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P_F_E

The 1983 Appllcatlons of Tethers in Space Workshop was an

important forum for diversity of scientific and engineering opinion

about the prospective uses of tethers in space. The technical

arguments_ glven in the resulting Workshop Proceedlngs_ supporting the

development of the Tethered Sate111te System are carefully reasoned and

thoroughly sound. The scientific uses of the new facility are striking

in their importance and breadth. Overall_ we are very impressed with

the sheer enthusiasm which pervades the entire document. It is clear

that this cooperative U.S./Itallan project has struck many resonances

with a broad range of potential users of space platforms.

In fact_ we wonder if the support given to the Tethered Satellite

System Isn°t an expression of technlcal pleasure derived from the quick-

enlng pulse of manklnd_s ability to explore and utillze space. The

opportunity to conduct operations from multiple platforms orbiting Earth

can be viewed as another llberatlon step in our abillty to move freely

throughout the solar system and, perhaps, even into deep space.

The presentations contained within the Workshop Proceedings

consider many different appllcatlons. Some of the topics are clearly

more mature_ in a technical and scientific sense, than others. Yet_

this is the time to have speculative thoughts and novel ideas. The

passage of time and confrontations with technical and flscal reallty

will winnow the collectlon into a harvest of rich technlcal producti-

vity.

We commend these proceedings to the reader as an important

document demonstrating both curent engineering and scientific percep-

tions concerning tethers in space and as a guide to many ideas whose

time will come in the future.

Peter Banks

Carlo Buonglorno
I December 1983
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FOREWORD

The "Applications of Tethers in Space" Workshop was held at

Wi11iamsburg, Virginia, on 15-17 June 1983. The workshop was sponsored

by the Office of Space Transportation (OST) and Marshall Space Fllght

Center _SFC) of the Natlonal Aeronautics and Space Administration (NASA).

The goals of the workshop were:

• To provide a focus for, and a review of, technological

opportunities and requirements for the application of

tethers in space.

• To brief aerospace planners and specialists on the

nation's space program plans for the Tethered Satellite

System (TSS) and on NASA's current efforts for

developing effective, tether applications.

• To delineate a data-base of methods, techniques, and

technologies whlchmay prove effective in the design

and development of tether systems for use in the space

program.

• To aid in planning OST's tether applications program

by identifying applications technologlcal needs and

promising research topics and approaches.

• To insure that all parties involved are aware of

significant programs in industry, academia, government

and internatlonally which may be helpful in determin-

ing optimal tether roles for future space missions.

The workshop served to continue the dialogue between the tether

community and the space program's planners, researchers, and operational

staff. The focus for continuing this dialogue will be a tether research

program which is being supported by NASA's Office of Space Transportation

to begin in 1984. The goal of the research program is to develop an

empirical data base for determining application optimal roles, procedures,

and interfaces for a tether space program. This includes ground

operations as well as on-orbit operations.

F.....................



This report contains copies of all the presentations given

(Sessions I-IV) and the reports of the working group (Session V). In

most cases, the presentationswere made with overhead transparencies,

and these have been published two to a page. The author's explanatory

text is presented on the facing page.

1 December 1983
Washington, D.C.
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SPACE SCIENCE AND APPLICATIONS i

I. INTRODUCTION

Space Science and Applications has had an historical interest in

the Tether Satellite System from its concept. The original proposal, by

Colombo, et al. (1974) on Skyhook, was to carry out space science experi-

ments at low altitudes. Thus, a most important aspect of future missions

in the area of Space Science and Applications is for reflight of the

present satellite system and the obtaining of additional scientific

information. However, the panel considered more than just a continu-

ation of present research. Many innovative ideas have been put forward,

and are discussed in the sections below.

The panel did not consider space plasma physics in any depth, as

this area of research is being covered by the Electrodynamic Interactions

panel. The deliberations of the panel have been broken down into five

main subheadings, (i) the exploitation of the present system and the need

for repeat missions, (2) multiple payloads placed along the tether, (3)

the extension of the present altitude limit to below 130 km, (4) the

development of free-flying tether satellites for studying both the

Earth's atmosphere and ionosphere and also for studying the planets,

(5) a sub-tether.

II. EXPLOITATION OF PRESENT SYSTEM

Reflights of the present TSS configuration would involve no

significant change to the launch and retrieval mechanism as presently

conceived. We also envision only minor changes to the satellite. We

have identified three areas of research that might be carried out:

(i) Aeronomy studies using the instrumentation which would be

provided for the second mission. This instrumentation will be reflown

in different orbital inclinations, for example, 28°, but at a different

local time of the ascending mode, and/or a different season. Another
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set of missions would involve refllghts in polar orbit (65°-90a). One i

would probably add a particle spectrometer to the payload complement in

order to obtain slgnlficantly new information. The length of the magne-

tometer boom would have to be increased and one would add a second

fluxgate magnetometer.

(2) Gravity and magnetic potentlal mission. The TSS satellite

body stripped of the aeronomy experiments could be used to fly both

below and above the shuttle to obtain information on the magnetic field

of the Earth. The satellite would need to have a magnetometer boom at

the end of which would be placed two magnetometers, one scalar, one

vector. This experiment would require a high precision altltude

determination (GPS or slmilar transfer system). A gravity gradlometer

would be flown inside the spacecraft sphere and referenced to the

altltude reference point. It would also be desirable to place corner

reflectors on the spacecraft for laser ranging from the shuttle or from

the ground.

(3) Advanced sensors for geodynamlcs. Superconducting technology

offers the promise of dramatically increased sensitivity and accuracy in

magnetic and gravitational measurements. A very sensitive magnetic

gradlometer could measure signals from the earth's core and crustal field,

while cancelling most of the interference from external sources. The

satellite would carry a space dewar containing liquid helium coolant for

the superconducting vector magnetometer and magn_etic and gravity tensor

gradlometers. The entire satellite should be an non-magnetlc as possible,

with any essential magnetic sources physically separated from the sensor

package. The tether would isolate the sensor from magnetic and gravita-

tional interference from the space shuttle. The orientation of the

sensors should be measured as accurately as possible. Future TSS missions

incorporating such advanced magnetic and gravitational sensors, if flown

periodically, would allow precise long term monitoring of the terrestrial

magnetic crustal signatures and the geologically related gravitational

gradients.

r
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(4) Mapping and Remote Sensing. The tether satellite has the

ability to place optical instruments at much lower altitudes than can be

presently made feasible. There is the possibility, therefore, that much

greater spectral or spatial resolution can be attained even with existing

instruments. This area of work has not been actively investigat.ed to

date, but the panel felt that this was an area that should be examined

in the future.

III. MULTIPLE PAYLOADS

Three applications of more than one satellite being placed on the

same tether at different altitudes were identified:

a. Aeronomy. One of the difficulties in ionospheric and atmos-

pheric research is to be able to distinguish changes in composition

which are due to temporal effects from those due to spatial effects.

A single satellite moving through the atmosphere cannot, in general,

separate one from the other. What is required are several satellites

moving in approximately the same altitude or spatial region. These

satellites could either be strung along a tether released from the

shuttle, or could be tethered together in a free-flylng mode. Such

satellites would contain mass spectrometers, devices to measure the wind

direction, density determinations, instruments to obtain ion and elec-

tron temperature, instruments to determine the composition of the

ambient ions.

b. Geodynamics. A multispacecraft tether would be used princi-

pally for the measurement of gravity and magnetic field and field gradients.

These measurements could be performed both upward from shuttle and down-

ward. The upward tether would enable measurements of the core magnetic

field to be made, whereas the downward tether would enable measurements

of the core field and local crustal gravity and magnetic anomalies to be made.

c. Remote Sensing. For many sensing measurements of the Earth,

different angles of observations are required, e.g., if one wishes to

measure height above the surface. The reflectivity, the emissivity and

5-7



the scattering properties of surfaces are strongly dependent on the

angle of viewing and it has been shown that by looking at different

angles one can obtain more information about the scattering surface than

from one angle. The proposed new appllcatlon is to obtain these dlf-

• ferent angles by placing instruments along a tether, e.g., the shuttle

could have one set of instruments while the tether satelllte could have

a similar set but at i00 km below the Shuttle. Both instruments would

look at the same point of the ground, but, with a differing viewing

angle.

IV. LOWER ALTITUDE MEASUREMENTS

An important attribute of the Tether Satellite System is its

ability to deliver payloads or instruments to lower altitudes than can

be achieved by free-flying satellites in stable orbits. This capability

appeals to a wide range of scientific disclplines. In geodynamics_

design of the spacecraft will require special attention and innovative

spacecraft designs. Solutions to these problems are (I) to optimize the

present design to reduce the minimum altitude including thermal shielding,

(2) to look at the advantages of having the tether at 130 km altitude at

the pole, thus bringing the satellite to 115 km altitude at the equator,

or (3) consider a completely new design. A nacelle shape, for example,

where the flow inside the throat would be sampled might be a useful

approach. At about 120 km the mean free path of the atmosphere becomes

equal to the dimensions of a typical spacecraft and in this transition

region, different experimental approaches and different interpretations

will be required. Consideration should be given to the lowering of a

sub-satellite from the main tether satellite, perhaps with only a single

instrument, to sample the atmosphere below 120 km.

V. TETHERED AUTONOMOUS MULTIPLETS

A/though the period of time achievable in a Shuttle mission is

adequate for many scientific studies, eventually, the length of the

mission should be extended in order that synoptic analysis of processes
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in the atmosphere can be achieved. This would require the development

of autonomous multlplets of satellites joined with tethers. A particular

application of this technique would be in planetary missions in which

detectors could be placed as close to the surface as is reasonable yet

the main spacecraft could be placed at an altitude where slight anomalies

in the planetary gravity field would not divert the satellite into the

planets surface. This type of mission would appear to be feasible only

for planets with little or no atmosphere.

For aeronomy studies, one can conceive of two modes of multiplet

mechanics. In the first, two spacecraft will be placed about one scale

height apart, one vertically beneath the other. In the second mode, the

total system would spin around the center of mass of the two spacecraft.

In this mode one would be continuously sampling the altltude profile of

the atmosphere or ionosphere. This system would enable effects due to

temporal and spatial variability of the atmosphere or ionosphere to be

separated.

Vl. SUB-TETHER

There are important applications to atmosphere physics, in which a

sub-tether aboard a satellite tethered to the Shuttle would enable a

small sub-satellite to be deployed downward or upward from the main

satellite. Vertical structure of the atmosphere could be studied in

detail if one had a system of this form. Previous studies of vertical

structure have relied on two satellites in independent orbits, or the

precession of one satellite, and it is difficult in either of these

cases_ to separate spatial from temporal variations. Knowledge of

vertical structure near the TSS satelllte would allow information to be

determined concerning the diurnal variations at the turbopause altitude,

the nature of the temperature variations, variability associated with

waves, windshear and a number of other parameters. Measurements of the

vertical structure at these altitudes is fundamental to defining this

region.
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The sub-tether could also be used to release an inflatable passive

sphere. By radar-tracking the sphere, the neutral density of the

atmosphere, down to an altitude of 80 km, can be obtained. Release from

a tether satellite would allow density profiles to be derived in regions

inaccessible to rocketsounde sensors, as well as near the re-entry path

of the Shuttle vehicle, and in regions where density measurements are

needed for the Aero-assist program, etc.
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I. INTRODUCTION

This report summarizes the results of discussions among the

members of the Electrodynamics Panel of the Applications of Tethers in

Space Workshop held at Williamsburg, VA, June 15-17, 1983. This panel

considered a range of scientific and technological uses of the electro-

dynamic tether, identified eleven areas of particular concern, and made

specific recommendations on the research required in this area in the

immediate future.

This panel was particularly impressed by the wide range of

opportunities provided by the electrodynamic tether to more fully under-

- stand the generation of waves in plasmas, the behavior of field aligned

currents, the behavior of large body-space plasma interactions, and for

process simulation, using the electrodynamic tether to study processes

and phenomena relevant to solar system and astrophysics plasma physics.

The electrodynamic tether offers a means of study and experimentation

in space which will provide a rich yield in new scientific results and

will enhance our understanding of space plasma physics. It also has

promising technological applications (e.g., the generation of electrical

power and thrust) which may be highly significant to future space

operations.

II. ADVANCED APPLICATIONS OF ELECTRODYNAMIC TETHERS IN SPACE

Applications identified and recommended by the panel for further

investigation are listed below in Table i and discussed on the pages

which follow. Following the descriptions, the primary concerns relating

to these applications are identified and recommendations are presented.

TABLE 1

ADVANCED APPLICATIONS OF ELECTRODYNAMIC TETHERS IN SPACE

I. Technology ,
I. Power Generation (Hi-I, Lo-V )

2. Thrust Generation

3. ULF/ELF Communication

4. Energy Storage

5. In-Plane Sheet Plasma Contactor

6. Thrust Generator for Planetary Capture

7. Interplanetary Propulsion (solar wind)

* 41 kW
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TABLE I

ADVANCED APPLICATIONS OF ELECTRODYNAMIC TETHERS IN SPACE (CONT.)

II. Science

i. Generation of Waves in Plasmas

2. Field Aligned Currents

3. Large Body Plasma Interactions

(Sheath and Wakes)

4. Process Simulation (Solar System
and Astrophysics Plasma Simulator)

III. TECHNOLOGY APPLICATIONS

i. Tether Power Generation

The electrodynamlc characteristics of a conducting tether

in earth orbit can be utilized to generate useful electric power for a

number of applications. This is obtained from the qV x B emf, as shown

in Fig. i, and at the expense of vehicle velocity. Therefore, it is

necessary to use some means of propulsion to reboost the vehicle

periodically.

ELECTRON

+ +_ + COLLECT+OR..__ +
DEPLETED + + + (_) _ +- +

PLASMA + + + _| +_ +_
+ + + | - + - +

+ + - + I + +

It'
AERO DRAG ----- I I_:2_._--_ EMF = 17,500 V
100 KM TETHER [ Vo CURRENT = 5 AMPS
0.3 LBS, 8 KW | POWER = 88 KW

LINE LOSS = 14 KW
POWER TO LOAD = 74 KW

THRUST _ ELECTRON GUN LOSS = 4 KW
2.7 LBS NET TO STATION = 70 KW

TOTAL ENERGY DRAC ON
SPACE STATION = 96 KW

5 AMP EFFICIENCY = 73%
ELECTRON GUN SPACE STATION

ALTITUDE - 500 KM

Figure i. Operating Characteristics
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The tether power generator has several advantages over con-

ventional power sources. For example, it is 2.5 to 3 times as efficient

as the best possible fuel cells in terms of fuel utilization and it is

not subject to day/nlght cycles as are all solar arrays. The required

reboost forces are so small that on a manned space station, the orbit

can be maintained by using a resistojet fueled with life support

effluent (at the rate of approximately 2°5 kW/astronaut).

Although special applications, such as high energy particle

beam accelerators, may need the high voltages attainable from long

tethers (i00 km produces approximately 20 to 40 kV), it is apparent

that for general utility power for a space station or space platform a

lower voltage, high current source is more desirable. This implies

shorter (approximately i0 km) higher conductivity tethers. Figure 2-

is an example of how this requirement might be approached.

P
s S •

I • • f j f
ALFVEN " • " ." I • " •'
WINGS "_ I I •' " • t " "J J • • t f

J d I • _ _,-,b •

', , , , ,\ \
i I i 2 i 3 _ i 4

i I if+ 2 ii+2+3
CONTACTOR

o

(HIGH CURRENT,_I00 A, INTERMEDIATE VOLTAGE, ..-I kV)

Figure 2. Tether Power Generation
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The contact area with the ionospheric plasma is maximized

by the multiple contact points using a tether "constellation" config-

uration, therefore, allowing a larger total current to flow from the

ionosphere through the tether power generator. By deploying the tethers

upward, passive collection of electrons can be made and the electrons

actively emitted at the space station.

Shorter tethers have the advantage of minimizing the high

voltage, insulation, and material problems inherent in very long tethers.

In addition, they may be semi-rlgid, since they do not require retrieval.

In this case, a "beam builder" may be used to erect the tether constel-

lation and as much insulation as needed could be applied to the structure.

_ 2. Tether Thrust Generation

The electrodynamic characteristics of an orbiting conducting

tether can also be utilized to generate thrust. This is essentially the

rever_se of the power generation process (similar to a motor/generator).

In this case, current is forced, by an external power source, against

the emf and a force is created by_x_, as shown in Fig. 3.

It should be noted that the-_x-_ force is not always aligned

with the orbit track. In general, the angle between Vo and F varies as

the angle between the tether and the geomagnetic field changes around

the orbit. However, it is possible to select portions of the orbit so

that the alignment is at the desired angle. This fact can be used to

attain not only raising or lowering the orbit, but also to change the

inclination of the orbit.

As indicated in following sections, the thrust generation

capability of the electrodynamic tether is not llmted to use in earth

orbit; it may also be useful for interplanetary travel and breaking for

planetary encounter.
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" - -" ""_-- _-_. SPACE STATION

._____I-"

ELECTRON GUN

_L

Vo

I00 KM CONDUCTING TETIIER y

/

I

TETHERTHRUSTGEN_E3A!_B

ELECTRON COLLECTOR _, ._ _

- -LJ+ +
m

- + - 4

Figure 3. Tether Thrust Generator

3. In-Plane Sheet Plasma Contactor

As an alternative to metal balloons and plasma contactors,

the use of flat metallized panels should be considered. Such a contactor

could be based on the well developed Heliogyro blade design and would be

deployed by gravity gradient rather than rotation.

