravity-gradient orientation is a special case of Earth orientation. The ' |
vehicle's inertial properties are arranged so that gravity-yradient forces
;; maintain the desired Earth orientation. If solar array articulation is l

" used for Sun-tracking, attitude-perturbing forces are introduced and must

| be offset. Figure 2-6 illustrates this design concept, which is similar to i
Eﬁj the "power tower" configuration. The "power tower" was identified by NASA i
_;g as a reference configuration at the time of release of the RFP for Space i
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Station definition and preliminary design. Like the concept illustrated in
{ Figure 2-6, it 1is designed to operate in a gravity-gradient stabilized
flight mode. Solar array Sun-tracling, Earth oblateness, Earth-Sun-Moon
triaxiality, and other gravitational anomalies cause a gravity-gradient-
stabilized vehicle to have somewhat less precise pointing than the
Earth-oriented configuration. A gravity-gradient Space Station may rely
solely on gravity-gradient forces, and exhibit attitude perturbations as a
result of perturbing forces. More often, this orientation means that the
flight attitude is selected so as not t¢ introduce any secular torques. In
this case, the flight attitude will vary with changes in confiyuration, but
the short-term attitude stability will be as good as for any other flight
mode .,

Sun-synchronous orbits, as shown in figure 2-3, are highly inclined to the
Earth's equator so that Earth oblateness causes the orbit to precess syn-
chronously with the Earth's motion about the Sun. The orbit Tine of nodes
and the Sun's mean longitude maintain a constant angular relationship. If
the longitude-node angle is near 90 deg, adequate Sun-tracking is afforded
without array articulation. Figure 2-7 shows a Sun-synchronous configu-
ration designed to operate over the terminator. Except for missions that
require continuous sclar observation, a Sun-synchronous orbit over the
terminator offers few benefits. Most near-polar Earth-observation missions
require a small meridian longitude line of nodes angle, which causes the
spacecraft orbit plane to be nearly perpendicular to the terminator.
L Therefore, single-degree-of- freedom solar array articulation is
appropriate. As far as propulsion requirements are concerned, the
Sun-synchronous orbit over the terminator requires little orbit maintenance

thrust because the Solar array is always aligned edgewise to the velocity
vector,

P 2.1.2  Space Station Configuration Families
Figure 2-8 describes the logic that was used in this study to develop and
narrow the range of Space Station options. The initial design assumptions,

shown at the top of the diagram, were that the station be manned, powered
by solar photovoltaic cells, and be delivered to orbit by the Space Trans-
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portation System (S7S). Gnly 28.5 deg and near-polar inclinations were
chosen because they were the most probable in view of identified mission
needs, and would thereby determine propulsion requirements. Higher
inclination orbits differed primarily in terms of STS capability (see
section 2.2.1) and beta tilt. Earth-oriented configurations at 28.5 dey
and near-polar inclinations were given primary emphasis after the pre-
liminary screening. We found no compelling mission needs to cause us to
consider intermediate inclinations. Since all of our configurations
inciuded sun-tracking and therefore essentially inertial solar arrays, the
data developed are applicable to inertial orientations also. We did not
analyze passive\y controlled gravity-gradient-stable configurations, but
the drag compensation parametric data in this report are appliable to them.

Space Station sizes are denoted here in terms of crew number and solar
array size. For the two stations larger than 2 to 4 men that are deployed
at a 28.5 deg inclination, both scientific and constructicn variaits are
defined. All other stations have only the scientific variant. The con-
struction station has more platform area for construction and a larger
servicing hangar, which facilitates EVA in a controlled thermal environment
with uniform lighting and object containment. Figure 2-9 shows an example
of a construction station core for an 8- to 12-man crew. The differences
between the scientific and construction stations, in terms of factors
affecting propulsion requirements, turn out to be small compared to the
influences of the solar arrays and a decked Orbiter. Therefore, some of
the analyses done in this study do not differentiate between the science
and construction stations. Where propulsion requirements are significantly
affected, the two types of station are delineated. Due to time and funding
limitations, the 6- to 8-man station size (for both types) was dropped, as
well as the future 12+ man station size.

Early in the development of configurat®.* options, it was believed that the
arrangement of the modules comprising tne station core would have a signif-
icant influence on propulsion requirements. Two design options were con-
sidered: dense-pack and planar. The dense-pack modular design could expand
in any direction to produce a symmetric package of modules in the densest
possible arrangement, It was thought this would create less severe

18
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attitude control requirements. However, the planar option was found to
have better thermal and viewing capabilities from within the modules, was
easier to assemble, was more compatible with onboard mobility systems, and
could more easily incorporate two means of egress, which is a safety
criterion. Therefore, the planar core arrangement was used in this study.
The specific planar module arrangements for different crew sizes are
jllustrated in figures 2-10 and 2-11.

The impact of solar array configuration design on propulsion and attitude-
control requirements was not fully realized at the outset of the study.
However, after configuratijon effects were analyzed, as described in section
3.0, it became apparent that the aerodynamic and gravity-gradient balance
of individual designs, in terms of torques and cross products of inertia,
were key configuration considerations. [t was foi¢nd that propellant ie-
quirements for momentum management and torque cancellation were driven to
extremes by solar array configurations that neglected balance. The two Key
design factors were found to be solar array design and Orbiter docking
location and their effects on gravity-gradients. Drag was a key
contributor to propulsion requirements for station altitudes below 450 km.

When this study was initiated, most Space Station configurations included a
cantilevered array design, as shown in figure 2-12. The purpose of the
cantilevered design was to keep the arrays as far away as possible from the
core to minimize shadowing and prevent interference with core operations.
The long axes of the solar array masts were perpendicular to the orbit
plane and the arrays rotated around this axis relative to the Space Station
body to track the Sun. The arrays also tilted + 52 deg (for 28,50 orbit)
with respect to that axis to provide beta tracking of the Sun. During the
course of this study, it was found that this assymmetry with respect to the
orbital plane with a high beta tilt created control problems due to cross
products of inertia in the inertia tensor which resulted in large secular
gravity-gradient torques. The cross~-products-of-inertia contribution
exceeded other control and propulsion requirements by roughly an order of
magnitude and dominated the entire control issue.
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The balanced solar array configuration, shown in figure 2-13, provides
array symmetry with respect to the orbital plane. The rotational deyrees
of freedom are the same as for the cantilevered solar array configuration,
but the rotational motion of the balanced solar arrays is more like a
paddle wheel motion. The balanced array center of gravity is very close to
the hinge point. The only contribution to inertial cross-products is due
to array tilting, not motion of the center of gravity. This configuration
reduces the cross products of inertia by roughly a factor of 1U. The
cantilevered array configuration is carried through much of the analysis in
this report because it is so prevalent (a the literature,

A special case of inertial orientation is one in which all or a portion of
the Space Station spins as is the case for the concept illustrated in
Figure 2-14, Spinning may be invoked to provide artificial g as in the
illustration or to provide inertial "stiffness" through great angular
momentum as 1in the "Hughes spinner" concept reviewed by the NASA Space
Station Concept Development Group in the summer of 1983. Great angular
momentum is present in either case and the station flies with its spin axis
essentially 1inertially oriented. This configuration category was not
evaluated in this contract.

2.1.3 Free-Flyers

Free-flyers are single or multipurpose experimental satellites that co-
orbit with the Space Station and are tended by the servicing vehicles.
Although it provides useful services to a payload, a Space Station can
disturb the payload by causing induced gravity, vibration, thermal cycles,
gas release, and electromagnetic interference. To obtain the benefit from
Space Station presence but not be disturbed by it, free-flyers can be used
as jsolated platforms for experiments and observation. They will have
independent pointing, power, safety, and acceleration requirements.

To ensure that a free-flyer remains in a relatively fixed position with
respect to the Space Station, it must be in the same orbit as the station,
either ahead of or behind it. (Other relative positions may be maintained
by propulsion or by tethers., Required propellant consumption renders the
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propulsicn alternative impractical. Tethers are discussed below,) Pro-
pulsiori is also necessary to compensate differential orbit decay due to
differences in ballistic coefficients. If there are a number of payloads
that need to be near the station, they can be in slightly eccentric oroits
that circle the station once per orbit. This study assumes the distance
between the free-flyers and the station core can range from a few kilo-
meters to the limit of direct line-of-sight and direct radio communication.