Dual edge tendons and spreader bars would support the panels

normal to field lines, and parallel to the orbital velocity vector to

keep aerodynamic drag low in low inclination orbits (see Fig. 4).
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IN-PLANE SHEET
PLASMA CONTACTOR

___ I_ SPACECRAFT

COLLAPSIBLE EDGE TENDONS
SPREADER _

---- PANEL

SPREAD ER_.__._ .... "......

Figure 4. In-Plane Sheet Plasma Contactor

4. Thrust Generator for Planetary Capture

In lleu of chemical propulsion, use of a conducting tether

for electrodynamlc braking for planetary orbit insertion should be con-

sidered. A spacecraft designed in halves would be separated upon

planetary approach while remaining connected by a conducting tether used

in the thrust mode. Upon capture, the spacecraft halves would be

rejoined for normal orbltal operations. This approach is probably

appllcable only to planets with relatively strong magnetic fields• and

further study is required to assure that sufficient braking is available

for capture in a slngle pass (see Fig. 5).
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• ENERGY DISSIPATED AS HEAT IN
PLASMA, OR IN TETHER

• RADIATED AS RF WAVE BY
MODULATIVE GUN--THUS SPACECRAFT SPLITS
GIVING SUPER-POWER INTO 2 HALVES ____ ._O_

TRANSMITTER FOR DATA..,,_G (::_GL_._" _r_._._ _'
|N L_ulv_," _ E)__

, ....FROM S ....- -- _v-_--___-
---- y q"

._ ... -- --" VELOC IT //// I %%

ELECTRON_ _ MULEIPASS

VANTAGES GUN Y I_ / CA P'PIrIR EAD MODULATE \
• LOW INSERTION ACCURACY "ATEf" ,,,o1_...o_.._ \

NEEDED COMPARED TO , _r, .... ,
AEROBRAKING MAGN__ -" -- .i \

• LOW WEIGHT COMPARED FI_"D //_ _
TO ROCKETS/FUEL - _/ _ / " i

• SUPER-POWER RADIO " _ _ i
TRANSMISSION DURING / _ i

CAPTURE _' /
DISADVANTAGES _ /
• ONLY APPLICABLE TO I

OUTER PLANETS WITH
MAGNETIC FIELD

Figure 5. Electrodynamic Braking for Planetary Capture

5. Use of Electrodynamic Tethers for Interplanetary

Transportation

The solar wind is a magnetized plasma that flows radially

outward from the sun with a velocity of about 400 km/sec. More than a

decade ago, Alfven (1972) proposed that the motion of this magnetic

field could be used as a propulsion source for interplanetary space-

craft. Because the solar wind magnetic field is 5 x 10-5 Gauss, the

electric field seen by an interplanetary spacecraft is 2 V/km. Alfven

suggested that a spacecraft with a long electrodynamic tether (say 500

km) could be propelled by the_x-_force on the tether, or could use

the power extracted from the solar wind as an energy source for ion

thrusters. In principle, such a spacecraft could accelerate to the

solar wind velocity of 400 km/sec (see Fig. 6).
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_._00 KM/S

Figure 6. Solar Wind Velocity

6. ULF/ELF Communications Antenna

Use of a conducting tether for communications in the ULF/ELF

bands is an attractive potential application requiring further study and

experimentation to demonstrate its effectiveness. Such antennas could

be self or externally powered. Communication rates are low (about i00

bits/mln) but the transmissions will propagate easily through sea water

or the ground. Recent studies have revised our understanding of the

propagation mechanisms at these frequencies (see Table 2). Further

studies are required to identify an approach to optimize these mechanisms

for communication purposes.
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TABLE 2

EM PROPAGATION MECHANISMS

• ArFREQtEJ'ICIESSMALLERl}_ fmi(ABOUT60HERTZINTHECASESOFOURII'_ST),0 I_VEISCALLED

GUIDEDALF_'IWAVEAND X WAVECFI'IIDI_CTI_IALALFVENWA_,

• FORPRAPAGATIONUB , 0WAVEISLEFT-_DCIRCULARLYPOLARITFI)ArIDXI_VERIGHT-_DCIRCULARLY

_LARIZF_D.

• FORPROPAC.vITIC_'I_LB ,0 WAVEDCESNOT PI_OPAGATE,X WAVEPR_AGAIESA'_DGEIIERATESHALLOSCILLATICI'_S

INPLASMA(ACOUSTIC-LIKEVIBRATIO_WHEREPRESSU_ISMAGNETIC,_'IDPROPAGATIC(_VELOCIPYIS VA ).

• GUI_CE OF0WAVES,ALONGTHELI_ OFFORCEOFlllEIGEC_'_'_ICFIELD,ISACTIVEFORA _G_ NOLARGER

TH_ g/max<, fmi VA_ f _ _HEREA.A = f

• ATHISF31D,WHENGUID_'_ICECEASES,THELINEFLI'ICTICNSAS_'I R_FIREANTENNATHATRADIAIESANARRB,IB_"I

_I_O,_.ZWIDm IS (f/fmi)1/2

• THE x WAVE131_HAVBSSIMI_RLY,FORP_ATtm lIB,

7. Potential Environmental ImPact of Electrodynamic Tethers

Electrodynamic tethers will be a source for ELF/ULF radio-

waves. Even if the tether is used for power generation or thrust, this

radiation will be generated whenever the tether current is varied.

These radiowaves will interact with the earth's plasma environment in

ways that are not yet fully understood. However, there is evidence

that man-made ELF/VLF can affect the geomagnetically-trapped Van Allen

radiation belts. The recent SEEP satellite mission showed that Navy VLF

transmitters can precipitate trapped electrons, and power-line radiation

at high latitudes may also affect the radiation belts. Because the

electrodynamic tether is located within the ionosphere, ELF/ULF radio-

waves generated by it will be injected into the magnetosphere more

efficiently than the present ground-based man-made sources. Evaluation

is needed of the inadvertent environmental effects of ELF/VLF radiowaves

generated when electrodynamic tethers are used for power or thrust.
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IV. SCIENTIFIC APPLICATIONS

The electrodynamic tether offers a vast and very rich opportunity

for scientific investigation. This section does not attempt to list all

possible experiments--but, rather, to provide a few examples in several

of the more obvious areas of study.

I. Generation andpropagatlon of Waves in Plasmas

A large number of wave modes can be excited and studied,

ranging from ULF/EL_ which may be useful for communication, to various

plasma and hydromagnetlc modes, which are of scientific interest because

of their frequent occurrence in solar system plasma physics and of tech-

nological interest because of their impact on tether power/thrust

generation. For example, Alfven waves will serve to disperse the space

charge deposits at the tether ends, thereby creating a better contact

with the ionospheric plasma, while high frequency plasma waves may heat

the plasma and produce power losses.

Almost without exception, the investigation of wave genera-

tion and propagation requires remote observations from a free-flyer. In

the case of ULF/ELF propagation and communication studies, the radiated

power should be measured in the tether near field by a free-flyer and by

ground-based facilities in order to determine the propagation character-

istics through the ionosphere to the ground.

2. Field Aligned (Birkeland) Currents

Once the electrodynamic tether has deposited charge of

opposite sign at its ends, the regions of charge must recombine. It is

thought that this will occur via currents traveling along the geomagnetic

lines of force down into the E-regions of the ionosphere where collisions

with neutrals allow migration across the field lines to close the cir-

cuit, as shown in Fig. 7.
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Figure 7.

This process is of scientific interest because of the

importance of Birkeland current systems in the earth's auroral zone, in

the sun, and in various planetary systems, such as Jupiter and Saturn.

Such current systems may also generate instabilities, radiate certain

hydromagnetic wave modes, and create double layers--all of which are

frequently encountered in nature. Notice for example, the great

similarity between the tether generated system in Fig. 7 and the type

of system thought to be generated by the interaction of the Jovian

satellite IO with the Jovian magnetosphere shown in Fig. 8.
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Figure 8.

3. Large Body Plasma Interactions (Sheath and Wakes)

The plasma flow interaction with large bodies in space is

of both scientific and technological interest. It is a necessary part

of understanding the environment of any large structure in space, such

as a space station or space platform, and it is (as it occurs for

artificial bodies orbiting within the ionosphere) qualitatively similar

to certain interactions of space plasmas with natural bodies in the

solar system. Such interactions, in fact, are extremely common in

nature since plasmas exist throughout the observed universe and they

flow past various types of obstacles. Therefore, such patterns occur

in earth orbit, in solar system plasma physics, and in astrophysics.

The investigation of certain examples of flow interactions

(large conductlng/nonconductlng bodies, magnetic bodies, etc. in a

supersonic-subAlfvenlc flow) can be studies in earth orbit with tethered
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test bodies and diagnostic instruments mounted on booms, on tethered

instrument packages, and on free-flyers as shown in Fig. 9.
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Figure 9. Orbital Plasma Flow Interaction Experiment

4. Process Simulation

Process simulation is the investigation of certain physical

mechanisms or processes, which occur in natural phenomena. It makes use

of the concept of qualitative scaling which requires only that scaled

quantities which are much greater than unity in space remain so in the

scaled experiment--but not necessarily to the same order of magnitude

(i.e., Pspace >> I then PExp >> I). Likewise, the inequality must be

preserved for quantities which are much less than unity (i.e., Pspace<< i

then PExp << i). Only when quantities are on the order of unity, they

must be closely scaled (i.e., Pspace _ PExp )"
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The range of plasma and electromagnetic processes Which Occur

both in the solar system and in earth orbit is surprisingly large, as

shown in Table 3. Tables 4 and 5 indicate where these processes have

been observed in nature, while Fig. I0 shows a schematic of effects

which have been observed in the interaction of Venus with the solar

wind.

TABLE 3

PLASMA PHENOMENA

RAREFACTIONWAVE LOCALACCELERATION

SHOCK RUNAWAYELECTRONS

PLASMAVOID ' PLASMAWAVES/INSTABILITIES

CONVERGINGSTREAMS TURBULENCE

FIELDALIGNEDCURRENTS MASSADDITION

CURRENTSHEETS BEAM-BEAMINTERACTIONS

SHEATHS BOUNDARYLAYERS

TABLE 4

EXAMPLES OF MASS ADDITION TO AMBIENT SPACE PLASMAS

MASSADDITION-- SLOWAMBIENTFLOW

Io

EUROPA

OIONE

TITAN

MASSADDITION-- HIGHSPEEDAMBIENTFLOW

VENUS

COMET

MASSADDITION-- OTHER

SUN

EARTH
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TABLE 5

OCCURRENCE OF PLASMA WAVES/INSTABILITIES

BROADBANDTURBULENCE

EARTH

JUPITER

SATURN

VENUS

SOLARWIND

ION ACOUSTICWAVES

TITAN

VENUS -- IONOSHEATH

VENUS-- TAIL

Figure I0. Effects in Interaction of Venus and Solar Wind

The study of such processes in earth orbit will increase our

understanding of their behavior. This understanding can be extrapolated

to explain measurements made during planetary missions much the way our

understanding of Earth's magnetosphere was used to enhance our under-

standing of planetary magnetospheres.

5-27

• __ T, ........ T .........



V. TECHNOLOGY AND SCIENCE CONCERNS

The panel identified eleven specific areas of concern in the i

potentlal applications of the electrodynamlc tether. A primary concern

remains the development of a coupling mechanism between the tether ends

and the surrounding medium; particularly in the very high current appli-

cations recommended herein for power and thrust generation. Tether

materials and high voltage technology also require specific attention.

I. Tether materials (strength, conductivity, insulation, etc.)

2. High voltage technology

3. Spacecraft charging

4. Variations in power with tether angle and magnetic fleld
variations

5. Impedance of collectlon mechanism and return circuit

6. Radiation losses along the llne

7. Collection body properties (e.g., effect of size on

radiation and alternate collectors)

8. Coupllng with ionosphere; plasma drag and wake

9. Emitter properties; impedance, particularly with respect to
high current handling capabillty

iO. I x B force effect on tether angle and posslbly orbit
characteristics

II. Detectability of radiation on Earth.

VI. RECOMMENDATIONS

The electrodynamlcs panel recommends the specific research

activities listed below be undertaken in the near term.

• Proof-of-concept flight experiment to investigate plasma

contacting devices

• Further development of the theory for:

- Formation and characteristics of Alfven wings

- Radiation of higher frequency modes

- ULF/ELF radiation and propagation through the
ionosphere to ground

• Free flyer (with plasma and wave diagnostics) to measure•

wave emissions and plasma parameters in the near field of

the tether/satelllte
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• Ground based measurements of ULF/ELF emissions

• Laboratory investigation of:

- Plasma wakes and electrodynamlc drag and effect of
potential

- Optimization and current capacity of charge emission
and plasma bridge devices.
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I. INTRODUCTION TO TRANSPORTATION SECTION

This section covers eleven tether applications for space

transportation (Fig. I). The first seven transfer momentum between two

masses at the tether tips, and the remaining four use tethers for

controlled interaction with the environment.

MOMENTUM TRANSFER TETHERS ESTIMATED PRACTICALITY

Operation Deployer On:

I Payload Boost High

2 Upper Stage Boost Orbiter High

3 E.T. Deboost Medlum ,

4 Shuttle Deboost High

5 Shuttle Docking Space Station Medium

6 Payload & OTV Boost Medium

7 Payload Boost Upper Stage Medium

ENVIRONMENTAL INTERACTION TETHERS

8 Lunar Assist & Eccentricity Change ?

9 Aero-Maneuverlng by Remote "Sail" or "Kite" High

I0 Electrodynamlc Deceleration ?

ii Lunar & Planetary Applications ?

Figure I. Transportation Applications of Tethers

Momentum transfer tethers typically provide considerably lower

Delta-Vs than rockets, but they can use as a reaction mass objects that

have already served other functions and may later be of use in other

ways (e.g., orbiters).

Tethers are most clearly useful where opposite momentum changes

are desired at the two tip masses, but can also pay for themselves by

ellmlnatlng a need for rocket guidance systems, or by a11owlng space-

statlon-based high I thrusters to displace lower I propellant use by
sp sp

free flyers.
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Tether stresses scale with tether length, so halving the required

Delta-V allows for a fixed tether mass to handle four times as much

payload. As a result, for small enough in-plane orbital transfers

(under about 300-600 fps), tethers require less dedicated mass than

rockets and can thus pay for themselves in one use.

Applications 1-3 use a shuttle-based tether to boost payloads and

upper stages, or to boost the orbiter by deboosting the External Tank.

The same deployer hardware may serve all three applications. To save

time and reduce the deployer size, mass, and cost, these shuttle-based

applications might dispose of the tether after use rather than

retrieving it.

Applications 4-6 all use a space station-based tether to deboost

or dock with a shuttle, or to boost payloads. Tether operations with

Delta-Vs up to several thousand feet per second may be Justified, since

the tether system mass can amortize itself over many uses.

Application 7 is upper-stage-based and boosts payloads while

deboosting the used stage (and helping recover it for reuse).

Applications 8-ii use a tether for controlled interaction with the

environment. One example is to use a lunar assist to add angular

momentum to an object, and then circularize its orbit at GE0 by active

dissipation of the excess energy associated with an eccentric orbit (8).

Another example is using a tether to transfer aerodynamic drag and llft

from a remote "sail" or "kite" to a spacecraft at higher altitudes (9);

this may allow larger orbital reusable 0TVs by electrodynamic tether

drag (I0). Lunar and planetary applications (11) include reduction of

the effects of mascons on low-orbiting sensors, electrodynamic

deceleration of planetary probes, and a lunar "space elevator" that

supports itself by reaching past LI.
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Some other "tether-assisted transportation" concepts are more
i

apropos to other sections. These include stationkeeplng by electro-

dynamic tether or by a remote tethered thruster (to isolate contamina-

tion); and transport within a tethered constellation by hoist, elevatorj

or tram-llke devices.

The following pages contain short sections discussing each

application. The section concludes with the recommendations of the

panel. An appendix is included with additional papers presented at the

panel meetings.

II. APPLICATIONS

Shuttle Delivery of Payloads to Higher LEO Orbits (Figs. 2 and 3)

This concept involves deploying a payload upwards from a shuttle _

and releasing it near the apogee of an eccentric shuttle orbit.

Assuming that the payload/orbiter mass ratio is 1:6, this operation

raises the payload apogee by 6/7 of the tether length, and the payload

perigee by 6-12 times the tether length, depending on whether the tether

is hanging or swinging. The orbiter's apogee and perigee both shift

downward, by 1/7 and i to 2 tether lengths.

• BENEFITS: CAN REACH ORBITS CURRENTLY UNREACHABLE

• EXTENDS ALTITUDE AND PAYLOAD DELIVERY CAPABILITY TO HIGHER

POLAR ORBITS

• PRACTICALITY: HIGH

• COST BENEFIT: ?

• OPERATIONAL REQUIREMENTS

Figure 2. Shuttle Delivery of Payloads to Higher Orbits
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Figure 3. Placing Satellites in High LEO from Elliptic Shuttle Orbit

Such tether operations allow delivery of large payloads to higher

orbits than otherwise possible even with OMS kits. The required tether

deployer should be more compact than OHS kits, and should allow roughly

twice as much gain in service altitude for a given reduction in payload.

This is because standard STS operations involve an apogee boost, perigee

boost, and perigee deboostj all of which increase mile-for-mile with

service altitude. Tether operations require radically smaller perigee

boosts and deboosts which increase only slowly with service altitude,

plus a tether mass that increases with the square of the difference

between the service altitude and i00 nm.