This study includes an analysis of the following potential free-flyer
platforms that could accompany a Space Station: (1) a free-flying pro-
pellant farm; (2) a tethered propellant farm; (3) a slack-tethered power
generation module(STPGM); and (4) a science and applications space platform
(SASP). Specific information on configurations and operations follows in
sections 2.2.2 Mission Requirements, and 2.3.7 Free-Flyer Configurations.

In addition, NASA has identified a number of free-flyers that could be
supported by the Space Station. Table 2-1 lists these free-flyers, their
deployment altitude, inclination, mass, servicing frequency and number of
times deployed. We used these NASA free-flyers to generate an "un-
restrained” traffic model to define STS and servicing vehicle usage and
propellant requirements over the life of the station. Unrestrained in this
sense means that the traffic model is not constrained by the ‘Orbiter fleet
size NASA currently projects. Instead, the traffic model generates the
Orbiter fleet size and flight frequency based on free-flyer serviciny
projections. This is covered in greater detail in section 4.2.4.

2.2 Design Drivers

Factors that directly or indirectly affect Space Station propulsior
requirements are:

a. STS capability, which affects Space Station module volume
and mass, as well as orbit direction, inclination, altitude,
and STS servicing frequency.

ORIGINAL ' PAGE IS
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b. Mission requirements, which encompass the types of
experiments, observations, and operations that
will be performed.

¢. Crew size, vhich will be dictated by the space available
and workload.

d. Power levels, which will depend on experiment re-
quirements, crew size, technology, funding, and power
generation limits.,

e. Servicing vehicle configurations, volume, and mass

required for propellant storage, and
f. Free-flyer support requirements.

These six major factors are described in more detail in the following
sections.

2.2.1 STS Capability

The Space Station must be deployed and serviced by the Space Transportation
System (STS). STS servicing frequency is governed by fleet size and
relaunch turnaround capability. The 90-day maximum servicing interval
specified by NASA is used in this study.

There are two means for effecting a rendeszvous between the station and the
Orbiter (the STS without the external tank and solid rocket booster):
noninal and direct insertion. Figure 2-15 illustrates the SIS payload
capability for each as a function of orbit altitude. This figure is a
projection by JSC of STS capabilities in the 1990's. Performance assump-
tions are indicated (e.g., 109% SSME). Nominal insertion describes the
technique used by all of the earlier STS launches. It is accomplished by
terminating SSME thrusting short of attaining orbital velocity, discarding
the external tank (ET), and achieving the final orbital velocity using the
Orbital Maneuvering System (OMS). The disadvantage of nominal insertion is

29

AT R e

B

N () |

e 2 T

P T

e o S




v

* §0,000 Ibm TO 28.5° ALLOW DOCKING  « 109% SSME POWER LEVEL
MODULE AND « NOMINAL TRAJECTORY SHAPING
« 25,000 Ibm T9 90° CONSERVATISM ¢ FILAMENT WOUND HPM
« PAYLOAD DEPLOY MISSION
40+ « JANUARY LAUNCH
« MAXIMUMQ - 700 PSF (ETR LAUNCH;
80 + — 680 PSF (WTR LAUNCH)
T~ INCLINATION
T~ 2850 ——— NOMINAL INSERTION
wT T~~~ _  ——— DIRECT INSERTION
g 80T =~
a 2 \
St 9 =
\
S S \
x < ~< \
20 T \\s\
\
\
ot +- —
500 600 700
ALTITUDE, km
100 150 200 250 300 350
ALTITUDE, nm

Figure 2-15, STS Defivery Altitude and Mass Capability

30

g T S R o ot e

.



24

- =

ORIGINAL PAGE IS
OF POOR QUALITY

that payload capacity drops drastically above 400 km to zero at 460 km.
With nominal insertion, SSME cutoff occurs at a slightly suborbital
condition selected for external tank disposal., The first OMS burn
immediately after tank jettison raises the insertion apogee to 160 km. A
second burn circularizes at that altitude and subsequent burns are used to
transfer to mission altitude and deorbit at the end of the mission., The
sharp slope discontinuity of the performance curves in Figure 2-15 occurs
at the OMS propellant capacity limit.

Direct insertion, on the other hand, continues SSME thrusting until
transfer velocity to the mission orbit is attained, after which the ET is
discarded. This conserves OMS propeilant. STS payload capacity above 40U
km is much greater with direct insertion than with rnominal insertion, but
there is a much larger "footprint" on the Earth's surface for ET impact.
Direct insertion was used on the 12th STS flight and is now considered a
baseline technique by NASA. It is consequently used as the baseline in
this ctudy. Since most of the STS payloads in support of the station may
be volume, not mass, limited, direct insertion will usually permit launches
with no payload constraints to the lower limit of the Van Allen belt (about
550 km). Advantages of a higher orbit are discussed in sections 3.0 and
4.0,

Payload volume is limited by Orbiter payload bay size. Figure 2-16 shows
the length and diameter constraints on STS payloads. The 18.29m length
shown is reduced to 14.6m when the docking module is included. This module
is needed during assembly and for any crew transfer operations to or from
the station. Figure 2-17 shows the available length, mass, and allowable
center-of-gravity locations for an Orbiter equipped with a docking module.
The module is assumed to be 3.5m in diameter and to weigh approximately
1800 kg (4,000 1bm).

2.2.2 Mission Requirements
Several types of scientific experiments may be condusfted on the Space
Statijon. Solar-scientific missions should be positioned on the Space

Station to provide optimum solar viewing (i.e., the entire period that the
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station is not in the Earth's shadow). Other scientific payloads requirs
stellar or Earth viewing, either periodically or continuously. Whether tne
science experiments are conducted in a laboratory module in the Space
Station or on a free-flyer, these laboratories mav have to be removed
periodically and returned to Earth for updating and reconfiguration.
Certain experiments will be particularly "g" sensitive, and may not be able
to tolerate even the & 10'4-9 disturbance estimated from crew movement
onboard the station, or a possibly higher g level associated with the
thrust level chosen for orbit maintenance. Another design factor that
impacts scientific missions is that sensitive instruments will have to be
totally protected from sources of contamination. This i4% aiscussed more
fully in saction 6.0 an propulsion systems.

2.2.3 Crew Size

The number and timing of crew support for the Space Station is still being
defined in terms of mission objectives. Figure 2-18 illustrates the
projected number of crew memb2rs through the year 2005 assumed for this
study. The initial station would house 2 to 4 crew members, and would
subsequently increase to 6 to 8 by 1994, 8 to 12 by 1995, and would peak at
16 by the year 2000. The increase in crew size is based on the demand for
materials processing and experimentation.

2.2.4 Power Levels

For this study, station power requirements were expressed in terms of array
and net station power. The former is discussed in defai] in section 2.3.5
under Selar Array Parametrics, and is the power the solar array must pro-
duce to provide the net bus station power. Net station power is the power
that will be available for station operations. Power level requirements
depend on mission requirements and crew size.

The projected net power requirements for the Space Station at a low in-
clination (28.5 deg) were assumed to begin at relatively low levels (20 to
25 kW), increasing to over 115 kW. Figure ?-19 shows the projected net
power requirements by year through 2005 for both low and high inclinations.
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The range of power levels estimated in this study are based on the results
of the Boeing Space Station Mission Analysis Study (Contract NASw3680) for
NASA Headquarters. Subsequent data from the NASA Space Station Mission
Requirements Workirg Group (MRWG) indicate that power requirements will be
in the 125 kW range, growing to over 200 kW by the year 2000. The range of
array sizes considered in this study (see section 2.3.5) support station
power levels up to about 200 kW, based on silicon solar cell planar
technology.

2.2.5 Servicing Vehicles

Servicing vehicles deploy, retrieve, and service free-flyers associated
with the Space Station. Two vehicles have been identified to perform these
functions: an orbital maneuvering vehicle (OMV) that could handle small
payloads and delta-V requirements, and an orbit transfer vehicle (0TV) that
could handle larger loads and delta-V requirements. It is beyond the scope
of this study to develop complete design and operating concepts, but
vehicles that are representative of these options have been defined
conceptually. A detailed discussion of servicing vehicle configurations
and capabilities is contained in sections 2.3.7 and 4.2.3, respectively.