The best operating strategy probably is along the following lines.

For concreteness, it assumes payload delivery from Vandenburg to a 300

nm circular sun-synchronous orbit, using a 16 nm swinging tether

weighing about 700 lbs.

1. Launch the shuttle into a 30 x 286 nm direct-inject
trajectory.

2. Raise the perigee to put the orbiter in a 115 x 286 nm
orbit.

3. Do other mission tasks while in this 115 x 286 orbit.
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4. Deploy the tether so it will swing through the vertical

near apogee.

5. As the tether swings, boost the orbiter to keep perigee
above i00 nm.

6. Release payload into 300 x 300 nm orbit and orbiter into 284
x i00 orbit.

7. Prepare orbiter for reentry, then deboost and reenter.

Compared to operations with OMS kits, this operation allows over a

50% increase in payload (from 19,000 lbs to 30,000 lbs using consistent

ground rules). This payload enhancement approaches that possible with

optimized upper stages, but at much lower development and operational

cost. (This is mainly because no upper stage guidance or attitude

control systems are needed for tether operations.)

The choice of a 115 nm perigee plus partial reboost during the

tether swing is based on the following logic. At this perigee, the OMS

usage required to reboost the orbiter during step 5 is the same as the

additional deboost needed if the tether breaks. Higher perigees

increase OMS requirements for emergency deboost, while lower perigees

increase drag and the required tether mass, without reducing total OMS

use in steps 2 and 5.

There are many unanswered questions regarding safety, compati-

bility with orbiter constraints, apsidal positions, practical limits on

service altitude, and details of the deployer design and mounting

concepts. However, due to the large benefits that this proposed

application may provide, research on these questions should receive a

high priority.

Shuttle-Based Tether for Deploying Upper Stages (Figs. 4 and 5)

This application is very similar to application I. The main

difference is that the payloadrocket combination is best released when

the orbiter is near perigee, to minimize the "gravity losses" associated

with the upper stage burn. Savings may generally be much smaller than

with I because here the tether Just shrinks the required upper stage

rather than eliminating the need for one.
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• BENEFITS :

- INCREASED PAYLOAD DELIVERY

- LOWER PROPELLANT REQUIREMENTS

• PRACTICALITY: HIGH

• ISSUE:

- SHUTTLE ORBIT ENERGY AFTER PAYLOAD RELEASE TO BE ABOVE
ENTRY CONDITIONS

- SPACE IN CARGO BAY TO HOUSE TETHER

Figure 4. Shuttle-Based Tether for Upper Stage Deployment
to Higher Energy Orbits

GEO

j, oR
/ ESCAPE

/ WITH UPPER
/ STAGE

/

_- / ---.

NOT R_.ENTER

Figure 5. Using Shuttle-Based Tether to Assist Launch of

Upper Stage for GEO or Interplanetary Orbits

The exact level of benefits provided by the tether depends on many

details of the mission that will merely be mentioned here. First, the

orbiter apogee before the operation may or may not be required by other

payloads, and the apogee drop caused by the tether may or may not

require makeup. If the upper stage comes in a fixed slze that is

sllghtly too small, or if the payload plus required stage weight exceeds

the structural limits of the orbiter, a tether operation or some other

performance-enhancement may be required.
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The same questions asked in I apply here as well. In addition,
i

spin stabilization before deployment is probably impractical, so other

methods of upper stage alignment and stabilization need to be

considered.

Overall, this application may make sense as a minor variation and

extension of application I, but is probably not worth pursuing

independently of i.

Downward Release of External Tank from Shuttle Orbit (Figs. 6 and 7)

This application is an "upside down" version of application I,

using the ET as "payload." The major effects are to initiate a

controlled reentry of the ET and to boost the orbiter perigee; both of

these effects are beneficial.

• BENEFITS: SAVES OMS PROPELLANT, INCREASES PAYLOAD, ALLOWS

CONTROLLED DISPOSAL OF ET

• PRACTICALITY : MEDIUM

• COST BENEFITS : ?

• OPERATIONAL REQUIREMENTS: ATTACHING ET TO TETHER FROM

ORBITER, IMPACT ON ORBITER ALTITUDE CONTROL

Figure 6. Downward Release of ET From Shuttle Orbit

A TETHEREDET SCENARIOWITH

INTERMEDIATE 120NM ORBIT

AND le0 NM FINAL ORBIT 4

160NM OABIT
ET

_|EONM _ "_ X 104NM
I 2 3

tqJq_:TTO|7 x120NM CIRCULARIZEAT EVA&DEPLOYTEl"HER

12QNMWITHET 124NM ' "'",.,.

)
124X160NM

Figure 7. Typical Mission Scenario
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The ET is currently disposed of while the orbiter is on its way to

orbit. This constrains the orbiter to launch trajectories from which

suitable disposal sites can be reached during the first orbit. In

particular, current operations preclude service to inclinations between

570and 70 ° from either KSC or VAFB, due to lack of suitable ET disposal

sites.

Taking the ET into orbit before disposing of it allows the shuttle

to wait until the earth rotates underneath the orbital track and

provides a safe disposal site. For some cases already investigated,

there are apparently many suitable opportunities during each day.

Delayed ET disposal also makes possible the following operations:

(a) Using an Aft Cargo Carrier to nearly do_ble the useful
payload volume

(b) Carrying extra supplies for long missions in the ET
intertank

(c) Using ET pressurization gases in a small rocket to boost the
shuttle

(d) Recovering residual ET liquids for other uses, particularly
to allow (e)

(e) Launching a Shuttle-Centaur dry, for safety in case of
mission abort.

A 12 nm tether weighing about 700 Ibs should be adequate to reduce

the ET perigee about 120 nm (and boost the orbiter perigee about 40 nm),

if a wide-libration tether release is used. Such a tether might be

deployed from a modified Get-Away-Special-type bridge in order to use

payload bay length most efficiently.

Questions similar to I apply here as well. The major additional

issue is the added safety hazard presented by tether failure. In i and

2, tether failure is slmilar to upper stage failure; but here tether

failure may result in a more-or-less uncontrolled reentry of the largest

object ever put into orbit. Thorough safety analyses must be done, and

backup ways to adjust the ET impact point (on-board or remotely) must be

investigated.
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A surprising aspect of tethered ET-disposal is that it makes sense

to try even if a full rocket-deboost system must also be carried as a !_

backup. This is because the tether may more than pay for itself Just by !

boosting the orbiter. Two disposal system• may also be more reliable

than either one alone.

One possible development strategy is to start out with a tether

system plus a rocket backup that is itself fully redundant. Then as

experience is gained, it may be possible to substitute a smaller backup,

with lower Delta-V and less redundancy. Eventually the on-board

backup-system might be entirely eliminated, at least on missions where

added lift capacity is needed.

Space Station Altitude Reboost and Shuttle Deboost with Tether

(Figs. 8 and 9)

This is the first of three tether applications that use a

space statlon-based tether deployer. Space station basing relaxes

constraints on retrieval time. It also allows more ambitious tether

facilities since the tether system need only be launched once, rather

than every mission it is to be used.

The application considered here reduces the drag-makeup

requirements of a space station by "scavenging" momentum from an orbiter

that is about to leave the station to reenter. An early version might

attach the tether to a bridge in the payload bay, and use a tether long

enough to drop the orbiter perigee to about I00 nm. This leaves the

orbiter in orbit after release, in case the initial attempts to close

the payload doors are unsuccessful.

• BENEFITS: STATION AND SHUTTLE PROPELLANT SAVINGS AND REDUCED

HEAT LOAD ON ORBITER AS A RESULT OF A MORE GENTLE REENTRY

• PRACTICALITY: HIGH

• COST BENEFIT: UNKNOWN

• OPERATIONAL REQUIREMENTS: TETHER SECURED TO SPACE STATION

Figure 8. Space Station Altitude Reboost/Shuttle Deboost with Tether
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Figure 9. Reboosting Space Station by Lowering Shuttle When
Ready for Reentry

Releasing a 180,000 lb orbiter into a 200 x 100 nm orbit from a

station at 215 nm provides enough momentum to displace space station

makeup burns of about 4200 lbs of OMS propellants (or 2900 lbs of cryos)

on each mission. It also reduces orbiter deboost OMS-use by about 3700

lbs, but that must be kept available as an OMS reserve, to deboost the

orbiter in case the tether breaks.

The next version might be to provide the orbiter with a tether-

attachment point outside the payload bay. The front RCS module has been

designed for easy removal, appears to have adequate strength, and might

be modified to incorporate a flush or recessed tether attachment. This

would allow use of a tether twice as long that actually initiates

orbiter reentry. Such a tether could transfer twice as much momentum,

and hence could save 8400 lbs of storables or 5800 lbs of cryos each

time it is used. (This assumes the space station is kept in a low

enough orbit to need that much boosting.)

A backup-means of deboosting the orbiter in case the tether breaks

could allow the orblter-deboost reserve to be offloaded for use on the

station. One such backup would be to add a thruster package to the

tether tip that attaches to the orbiter. If the tether breaks, this

thruster would remain attached to the orbiter. It could then deboost

the orbiter and be released and discarded. In normal operations, the

5-42



i

thruster would not be used, and would be retrieved with the tether.
i

This concept or a functional equivalent could free 7000 Ibs of OMS fuel

each mission for on-orbit use, in addition to the 8400 Ibs of OMS fuel

(or 5800 Ibs of cryos) saved by the tethered station reboost itself.

The major orbiter-related issues appear to be the practicality of

tether attachment points outside the orbiter payload bay, a reliable

backup system to deboost the orbiter, and procedures for on-orbit

transfer of OMS propellants.

In addition, the operations proposed here and in 5 and 6 impose

three real constraints on space station design and operations. The

first is that the station with all attached hardware must be able to

withstand tether loads of 7000 Ibs or more. The second is that the

space station must have adequate mass (perhaps using ETs) if ambitious

tether operations are intended. The third constraint is that momentum

transfer operations, unless carefully paired, cause large shifts in the

station orbit. Compensating for these shifts by reschedullng drag-

makeup may take some time. It should be possible for a station to

co-orbit with other platforms most of the time, but the station will be

away from those platforms for significant periods.

Shuttle Docking with Space Station Via Tether (Figs. i0 and II)

This operation is in essence a "time-reversal" of application 4;

the orbiter docks with a tether deployed down from a space station and

"borrows" momentum from the station during the mission. Major

propellant savings only occur if the station has excess momentum from

energetic tethered-deboosts of orbiters and ETs, or uses electrodynamic

tethers or other electric thrusters.

• BENEFITS:
- SHUTTLE PROPELLANT SAVINGS

- EXTENDED PAYLOAD
- SAFETY DUE TO REMOTE DOCKING

- EASIER PROPELLANT TRANSFER

• PRACTICALITY: MEDIUM

• OPERATIONAL REQUIREMENTS: PRECISE RENDEZVOUS MAY REQUIRE
"SMART" HOOK

Figure I0. Shuttle Dock to Space Station Tether
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Figure iI. Docking Shuttle to Long Tether Lowered from

Space Statlon--Enhances Payload and OMS to
Station

In this case, the savings scale with tether length andare about

350 lbs per nm of tether for hanglng-capture operations and up to 620

lbs per nm for swinging captures. If the ET is to be brought to the

station for propellant scavenging or use, the savings are about 30%

larger.

Three tether lengths are discussed below. Each causes new effects

that increase both the operation's benefits and its dlfflculty. Each

also serves as a subscale indication of the practicality of the next

longer tether.

Tethers on the order of 1 nm long can save only small amounts of

fuel. However, they may enhance space station safety, reduce contamina-

tion near the station, and reduce the effects of docking transients on

flexible attachments. The tether might later be retracted to facilitate

crew and cargo changeout and fuel transfer_ or appropriate facilities

might be built into the tether tip.
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Tethers about 20 nm long hanging from a station at 215 nm (ii nm

long if swinging) ellmlnate the shuttle clrcularlzatlon burn, since

direct inject trajectories on the order of 57 x 200 nm result in shuttle

apogee altitudes and velocities that match the tether tip. Tether loads

after docking are several tons. The space station must be at least as

massive as the shuttle in order to keep the perigee of the combined

system high enough.

For tethers up to about 20 nm long, rendezvous windows may be

extended as much as desired by using the orbiter's RCS/OMS thrusters to

"hover" near the tether tip. It takes 5-10 minutes of such hovering to

waste the amount of propellant that can be saved by a tether docking.

If tethered docking in such a period seems unlikely, the shuttle can

burn OMS fuel intended for transfer to the station, to boost to a

conventional rendezvous and docking.

Tethers up to 150 nm long seem possible, but hovering or carrying

enough OMS fuel to switch to conventional rendezvous are then impossible.

. In addition, for such long tethers swinging tether operations should

be used to minimize the amount of time that the lower end of the tether

is at low altitudes (and cause high drag). The launch trajectory must then

permit a safe abort if tethered docking is unsuccessful. If this is

acceptable, then launch Delta-Vs can be cut by up to 4000 ft/sec. This

can more than double the useful payloads, but requires very massive space

stations with masses on the order of 25 times the mass of the captured

launch vehicle.

The posslble payoffs of such operations range from large to

enormous: up to 9000 ibs OMS fuel for 11-20 nm tethers, or over 90,000

ibs extra cryogens if swinging 150 nm tethers prove practical. The

problems are also very large. They include precision rendezvous

(perhaps using GPS); prompt docking (perhaps aided by a maneuvering

tether tip); large loads (perhaps handled through a modified ET

nosecone/docklng probe, to keep the tether away from the orbiter); and

large electric thrusters (perhaps using electrodynamlc tether effects).
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Tethered Boosting of Payloads from Space Station, With Htsh I p Makeup(Figs. 12 and 13)

This application is a space statlon-based version of application

2. If lost momentum is made up conventionally, the benefits are

limited, but--as in 5-- radical payload increases are possible if

hlgh-I thrusters are used.
sp

• BENFITS: LOWER PROPULSION REQUIREMENTS FOR SPACE STATION

AND PAYLOAD (SYSTEM)

• PRACTICALITY: MEDIUM

• ISSUES:

- SPACE STATION CHANGING ORBIT

- INCREASED STATION POWER REQUIREMENTS

Figure 12. Space Station Based Tether to Assist GEO or Deep Space
Launch with High I Momentum Accumulator on Station

sp
/

/

Figure 13. Using Station-Based Tether to Assist GEO and Deep Space
Launch, Plus Electric Propulsion to Restore Orbit

The net effect of tethered boost and low-thrust, hlgh I makeup
sp

of lost momentum is to combine the low overhead mass and transfer times

characteristic of chemical rockets, with the low propellant consumption

of hlgh-lsp thrusters. This "best of both" combination provides an

ideal application for electric thrust devices.
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There are several unobvious benefits as well. First, the electric

power system remains safely below the damaging Van Allen belts. Second,

"off-peak power" can be used to reboost the station; this smooths power

demands on the space station and reduces storage requirements. Third,

the electrical power system and the thrust device are always accessible

for maintenance or repair, since they are kept on the space station

itself. And fourth, magnetic field strengths and electron densities are

greater in LEO than at higher altitudes, so space statlon-based electro-

dynamic tethers may be practical for momentum makeup. This might

totally eliminate any need for momentum makeup propellants.

Tethers based on a space station may be used many times, and hence

can "pay for themselves" over many uses. Multiple uses can Justify very

ambitious tether facilities, capable of adding 4000 ft/sec or more to

payloads. The tethers for such operations are morepasslve than the

payload itself, and must be tapered for greatest mass-effectlveness.

The use of very costly super-strength materials near the tip may be

Justified, since that allows the whole tether to be lightened.

Surprisingly, safety margins for this application can be lower

than for other applications. This is because tether failure merely

lofts the payload and tether into a low-drag orbit, from which they can

be recovered by an OTV. A low safety margin allows a given tether mass

to provide larger boosts, and this can more than offset the propellants

wasted after an occasional tether break.

The major problems with this application seem to be limits on

out-of-plane Delta-Vs, design of OTVs for compatibility with tether

operations, transient effects on the space station orbit, loads imposed

on the payload before release (up to 0.4 gee for a 4000 ft/sec tether

Delta-V), and the practicality of large electric thrust devices and

their required power supplies.

Applications 4-6 have been discussed separately, but they should

all be able to use the same deployer hardware. This should increase the

cost-effectlveness of these three applications.
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Using Tethers to Boost Payloads and Deboost Spent Rocket Stages
(Figs. 14 and 15)

This is the only tethered momentum transfer application discussed

which is based neither on the shuttle nor on a space station. It is

based instead on upper stage vehicles.

• BENEFITS :

- ENHANCED PAYLOAD DELIVERY

- PROMPT, CONTROLLED REENTRY OF SPENT STAGES OR DEBOOST
OF REUSABLE OTVs

• PRACTICALITY: MEDIUM

• ISSUES:

- TETHER SYSTEM PLACEMENT
- ENTRY OF TETHER

Figure 14. Tethers Which Use Discarded Stages to Boost Payloads

/

I
I
I
I

Figure 15. Using Tethers to Discard First Stages or Apogee Motors
and Get Some Boost

The purpose is to transfer some of the momentum invested in a

spent stage to its payload. Since this is done only once for each boost

operation, the tether must fully "pay its way" each time it is used.

Hence, this operation is limited to relatively modest Delta-Vs (on the
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order of 300 ft/sec). This in turn should allow payload increases of a
i

few percent.

If the stage is expendable, then the tether pays for itself

primarily by boosting the payload, and only to a minimal extent by

causing a prompt reentry of the spent stage.

If the stage is reusable, tethered deboost may have significant

value, since it can reduce the propellant required to return the stage

to the space station that services it. Deploying a tether may itself be

valuable, if the tether has an aeromaneuvering device at its end, or is

a bare conductor that can create enough electrodynamic drag to complete

the deboost. (These two concepts are covered in applications 9 and i0.)

Tether release might be done near either perigee or apogee.

Release near perigee will further raise the apogee of the payload while

reducing the apogee of the stage. Release at apogee tends to help

circularize the payload's orbit while dropping the perigee of the spent

stage; this requires a far longer but thinner tether for the same

Delta-Vs as a release at perigee.

The major issues with this application seem to be the methods for

storing and deploying the tether, its behavior during deployment in a

transfer orbit which is typically very eccentric, and the amount of

extra instrumentation and avionics required specifically for the tether

operation.

The small benefits provided by this application, plus the cost of

instrumentation and avionics, will probably limit this concept to use

with advanced reusable OTVs, where the tether serves several purposes and

the system costs are amortized over many missions. Experience with

applications 1-6 could indicate whether this longer-term application is

worth pursuing.
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Modification of Orbltal Energy and Eccentricity by Control of Tether
(Figs. 16 and 17)

In the Inhomogeneous gravity field, the net gravity force on the

extended body does not coincide with the gravity force that would act on

the total force at its center of mass, but depends on the configuration.

fl Thus, if Internal mechanical energy is used (or absorbed) to force

appropriate modifications of this configuration, the net force will

change, and the motion of the center of mass can be affected without

mass expulsion. The net torque about the Earth's center remalnszero,

however, so no effect on the overall angular momentum will occur.

• BENEFITS: CHANGING ORBIT ECCENTRICITY WITHOUT EXPULSION OF

MASS

• PRACTICALITY: UNKNOWN

• ISSUES: PRINCIPLE ESTABLISHED BUT APPLICATION REQUIRES

FURTHER STUDY

Figure 16. Modifying Orbital Energy and Eccentricity by Angular
Momentum Pumping

=\

I
!

\
\ /

\ /N
x /

_ /

Figure 17. Modifying Orbital Energy and Eccentricity by
Geometry Variations
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Let Omega be the angular velocity or orbital motion of the c.m. in
i

an orbit of radius R, I the moment of inertia in libration (by angle

Alpha) and M the total mass. Then L = M Omega 2 R + I (Omega + Alpha)

remains constant. Suppose Alpha > 0 (forward llbration); then Omega

must be reduced relative to its value without libration. The reverse

happens when Alpha < O, and thus any in-plane libratlon implies

simultaneous oscillations of the centrifugal force on the body. At

fixed geometry, these oscillations are at some frequency different than

Omega; for a long dumbbell, the frequency is 3 Omega. If we can

manipulate the inertia I such tha we excite a parametric oscillation of

the dumbbell at precisely Omega, then the excess or defect of centri-

fugal force will always occur at the same point in the orbit, and the

effect will accumulate, leading to a variation of eccentricity e with

time. The energy will then also vary, since E = M micron2/2L 2 (i - e2).

For near-circular orbits, e << 0 and the variation of energy is small

compared to that of eccentricity, but at larger eccentricities,

substantial energy changes may occur.

For small amplitudes, the libration equation is

d

d_tPha)^1 -31 Alpha (I

mlm2

d-_(l = = _ )

If we force L to vary according to either L = Lma x cos

Omega t or L - Lma x cos Omega t , then the solution for

I[_/ Alpha is Alpha = Alpha 0 sin Omega t, a finite amplitude

libratlon at orbital frequency. This introduces a

resonant forcing into the small-disturbance equations of

the c.m. orbital motion, and in agreement with the

_] preceding physical discussion, the result is a secular

growth of the disturbance, and a long-term variation of

I the eccentricity. For an initially circular orbit one

i. finds that both the apogee and perigee vary (in opposite

directions) by the same amount per turn:
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I i

Delta R - 3 Pi max
Alpha 0 --MR

For equal masses, separated by a 100 km tether in LEO,

and for amplitude Alpha 0 - 1/4 rad, this amounts to

about 0.9 km per orbit. The maximum relative velocity

of the end masses is about 100 m/sec. As discussed, the

semi-major axis, hence the energy, does not change to

first order for small eccentricities.

This effect could probably be most useful in circularizing highly

elliptic orbits by absorption of mechanical energy (but without

propellant expulsion), or vice versa, to achieve near-escape from

moderately high initially circular orbits, this time by expenditure of

energy on board. It is probably premature to think of applications,

however, until the fundamentals of the effect have been more thoroughly

studied (i.e., are there more convenient, high amplitude, lower

frequency "pumping" laws?). It is interesting, however, that we do have

the actual possibility of using purely internal forces for orbit

modification.

The Satellite Sail (Figs. 18 and 19)

An aerodynamic surface is lowered from a satellite on a long

tether into the upper atmosphere, where it is oriented to give a

horizontal force on the satellite through the tether. This force is

modulated as a function of the orbital position in order to process the

orbit or to change its orbital plane.

• BENEFITS: INCLINATION CHANGE WITH REDUCED PROPELLANT,

ECCENTRICITY CHANGE. PROCESS POLAR ORBITS

• PRACTICALITY: HIGH

• ISSUES:

- TETHER AND SAIL MATERIALS TO WITHSTAND HEATING LOADS
- VALUE OF L/D
- TETHER DRAG

- SLOW MANEUVER IMPLEMENTATION

Figure 18. Aerodynamic Sails for Plane Changes in LEO
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ORBIT

_///_ NEW PLANE
I
I --1 00 KM

I _KM ALTITUDE

FL

A HYPERSONIC AIRFOIL IS LOWERED INTO THE
UPPER ATMOSPHERE TO CHANGE THE ORBITAL
PLANE

Figure 19. Satellite Sail

The satellite sail could change the orbital plane of the space

shuttle by 0.5-1.5 degrees per day with a 100-square meter airfoil

lowered to 90 km altitude. The losses associated with the drag of the

tether and the airfoil are much less than the corresponding losses due

to changing the orbital plane by direct rocket thrust or by dipping the

shuttle into the upper atmosphere and performing an aerodynamic maneuver.

The sall would allow the shuttle to deploy a satellite into one orbital

inclination, change its orbit, then deploy or retrieve a satellite in a

second orbital inclination before returning to base. Alternately, the

sall could be deployed on the satellite itself, allowing it to change

its plane from the nominal 28.5° orbit of the shuttle to its desired

orbital plane. This could be done at leisure, taking days or weeks and

requiring very little energy. This technique would free the shuttle,

with its greater mass, from having to change its plane.
i

The satellite sall would require the use of high-temperature

tether materials and high-temperature materials for thermal protection

of the aerodynamic surface. The tether material also needs to have a

high residual strength at the elevated temperature. The greater the

heat resistance of the tether and sail materials, the lower the altitude

F
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the sail could be deployed and the grater the rate of change of orbital

plane. The concept also requires a control capability on the shuttle or

satellite to deploy the sall and to control its angle of attack as a

function of the orbital position. This is required in order to provide

the proper precession torque on the satellite orbit.

The satellite sail requires only the addition of an aerodynamic

surface to the current tethered satell_te configuration. The required

change In angle of attack of the airfoil can be programmed into the

body, or it can be sent by signal from the sate11Ite through the tether,

or possibly by radio command. Ionospheric interference may prevent the

use of radio, however. This is a near-term application for tethers.

The satellite sail could free the shuttle from the problem of

deploying or servicing satellites in many orbital planes. If used on

the satellltes themselves, the shuttle could perhaps be launched into

Just two orbits--28.5 ° from KSC and 90° from VAFB. All the plane change

necessary for individual spacecraft could be applied through sails

deployed from the spacecraft themselves. This could include the orbital

change required for a geostatlonary satellite deployed from the 28.5°

orbit. A lO-square-meter sall would suffice for the heavier satellites,

and It could be discarded when the plane change was completed.

Jerome Pearson, The Satellite Sail, presented at the AFIT/AIAA
Minisymposium, March 1983.

Electrodynamlc Braking of Tethered Satellites

To make continued close observations by explanatory probe, the

probes should be captured in a low altitude orbit. For planets with an

ionosphere and magnetosphere, electrodynamic braking can provide a soft

deceleration mechanism for capture, which would eliminate the need for

retro-rocket propulsion. For satellites in earth orbit, the same

electrodynamlc braking could be used to deorbit.

The sate11ite is divided into two approxlmately equal parts by

payout of an electrodynamlc tether in a gravity gradient stabilized

configuration. A retarding force is exerted on the tether due to the
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induced current. The power in the current generated in the tether is
i

dissipated in the tether itself or in an auxilliary load, where it is

radiated away. As a result, the orbital velocity is reduced.

The maximum power which can be from the tether is of the order of

RhoTau FGG Upsilon where the gravity gradient force is FGG , and Upsilon

is the orbital velocity. The characteristic time Tau for dissipating

the orbital kinetic energy Ek is then

E ~ M Upsilon 2 Upsilo_

Tau ~ _o FGG Upsilon ffi3 Omega L

The number of revolutions about the planet to reduce the energy by a

major fraction is

Upsilon Tau _ Upsilon 2 1 R
NR - 2 Pi R 6 Pi R Omega_L - 6 Pi L

Tethers should be shorter than the characteristic length Lambda -

i/Omega S/3 Rho which is about 300 km for strong materials in LEO. We

find for near earth orbits, NR 1.5 revolutions. In'general, for

Jupiter, Upsilon e is about 4 times earth escape velocity and NR is about

10 revolutions.

NR ~ R Omega/ S13 Rho ~ Upsilon e

where FGG - gravity gradient force

Upsilon - orbital velocity; Upsilon e escape velocity

Omega = orbital angular velocity

R = planetary radius

L = tether length

S = working stressed tether (I0I0 dynes/cm 2)

Rho = tether material density (2 g/cm3).

Planetary Tethers (Pigs. 20 and 21)

A long tether is lowered from a satellite in orbit about the moon,

for example, and tethers the satellite just beyond the Lagranglan

unstable balance point LI or L2. The satellite is then raised somewhat
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to Just beyond the balance pointand then moves on the tether like a

spherical pendulum. Because of thelower gravitational field of the

moon compared with the earth, such tethers could be done with existing

hlgh-strength materials.

• BENEFITS: CLOSE OBSERVATION OF BODIES, ENERGY MANAGEMENT

• PRACTICALITY: ??

• ISSUES: COSTS, OPERATIONS, CONSTRUCTION

Figure 20. Planetary Appllcatlons of Tethers

TETHERS FOR •

INTERPLANETARY I __RESEARCH

OR MOON BASED

TETHER ELEVATOR L_

Figure 21. Planetary Appllcatlons

The lunar tether could anchor a satellite Just beyond L2 on the

far side of the moon, 70,000 km from the lunar surface. From this

vantage point, oscillating in a wide orbit that is a complicated

LissaJous pattern behind the moon, it would be visible from the earth

and the fair side of the moon simultaneously, and be able to provide

continuous communication with any probe or installation on the far side

of the moon. The lunar tether could also be emplaced on the near side

of the moon, anchoring a mass past the L1 point, 66,000 km from the

moon's surface. This Installation could be used to bring up materials
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from the surface of the moon. by simple mechanical meanson the
i

supporting tether. The energy requirement for this is Just 0.7 kW-hr

per kilogram. Once the material is brought past the LI point, it can be

released into a high earth orbit, where it could be used for construc-

tion of solar power satellites or could be used for the production of

liquid oxygen rocket propellant for use in earth orbit. The installa-

tion on the near side of the moon could also be used to provide a means

for soft lunar landings without the use of retrorockets by allowing

payloads to move down the tether in a controlled fashion.

The planetary tether could make use of existing materials; current

hlgh-strength composite materials show the necessary strength-to-welght

ratios. There would be the problem of long-term degradation of the

materials strength due to exposure to vacuum and ultraviolet radiation.

There are also the dynamic problems of extending the length of tethers

far beyond the currently proposed I00 km. This would require the

testing of the concept on a small-diameter, small payload mission before

commlttingto full-scale construction. It would also, of course, imply

the existence of an extensive lunar flight capability and support

capability before the full-scale construction could begin.

There are some long-term materlals problems that have not been

addressed, and there are also some dynamics problems that have not been

fully addressed analytically. The issues need to be examined critically

before the project could be undertaken. This is a far-term project,

because it requires an extensive lunar flight capability for its full

utilization.

The lunar tether could provide long-term, continual communication

with the lunar farside without the use of stationkeeping propellant. It

could also provide the capability of bringing lunar materials into earth

orbit for a very low cost. If the lunar LI tether could be emplaced to

raise lunar materials into earth orbit, it could be used in lieu of

massive earth-orbit launches for orbital construction and propellant

supply. Once the capability was in place, this would be a more

efficient method of providing mass in earth Orbit than lifting it from

the earth's surface.
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Jerome Pearson, "Anchored Lunar Satellites for Cis-Lunar Transportation
and Communication," Journal of the Astronautical Sciences, Jan-Mar 1979.

III. RECOMMENDATIONS

Applications 1 through 7 (shuttle, external tank, and space

station tethers) should be thoroughly studied as soon as possible to:

• Define the systems accurately enough to permit valid

englneerlng and cost comparisons.

• Identify technological implications and any new

technologlcal developments required.

Application 8 (angular momentum pumping) should be investigated

conceptually.

Applications 9 and I0 (aerodynamic sails and electrodynamlc

braking) represent tether interaction with the environment. Both have

high promise and technologlcal studies should be pursued.

Application ii has not received much attention. Tethers may have

utility in further planetary or lunar exploratlon. Planetary study

groups should be encouraged to include studies of tethers in their

future activities.

IV. PRESENTATIONS MADE TO THE PANEL
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PRESENTATION i

THEROCKET/SEYHOOK
COMBINATION

orbit in multiple shuttle flights, could cut the itations make the simplest variants of the

total number of launches, including the idea infeasible for the most immediate need.

Copyright© 1982 br satellite construction phase, to about 300. namely transportation to and from Earth.• • Two major types of Earth orbital cable
F. Burke Carley and Hans P. Moravee (sometimes called skyhook) have been inves-

Dream On +tedin the literature. The simplest+ hut

Why also largest, has a filament dropped to theYOU Should A relatively new class of proposals for surface from synchronous orbit, counter-

Read This Article travel to and through space involves the idea balanced by one extending omwards.
of very long, very strong, tapered cables, Anchored to the ground and kept taut by a

The task of delivering 50 million kilo- spinning so that their tips move at or near ballast at the far end, this structure could be

grams of payload to low Earth orbit would orbital velocity. Although the concept used as the backbone for an orbital elevator
require almost 1700 launches of the Space promises to be one of the simplest and system (Figure I). It has been rediscovered
Shuttle if done in a straightforward manner, cheapest for massive orbital commuting in on at least three separate occ_ions (I) (4) (6)
Judicious use of a large satellite incorporat- the long run--and could be used today for and is the central theme of two sdence ric-
ing a high specific impulse engine and a long travel in space and on the Moon if there were tion novels (3) (7). The second kind is newer,

tapered Kevlar cable, itself transported to call for it--present strength of materials lim- but has also been the subject of rediscovery

Figure I: The Synchronous Skyhook (or beanstalk or orbital tower). This is the simplest and most elegant ofall the cable-to-orbit schemes, h is also the largest,
most demanding and most expensilw. A 150,(700kilometer cable is grown upwards and downwards.[rom synchronous orbit. When the lower end reaches the
ground it isfirmly anchored. A ballast .'hi_'h keeps the entire cable in tension (b.rvirtue of centrifugal force produced b.r the Earth _ rotation) isflo.'n and atlathed
to the far end. The cable can then be used to supl_lrt climbing aml descending payloads.

Figure 2: The Rolling Sk.rhook. This diagram shows the area swept out during one orbit. The cable length shown (about one third the Earth's diameter) Is
optional in the sense thai this length minimizes the sk.rhook mass./'or a given lifting capacit.l: The skyhook touches down six times during each two hour orbit.
Near the touchdowns the cable tip moves vertically, and the tip, with a constant upward acceleration of I. 4g comes to a momem aO"stop. It could pick up pa.rloods
during these encounters, and release them a half rotation later _'ith enough veloeit.r to take them to the orbit of Saturn. Such launches subtract orbital momentum

from the cable.
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(2) (5). It involves a much smaller cable in
low orbit which rolls in its orbital plane and
whose ends brush the Earth with the rota-
tional motion cancelling the orbital motion
at ground level. It is as if the cable were two
spokes of a giant wheel that rolled along the
ground (Figure 2). Payloads could bepicked
up on a spoke touchdown, and launched a
half rotation later with greater than escape
velocity. The momentum lost by the cable in
this process could be returnedslowly by high
specific impulse engines at its center, or by
capturing and landing payloads in a reverse
of the launch process. With the latter
approach the energy cost of orbital commut-
ing becomes vanishingiy small.