2.2.6 Free-Flyer Support Requirements

Free-flyer support and servicing requirements identified in this study
consist of deployment, maintenance, and propellant servicing, which are
addressed in more detail in section 4.2. Basically, free-flyer servicinyg
is accomplished in one of three ways: (1) the OMV or UTV services the
free-flyer in-situ; (2) the OMV or OTV retrieves the free-flyer, returns it
to the station, and then redeploys the free-flyer; or (3) the free-flyer
uses its own propulsicn system to effect rendezvous with the station and,
following servicing, redeploys itself.

2.3 Configuration Elements

The six major design drivers, the basic configuration families, and station
orientations considered in this study were described in the previous
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section., This section provides the configuration and parametrics for the
station core, solar array, radiator, free-flyer, and servicing vehicle
options, all of which provide the basis for the demands made on the
propulsion system.

2.3.1 Station Layout

Station orientation and mission requirements are the primary factors
influencing station layout. Clearly, an infinite number of configuration
variations could satisfy all requirements. This section provides a general
discussion of the factors that led to the layouts selected for this study.
Specific layouts selected and their rationale are developed in subsequent
sections.

A basic premise for all station arrangements was that each normally manned
moduie should have two separate means of egress to one or more manned
modules for emergency escape in case of fire, loss of air pressure reten-
tion capability, the escape of noxious or poisonous gases, or a host of
other unplanned events. Although dual-egress is not a Space Station design
requirement, it is used as a safety criterion and it mainly affects
selection of the pressurized module interconnect pattern. This, in itself,
has little influence on propulsion requirements or implementation.

Another issue that is still unresolved is whether to position the core
(i.e., pressurized modules ana attached facilities and equipment) in an
Earth-oriented or inertia]]y-driented mode. The principal source concepts
for this study were the SOC and the SAMSP. The SOC was Earth-oriented and
the SAMSP was normally inertially oriented. [t was our judgement that
mission needs and operational requirements tended to favor Earth-orien-
tation. The Earth-oriented mode sometimes places one of the station's
principal axes of inertia aligned with the Tocal vertical. This strategy
eliminates gravity-gradient torques if the station is truly Earth-oriented,
and the propulsion requirements are dictated entirely by drag and aero
torques. In this study, however, most Earth-oriented configurations
include Sun-tracking solar arrays and the inertial attitude-control results
of the study apply to this inertial component of an Earth-oriented station.
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2.3.2 Module Descriptions

Based on the already identified preference for a planar core configuration,
the Space Station core consists of habitat, laboratory, and Tlogistics
modules. The habitat module provides rest, recreation, and dining
facilities for the crew. The laboratory module provides facilities for
conducting various experiments that are performed within the station. The
Togistics module is used for resupply and contains consumables such as
fuel, food, water, clothing, etc. The logistics module is regularly
renlaced during Orbiter resupply missions. Module design, which is based
on STS payload carrying capability, provides for crew transfer, resupply or
waste storage, and experimentation. These pressurized moduies are
typically 14 ft in diameter and up to 40 ft long. Additional modules,
pallets, or payloads can be added by means of external attachment points,
The module configurations are shown in figures 2-20 and 2-21.

2.3.3 Core Configuration: Dense-Pack Versus Planar

The method for building up the Space Station from separate modules will
greatly affect operational, thermal, and propulsion requirements. Two
methods of buildup were examined in this study: dense-pack and planar
growth options. These were shown in figures 2-10 and 2-11. To expand on
the points already made, the dense-pack option minimizes the difference
between the principal axes of inertia, thereby limiting gravity-yradient
torques and allowing any orientation to be maintained. The position of the
solar arrays on long booms increases the magnitude of the overall inertia
mix so much that any balancing achieved by the dense-pack configuration is
outweighed by solar-array inertias. The disadvantages associated with the
dense-pack design are: operational workspace requiring Earth or stellar
observation would be limited; station assembly would be complicated by the
number of interfaces and close proximity of modules; thermal management
would be more difficult; and growth would be limited if the inner modules
required view factors to space or had to be replaceable. Therefore, the
planar core configuration was adopted, which posed none of these problems.
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2.3.4 Planar Core Growth

The assumed Space Station core growth scenario from a 2- to 4-man station
to an 8- to 12-man station is shown in figure 2-22. The initial (2- to
4-man) station consists of two habitat/service modules, a logistics module,
and an airlock. A dedicated habitat module and two pallets (which contain
experiment packages) are added to the station core to accommodate 4 to 6
men. The 6- to 8-man station size 1is achieved by adding a laboratory
module, a larger logistics module, and relocating the airlock and one of
the pallets. The largest core growth, intended for an 8- to 12-person crew,
includes another habitat module and another pallet.

A wide variety of core growth scenarios could have been selected, but the
foregoing method of buildup was adequate to determine related propulsion
requirements.

2.3.5 Solar Array Parametrics

Solar array parametrics include the placement, operating mode, size, and
geometry of the solar arrays. They affect or are affected by many other
design drivers: (1) array placement must not interfere with STS docking,
free-flyers, or service vehicle operation; (2) arrays are a primary
influence on inertia, balance, and drag; (3) power output from the arrays
places limits on crew size and Space Station habitability, operations, and
service missions; (4) radiator performance is dictated by array output; and
(5) the effect of the solar arrays on orbit decay influences servicing
strategies for the entire Space Station system.

As stated in section 2.1.2, before the findings of this study were known,
virtually all Space Station configurations with Sun-tracking arrays used a
cantilevered array arrangement. This study showed that cantilevered array
caused excessive secular gravity-gradient torgues and unacceptable control
requirements. The balanced array configuration (shown in fiaure 2-13) was
developed under Boeing IR&D to reduce the cross products of inertia. The
balanced arrays differ from cantilevered arrays in the way they are hinged
at the solar array mast. Instead of being hinged at the extreme end of the
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array, as is done for the cantilevered array, the balanced array hinge-
point is at the array geometric center,

o Solar array mass and power densities required for the Space Station have -
not been definitively specified. Table 2-2 lists the densities used to

study various configurations. The more conservative baseline densities

4 were provided by NASA-LeRC. Interim densities assumed that the array

technology raquired for the Solar Electric Propulsion Stage (SEPS) will be

developed. However, this technology and design approach may result in

arrays that are too fragile to survive Space Station operating conditions

in low Earth orbit.

Table 2-2. Comparative Solar Array Mass and Power Densities

Solar Array

L e A -

Configuration Power Density(W/m?l Mass Density(kg/mgl i :
i4
Baseline 105 2.5 ’ ?
Interim 129 1.56 %
. Polar and Sun-synchronous 129 1.56 y
{ . 1,
-

Projected power requirements for the initial station have continually
: increased since the inception of Space Station design. As of this report,
E power load estimates range from 35 kW to 140 kW, as shown in table 2-3.
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Table 2-3 FPower Requiremerits and Array Sizes

Solar Array

PRo PBoL
Power Array Mass Area
Cre+ Requirements  Power (kg) (mz)
Size (kW) (kW) Baseline*Interim** Baseline*Interim**
2-4 35 110 2613 1330 1946 853
4-6 70 210 5004 2540 200U 1624
8-12 140 420 9994 508U 4000 3256

*BOL/EOL = 1,33
*#See Table 4.2 for power and mass density.

a‘
. b.
i
a
‘¢ c.

Average power delivered to the station core from the solar arrays is
reduced by three factors:

Exposure to ionizing radiation degrades array power from the
beginning~of-1ife (BOL) to the end-of-life (EOL) by as much
as 254 over 10 years; or (EOL power)/(BOL power) = 0.75;

Only 60s of each orbit is in sunlight due to eclipsing
(assuming a 28.5 deg inclination in LEQ); therefore, the time
in shadow, ts’ is: ts = 0.4 x 90 min = 36 min;

0f the energy used to charge batteries or other storage devices,
only 60% to 70% is recovered.