Dupont Needs More
Spinach

The problem with the above schemes is
that the taper and mass required by the
cables is exponential in the square of the
weight/strength ratio of the cable material,
and is astronomical if the material is too

weak. The strongest commercially available
material is Dupont'sKevlar synthetic fiber,

which is five times stronger for its weight Figure3:A Rocket/Skyhook Combination. A (relatively)short orbitingcableisspun moderatei.vso
than steel A synchronous skyhook of th_ti_$_ip$m_ve_tab_u_half_rbi_alve_oci_y_A(als_re_ative_y)smallsub_rbitalr_cket_b_e_a_hi_ve
Kevlar would weigh l0 ts as much as it could half orbital velocity delivers a pa),load to the skyhook tip, which then accelerates it to full orbital q_eed

support at one time, while an optimally sized and beyond. This varietal could be built toda.v. The dotwd path is the pc..vload's trajectort. :

IEevlar rolling cable would be l0Ttimes as
massive as its payload. A material only five half orbital velocity and accelerate if to full payloads would then be ferried up the ruble,
times as strong as Kevlar would bring these orbit, in a lower energy version of the rolling elevator style.
numbers into the range of the feasible. With skyhook maneuver (Figure 3). We also considered two similar schemes.

: such a material the synchronous cable would Besides giving an overall mass advantage, In one a shorter cable in low orbit spins so
mass I0,000 times as much as its payload combining a rocket with a skyhook makes it that itslowcr tip moves at reduced velccity,
and the rolling cable only I00times its lifting practical to use weaker materials in the sky- in a small scale version of the roiling sky-
capacity. Since the cables can move such hook. Our analysis of a number of situations hook mentioned earlier. This variant r_ults
payloads repc.:a,redly, they could ultimately using the space shuttle as the rocket and in the least number of necessary launches,
transport many times their own mass. Kcvlar as the skyhook construction material but provides the least time and highest g

Although five times thestrength of Kevlar lead us to the following encouraging results, forces for docking. The third possibility
is well within the theoretical bounds for nor- involves a cable that oscillates about ninety

Encouraaino degreefrom thevertical in eachdirection,real matter, and strengthsof this magnitude
under influence of the vertical gravity

have been observed in the laboratory in Results gradient.This "rocking" cablecantramportsnudl samples of several substances,the
timescaleforcommercial availabilityofsuch payloads to orbit velocity without being
strength in bulk materialsis uncertain. With the rocket/skyhook combination climbed,and is intermediateinitsproperties

and large task of deliv_y to spacecan be betweenthevertical and spinningvaricties.
accomplished with less material than with The skyhook structure, whichever variety,

Half A Skyhook Is either method alone, incorporates a power plant and a propuhion
We chose to minimize the number of systemtoboosttheupperendofthegrowingBetter Than None launchesof the SpaceShuttle to deliver50 skyhook into the correct orbit, and to

million kilogramsto orbit. This taskwould replaceorbitalmomentumtransferredtothe
For a given material, the required mass of require 1695 launches of the rocket alone. =huttle payloads on each docking. The

a spinning cable isexponential in the square Instead we imagine a cable grown upward power plant was assumed to have a power
of the desired velocity of the cable tips. Sire- from an initial orbital altitude of Ig5 kin. As density of 10kilograms per kilowatt and the
ilarly the mass ratio of a rocket is exponen- construction proceeds the shuttle docks with propulsion system a thrifty specific impulse
tial in the velocity it must achieve. These the lower end of the growing skyhook. As of 5000 seconds, about the numbers for solar
facts suggested to us that a combination of the skyhook lengthens, its center of mass electric ion engines suggested for comet
rocket and skyhook, each providing about moves into higher orbits, and its lower end missions.
half the velocity needed for Earth orbit, moves more and more slowly with respect to The skyhook can be looked upon as an
m/ght be superior to either alone. A spinning the ground. The shuttle can thus arrive and energy and momentum storage system by
cable in low Earth orbit would catch a dock at lower and lower velocity, with car- which an ion engine operating for long peri-
rocket.accelerated payload moving at about respondingly greater payload per trip. The ads can accumulate its effect for the short,
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high intensity, spurtsneeded in an Earth fashionedinto a uniform ropethat canjust
launch, supportitselfwhensuspendedfrom oneend References

in a uniform I g field. Kevlar hasa nominal
specific length of 200 kilometers, but if the (I) Artsmanm'. Y. V Kosmos na Elektruroze

Summary cable is built assumingthis strengththere (Into Spaceby FunicularRailwa.v).Ko,ee-mohk_ya Prm, da (Young Commv._t

would be no allowance for unexpected loads Prawn, July JI. 1960.Contents described
The following table summarizes the or for slight deterioration of the material, in Lvor Science 138:946. November 17.

results for a range of possibilities. The An assumed strength of 100km lets the sky- 1967.
strength column gives the strength to weight hook operate at a stress equal to haif of (2) Arsutanov. Y. V Kosmos k = Raket (IntoSpace Without Rockets). ZncmOe-Sil¢
ratioofpotentialmaterials, inunitsof'spe- Kevlar'sstrength.andS0kmwouldgiveusa OC,owled_ is Power) 1969C7):2J.July.--
cific length." which is tensile strength very conservative safety factor of four. We 1969.
divided by density times one gravity. Intui- have included an entry for 400 km to allow (3) Clarke. A.C. Tl_ Fmmt_as of Pw_.

Harcourt. Braceand Jovanorich. 1978.
tively specificlengthis thelengthofmaterial for near future advances in materials. (4) Isaoc_J.C.,A.C Vine. H. BradnerandG.E.

BachuJ¢.Salellite Elongationintoa .True
"Sk.r-Hook.'Scieac¢131.582-683.Febn_r.r
II. 1966.Seealsoletler in ScienceIJ2:800,

Skyhook Mar 6. 1966. .

Type Strength Length Payload Total Launches (3) Mormer.,,.H.P.A Non-S.rnchronousOrbitalSkyhook. Journel OJ the Astron_i¢_
S_ 25.'307-322. October.Dccemb_.

shuttle alone 0 1 1695 1977.Presentedat23rdAIAA Meeting. The
Industrialization of Space. San Francisco.

vertical 50km 1530 km 3.1 653 Ca.. October18-20.1977. - -
rolling 50 km 700 km 4.5 464 (6) Pearson.J. TheOrbitalTower:A Spacerraft

launcher I/sing the Earth's Rotatimml
vertical 100 km 2300 km 4.2 510 Ener_|'.ActaAstr_tle¢12:783-799.._p-
rolling lOOkm 1010 km 6.5 336 tember/October. 1973.

(7) Sheffield. C. The WebBetwem the Worlds.
vertical 200 km 3470 km 6.0 387 AreSF. 1979.

rolling 200 km 1500 km 10.5 233 Comments regarding this article should
vertical 400 km 5280 km 8.8 291 be sent to: The Launching Pad. L-5 Ne_'s.

rolling 400 km 2190 km 18.3 160 3253 w. Compton Blvd. #_. Gardena. CA
90249.
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PRESENTATION 2

THE SATELLITE SAIL

Jerome Pearson*

Air Force Wright Aeronautical Laboratories

Wright-Patterson AFB, Ohio

Abstract

It is proposed to suspend an airfoil frcm energy orbit from Cape CaP_veral is about 8 kilo-

the Space Shuttle by a long tether into the upper meters per second. For a polar orbit, the re-

a_m_sphere to provide a horizontal force on the quirement is about 9 kilometers per second, be-

Shuttle, thereby changing its orbital plane most cause the additional velocity of the earth's ro-
efficiently. The airfoil would need high-temper- tation cannot be used.

ature skin and tether, and remotely controlled

flaps to adjust its angle of attack. The airfoil However, to change the spacecraft orbital

could also be used as a hypersonic facility to inclination from equatorial to polar once it is in

measure aerodynamic characteristics at extreme orbit requires a total velocity change of 12 kil-
altitudes and velocities. This use would require c_eters per second. This is such a severe re-

a vertical lift force to counteract the drag force quirement that it is easier to land and start all

and prevent the Shuttle orbit from decaying too over again rather than change the velocity while
rapidly during the aerodynamic measurements, the spacecraft is in orbit. Smaller orbital in-

clination changes can be done using ;mlch less ve-

locity change, but it is still a very difficult

I. Introduction operation with current rockets. No spacecraft has

yet changed its orbital inclination by more than

Since the first earth satellite was orbited one or two degrees.
in 1957, there has been an increasing use of many
different kinds of satellites in earth orbit to

perform a variety of tasks. For some of these II. Shuttle Sail Concept
tasks, such as worldwide communications, the sat-

ellite must be in an equatorial orbit with a per- The purpose of this paper is to propose a new

iod of one day, so as to appear fixed over a point technique for satellite plane changing that is

on the equator. For other tasks, it is desirable more efficientlthan rocket thrast or aerodynamic
to have the satellite in polar orbit, so as to maneuvering. The satellite sail is an airfoil

pass over every part of the earth. For manned suspended into the upper atmosphere on a long

satellites and other uses, orbits of intermediate tether, allcwing it to experience significant

Inclination to the equator are desired. For exam- aerodynamic forces while the satellite is above

ple, the orbit that requires min//num fuel to reach any sensible atmospheric drag. The airfoil is

from a given launch point has an inclination equal oriented so as to provide a horizontal lift force

to the latitude of the launch point. As a result, on the satellite, thereby precessing its orbital

there are hundreds of satellites now in earth or- plane to the desired new inclination. The device

bat, with inclinations to the equator ranging from is called a satellite sail because it would func-

zero to more than 90 degrees (retrograde). tion analogously to a sail on a watership; it

%_uld change the vessel's velocity by interceptLng

With the advent of the re-usable Space Shut- the relative v<ind.
tle, it has become possible for one spacecraft to

launch or retrieve many satellites on a single An artist's concept of the satellite sail is

mission. This means that the shuttle must change shown in Figure I. The satellite, shown here as

its orbital inclination before each deployment or the Space Shuttle, is in low orbit, about 200 km

retrieval of a satellite, in order to match the above the earth, and above t_he sensible atmosphere

satellite orbit. Unfortunately, changing the in- to the extent that aerodynamlc drag is negligible. '
clination of a spacecraft orbit is very expensive The airfoil is stored for launch in the Shuttle

in energy. For example, the total velocity change cargo bay and, once in orbit, is deployed dcwnward

required to launch a satellite into a minimum- from the satellite by the long tether and reel

mechanism, and is stabilized by the gravity gra-

dient. The Shuttle sail would be capable of mul-

tiple re-use; it is designed of high-te._perature

*Acting Technical Manager, materials with no ablation during use. The tether

Engineering Technology Group itself could easily be replaced to prevent exces-
Associate Fellow AIAA sive abrasion by the reel mechanism.

Copyright _ 1983 by Jerc_e Pearson,

with release to AIAA for publication. 'l'neShuttle sail is dependent on two previous

developmentsNthe long-thethered satellite and the

_Drk is not part of the author's hypersonic airfoil. Plans have been developed by

Air Force duties. Colombo to tether subsatellites up to ii0 _m
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below the Space Shuttle for scientific meas_re_ 1 atfmck, and thus tJ_e airfoil position and aero-
ments at an otherwise inaccessible altitude. _ dynamic forces, can be controlled remotely from

These long-tethered satellites would _ stabilized] the satellite by the reel mechanism and by signal-=
vertically by the gravity gradient. - It has i frcxn a radio transmitter, or by a pre-progran_red

controller inside the
also been proposed that satellites be attached _ I airfoil. The total, mass of
the earth and moon by even longer tethers. _ _ the sail, including the controls, electronics, and

The dynamics of the tether and satellite motions ,_ motors, is estimated to be 1500 kilograms. This

have been investigated and Rupp has patented a sail, lowered to 93 km altitude, will precess the

mecha_D.sm_fo_ d_ploying and retrieving such a Shuttle orbit by 1.5 degrees per day. The par-
tether. _' ' The conclusions of these and m_eters are summarized in Table i.

other technical studies is that tethered satel-

lites with tether ]engtl_s of tens or htandreds of S ir_lified Aria_ly_sis

kilometers can be successfully deployed, stabi-

lized by the gravity gradient, and retrieved. When %m;o masses in orbit are connected by a
tether, the tether experiences a tensile force

The shuttle sail concept also draws uq_on the aligned along the local vertical. This is the

high-temperaturet hypersonic design __xperience igravity gradient force. When the Shuttle sail is

growing out of the Space Shuttle program and of deployed on its tether, the total force on the

research on the "synergetic" maneuver° An aero- airfoil is cc_posed of the gravity gradient, the

dynamic vehicle such as d_e S_ce Shuttle can use aerodynamic lift and drag, and the tether tension.

the atmosphere to change its orbital plane. Using For a nominal Shuttle orbit of 185 kilometers

rocket thrust to lower its orbit, the Shuttle i altitude and a nominal sail altitude of 93 k_, the

could dip into the atmosphere, b_k to provide a i gravity gradient produces a downward gravitational

horizontal lift force, then use rocket thrust i force on the sail of 0.04 g, or 592 newtons force

again to raise its orbit back to the forn_r value, for the b_selJ/%e design.

in the new plane. 'l_is manetTver is called the

"synergetic" plane change, and it was developed by _ Using Ne_chonian momentum theory, in which the

the United States Air Force in the 1960's during ii airstream velocity component normal to the airfoil

the Dynaso_r _rogram by London, and later op- i is reduced to zero upon impact with the airfoil,timized. _, _ These Air Force studies also de- , the lift coefficient is foLu]d to be 0.05961 for _n

veloped designs for high lift/drag hypersonic air- i angle of attack of i0 degrees. With a dynamic

foils, and the National Aeronautics _d Space I pressure Q of 54.4 newtons per square meter at

Administration has developed high-te_%_erature in-- _ 93-kin altitude and an area A of 100 square meters,
i0,

_?lation for the surfaces of re-entry vehicles, the total lift force (oriented laterally to the
_ Ccr_bining these tec}unologies has resulted in direction of the Shuttle motion) is 329 newtons.

proven design techniques for hypersonic, high-

tem_oerature wing design. At an angle of attack of i0 degrees, the L/D

is typically a m_ximt_n of about 3.2, including

Baseline Desic__ effects of skin friction _@ profile drag as well
as the drag due to lift. However, the tether

We will now exmnine in detail one Ix_int de- d_:ag must be taken into account. Assuming a

sign for the satellite sail. The SF_ice Shuttle tether diameter of 1.72 ran and an atmospheric Q

operational characteristics and plane-changing that decreases by a factor of two for each 4 _n of

requirements indicate the use of a t3q)ical, sym- altitude, the additional drag of the tether re-

metric, highly sweptback hypersonic airfQ_l with duces the effective L/D from 3.2 to 3.0. To min-

added shuttle-tile thermal protection. ±z The intize the reduction in L/D due to tether drag, it

thickness-chord and edge radi_s-chord ratios c_i _&ght be possible to elongate the tetherline it-

be minimized because there is no need for sig- self in the direction of motion, using a flattened

nificant internal vol_xae or great stiffness° )rofile.

The baseline design, s_wn in Fig_tre 2, is a with L/D of 3, the drag force is ii0 N, in-

100-square-meter airfoil of bolted, t%vo-seetion ;luding tl_e tether drag. The tether tension from

construction, hinged to fold into the Shuttle these three mutually orthogonal components is then

cargo bay. The overall length is 27 n_ters, the 686 No With a safety factor of two, the baseline

maximum width is 5 m, and the maxim_n t/tic]chess is design can be met by a wire of A-286 high-

15 ore. The airfoil has a 10-degree half-angle strength, high-te_perature steel alloy with a dl-

nose and a rectangular aft section. The con- ameter of 1.72 r_no The upper part of the tether

struction is typical graphite/epoxy _site wire is under less severe temperature constraints

structure wit/_ central spar, edge tubes, end in- and could use type 302 stainless steel with a di-

tegral stiffeners. The laminated graphite/epoxy ameter of 1 n_n. Only the lowest 20 kln of the 13
skin is in typical 0/45/90 ply orientation for !tether would need the high-t_rature steel.

highest isotropic strength. The entire surface of_ !Other superalloys or norm_tallic tethers might

the airfoil, including the control surfaces, is also be used.

coated with 2 _ of Space Shuttle silica tile heat

insulation, type LRSI o ii The airfoil is sym- The precession rate _ is given in terms of

metric and is equipped with moveable aerodynantic the satellite angular velocity _, the torque L

control surfaces (double-actiF_g flaps that can be iacting on the satellite, and the moment of inertia
moved to either side of the airfoil), and a typ- II of t/%e satellite in its orbit by the equation

ical S-band radio receiver and controller to ac-

cept the commands from the satellite. The satel- _ = L/I_ (i)

lite sail would require a controlled angle of at -_

tack so that the horizontal force could be ad- T__ torque L is the vector product of r cos @ X f

justed as a function of the satellite orbital _fnere r cos 8 is the projected radius vector

position. The tether length and airfoil angle of !mc__t arm and f_ _ _the latera!__force acting on___ _
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the vehicle. Since f(®) is given by f cos 8, the of the tether is 52 km, corresponding to a tether
equation for the torque is lateral angle of 29 d&_rees. The maximun lateral

velocity is then 62 m/sec. This amounts to only a
L = r f cos2 8 (2) small perturbation on the nominal airspeed of 7

_a/sec for the airfoil.
torque averaged over a half revolution is

On the left side of Figure 5 is shown the

2 8/_o/S22 dynamic pressu_, Q, on the airfoil as a function
L = r.f. ® d@ = rf (3} of altitude. _ For an airfoil area of i00