These thres factors are taken into consideration in sizing the array to
- meet station oower requirements as shown in the following formula relating
e,

BOL array power to requ.:ad power levels:

t
P = P 1+( s >]<ML>(1 >
BOL R {j -
to ts ns EOL ﬂpd
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5 ; where
{
BOL °© BOL array power
PR = Power required -
ts = Time during which power is delivered from storage
(time in eclipse)

t0 = Orbit period (approx. 90 minutes)
g = Storage turnaround efficiency (net. energy out/energy in)

BOL/EOL = Beginning/End of Life power ratio

”pd = Power distribution efficiency

Solar array size varies inversely with energy storage system turnaround
efficiency and Space Station altitude. Higher altitudes lead to a |
requirement for slightly less array power because the occulted portion of 1
the orbit is reduced. The principal influence on array sizing, however, is
the efficiency of the energy storage system., The curves in figure 2-23 i
cover the efficiency range from 40s to 80 which encompasses the storage }
technologies considered for the Space Station. The data are based on E
Sun-tracking arrays. |

EETTRA

Array power sizing included a design margin, power distribution efficiency
("pd)’ and BOL/EOL power ratio over a ten-year lifetime. The result is
array beginning-of-life power capability approximately thiree times the net

T T U

joad requirement for the station. Array area sizing initially used a BOL
; power capability of about 130 watts/mz, and was later baselined at a con- }
' servative 108 watts/mz, as shown in Table 2.2 and used in Table 2.3.

v s

P

Figure 2-24 shows the array dimensions and geometry that were used in with
: the baseline configuration. The rectangular array deometry enables the
Ey : arrays to be efficiently packaged, transported by the STS, and assembled
easily on-orbit. Array aspect ratio (ratio of length to width), array
power requirements, and array power densities define array dimensions.
Aspect ratio has a significant effect on inertia cross products, field of i
view, and shadowing effects. Appendix A discusses the relationship between §
aspect ratio and cross-products of inertia.
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2.3.6 Radiator Analysis

Heat sources to the Space Station are direct solar radiation, reflected
solar radiation (from other station components such as the arrays and Earth
albedo), Earth radiation, internal electrical power dissipation, and crew
metabolic processes. Energy is lost from the station by radiation from the
modules and by thermal radiators. This study assumes that solar heating,
Earth radiation, and metabolic heating to the station core are approxi-
mately equal to radiation emitted from the station core. Therefore, for
preliminary design purposes, the electrical power dissipated within the
station must be rejected by the thermal radiators, which must be sized to
reject this maximum station power dissipation level under worst case
conditions.

A detajled radiator analysis was beyond the scope of this study and is of
interest only to the extent that it affects station drag and mass pro-
perties. Radiator efficiencies, weights, and operating characteristics
were taken from work done by Boeing under NASA Contract NAS8-34893, The
reader is referred to the final report, Volume Il of D190-27487-2,
"Advanced Platform Systems Technology Study," dated April 1983, for a
complete radiator analysis. For this study, the radiator is of the pumped
two-phase type comprising a series of parallel runs of plumbing wichin
which the two-phase fluid flows. The radiator operates at a constant
temperature (SOOF) because of the two-phase condensing nature of its

operation.
2.3.6.1 Radiator Design Considerations

Virtually all of the spacecraft launched to date have used a body-mounted
radiator system. Examples of these spacecraft include Skylab, Lunar
Excursion Module, Apcllo, Lunar Rover, Lunar Orbiter, Mariner-Venus-Mercury
Probe, Mariner, and Voyager. The STS design includes a variation of this
approach by having the radiator mounted on the inside of the payload bay
doors. The Space Statijon, however, is designed to use boom-mounted panels
for the following reasons:
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a. Body-mounted radiators located on the pressurized modules have
insufficient area to reject the Space Station heat load. Although
boom-mounted radiators will be used, they must be augmented by a
large thermal utility radiator panel.

b. Both radiation surfaces of the radiator panel can be used.

C. Modules can be added to the station without blocking the
radiator.

d. STS, 0TV, and other docking and proximity operations can
be conducted without radiator interference.

e. Boom-mounted radiator panels can be gimballed to provide
a minimum viewing angle with respect to the Sun.

f. Radiator changeout, if needed, may be more easily accom-
plished if the panels are boom-mounted and away from
other adjacent structures.

Radiator sizing and weight trends are depicted in figures 2-25(a) and
2-25(b). Life requirements for the station, including the radiators, is 10 s

years, during which the solar absorptance (as) to infrared emissivity (ei ) ‘
ratio declines from 0.4 to 0.8 (see figure 2-25(b)). :

r

A conservative estimate of the “s/eir ratio was assumed to be 0.8. It is _
readily apparent from figure 2-25 that, at 0.8 as/eir ratio, a severe size . QnQ
and weight penalty will be paid if a heat-rejection system is chosen that
does not use thermal storage. The beneficial effects of thermal storage
increase as the radiator becomes exposed to the Sun a greater percentage of
time, which can be seen by comparing curves 1, 2, 3, and 4 in figure
2-25(b). Figure 2-26 describes the North-South and East-West definition in
figure 2-25(b). The steerable off-Sun configuration, curve 4, is affected
the least, as would be expected. However, even a steerable radiator
benefits from thermal storage due to reflections, Earth albedo, and

increased Earth radiation on the sunlit side. Figure 2-27 depicts the

b et v D st o

50




Jybrap 80I0IS [RULIY] puR J0JBIpRY (Q)GZ-Z 9Nl enaxu9 Buizis 101eipey “(e)Gz-g ainbiy
( 3 /5 ®) IONVLLING HI/IINVINOSEY HVIOS { 3/3%) IONVLLINI/IONYLIHOSEY UVI08
ol 80 0 vo zo 0 0L G 90 o zo 0
v L 2 B R J v kg v v v L ¥ M ¥ - ¥ d ‘ ‘
SUA 0 { —— QAN -
fo— AN ke 1= 4
09 - 09
0oL -4 oot
X
« . 3
4 >
08l m <08t mw
< o M
-3 >
m . 2
a >
00z 5 400
N
= ~
x
g 1 z
S
oSz 4 osz
ol
_u@ -4 00€ 4 00¢
o~ IRt L
3-wairIienoar  ——  aoviols i -3 0i01aI8n0at o= J0VNOLE IVWWINLON ]
g(ﬁs.tso. MOiVICYY l.‘l iy ..,whuh ,‘OP,(-O(I NOULVYUNDLINOD NOLAVIOYY ll'- = NZL NOLYIOVY
ost




o 2 RADIATOR ORIENTATIONS
« NS
< EW

Figure 2-26. East-West and North-South Definitions

]
b
1
.
4
<
1

e ek aan e

‘k"
i
%:\;‘
R,
i
!
!
3
¥
‘ !
% 1
i :



ORIGINAL pAGe .
IS i

‘ -
) “ ;
N * FIXED ORIENTATION 1
: » |
; « CURVES 1 AND 2, FIGURES 2-25a &b |

It lgﬁwm.;
' ‘ll - ~11b~sl3;
”i’ | ;»;»;"yl}"‘

‘:cfl’hh I

}‘ A
i Wik 7

* SELECTABLE
« CURVE 3, FIGURES 2-25a &b

T

-k AR -

¢ STEERABLE OFF-SUN
» CURVE 4, FIGURES 2253 &b

Figure 2-27, Radiator Option Schernatics &

B mrac i "SI it

- k"‘,
v e
i
|
-
4
W

J ;
i
o
.
e
o
.

53

ey o e . . T, e



various generic radiator concepts. The schematic for the selected thermal
management system is shown in figure 2-28.

The fixed-orientation configurations, whose performance is shown by curves
1 and 2 in figure 2-25(a), require large radiator areas for space stations
that need 100 kW or more of energy. The fully steerable radiator, curve 4
of figure 2-25(a), depends on a leak-free fluid swivel, which has yet to be
developed. Therefore, a selectable radiator was initially considered. The
initial configuration chosen was a cruciform radiator arrangement mounted
on the boom between the station modules and the solar arrays (figure 2-29).
This configuration was acceptable in terms of radiator size and impact on

] i
station mass properties, but caused a relatively high aerodynamic drag.

Therefore, a steerble design was sought that caused minimal drag but had
better performance than the fixed-orientation design in figure 2-27.
Figure 2-30 shows a design concept that meets these criteria. The radiator
panel for this configuration is always parallel to the velocity vector
because the panel is perpendicular to the boom which is perpendicular to
the velocity vector. Because the outer boom segment is always perpendi-
cular to the Sun's rays (to point the solar arrays at the Sun), the
radiator panel is also always parallel to the Sun's rays. In essence, the
result is steerable radiator performance without a fluid swivel. However,
analysis revealed that both the cyclic and secular gravitygradient toryue
values are excessive for a cantilevered array configuration and are further
aggravated by the radiator paricls and split boom of the Figure 2-30 con-
figuration. The use of the balanced-array configuration and the hinging
only at the array geometric center overcomes moment and torgue problems.