2 square meters, the precession rate of the space
• - shuttle is shown on the right scale, using 70,000

and i00,000 kg as the mass of the shuttle in a
The equation for the precession rate is then 185-kinorbit. The precession rate increases

greatly as the airfoil is extended to lower alti-

_ tudes, but the probl_ of aerodynamic heating are= = rf/2 = (4) increased. The larger values of Q would requiremr2c_
higher temperature materials for the leading edge
of the airfoil, such as the HRSI silica tiles us_

In order to precess the plane of the satel- on the Space Shuttle for tenperatures up to 1500K.
lite orbit, the lift vector must be varied from The precession rate could also be increased by
port to starboard and back once per orbital revo- simply increasing the area of the airfoil. Mult-
lution. Note that the required change in tether iple-folding, deployable, or inflatable structures
angle, and therefore the lift force and the flap could be used for the larger areas and stall fit
setting, is very slow; a complete cTcle from pos- within the Space Shuttle cargo bay.
itive to negative tether angle takes more than an
hour. This means that relatively slow, low-force
flap actuators may be used. To increase the orb- III. Satellite Sail versus Synerqetic Maneuver

ital incli/_ation,the tether angle must provide a
northward force as the satellite crosses the In Figure 6 is shown a comparison of the re-
}equator heading north and a southward force as the locity difference, in k_n/sec, required to change

Isatellite crosses the equator heading south. Be- the orbital plane of the space shuttle various
Icause the dynamic system has such a low ir_lerent numbers of degrees, using rocket propulsion, using
_damping, the tether angle, and thus the lift the optimum synergetic aerodynamic maneuver , and
Iforce, will follow the flap control position very using the s_tellite sail with a lift/drag ratio
_closely. The flap control signal is then the same of three. J In the all-propulsive maneuver,

as the required tether angle, the satellite rockets are fired to provide athrust at right angles to the current orbital ve-

I In Figure 3 is shown schE_aatic locity. The maneuver is quick, but costly _.n
a diagram of very

the geometry of the airfoil position as it varies fuel because of the high velocity change required.
from the starboard side of the Shuttle to the port For.low orbits, this is a very high velocity. The
side of the Shuttle and back again each orbit, optimum synergetic maneuver requires that the
Because of the changing angle of the tether (from shuttle fire rockets to dip into the upper atmos-
to 27 degrees, as shown in Table 2), the tether phere, then perform an aerodynamic m_neuver to
length _ must be varied cyclically over each orbit provide a side force, then fire rockets to return
from 100.5 to 123.8 km to keep the sail at a con- to the initial orbit. This maneuver is limited in
stant altitude. With an orbital period of 88 efficiency by the lift-tm-drag ratio of the Space
minutes, the maximum tether length rate of change Shuttle, which is not optimized for this function,
is 27.7 m/s. With a more powerful winch motor, and by the fact that the heavy Shuttle must first
lhigher rates of tether length change could be used be lowered and then raised against gravity.
to raise the airfoil to a higher altitude during
the zero lift portion of its flight. This would The use of the satellite sail is the slowest
reduce the drag and improve the overall efficien- of the three maneuvers, but it is the most effl-

. It would also allow additional cco_ing of the cient. There is no need to de-orbit the shuttle
vehicle and tether, making possible higher Q op- into the upper atmosphere; the much lighter sail
erations with the %ame amount of thermal protec- is lowered instead. The sall can be designed to

tion. provide optimum lift/drag for the chosen altitude.The aerodynamic lift provides the side force to

I The change in tether length required for de- change the orbital plane, and then the sail is
_ployment, retrieval, and maintaining a constant raised back to the shuttle; rockets are used to
'sall altitude causes cca_lex vibrations of the make up for the energy lost to the drag of the
tether to be excited. These unwanted vibrations sail and tether, which can be much less than that
must be minimized in order to prevent errors in of the entire shuttle vehicle. There is no orb-
the controlled angle of attack of the deployed ital velocity loss associated with luwering and
sall or large oscillations of the sall during re- raising the sail; the center of gravity of the
trieval. The dynamics of the tether with an end satellite/sail system maintains a constant veloc-

ity in a fixed orbit.
l_ass are6dlscussed in more detail by Modl and

Misra°

1 The simplest control law, shown in Figure 4, IV. Shuttle Operations
_is a sinusoidel input that causes the tether angle

Ito peak just as the satellite crosses the equator. The space shuttle is to be launched from twD
_For a sail altitude of 93 kin,an orbital period spaceports--C_pe Canaveral, Florida, at 28.5 de-
,of 88 minutes, and a lift force of 329 N, the _ree incllned orbits,, and Vandenberg AFB, Cali-
Lmax/nu_ lateral excursion of the sall on the end_._ .fqrnia, into polar orbits. If the shuttle .is_
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given a plane change capability of 31 degrees, for slow c.hanges in altitude to measure flight
inclination from zero (equatorial) to 59.5 de- parameters at different atmospheric densities.

grees, and launches from VAFB can cover inclin- There would be fewer dynamic response problems of
ations from 59 degrees to 149 degrees (retro- the tether/sail system, and the retrieval could be_

grade). A plane change of this largest required a leisurely operation to p{event undue _buildup of

magnitude could be acccr_plished in about 20 days tether/sail oscillations.

at 1.5 degrees per day, which is a reasonable tim_

for later Shuttle missions. For those missions

with lesser orbital plane change required, less VI. Conclusions

time must be spent in the plane-changing maneuver.

The deployment and retrieval of the shuttle sail The concept of cl_anging the orbital inclin-

would require additionglly about 8 hours and 16 ation of _ satellite by an airfoil suspended into
hours, respectively, the atmospL_re has been examined. The technique

is potentially more efficient than the rocket or

The Space Shuttle currently carries addi- the synergetic maneuver for all inclination
tional fuel for orbital maneuvering and station- changes, but it is ccmparatively slow. Maximum

keeping. Any extra fuel carried to change the rates of orbital precession of about 1.5 degrees

orbital plane would be an additional mass to be per day appear to be achievable with a light

lifted by the Shuttle boosters. The use of the Shuttle, a large, high-lift airfoil, and a high-

Shuttle sail would be an alternative for this ex- temperature tether. The Shuttle sail couldbe

tra mass; instead of extra fuel, the sail would be ' folded and st_ed in the cargo bay for re-use on =

stowed in the cargo bay. As shown in Figure 6, variety of satellite-servicLng missions. The

the use of the Shuttle sail requires far less en- iconcept would also allow the use of the Space

ergy than the use of rocket propulsion. The use iShuttle for long-d_ration hypersonic aerodynamic
of the Shuttle sail in routine orbital plane studies for a variety of airfoils or lifting bod-

changing and in orbital phasing would allow the ies at about i00 kilometers altitude and Mach 24.

use of the Shuttle for scavenging of the debris Further study is needed to define the optimum sail

that now clutters low Earth orbit and presents a size and mass as functions of the Shuttle alti-

hazard to space flight. 15 _is operation could tude, inclination change recfdired, and required

be done during each mission that brought the mission time.

Shuttle within sail range of a known piece of

space debris. The sail could be deployed while
the Shuttle crew was engaged in other operations, VII. References
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Table 1 Design Parameters for a Satellite Sail

Satellite MBss (Space Shuttle) 70,000 kg _ /_
Satellite Orbit Radius 6563 km

Precession Rate i.5 deg/day
Sail Orbit Radius 6471 km _ mA
Tether Length 92-i09 km _I,_l L
Tether Angle 9-27 deg *i_-- --
Orbital Period 88 mln --

Airfoil Area 100 sq m

Airfoil Structural Mass 700 kg _ ,3. _ *'" 'I
Airfoil Insulation 627 kg
Airfoil Equipment 173 kg

 rfoil 1500 =_. ,-

5XZJ_,0145190 3_"u'U,T1OK
Lower Tether Mass, A-286 Hi-Temp Alloy 364 kg
Upper Tether _._ss, 302 Stainless 535 kg _P'_CONSTRUCT|O_ I _ -- _

Lower Tether Diameter , i. 72 mm _/_ _,"
Upper Tether Diameter 0. 99 mm ___,,n, __ .m_
_ixin_n Angle of Attack i0 deg --
Maximum Lift Force 329 N

Maximum Drag Force (Including Tether) ii0 N
Lift/Drag 3.0 Figure 2. Schematic Diagram Of the Airfoil
Airfoil Dynamic Pressure, Q 54.4 N/sq m Planform and Typical Cross-Section.
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Figure 3. Shuttle, Tether, and Airfoil Figure 5. Dynamic Pressure and Shuttle

Geometry, and Maximurn Excursion Precession Rate for a l00-Square-
over One Orbit. Meter Sail.

, • 8&T_LZ_ _TZ_70t . |

SX_LZ_
_TZTUCZ

_ ...... 4 ......

Figure 4. Tether Angle and Length Required Figure. 6. Required Velocity Changes for
as Functions of the Satellite Three Different Plane--_'_nge

Latitude. Techniques.
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PRESENTATION 3
;

THEUSE OF LONGTETHERS

FORPAYLOADORBITALTRANSFER

FUNDAMENTALS

e TO IsT OPDERIRL/R, CENTEROFMASS

OF TETHEREDSYSTEMISUNDISTURBED

(BUT2ND ORDEREFFECTSCAN BE EXPLOITED)

o TETHERSACT AS MOMENTUM-EXCHANGEDEVICES

o IFPOST-RELEASEORBITOF LOWERMASSIS

RESTOREDUSINGROCKETS,THE FUELREQUIRED

ISTHE SAMEAS IFTHEUPPER_IASSWERE

BOOSTEDINSTEADUSINGTHESAMEROCKETS,

MASSRELEASEPOWT

%%

'I / \ \ ,
%I / - \", ',,

t t X ,,,"
\ _," /

I INrrlL pPMAXIMUMSEPARATIONDISTANCE SEPARATION" L q,

GRAVi',Y'GRA .._ _S_
LIBRATINGRELEASE< 14L I --*---i-----"
SPINNINGRELEASE> 25L I
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SOMECATEGORIESOFORBITTRANSFERSCHEJ_ES

(A) INCREASEPAYLOADTO SOMEHIGHERORBITUSING

OMSSHUTTLEFUELINSTEADOF OTV,

(B) USEALTITUDELOSSOF BASEAFTERPAYLOADBOOST

AS PARTOF REENTRYMANEUVER.

(c) RE-BOOSTBASEOVEREXTENDEDTIMEUSINGHIGHIsp

ENGINES.TRADESTIMEFORPROPELLANT,BUT

STILLACCOMPLISHESFASTTRANSFER.

(D) BOOSTSTATIONBY RELEASINGPAYLOADSDOWNWARDS

(I,E,,REENTERINGSHUTTLECANBOOSTSPACESTATION),

(E) EXPLOIT2ND ORDEREFFECTSTO MODIFYCENTEROF

MASSORBITWITHNO MASSEXPULSION.

20,0(:30i

18,000'-"o,..,,.,.o.,.__

16,000 ik_,,_. .14,000

12,000 -_,

L I0,000

| ,F.....'_ _ --,
6000 _ it,...,°'_" /

,000 "/ /
._ _°

2000 ,I" _,_-

0 I---L- ___.._...,B_, .... i t ' T '
20 40 60 80 I00 120 140

L(Length of Tether)

SHUTTLEBASEDTETHERSYSTEJ_IPERFORMANCE.-

Old/SIZE IS ALLOWEDTOVARYTOFILL

ALLOWABLETHROWWEIGHT, 100 NMMINIMUM

POST-RELEASEPERIGEE,
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STS AND EXPENDAilI.I'.. I.AUNCH VEHICLE
ESTIMATED CAPAP, II.ITII-S

_NOL,,k t I_"1 I I" I I I I I I..... I I I

8000J_S_"+'x"l I STS/WO C[HI^|JR

L 2 SIS/WB CENIAIIH/S|AR 48_l(X) J- _ %_" 3 [IIAI4 341)/C[HI AIIR
! 4 IIIAH 341)/C[I,IIAllII/SIAR 48

% S SIS/IllS 2-STA(3L/S/AR 48

a,. 60[Xl| \_ "" 6 SlS/lUS 2-Sr^GE

O --_1 _\\'_'X , 7 TlfAll 34D/ILIS 2-STAGE

O ARIAHE 4 t 41hSIAGE

(_ 5000 _ 9 A[IAS/CEH|A|IR/SIAR 40
• IO A_I AS/CEI'I|AtJR

,-- 40001-,_\ _'a_,,_ 12 I,_Lr :̂I_2lVr^M-D
JT"_ . _ "_, IG6A) _) ",, 13 S/S/I'AM-I) "

_1(_ I _ ._ %. _-_ %,,_ ._.
- L .-_\ _ ,.._-. "._

I_,,,_-"-_ u -"% ..... _ _..,.. "" .-,...._ 4 -" - .... !

0 .,..,,[
0 I0 20 30 ,10 .%') 60 70 80 90 IO0 IlO 120 130 140 150

C3 (km21sec2j
El IDlrl ].|

SO00 -

• MPA

MpA(Kg) _(RLT:F) A
_(RC)

4000 -

3000

Mpa

- Mthrowc MthrowMA X (D-1T)

2000 , MPA

Mthrow < MthrOWMAX (D-IS(R))

tO00 t _ v _ v _ _ _ ! _ _ I _ _ _ _ ,
tozo 40 eo 80 _oo tzo t4o _eo_7o

L(Km)

GALILEOPAYLOADMASSVS, TETHERLENGTHFORFOUR

C_NTAURVERSIONS.NOTICERCANDRLTCEXCEED
MAXIMUMTHROWWEIGHT,
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SPACE-EASEDLOW_SS TETHERSYST_S

o KEYTO INCREASEDUSEFULNESS.LEAVETETHERIllORBIT.

REQUIRESA STRATEGYFORREUSEABILITY.

o OPERATIO,_SSE_qUENCE.

(A) SHUTTLEDOCKSWITHRE'_OUNDTETHERINLEO.

TETHERSYSTE_i.IAYBE,-.,I0-15TON,CANBE

DEPLOYEDBY INITIALSHUTTLEMISSION.

(B) OTV-MOUrfrEDPAYLOADISAll'ACHEDTOTETHERUPPER

END,TETHERISUNREELEDUNDERSHUTTLETENSIONCONTROL.

(c) PAYLOADISRELEASED,OTVFIRES.SHUTTLEGOESINTO

LOWERORBIT'_iTHPERIGEEABOVESENSIBLEATMOSPHERE.

(D) TETHERISPARTIALLYREWOUNDUNDERSHUTTLEPOWER

UNTILC.G.OF TETHERSYSTEIIIS(ATAPOGEE)AT

INITIALALIITIJ'JE.

(E)"SHUTTLEDETACHES,REENTERS.TETHERCOr.IPLETES

REWINDINGUNDERITSOWNPOWER.SYSTEMIS

READYFORREUSE.

18,000 35.000

M L, MOMS

_S,O00 (Kg)
MPAY 30.000
(Kg)

14,000

MT,MTs
2S,O00

12,000 McJAy

.....z

tO,O00 20,000

8000
tS.O00

SO00 (MoMS)MAX
_O,O00

MOM$
400O

5000
2000

f , , i ! 0
0 ZO 40 so so too izo 1so

L(Km)

SPACE-BASEDTETHERSYSTEMPERFORMANCE

O_I2VSTILLALLOWEDTOFILLTHROWWEIGHT
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SPACE-BASE0 TETHER SYSTEM PERFORMANCE 
OTV I S  FIXED (CENTAUR). FULL OMS LOAD, 
POST-DEORBIT PERIGEE VARIABLE (BUT 2 1 0 0  NM). 

Teebar system parking a l c i t u d a  ( 
and lovasc  rhuct la  a l t i t u d e  (h %9) 
varau. t e t h e r  lan#ch f o r  e a s e  deorb 
viCh fixed OW, m x i l w  OMS f u e l .  Iro  
a h o n  i s  minim. a l l o v a b l a  a l c i c u  a .  a 



1

_l
L

0.8

0.6

0.4

0.2

! t 1' T I I I I
0 40 80 120 160

L(Km)

Fracclon o¢ tether leng_h ie£_ deployed

at Shut_le detachment (case vi¢h fixed

0TV an,:l _axC_um 0MS fuel).

PAYLOAO II|ING I,AUMI_41[D
/ 10 DEEP IPACE OR

/ atosYllc_lno_oUtORBIT
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Tether lengT.h (k=) 0 i00 150 200 250

i

" L/_r_O 0 0.01477 0.02216 0.02954 0.03693

_NAX 0 0.273 0.167 0.120 0.0937

vCaulopted) 0 0,182 0.Ill 0.080 0.0625

NCTer.her)/m 0 0.140 0.356 0.711 1.268

N(Pla_f. only)/m 5.35 8.65 11.79 14.73

f 1 1.0125 1.0199 1.02735 1.03476

_Vp Cm/se¢) 2398 • 2233 2133 2035 1938

_Ya (m/sac) 1456 1447 1442 1437 1432

tV.F3T (=/$ec) _854 3680 3575 3472 3370

4], C_g) 4409 5009 5312 5684 6076 \_:au_/_0 (loaded OTV)_g) 18,509 19,109 19_412 19,784 20,176

Table 4.1 Pe:_ormance of _e_her-assisRed L_.O-C,F.Osystem.

RL_ - 400 * 6370 kin.