2.3.6.2 Selected Radiator Design

The final radiator cocnfiguration is compatible with the balanced solar
array and causes only negligible drag due to constant panel alignment with
the velocity vector. This configuration (figure 2-31) allows the radiator
to pivot to partially compensate for the beta angle, while retaining the
single degree of freedom required for simultaneous alignment with the
velocity vector. This new configuration is hinged at the boom with the
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hinge line parallel to the velccity vector., The radiator is pivoted on

this hinge and driven by an actuator to reduce the area presentea to the
Sun,

Radiator weight, as opposed to heat rejection system weiyht, does not

include the thermal storage material. This material is assumed to be

included within the station modules and its weight is agcounted for in

their weights. Radiator panel weight, used separately for moment and
. torque calculations, is 5.86 kg/m2 (1.2 1bm/ft2) of radiating area. The
| radiator area factor from figure 2-25(a) is 6.5 mz/kw (70 ftz/KW).

The partially steerable radiator can be mounted to a boom or to an Earth-

oriented Space Station core., The beta angle rotation places the radiator ‘
edge~on to the Sun when the vehicle is passing over the local noon

meridian. The Sun elevation on the radiator is given by

Sin g = Sin Bcos B(l-cos 8)

iy 3 ol e s i e ol

where 8 is the orbit angle starting at zero over the noon meridian. This
function peaks during the shadowed period of the orbit. For high beta
angles, the solar input averaged over an orbit is 15, to 20, of a normally
illuminated radiator. The adiabatic temperature for this radiator without
selactive coatings is about -40%, compared to about 75°C for a normally
iTluminated radiator.

2.3.7 Servicing Vehicle Configurations foa

The two types of servicing vehicles that have bee~ identified for
free-flyer support are the Orbital Maneuvering Vehicle (UMV) and the
Orbital Transfer Vehicle (OTV). The configurations shown in this section
are taken from previous in-house studies. They are representative of
vehicles that may be used and are not intended to imply recommendations of
any particular vehicle design. Their capabilities are presented because
they have a bearing on free-flyer propulsion r¢quirements.
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2.3.7.1 Orbitai Maneuvering Vehicle (QOMV)

Figure 2-32 depicts the selected OMV concept, which is taken from an

in-house BAC study. The OMV can fly preprogrammed trajectories, as well as

be controlled or reprograamed from the aft flight deck or the ground. The o
lightweight airborne support equipment (ASE) cradle may be conveniently

positioned along the payload bay length where it is attached by standard

sill and keel fittings. The cradle supports the OMV during the Taunch and

re-entry phases and houses the antennas, communication, video, and other

avionics ASE necessary for vehicle man-in-loop control from the STS aft

flight deck. The following is a summary of proposed OMV subsystem

functions:

0 Viewing

. W e e Al

A viewing subsystem consisting of two monochrome television cameras:
one rigidly mounted with a fixed lens, and one with a zoom lens having
pan-tilt capability to provide scene information for observations.

B W

o Docking | ;

The viewing subsystem s also used in conjunction with a range and
range-rate radar sensor, and a docking interface that uses the remote
manipulator system and effector for docking to another spacecraft.

. 0 Guidance and Control

A guidance and control subsystem performs the guidance,and navigation, v,
and attitude control functions. An inertial reference unit, updated by ) y
star trackers, provides the OMV attitude, whiije navigation and
ephemeris information are provided by a global positioning system ' M
: receiver and processor. Control commands are computed by one of the
K dual redundant computers and routed to the main propulsion or reaction
R control subsystem via the valve drive electronics.

—t

R ———
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Figure 2-32. Orbital Maneuvering Vehicle Concept
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0 Propulsion

The propulsion subsystem includes eight throttleable main thrusters
(111 to 556 in. or 25 to 125 1bf) and 24 67-in. (15 1bf) RCS thrusters.
A common, pressure-regulated monopropeli:i~t hydrazine feed system is ,
used for both types. A cold gas reactius iuatrol system is available '
as an add-on component for proximity maneuvers near sensitive space-
craft. The variable thrust main engines provide pitch and yaw control i
during main burn, |

0 Power

The electrical power and distibution subsystem provides for the stor-
age, distribution, regulation, and control of the electrical power.
Silver-zinc (AgIn) batteries store the electrical power. Solar arrays
and rechargeable nickle-cadmium batteries are available for missions
lTonger than 24 hours.

s aramie oy e WSS oI g e vewvn ol

[ C—

0 Epvironmental

Thermal louvers and multilayer insulation blankets provide passive OMV
thermal control to the maximum possible extent. Electrical resistance
heaters are installed on propellant tanks and lines to prevent propel-
lant freezing under certain orbital conditions.

o e T pes oo s e+

2.3.7.2 Orbital Transfer Vehicle (OTV) oy

The OTV is a high-performance, space-based vehicle that uses liquid
hydrogen (LHZ) and liquid oxygen (LOZ) as propellants. The configuration
shown in figure 2-33 and used in this study is taken from the Future OTV
study performed by BAC.1 The viewing, docking, environmental control, and

guidance and control functions are similar to that described for the OMV.

1 Eldon . Davis, "Future Orbital Transfer Vehicle Technology Study,"
NASA CR 3536, Contract NAS1-16088, May, 1982,
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Hydrazine thrusters provide attitude control. Electrical power is provided
by fuel cells using super-critical hydrogen and oxygen (from separate tanks
Tocated in the OTV intertank area).

The OTV is initially carried to orbit in the STS payload bay without
propeliant or payloads. Payload, fluids and spares for the OTV are
delivered to the Space Station and OTV by the STS. Before each flight, the
0TV is serviced, and ~ayloads, and consumables and flight programs are
loaded. Flight operations for a typical LEO-to-geosynchronous Earth-orbit-
(GEO)-transfer involve a total delta-V of 4,300 m/s. Once back at the
base, the OTV is housed in a hangar that protects it from space debris and
serves as a maintenance facility. OTV housekeeping needs (power, thermal,
and data links), are provided by the Space Station.

2.3.8 Free-Flyer Configurations

Four free-flyers, which are representative of the various cypes that may be
serviced by the Space Station, have been analyzed in this study: (1) a
free-flying propellant farm; (2) a tethered propellant farm; (3) a slack-
tethered power generation module (STPGM); and (4) a space application and
science platform (SASP). These free-flyers will either be in the same
orbit or be at a slightly differing orbit inclination and eccentricity so
that they appear to orbit around the Space Station. Section 5.7 describes
the propulsion requirements associated with these different free-flyers.

2.3.8.1 Free-Flying Propellant Farm

Propellant for the servicing vehicles (OMV and/or OTV) ~~ stored in a
free flyer to increase safety, prevent contamination due to ikage, keep
progellant slosh jsolated, provide trermal isolation, and reduce Space
Station center-of-mass variations, The design criteria used in this study

for the propeilant farms were the following:

a. Components must fit within the STS cargo bay.

64

A e s Ll

e e A

e e mr—




g

b. There must be sufficient capacity for 3 OTV and 10 OMV
refuelings.

c. Therz will be no on-orbit pressure-vessel fabrication.

d. Pressure vessels must be made from structures that
exist at the time of "farm" fabrication.

e. Simplified on-orbit assembly will utilize flat panels
that fit within STS cargo bay.

f. Propellant farm must be protected from space debris
originating from natural and human sources.

The free-flying propellant farm is shown in figure 2-34, The large
box-shaped section contains four LH2 tanks that are identical to those used
on the space-based 0TV. Three of these tanks contain LH2 (for three QTV
refuelings) and the fourth contains LO2 sufficient for three UTY
refuelings. The capacity of three O0TV's is 97,978 kg (216,000 lbm) of
propellant. At a mixture ratio of five parts LO2 to one part LH2 (by
weight), the L0, requirement is 81,648 kg (180,000 1bm). Tnis mass of Lo,
occupies 71.56 m3 (2527 ft3), or about one 0TV LH2 tank volume. The
arrangement of the LH2 and LO2 tanks is depicted at the bottom of fiyure
2-35. The free-flying farm (untethered) has the LO2 tank adjacent to the
triangular section. For simplicity, and because the OMV propellant
selection is unknown, it is assumed here that the propellant will be
hydrazine. Hydrazine sufficient for 10 OMV refuelings occupies 23.34 rn3
(824 ft3). Because one 0TV LO2 tank volume is 24.1 m3 (850 ft3), an 0TV
LO2 tank is selected for the hydrazine storage. Figure 2-35 shows that the
hydrazine tank is located within the triangular section extending to the
right of the box-like section. One concern associated with hydrazine is
its relatively high freezing point (35°F). The LO2 tank is located
adjacent to the hydrazine tank to minimize heat loss from the hydrazine

(the L0, storage temperature is ~297% while the LH, storage temperature is
-423%),
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The free-flying propellant farm is Sun-oriented. A Sun shield, featuring a
flexible optical surface reflector (FOSR) for low-energy absorption, is
used over the entire surface of the rectangular 10m x 1llm face at one end
of the box. FOSR has a solar absorptivity to infrared emissivity (as/eir)
ratio of about 0.1 and provides good thermal isolation for the box section
that contains the cryogens. The Sun-facing side of the triangular section
containing the hydrazine tank is covered with a 5-kW solar array to
generate power for command, control, and communications functions, heaters
for hydrazine freezing prevention, electronic and electrical equipment,
pumps, and instrumentation. The heat emitted by the backside of the solar
array will help maintain the hydrazine above freezing and keep the
electronic equipment warm. The flat sides of the triangular section are
radiator panels whose relatively warm surfaces will also help keep the
hydrazine tank warm. All other surfaces will be covered with FOSR or a
paint with a favorable aS/ETF ratio.

Electrical and electronic equipment is located within the triangular
section to the extent possible. The flat panels that make up the exterior
of the farm provide meteoroid protection for the hardware inside.

A docking mechanism that incorporates umbilicals for C3 and propellant
transfer is located on the side away from the Sun. Attitude control and
orbit makeup is achieved by small thrusters that utilize the boiloff as
propellant, These thrusters could be the GOZ/GH2 bipropellant type, simple
602 or GH2 blowdown type, or may be GO2 or GH2 resistojets, depending on
performance requirements. There will probably be very little, if any, 02
boiloff since the H2 boiloff can be used to reduce the heat leak into the
O2 tank to virtually zero. An analysis of the optimum approach requires a
detailed propellant farm analysis, which is beyond the scope of this study.

A weight breakdown for the free-flying propellant farm is shown in Table
2"41
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2.3.8.2 Tethered Propellant Farm

The tethered farm, shown at the top of figure 2-35, consists of a boxlike
portion, which is very similar to that described in the previous section
for the free-flyiny farm, and a pyramidal section attached to the box
portion. The hydrazine tank and the electrical and electronic equipment
are located within this pyramidal area. A radiator is located on the sides

of the pyramidal section. All surfaces, except for the radiator, will be
covered with FOSR. The radiator area is larger for the tethered farm than
for the free-flyer because the surface isn't always shielded from solar
heating. There is no solar array because power is obtained from the
station via the tether, as are C3 functions. The docking mechanism is
located at the apex of the pyramid with the propellant transfer umbilicals.
The tethered farm will be gravity-gradient stabilized and, therefore,

Table 2-4, Weight Breakdown for Free-Flyer Propellant Farm

MASS
ITEM (kg) {1bm)
Tankage
LH2/L02 1,415 3,120
N2H4 163 360
Docking Mechanism 249 550
Meteoroid Protection 2,624 5,785
Structure 2,177 4,800
Solar Array 54 120
Radiator 145 320
EMPTY WEIGHT 6,466 14,255
Propellant
L02 81,648 180,000
LHp - 16,330 36,000
N2H4 (hydrazine) 24,252 53,465
PROPELLANT WEIGHT 122,229 269,465
TOTAL FULL WEIGHT 128,695 283,720
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attitude control may be required during docking or other disturbances and
would Togically be provided through the use of LO2 and/or LH2 boiloff, as
discussed for the free-flying farm. Control of tethered vehicles is beyond
the scope of this study. However, a tethered propellant tank farm would
most 1likely be reeled in, except during propellant transfer operations.
When reeled in, the center-of-gravity of the station could be near the
station core. Net gravity forces at the core will be small enough to
permit zero-gravity laboratory operations and the core-based propulsion
system could effect reboost without exciting tether motions.

A weight breakdown for the tethered propellant farm is shown in Table 2-5.

Table 2-5, Weight Breakdown for Tethered Propellant Farm

ass
Item (kg) (1bm)
Tankage
LHZ/LO2 1,415 3,120
NoH, (hydrazine) 163 360
Docking Mechanism 249 550
Meteoroid Protection 2,313 5,100
Structure 2,177 4,300
Solar Array 54 120
Radiator 184 405
EMPTY WEIGHT 6,139 13,535
Propeilant
LO2 81,648 180,000
LH2 16,330 36,000
N,Hy (hydrazine) 24,252 53,465
PROPELLANT WEIGHT 122,229 269,465
TOTAL FULL WEIGHT 128,369 283,000
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Martin Marietta is currently conducting a tethered propellant farm study
for JSC under contract NAS9-17059.

2.3.8.3 Science and Applications Space Platform

The science and applications space platform (SASP) defined by the Marshall
Space Flight Center is a free-flying vehicle that can be adapted to a wide
variety of payloads. Figure 2-36(a) shows SASP and some of the projected
configuration options. The SASP is assumed to be in the same orbit but
ahead of the station by 10 to 50 km. The SASP design provides a highly
modular system for:

a. Low-cost initial use with extended-duration spacelab
payloads.,

b. Conservative escalation of mission capability.

c. Flexible adaptation to the wide variety of payload
sizes, groups, and orbits being planned.

The SASP design is also intended to simplify payload integration, increase
the flexibility of platform use, and optimize the platform, power system,
and payload functions.

- i gy

This Tong duration, multi-payload, free-flight vehicle is designed to carry
a wide variety of payloads and may accommodate certain overloaded mission '
support elements, such as data relay satellites. Payloads that will &nq
particularly benefit from the SASP include payloads:

a. that have similar orbit altitude and inclination
requirements;

b. whose budgets preclude investment in dedicated ;
free-flyurs;
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Figure 2-36(a). SASP Configuration Options
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Figure 2-36(b). SASP Flight Mode

72




A

Sy

g —

¢c. that have previously flown on Spacelab pallets
for a short duration in the STS sortie mode and
would benefit from the advantages SASP can offer;
and

d. whose flight durations range from a few months to
a few years, or those requiring periodic return to
Earth, on-orbit modification, maintenance or replenish-
ment. In these instances, the costs of dedicated space-
craft and multi-rendezvous STS services would be pro-
hibitive for separately flown payloads.

e, whicly, when grouped for maximum synergism, are of
significant size and constitute a multi-STS delivery
operation and, thus, reguire a centralized orbit rendezvous,
assembly, and resource facility.

In general, the SASP satisfies payload needs by centralizing resouces,
being available as a "rental" facility for long- or short-term users, and
enabling the STS to support a number of payloads at once.

Although the SASP has a broad range of potential uses, it is not generally
thought of as a vehicle for payloads that have unique orbits or that would
have untenable interfaces with the SASP by virtue of physical or operating
features or sensitivities,

Most of the missions Tor the SASP require inertial pointing (of tne
payload) or have no pointing preference. Accordingly, an orientation that
does not require two degrees of freedom with an electrical slip ring for
Sun tracking is favored. Several orientations were investigated in the
SASP studies; the one depicted in figure 2-36(b) is representative.

In this orientation, the body of the spacecraft is perpendicular to the
orbit plane (X-POP). The solar array is in the orbit plane and the vehicle

is rolled around its X-axis so that the solar array is perpendicular to the
Sun 1ine (Y-PSL). In this attitude, the thermal radiator is always edge-on
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to the Sun and a single-degree-of-freedom beta-tilt is sufficient to track
the Sun.

decause the SASP is a relatively simple, regular configuration, the
inertial principal axes are closely aligned with the body axes. The
orjentation described places twn of the principal axes in or nearly in the
orbit plane, thereby nearly eliminating secular gravity-gradient torques.
Cyclic torques about the X-axis occur and are readily controlled by
momentum management devices.