:able 4.3 shows calculated results for a 250 _ tether

.1 10 30 100 300 ]N
I

COPT(m/ee¢) 1.1,420 12,290 14,030 18,900 28,550 I

I

I

(Isp)OpT(seo) 1.166 1.254 1.432 1.928 2.913

rt_ 0.380 0.407 0.455 0.5533 0.6498
tO

(EOL/ZOL) 331 332.3 338.8 33.5.5 483
Pmax(l_) ""_9 _ --"--'-- --------" "--'--

:OPT 390.9 398.6 441.8 568.2

M._ (Kg/_tission) 1,095 1,018 891.9 662.2 438.4
S

Table 4.4 P!a_foru propulsion s_stem c.harac:erls_ics

TF_e Hg _0. bomba_dmeu_

D£ame_er par _hruster 50 ¢m

Specific impulse 2000 sac

Thrusting C_ne 14 days

Th_sC per uult 0.546 NC

Thz'usC power par unit (including
dlscribucion losses) 9.56 Kv

NO. Of thrusters required 41 (+ 4 e_ras)

Mercury mass par mission 632 Kg

Solar array power (EOL/BOL) 384.2/_52 Kw

Thrust system mass (thrusters, Che._ual
control, power supplies, inoerface
module structure, etc.) 5_64 _g

Solar array =ass 4520

Solar erTay gimballing mass 1808 Eg

Solar array regulators =ass 2260 ._

Battery system mass

Total pcopulsion related mass 16,165 X8

OPTIMIZATIONOFIONDRIVEFORPLATFORMORBITALMAKE-UP
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]]EQ_

• FORT_NSFERSTO HIGHORBITS(1.2..GEO).CANUSE

ADDITIONALRECEIVINGTETHER

0

/
/
/

I , THISR_UCESORBITALPERTU_ATIONTOP_TFORMAND
l TETHERLENGTHS
I Leo -

e CANDESIGNSUCHTHATT_NSFERORBITHASPERIOD

\_ CO_ENSU_TEWITHGEOPERIOD(1/3DAY.1/2DAY.

_h ETC.).'TOALLOWMU_IPLEAI-r_4PTSATREND_VOUS.
AVp ._

• CANUSELEOANDGEO_V'sOFVARIABLE_GNITUDE.

FOR_Vp= _VQ:0, H : _00 KM, H" 10,000

TABLI_ 9. TIUUiS?ER 11'0GEQ lIT TETHERI VITH AV°II SUP?LIED IT rROPU1_][GII

1' - 1/2 day Upper Tether Lenllth! H - 5913 Ir,j

&Vq - JAVp 600 70d 725 750 775 ulJ

"/,,,,/- X X
X X >4X
/ 267

,o.//,o,. /,,o /,o,

' j jj,/ XX
j/JJ'/JX X X

K_r.! LEnlcr_ee ere h(Km)/AltLtude of LEO (IOn) X - LI[O altitude < |00 Km
...... * e k ne|et|ve
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MODIFICATIONOFORBITALENERGY

BYCONTROLOFTETHERLENGTH

OBJECTIVE:TO EXCHANGEMECHANICAL"REELING"ENERGY

FORORBITALCE_gEROFMASSENERGY

(A) TOTALANGULARMOMENTUM,MUSTR_IN CONSTANT

(B) LIBRATIONAMPLITUDETOREMAINFINITE

(c) BECAUSEOF (A) AND (B), _ ANGULAR

MOMENTUMWILLREMAINCONSTA_!T(INTHELONGRUN)

_EEEEC.T__:ENERGY,ANGULARMOMENTUMANDECCENTRICITY
RELATEDBY

E=- Mu_(I- e')
2L2 ....

SINCEL = CONST.,INCREASINGe INCREASESE

ANDVICEVERSA(BUTSECONDORDEREFFECT)

APPROACH:SETUP_ PERTURBATIONOFORBITAL
.RADIUSUSINGTETHERLIBRATION

L =M_ _ R + I (_+&)

Ic.M.:,_ \ 1

TOTAL MOMENT OF INERTIA

/_T MASS OF DUMBBELL
SINCEL = CONST., _ 0 IMPLIES

IC__ °'
THEN,THECENTRIFUGALFORCE M_R

DECR SESI
{

- EFFECTISTODRIVERADIALEQUATIONOFMOTION

INSTEPWITH

_ KEYNOWiS TOFORCELIBEATIONATORBITALFREQUENCy
(TO"STACKUP"SUCCESSIVEEFFECTS).
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FORC_E!BRATION

DUMBBELLLIBRATIONEQ.IS

a_ _-) =-3 I_ (SMALL_)

I- m,m_ L2

IFWE FORCEL TO FOLLOWEITHER

L = LMAx Icos.O,t

OR L = LMAx cos.gLt

THENSOLUTIONIS

O_ = O(0 SIN ..O.t

ANDIn HASHARMONICAT _ " RESONANCE

• , oO _

i REQUIRES"BOUNCING"ORCRISS-CROSSING

ATV : .(9.LMAx

e STARTBY "LAUNCHING"MASSAT SOME_0'

o POINT90° AHEADOFLAUNCHWILLHAVEITS

ORBITALALTITUDELOWERED,

POINT90° BEHINDWILLBE_ISEI),

e CANBE USEDEITHERTOPRODUCEORTO

CANCELECCENTRICITY,

i TETHERISALWAYSBEINGPULLEDON,

TENSIONIS_4/3 STATIC- NOLOSSOFTENSION,
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i

MAGNITUDE

- AFTERN ORBITS,APOGEERAISINGOR LOWERINGIS

AR $_ m, mz=_ _.m,+mz)_ ( ) LMAx _XO N

FOR LMAx --i00 KM , M1 --M2 , G O = 0.25 RAD

AR = O,gN KM

OR ].S KM/DAY

- IFBOUNCINGISUSED,IMPACTSPEEDIS THEN

V=..n-LMAx = i00 MIsEc

NEEDGOODSHOCKS

BUT CRISS-CROSSINGMANEUVERMAY STILLBE O,K.

DRUMSREVERSEROTATION __ _'*
AT ZEROTENSION
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- TRANSPORTATIONPANEL-

EENERALCONSLDEJg__TI_O_B_

IETHERS ARE CANDIDATES FOR MANY INTPIGUING TRANSPORTATION APPLICATIONS :

PAYLOADS TRANSFER TO HIGHER OR LOWER ENERGY ORBITS,

REENTRY

, RENDEZ-VOUS AND DOCKING,

, ORBIT MODIFICATION BY TETHER CONTROL,
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TETHERTELEOPERATORMANOEUVERINGSYSTEMi_)__P_PJ.LC/EI.Q_

, AT THE PRESENTSTAGE A STANDARDTELEOPERATORIS A SPACE VEHICLE FOR PLACING,

RETRIEVING AND SERVICING OTHER SPACECRAFTS,

o A TETHERED TELEOPERATOR CAN ADD INTERESTING _EATURES TO THE STANDARD

TELEOPERATOR CAPABILITIES,

• TETHERED TELEOPERATORPERFORMANCE MUST BE INVESTIGATED IN THE FOLLOWING

AREAS :

, DEPLOYMENT AND RETRIEVAL OF THE TTMS,

, PAYLOAD TRANSFER.....

, REENTRY

, RENDEZ-VOUS AND DOCKING,

TETHEREDTELEOPERAT_;-g]_RI_.,._fS_EXPECIED_PEIT-O_V_CE

0 PAYLOADTRANSFER

, PROVIDE AN ALTERNATIVE SOLUTION TO ORbIT TRANSFERPROBLEMS

, POSSIBLE INCREASE IN LAUNCHING CAPABILITY cONSIDERING THE OVERALL

STRATEGY OF THE MISSION,

0 RENDEZ-VOUS AND DOCKING

, REDUCE THE PERTURBATIONS ON LARGE BODY STRUCTURES (E,G, S/S) BY MEANS

OF THE TETHER MEDIATION,

, EXPEDITE THE RENDEZ-VOUS AND DOCKINGMANOEUVRES,

0 REENTRY

, REDUCETHE REENTRYVELOCITY OF REENTRYSPACECRAFTS,
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TSS CONCEPT FUTURE APPLICATIONS TO NASA SPACE STATIONS

STUDY GENERAL GUIDELINES

WORK STATEMENT. TASKS.

I. ASSESS IF MAJOR W_,,AKNESSRS EXIST WHICII PREVENT THE

CONTINUATION OF THE, STUDY

2. PROVIDE Tt_ RESULTS IN PARAMETRIC FORM VERSUS T}_ MAIN

PARAMKTER VARIATIONS IF THE FIRST POINT IS OVERTAKEN

3. I'KRFOItM SOM_ PRELIMINARY COMPARISON EVALUATIONS WITH

EXISTING _OI.UTTONS.

TSS CONCEPT FUTURE APPLICATIONS TO NASA SPACE STATIONS

TETIIERED TELEOPERATOR MANOEUVE_]NG__S_.T.._E_M_(TTMS)

WORK STATEMI_.NT. TASKS.

]

I. INVESTIGATE ALTERNATIVE PROPOSALS FOR THE TTMS CONTROL SYSTEM.

_. ANALYZE TH]_, JOINT TTMS CONTROL BY TETHER ANT) AUTONOMnUS TTMS

CONTROL SYSTEM.

3, EVALUATE THE MANOEU'v'E,RADILITY PERFORMANCE.

4. VF,,RIFY TI_ MANOEUVRE TIM_S ANT) Tin STATION-KEEPING AUTONOMY

VERSUS OUT-OF-VERTICAL POSITIONS REACIIED.

5. EVALUATE TIIK ENERGY CONSUMPTION FOR THE MANOEUVERS AND TIIE

_TATTON-KKEPING.
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TSS CONCEPT FUTURE APPLICATIONS TO NASA SPACE STATIONS

DEPLOYMENT AND RETRIEVAL

WORK STATEMENT. TASKS

1. INVE_TIr:ATE SUTTAN[,E CONTROL LAWS FOR TI_ DEPLOYMENT. RETRIEVAL.

STATTON-KKEPTNG PHASES.

2. PnoPosE SOLUTIONS AND INVESTIGATE THT: PERFORMANCE OF Tt_ T[_S,

CONTROl, SYSTEM IF ACTIVELY CONTROLLED.

3. EVALUATE THE ENERGY REQUIRED OR THE PROPELLANT CONSi_ED RY TI_

TTMS CONTROLSYSTEM.

4. EVALUATE Tim TETImR CHARACTERISTICS: MATERIALS, MASS, SHAPE,

DIAMRTER_, ETC.

5. EVALUATE THE POWER REQUIRED BY TI_ REEL MOTOR.

6. EVALUATE THe, RETRIEVAl, DYNAMIC_ IN Tile CARE OF LARGE ROTII IN-PLANE

AND _IIT OF-PI,ANR INITIAl, ANGIII,AIIVAIIIES RELEVANT TO A REI:f)VI_RYOP

A TFTIIEIIKD TEI.EOPERATnR IF A FAII,URE OF TIlE ACTIVE CnNTRnl, _Y_TFM

TSS CONCEPT FUTURE APPLICATIONS TO NASA SPACE STATIONS

PAYLOAD TRANSFER TO HIGI_R OR LOWER ENERqY ORBITS AND REENTRY

WORK GTATRMRNT. TA_KS,

1. DETERMINATION OF THE RANGE OF ORBITS TIIAT CAN BE ACHIEVED AS A FUNCTION

OF TRTIIKR LENGTH BOTH IN TIIE CASE OF A HANGING AND SWINGING TETHER.

INITIAL CONDITIONS ARE TI_ POSITION AND VELOCITY OF TI_ SUBSATRLLITE AT

THE MOMENT OF RELEASE.

2. INVESTIGATION OF TI_ 'CONTROL STRATEGIES ALLOWING TO REACII TIlE ENVISAGED

INITIAL CONDITIONS. DETERMINATION OF CONSTRAINTS ARISING FROM DEPLOYMENT/

• RETRIEVAL REQUIREMENTS.

3. EFFECTS OF THE RELEASE OF PAYLOAD ON Tile ORBIT OF THE MAIN STATION.

OPTIMIZATION OF THE STRATEGY OF MANOEUVNES WITH REGARD TO Tile STATION-

KEEPING OF TIlE PLATFORM.

4. REIIAVI_IIR _F Tile TEN_T_N nF TIlE TETHER AFTER PAYI,OA_ REI,RA_E,
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TSS CONCEPT FUTURE APPLICATIONS TO NASA SPACE STATIONS

5. EVALUATION OF TIlE UNCERTAINTY IN ACIITEVING THE DESIRED

INITIAL CONDITIONS FOR PAYLOAD RELEASE DUE TO THE BEIIAVIOUR

OF TIE TETIEBED SYSTEM.

SENSITIVITY ANALYSIS WITH REGARD TO THE ELEMENTS OF THE

TRANSFER ORBIT.

6. SINGI,_ OUT AND ANALYZE POSSIBLE STRATEGIES FOR A TET}ER

INITTATED REENTRY.

TSS CONCEPT FUTURE APPLICATIONS TO NASA SPACE STATIONS

BKNDEZ-VOU_ AND DOCKING

WORK STATFMENT. TASKS,

I. INVESTIGATION ON T}_ TIME CONSTRAINTS ANI} THE REI,ATIVF. VELOCITY

VARIATION DURING THE CLOSE APPROACII FOR DIFFERENT TRANSFER

ORBITS (DIFFERENT TFTHER LENGTHS)

2. ANALYSIS OF THE EFFFCT OF TP_ ORBIT PAnAWETERS DTSPFRSION ON

TIE RRNDEZ-VOUS.

3. INVI_._TICATR TI_ NEED FOR A COOD MANORUV_ARILITY OF TIE DOCKING

PRONE TO INCREASE TIE RKNDEZ-VOUS SIICC_S,

4. RVAI,IIATION OF TIIE ORBIT AND ATTITUDE PFIITImBATIONS OF TIE

SYSTEM AFTFR DOCZIN_.
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MAGNITUDE

- AFTERN ORBITS,APOGEE.RAISINGOR LOWERINGIS

aR = '---_- m,_,. .__(.m,+.,2)_ C )LMAx :X0 N

FORL_x = 100 KM . MI= M2 ' _0 = 0,25 RAD

_R : 0.914K_-

OR IS KH/DAY

- IFBOUNCINGISUSED.IMPACTSPEEDISTHEN

V:=--n-.LMAx : 100 MIsEc
i

NEEDGOODSHOCKS

BUTCRISS-CROSSINGMANEUVERMAYSTILLBE O.K.

DRUMSR_IERSEROTATION _ /"' ....
AT ZEROTENSION

J // \\ \
I \

I \
I V
I \

/ I_h,,t _Ir p,lrW in n \

I _ _;I,,, t t I r
I k _.....r,,,-

I '

, /
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..,-- _ IO km I
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._C*._) I,')o km I

- _('l_I)*lr III I'L('I'_'I:D fq!Vl{:l_ (_;nllt_q)

- _111)PTI I

TItAII'f'Tf)I)y nl )n I11ITTII_T'I_ roN _r'M,r' PII'A_(_!l_,

It_"| ,'l(:{Vr pnqil"i,,n.

STATLONKEEPINGANDORBITPARAMETERSMODIFICATION

(GENERALCONSIDERATIONSANDPRESENTSTATUS_

o Sto_

, INVESTIGATE THE POSSIBILITY TO MODIFY THE ORBIT PARAMETERS BY INCR,EA-

SING THE TOTAL ENERGY OF THE SYSTEM BY _UITED LENGTH CONTROL OF THE

TETHER,

o AN EXAMPLE

, THE TETHER OF A TETHERED SS FOLLOWING AN ELLIPTICAL ORBIT CAN BE

LENGTHENED AT THE APOGEE AND SHORTENED AT THE PERIGEE OF THE SAME

AMOUNT PRODUCING A TOTAL ENERGY INCREASE OF THE SYSTEM, CONSE-

QUENTLY THE ECCENTRICITY INCREASES,

THIS STRATEGY COULD PROVIDE AN ALTERMATIVE SOLUTION TO COUNTERACT TRE

AERODYNAMIC EFFECT OF THE SS WHICH REDUCES THE ORBITAL ECCENTRI-

CITY ,

Q PRESENT STATUS

, THE SOLUTION IS NOW CONSIDERED LITTLE PPOMISING,

. ORBIT ECCENTRICITY INCREASE WITH BOTH ArOGEE INCREASE AND PERIGEE

DECREASE SEEMS TO BE ACIIIEVADLE ONLY,
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B_.qu I tn :

tl J nO r_ fl_,+

n (1 + e) 'ner, n.q_ (_iPOR,_)

i[

T @ S OONCEPT EVOCUTION

,_ IMPROVED TSS

SATELLITE CARACTE. f
RISTIC INCREASED
IN:

• MASS

• DIMENSIONS

• POWER

• TETHER LENOHT
• MISSION OURATIO_

• PROPULSION SIS
PERFORMANCE

+. _I_ TETHERED ]'

. _ZI;>.._ SYSTEM ., MANEUVERING I

_'_'''_ PAYLOADIMPLEMENTATIONRELEASE_ SYSTEM Ii

' TSS BASELINE J OFA LAUNCHING TETHEREDSYSTEMtOI

,-_ i DEV ELOPM ENT , PLATFORMWITHA PERFORMDEPLOYMENT• 500 ks, SATELLITE _+ RETRIEVAL LAUNCH ;

• I.S m. DIAMETER I SERVICE TO PERFORM RENDEZ-YOUS • I

• TETHER I.ENOTH: TETHER ASSISTED ,,_+,_m.n.."_"" AND OTHER i
UP TO 100 kin. ORBIT TRANSFER APPLICATIONS UNDER ;

• POWER:IkwHRS "% STUDY FROM A I

_ _ .M,SSIONOURA-TION:&O,,OHRS _ SPACESTATION J- TETHERED LONG TERM EVOLUTION

TWO DEMONSTRATION FLIGHTS "'_ RENDEZ-VOUSAND SPACE STATION OPERATED

=___ DOCKING PROBE

IN 19@'/9 @8 IMPLEMENTATION Of
EI.EGTRODYNAMIC MISSION A RV &D PLATFORM

ATMOSPHERIC MISSION TO PERFORM TETHER
MEDIATED RENDEZ-

UP TO tO FLIGHTS TO SATISFY VOUSANDD_KIN3

VARIOUS SCIENTIFIC WITH APPROACHING

DEMANDS 5PACECRAFTS

i .a i

_, PRESENT MID TERM EVOLUTION
"" SHUTTLE OPERATED SHUTTLE OPERATED

i
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I. INTRODUCTION
f

Space Stations and Tethers

The working group should emphasize the relationship between tether

and space station. Tethers can be embodied into NASA's future space

station development both as an experlmental facility and as a technology

for systems enhancement (including attitude control, power source,

statlonkeeplng, friction induction, traction enabling, docking, deploy-

ment, etc.).