2.3.8.4 Slack-Tethered Power Generation Module

Solar arrays significantly affect Space Station operations because of their
size, loction and ori:ntation. They are relatively large items located on
long booms on either side of the station and are Sur-oriented, wihile the
station core (for the cases studied here) is Earth-oriented. The relative
movement of these two major (and massive) hardware items has significant
impact on station propulsion requirements.

To overcome these difficulties, the power generation system could be
isolated from the rest of the station. Transmitting power to the station
might he done with microwaves or via a transmission line. The propulsion
reqiirements of a free-flying power generation module using microwave
transmission would not differ significantly from those of the SASP
discussed praviously.

The power generation module would have a much smaller ballistic coefficient
than the core vehicle., Such tethered combinations experience large aero
drag torques and may have two stable attitudes depending on atmospheric
c¢ensity, as shown in figure 2-37. To avoid these and other complications,
e elected to examine a slack-tethered power generation module. A slack,
as opposed to a taut, transmission line (tether) prevents disturbances such
as docking, attitude change maneuvers, and gravitv-gradient forces from
being transmitted from the station to the free-flyer. A system
incorporating a taut tether, i.e., the tethered propellant farm previously
discussed in tnis section, does transmit disturbances through the tether.
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Additionally, gravity-gradients cause a body force to exist at either end
of the tether. However, an analysis of forces that are transmitted
through either a taut or slack tether is beyond the scope of this study.

The slack-tethered power generation module (STPGM), shcwn in figure 2-38,
is envisioned to consist primarily of two large solar arrays on booms with
a central power module for power conversion and conditioning. The tether
is attached at the power module and a gap is provided between the arrays to
facilitate tether movement as the station and the STPGM move relative to
each other. An evaluation of this movement is beyond the scope of the
current study. A small radiator, to dissipate power lost in the processing
equipment, extends from the power module. A docking mechanism to
facilitate servicing is also provided.

Transmission Line Losses for the STPGM. Solar arrays generate power at
relatively low voltage levels (200V is typical). Higher voltage levels can

be achieved, but the low-~density plasma in LEO causes arcing at voltages
above abcut 200V. Electrical power (P) delivered through a conductor can
be expressed as P = EI. [t is apparent that, for a given power level, a
Tow voltage (E) requires a high current (I). However, because power loss
due to resistance (R) can be expressed as P = IZR, there is an advantage to
reducing the current, and therefore, increasing the voltage. O0f course,
resistance must be minimized, but for the STPGM application, weight, size,

and stitfness impose limits for conductor design.

Figure 2-39 1illustrates the effect of voitage on line losses for a given
conductor. It shows that an order of magnitude reduction in 1ine loss can
occur if the voltage can be raised from 200V to 600V. Therefore, the
system requires a transformer to step up the voltage from the array for
transmission to the station via the slack tether and then to step it down
again for use at the station. However, since transformers work only with
alternating current, whereas the array produces direct current, a dc tc ac
inverter is also required. Figure 2-40 depicts a system concept for
accomplishing the dc to ac conversion and the required voltage changes that
were adapted from a Westinghouse design. Westinghouse Electric (and,
presumably, other manufacturers) produces various inverter types and sizes,
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as listed in Table 2-6.

Further development of this concept is beyond the scope of this study. It
is assumed that a viable system is within or close to the state of the art.

STPGM Tether Design. The tether must be highly flexible to minimize the

forces on both the station and the STPGM, which will affect stationkeeping
requirements. The selected tether concept is a flat copper strip 7.6 cm (3
in) wide and 0.38 cm (0.15 in) thick, This tether will resemble a ribbon
and is highly flexible. Electrical insulation, with a low solar absorp-
tivity and emissivity coating, will cover the copper strip. The necessary
conductors for C3 will be embedded in the insulation.

In summary, a tether allows for the transfer of datz, power, and possibly
thermal working fluids. On the other hand, untethered satellites can:
maintain orbits widely separated from the Space Station, thereby
eliminating disturbances and contamination; obtain greater pointing
accuracy; and have a range of orientations beyond that allowable for the
station.

2.4 Configuration Summary

The configuration analysis surveyed a range of Space Station and platform
configuration options, and selected certain ones as representative of those
characteristics that generate propulsion requirements. These represent-
ative options were used for the balance of the study.

The solar array configuration has a predominant effect on Space Station
propulsion requirements through its contributions to aerodynamic drag and
gravity-gradient torques. We elected to concentrate on articulated
Sun-tracking arrays even though a number of innovative concepts that did
not Sun-track were being actively investigated by other studies during this
period. It was our judgement that the mass and cost penalties incurred by
not Sun-tracking outweighed any advantages.
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Table 2-6. Typical Westinghouse Inverters

81

*Doane for 60 Hz system—this weight weuld be significantly reduced if a higher
frequency was used,

Continuous Number & Type Continuous Speed Range  Dimensione-inches Weight*
Kva Power Stages Induction  Synchronous Height Depth Width  ibm
:'( 50 4/35 4l 3.1 80 30 30 1200
’ 60 4/70 4.1 3.1 80 30 30 1300
. 75 4/70 4.1 a.1 9 35 30 1400
\ 100 8/76 6.1 5.1 9 30 30 1700
| \ 125 8/70 8.1 7.1 80 30 60 2000
. 150 10/70 10.1 9.1 9 30 60 2300
175 10/70 10.1 9.1 30 30 60 2600
~ 200 12170 12.1 1.1 % 30 60 2900
o 250 71150 7.1 6.1 90 30 90 3800
300 9/150 9.1 8.1 9 30 120 4700
350 10/150 10.1 9.1 90 30 120 5000
400 12/150 124 1.1 90 30 150 6000
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During the period of this study, new insights into Space Station needs and
requirements were being developed by NASA and its contractors. Two of
importance to Space Station propulsion dealt with power lev:ls and shuttie
direct insertion.

The Space Station mission requirements working group in May of 1983
identified requirements for power to Space Station users in excess of 60 kW
at the beginning of Space Station operations, and .more than twice that at
the end of a ten-year operational period. Earlier studies had assigned
much smaller values to user power needs; the net result was that Space
Station solar array area estimates roughly doubled.

Also during this period, "direct insertion" was identified as a viable
flight mode for the space shuttle. Whereas earlier Space Station studies
had concentrated on mission altitudes in the range of 350 km to 400 km,
direct insertion readily permits altitudes of 500 km or maore. Inasmuch as
there are valid mission reasons to adopt the higher altitude, the various
Space Station studies quickly did so. This change in altitude reduces the
importance of drag enough that attitude control factors are much more
significant in setting propulsion requirements.

Most of the configurations selected for detailed study were Earth-oriented
and located in a 28.5° inclination orbit. Station sizes corresponded to
2-4, 4-6, and 8-12 crew members. Solar array sizes from 1000 to 4000
square meters were considered, covering the power range of interest. High-
inclination options we:2 also considered because they tend to have much
lower power needs and are constrained to lower altitudes because of the
reduced performance capability of the space shuttle at high inclinations.

There are several free-flyers described that are representative of those
that might be developed and offer alternatives to certain Space Station
design elements: two tethered variants (the tethered propellant farm and
the slack-tethered power generation module), a compact and low area-to-
mass ratio vehicle (the free-flying propellant farm), and the high
area-to-mass ratio vehicle (SASP). The Space Station "system" also
includes servicing vehicles tha. perform a range of activities, from
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transferring paylonads between the STS (Orbiter), Space Station, and/or
free-flyers, to performing rescue operations. The OMV and OTV servicing
vehicles can effectively accomplish short- and Tlaong-range missions,
respectively. Although these vehicles are perfectly satisfactory for a
wide variety of missions, the baseline OMV has excess capability for those
missions in the immediate vicinity of the station.

Therefore, these configuration "elements" form the basis for the remaining
ana'ysis, which encompasses environmental effects, servicing strategies,
and propulsion/propellant requiremants.
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3.0 CONFIGURATION/ENVIRONMENTAL EFFECTS

This section evaluates how environmental factors, such as aerodynamic
torques, drag, and gravity-gradient forces, influence configuration design.
Propulsive and non-propulsive means for countering these effects are also
introduced, which are discussed in more detail in section 5.0.

3.1 Mass Propert'es

The term mass properties refers primarily to products of inertia, rather
than to mass in the normal usage. The mass properties are derived from the
distribution of mass of station components. It was shown during the study
of the various Earth-oriented Space Station configurations that, in many
cases, the core configuation has a relatively small role in determining the
overall mass properties of the station. The solar array arrangement and
the Orbiter docking configuration assume much greater roles in affecting
station mass properties.

The planar, Earth-oriented station configurations carried forward in this
study (in three distinct growth stages) have Earth-oriented cores and
arrays that track the Sun. The solar arrays have two axes of rotation with
respect to the core as seen from Figure 2-13. The rotation of solar panels
about the Y body axis accounts for the orbital angle, referred to as theta
in table 3-1. The rotation of the solar panels out of the orbit plane
allows solar tracking. This Sun angle is referred to as beta and varies
seasonally from -52 deg to +52 deg (for a 28.5 deg inclination orbit
plane). Appendix A provides a detailed analysis of the solar array motion.
The inertia tensors for the arrays without the core listed in table 3-1 are
the result of this analysis. Due to the solar panel rotation, the products
and cross products of inertia for the solar panels are not constant when
they are referenced to the station core body frame. For a given solar
array area, the inertia terms are a function of the mass, the array aspect
ratio (ratio of length to width), the Sun angle (beta), and the oroital
angle (theta). Table 3-1 lists the baseline solar array inertia tensors as
a function of the Sun and orbital angles for both the cantilevered and
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Table 3-1, Baseline Solar Array Inertia Tensors (1,000 kg-mZ2)
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balanced arrangements. The area, mass, and aspect ratios for the baseline
configurations are listed in table 3-2. (Appendix A provides solar array
mass properties as a function of aspect ratio). As mentioned in sectioi
2.3.5, the baseline array mass and power densities are more conservative
than those assumed for the interim, Sun-synchronous, and polar
configurations, The power requirements are also higher for the baseline
configuration. Baseline radiator areas are 477, 911, and 1822 m2 for the
2- to 4-, 4~ to 6-, and 8~ to 12-man stations, respectively.

The advantages of the balanced array configurations are evident from table
3-1, The cross products of inertia for worst case theta and teta angles,

are in many cases, considerably more than an order of magnitude larger for

Table 3-2. Baseline Solar Array Characteristics

Number Men 2 to 4 4 to 6 8 to 12
Area (mz) 1046 2000 4,000
Mass (kg) 2613 5000 10,000
Aspect Ratio 1.01 3.08 1.54
BOL Power (kW) 110 210 420

the cantilevered arrays. As discussed in Appendix A and section 3.3
(Gravity Gradients), a reduction in the cross products of inertia has a
significant ef{2ct on reducing gravity-gradient torques and momenta.

Table 3-3(a) lists the inertia tensors for the baseline planar core
configurations. These tensors are constant since they are referenced to the
station core. Two sets of inertia tensors are shown for each of the core
configurations. The first tensor is for the Space Station only, while the
second includes a docked Orbiter and orbital maneuvering vehicle (UMV).
Thi: cable graphically illustrates the importance of Orbiter docking on
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Table 3-3(a). Baseline Planar Care Mass Properties

UNDOCKED DOCKED (OMY AND ORBITER)
CREW SIZE , :
{PEOPLE) MASS INERTIA TENSCOR MASS INERTIA TENSOR
{kg) (1,000 kg-m2) k) (1,000 kg -m2) |
" k
1072 0 0 18,608 8,106 -1,689 . ;
24 | 68534 n 1,751 0 150,642 6,106 17,952 -1,493 :
o 0 1,673 -1,689 -1,493 18,753 ;
3,489 o 19 22,484 0 -12,878 “
46 102,804 0 3376 0 224,912 0 40,397 0 .
19 0 3,284 -12878 0 23,082 ]
o0 3
12,310 0 326 35,272 o -10666 | o !
812 153,450 0 9,823 0 275,558 0 44,460 -455 | & :
326 0 7 447 -10,666 -465 20,083 g
. 3
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Table 3-3(b). Mass Properties for Baseline Earth-Oriented, 28.5° Inclination Space Station

{
"
»

st | ot
- CREW SIZE DOCKING STATION OFFSET (M)
} STATION TYPE | CONFIGURATION | MASS (KG) | MASS
; AND ARRAY SIZE mke) |y 2
\
, NO DOCKED 77,718 00098 0 0.79
¢ 2 TO 4 MAN VEHICLES
SCIENTIFIC
o 046m?2 OMV AND 199,820 00063 | —3.87 |—041
f 1 ORBITER
NO DOCKED 113,125 00128 ¢ |-o0.10
2 470 6 MAN VEHICLES
4 SCIENTIFIC
3 OMV AND 235233 0.0073 0 3.91
E 4 2000m2 ORBITER
E, 1 NO DOCKED 120,120 00129 |-0.17[-1.29
-t VEHICLES
2 4TO 6 MAN
- ¥ CONSTRUCTION I™"omv AND 278,687 00068 |-034| 3.25
3 2000m ORBITER
A
NO DOCKED 166,132 0.0168 0 1.65
VEHICLES
g 8 TO 12 MAN }
b SCIENTIFIC OMV AND 288239 | 00107 | 0 |-366
R 4000m2 ORBITER
E , NO DOCKED 178 546 00163 001 |~ 4.01
= VEHICLES
L 8 TO 12 MAN
: CONTF;UCT'ON OMV,OTV,AND | 338301 00004 |—0.28 |~5.58
4000m ORBITER

BASED ON AVERAGE AREA PROJECTED IN DIRECTION OF TRAVEL OVER THE
ENTIRE ORBIT
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mass properties, The station core without the docked Orbiter is well
balanced, whereas the station core with the Orbiter is an unbalanced
configuration, thereby caus!ng attitude maintenance problems.

To determine the mass properties of a baseline Space Station configuration,
it is neressary to add the inertia tensors in tables 3-1 and 3-3(a). Note
that the undocked core cross products of inertia are negliaible compared to
the solar array cross products. These tables, used in conjunction with
data in section 3.3, provide an estimate of momentum and propellant
requirements due to gravity-gradient effects. Additional mass properties
for the baseline stations are shown in table 3-3(b).

Mass properties for the Earth-oriented, 28.5 deg, interim configuration
with and without various docked vehicles, are shown in table 3-4., These
configurations used the cantilevered array exclusively. The station cores
for the interim configuration are identical to those in the baseline
configuration. The differences between ther: are in the power level, solar
array efficiency, and radiator design. Table 3-5 shows the mass properties
of the polar and Sun-synchronous stations, with and without the Orbiter
docked. The mass properties of free-flyers defined in this study are snown
in table 3-6,

3.2 Aerodynamic Force Effects

There are two primary disturbancez {hat affect the pcinting and orbital
stability of the Space Station: aerodynamic effects and gravity-gradient
torques. The relative magnitude of these disturbances is a function of
altitude, orientation, configuration, and atmospheric density. An example
of aerodynamic and gravity-gradient torques as affected by altitude for
cantilevered arrays is shown in figure 3-1. The figure was plotted for one
of our selected configurations as noted. Aerodynamic torque is, of course,
linearly dependent on the offset distance between center of pressure (CP)
and center of _.avity (CGB), and hence quite sensitive to configuration
details. The main point to be made here is the great reduction in

significance of aerodynamic drag at the higher altitudes. Other
disturbances that perturb the orbit or affect station pointing
89
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Figure 3-1.  Relative Environmental Torque Magnitudes
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include Earth triaxiality, lunar and solar gravitational harmonics, solar
pressure, and magnetic torques. Magnetic torques can be used t¢ counter
aerodynamic and gravity-gradient torques (see section 3.4). The other
disturances are small, for the configurations and altitudes studied,
relative to aerodynamic and gravity-gradient effects, and have been deleted
from further analysis. Gravitational harmonics are discussed in the
section on orbit decay (3.2.3).

There are two separate phenomena that are caused by aerodynamic influences:
aerodynamic torques and aerodynamic drag. These effects are proportional
to atmospheric density, which is a factor up to about 1,000 km. The deter-
mination of atmospheric density and the assumptions made about orbit decay,
momentum sizing, and propellant resupply, as well as total impulse re-
quirements, are critical in determining propulsion; servicing, operating,
and even configuration requirements.

3.2.1 Air Density at Low Earth Orbit

Atmospheric density is difficult to estimate accurataiy. The density at a
given altitude may vary by a factor of five from the sunlit to the dark
side of the orbit and by a factor of two depending on the latitude and
Tongitude. Density will vary with the season by as much as a