Early action should be taken to ensure that the basic tether

system be basellned into the initial space station architecture and that

further concept studies be arranged to,embody this basic capability. In

the short term, 1991 through 1995, the application of tether techniques

would be similar to those employed on intervening space shuttle

missions. Space station tethered satellite operations would be continu-

ous, subject to need and occasional association with local spacecraft

operations in the proximity of the space station. The use of the tether

principles would be further explored for attitude control and/or

attitude stabilization damping, proximity operations, etc.

For new tether uses, action should be taken to look at the tether

for holding storage uses, proximity operations, and for extension of the

capabilities of attached payloads systems. These applications should

emphasize dynamic off-vertlcal tethers, rapid deployment, actlve-steered

tethers, tether-boom combinations, and other concepts.

The artificial gravity group approached this in several ways

including:

• A tethered microgravlty lab

• A tethered tank farm

• Tethered modules for space station [(antenna farms, docking
modules, nuclear power systems, etc.) see Figs. i and 2].
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APPROACH:
r

• DEFINE ARTIFICIAL GRAVITY GENERAL REQUIREMENTS

• DETERMINE MOST APPROPRIATE MEANS OF FULFILLING

REQUIREMENTS--TETHERS VS. OTHER

• EMPHASIS ON TETHERED SPACE STATION APPLICATIONS

GENERAL REQUIREMENTS:

• MEDICAL/PHYSIOLOGICAL

• TECHNOLOGY

- FLUID STORAGE AND TRANSFER
- SUBSYSTEMS

• MICROGRAVITY SCIENCES

- LIFE SCIENCES

- MATERIAL SCIENCES/PROCESSES
- FLUID SCIENCE

- SIMULATIONS/CHEMISTRY/PHYSICS

• HABITABILITY/PRODUCTIVITY

• OPERATIONS

Figure 1. Artlflclal Gravity Panel Approach and General Requirements

MEANS:

• MEDICAL: VARIABLE GRAVITY FACILITY (>10-3)

• TECHNOLOGY: MANNED R&D FACILITY

• MICROGRAVITY: VARIABLE GRAVITY FACILITY (<10-3)

• HABITABILITY: ROTATING SYSTEM (>0.i0 G'S)

• OPERATIONS:

- TANK FARM

- ANTENNA/SENSOR FARM

- TMS/OTV RETRIEVAL

FiEure 2. Artlflclal Gravity Panel Means

Not envisaged for the initial space station, but not precluded as

a sponsored investigation is the need to investigate artificial G as a

requirement for continuous manned habitation of the space station.

Senslble "E" levels would require tethered dlsplacement of larEe

elements of the space station configuration.
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For long term space station evolutionary development, the

consideration of more complex tethering concepts (constellations,

launches, etc.) should be investigated including large scale utilization

of tethered systems (tank deorbiting, on-orbit uses of external tanks,

etc.).

The aforementioned recommendations are summarized in Fig. 3.

Figures 4 and 5 summarize the artificial gravity alternative with and

without tether. The remaining figures (Figs. 4 through 12) illustrate

artificial gravity concepts. Requirements and the means for achieving

artificial gravity will be discussed in Secs. II and III.

RECOMMENDATIONS:

e SPACE STATION TETHERED APPLICATIONS

- NEAR TERM (1991-1995)
• EXPERIMENTS FROM STATION
• EXPERIMENTS FROM PLATFORM

• TETHER SUPPORT OPERATIONS

- STOWAGE
- PROXIMITY OPERATIONS

- MID TERM

• SYSTEMS CONTRIBUTIONS TO STATION
- TANK FARM

- ANTENNA FARM
- TETHERED RETRIEVAL

- LONG TERM

• ARTIFICIAL "G" AS A STATION CHARACTERISTIC
• LARGE SCALE TETHER OPERATIONS

Figure 3. Artificial Gravity Panel Recommendations
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TETHER

ROTAT ING GRAVITY

__ /GRADIE%NT
CENTRAL SPLIT SPLIT CENTRAL

CORE-2 HALVES HALVES WITH
TETHERS APPENDAGES

_ SINGLE MULTIPLE

I
STRING

OF BEADS

FIEure 4. Artiflcial Gravity Alternatives (With Tether)

NO TETHER

GRAVITY ROTATING
GRADIENT DEVICES

INTERNAL ENTIRE

OR

EXTERNAL

FIEure 5. Artificial Gravity Alternatives (Without Tether)

5-92



SPACE STATION MANNEDARTIFICIAL GILA.VITY LAB

CORE

_/ SPACE STATION

I
I CORE

ALSO

I # ROTATES

UP TO UP TO
I00+ KM 300 M

CENTER OFI-2 RPM

Figure 6. MAGL (Manned Artificial Gravity Lab)

•I_(MJLAR

¢ •SHUTTLE LAUNCHED
•SERVICEABLE

•CONTROLLED FROM sPACESTATION
• INSERT RAW MATERIALS CARTRIDGES
• REMOVE PROCESSEDCARTRIDGES
• OCCASIONALLY REFURBISHEDAT SPACESTATION

• VARIABLE G (CHANGETETHER LENGTHI
• LOWG MELT WITH ZERO O

SOLIDIFICATION
• LOWG MELT WITH VARIABLE

G SOLIDIFICATION

•ORBIT DECAY PROVIDES ELECTRICAL POWER

Figure 7. Microgravity Materials Processing
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PREVIOUSLY PROPOSED TO USE CENTRIPITAL
FORCE AND SURFACE TENSION ON ORBIT TO
FORM THIN FILMS

F (GRAVITY
GRADIENT)

COULD USE GRAVITY GRADIENT AS A THIRD BODY
FORCE TO CONTROL SURFACE SHAPE

Figure 8. Aid in Forming Reflectors

I

HABITATION

MODULES RADIATOR OTV '

CG .- / _(F"J-__ SOLAR

Figure 9. Tethered Orbital Refueling Space Station
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STATION 0_StT __lb _

z le. Stationnethered De_er LoadingOTV

lb. StMionrrethered Oe_r Loadin9 Irom $T$ Tanlulr

2. Sa;=n<edOewars
3. BalancedDe,act - $tMion manned center of mass

FLO_ - X _ 4. BalAm:edSto¢ige - ACtivecooling systems

T["THEREDPROPELLANTCONCEPTS
SHUTTLE
TANKER

X Continuecl$ " _ X

coo_mq
c_

_ Oe.ttl _ _ ORBIT

C_i_ f

Figure I0. Tank Farm

/

/ \
/

/ TETHER MOUNTED \ \
/ SENSOR REMOTE

/ \
! FROM

CONTAMINATION !I

I COVERAGE I I

I_BY SS ,_ ,:_..,_SENSOR/ |MOUNTED_ ANTENNAI
',_antenna ._J__ Farm /

\.- _-._--,_ /
\\ .," /_._" '\ z_" COVERAGE

",,/I.. _\ b / "-BY ANTENNA

sTATIOn ___J_-_=_" _/" "" _ FArM| ANTENNA

ANTENNA STATION

c] RCS
ACTIVITY
CAUSES
CONTAMINATION

Figure II. Antenna Sensor Farm (Tether-Mounted)
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V TMS BURN IN THE -V DIRECTION
(_ _ [ |' CAUSES TMS TO MOVE IN -Z

==_1 DIRECTION REL TO S.S._ Ms
!
!

(_) [_ GUIDEDTMS"WITHTO SLACKoTVTETHER I.S

(_) _ _ TMS MATES WITH OTV

_ TMS MANEUVERS OTV TOWARDSTHE-Z LINE (L.V.) EXTENDING
(_ __ FROM THE S.S.

I Ll:rJ ,
-Z I

I._A_\_ WHEN e < (TBD), TMS JET(_) ACTIVITY CEASES TETHER|- \_

i _ IS TAUTENED

s_.s. ] USING ACTIVE CONTROL FOR

(_) _ 1 LIBRATION DAMPING, THETETHER CONTROLLER REELS
,. _._T_-o_vP_¥_o_

Figure 12. OTV Retrieval wlth Tethered TMS
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II. REQUIREMENTS

Artificial Gravity (AG) Medical/Physlological

The use of an artificial gravity to reduce/eliminate the deleteri-

ous effects of the zero-g environment on humans. The principal organ

systems known to be clearly affected by the loss of a 1-g bias are the

cardiovascular, vestlbular, and skeletal. The objective is to create an

environment or habitat at a g-level appropriate to diminish these

effects. This may be continuous exposure to a low-g (0.1-0.5) environ-

ment or limited (i-i0 hours) exposures (e.g., sleeping/recreatlon hour)

to a higher-g (0.5-2) environment.

The ability to achieve these accelerations while limiting both

coriolis and gravity gradient effects will probably require rotating

tether systems due to present technology limitations which cause tether

weights to become excessive in GG forces of this magnitude.

While the need to research these subjects (e.g., vestibular

adaptation, skeletal decay, etc.) is clear (and is covered under micro-

gravity llfe sciences), the present data does not contain a compelling

and immediate need for such a system. (See "Medical Support for Long

Duration Missions," IAF, September 1982, Paris, France, Furokaiva et

al.)

While artificial gravity may provide effective countermeasures to

zero-g--the operational problems (decking, rotation stability, power

transfer, etc.) associated with the attainment of significant g levels

may far outweigh other countermeasures (e.g., fluid intake, autogenic

feedback training, treadmills, etc.).

While skeletal problems are clearly only a problem on long

duration (>9 month) missions, the cardlovascular and vestlbular problems

affect even short term space travelers; and while the cardiovascular

problem increases with increasing mission duration, the vestibular

problems are almost non-existent for long duration missions (except
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posslbly during reentry). The ability to provide adequate A.G.
t

countermeasures for short term shuttle crewmembers (who have a full

mission to carry out) may be impractical.

The need for A.G. for medical/physiological reasons aboard a space

station needs further study and must be traded with operational and

science needs, This research is presently funded through both NASA/JSC

and USAF/AMD.

The shuttle operational constraints and limited stay time will

severely limit the capability to evaluate the effectiveness of A.G.

countermeasures. A free flying tether eystem deployed from the shuttle

and later retrieved, or deployed from a space station, would be required

to support adequate evaluation. The system would need separate power

and attitude control as well as the capability to rotate in order to

reach the necessary g loads. It would not necessarily need to support

manned experiments. However, small primates (Rhesus monkeys) would be

desirable. (These issues are covered further under life science

experiments.)

Habltability/Productlvlty

Because of man's evolution in a l-g environment and our extensive

knowledge of l-g environmental design, we have not yet mastered the

zero-g environment as well as may be posslble. There may be many ways

to improve man's productivity and general comfort (habltabillty) with

A.G. This could include: toilet use, food preparation and eating,

water handling, showers, applying torques, moving about, handllng

supplies, etc. It should be noted that there are specific advantages to

a zero-g design. Water immersion facility tests (Ref.: MIT Space

Systems Lab Studies) have shown higher productivity rates in zero-g than

l-g. In addition, zero-g designs have a better volume efficiency than

1-g designs (e.g., no floors required, open spaces feel larger, etc.).

The extension of these ideas to partlal-g environment needs further

study.
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While the above has discussed in a general manner the thoughts

encompassed by habitability, the requirement for zero-g environments for

habitability/productivity reasons does not yet exist. Further study

(much of which can be ground-based experimentation) is clearly needed to

Justify any tether applications in this field.

Fluid Storage and Transfer Requirements

A tether system for storing and transferring liquid must primarily

position and maintain fluid over the tank outlet. This should also

provide for easier quantity gaging. The tether should provide separa-

tion of the tank farm from the space station to provide hazard clearance

from explosion and contamination. The tether should provide separation

of the OTV docking from the space station to prevent accidental

collision with manned systems.

Simulations, Chemistry and Physics

Tethers enable independent control of overall accelerations in

slowly rotating (<0.07 °/sec) and inertially fixed containers.

Accuracy, range, and duration of such controlled gravity depends on the

particular engineering embodiments of the tether system. An earth-

radlal-acceleration of i00 cm/sec 2 is near the approximate upper limit

for a gravity grdient system in low earth orbit. Potential

applications include, but are not limited to:

• Chambers within which to simulate operations on asteroids,

competary nucleii, and moons (Earth's moon is near the upper

limit); phobes and demos are within range.

• Chambers or platforms on which to develop and operate

manufacturing systems--especially those in which

recirculating, debris laden, fluids are produced. This will

expedite applications of terrestrial technologies to space.

• Provide another independen t and controllable body force

which to form large area (generally fragile) structures for

use in space, such as optical mirrors, radio reflectors,

solar sails, and similar items.
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• Provide a macropartlcle (dust to golf ban sizes) facility
" i

within which collectivemotlons analogous to those in

planetary rings (e.g., Saturn), in plasmas, in chemical

critical phenomena, and in fluid (including bubbles), and

solid-particle fioW(dike coal pipelines) can be examined

directly on an individual particle basis. A larger range of

combinations of body forces could be examined than on earth.

• A laboratory for various experiments in fundamental physics

such as: bette r measurements of G; extended etvos

experiments; multipole masses to provide even lower-g levels

than free fall.

Each of these applications utilize tethers to provide controllable

unidlrectional levels Of accelerati0n over long periods of time.

Availability of relatively large dedicated volumes equlpped with ade-

quate controls (from In-space or Earth personnel) are assumed. Careful

attention must be given to stability of the various configurations

against random or oscillatory motions of the overall tethered systems

over relatively long periods of time (minutes to months).

Tethers provide new opportunities for long term control of

accelerations in relatlvelY!arge volumes over longperiods of time at

potentially reasonable expense. Very little attention has been given to

identifying the interesting possibilities. The five rather dlsparent

topics mentioned llkely only hint at the large number of research and

applications topics which can beidentifled. We strongly recommend that

a wider ranging identification and definition study be conducted.

Microgravlty Requirements

Tether systems provide new types of microgravlty (MG) environments

that can be used to meet a large variety of user's needs in the flelds

of llfe sciences, material sclences, and fluld sciences. A MG

envlroument is characterized by:

• Level (intensity)and direction of resldualgravlty

• Duration
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• Volume

• Quality defined as the persistence of nominal values
throughout expected duration.

Classlcal platforms (drop towers, aircraft, sounding rockets,

spacelabs, and space stations) are able to provide:

• Simple point nominal values for intensity and observation of
residual gravity

• Direction of residual gravity often unknown

• Time independent or quasi steady nominal values

• Different MG-quallty.

Tethered platforms instead offer:

• A continuum of nominal values (intensity, direction)

• Time dimension added

• Controllability of mlcrogravlty environments

• Potentially good quality.

The main capabilities made available by TSS are:

, Possibility to cover, _ith continuity, the range of g levels
from microgravity (I0-_ to i0 -) to I

e Possibility of varying, in a programmable and controllable
manner, the intensity (and probably the direction) of
residual gravity.

Typical examples of uses of these added capabilities are:

• Parameteric, g-level (and/or g-direction) investigations

(experimental curve vs. experimental _olnt)

• Controllable g-level time profiles to investigate:
- Frequency-lntenslty effects

- G-Jltters

- Hysteresis phenomena
- Time cycles
- Intermlttency
- G-noise.

Typical examples in the different fields are:

• Life sciences (determination of threshold g-values for
biologlcal processes)

/
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• Material sciences (determination of the level-frequency
acceptability regions for crystal growth processes)

• Fluid sciences (g-Jitters, contact angle hysteresis, dynamic
wetting, spreading, influence of g-hlstory on critical point
phenomena, stability enhancing by means of tlme variation of
g-levels)

• Processes (optimization by means of so called g-tunlng).

These experiments can be performed in different modes, which

include:

• Dedicated missions

• Sold-on experiments

• Get Away Special type experiments

• Multlple tether

• Different mission profiles (including free-flylng periods).

Requirements - Operations

Large multlfunctlonal orbiting facllltles such as space stations

and space platforms impose new operatlonal requirements. Such facili-

ties wlll be composed of various functlonal elements. These may in-

clude, for example, transfer vehlcle docking and maintenance equipment,

laboratories, and sensor packages. Potentlal benefits are anticipated

from the separation of some of these elements from the main structure.

The major benefit is isolation from contamination or interference by

other elements.

Addltlonaly, hazardous or contaminating operations such as trans-

fer vehlcle docking may beneflclally be remotely conducted. Taking

advantage of the multlfunctlonal facility implies that each separated

element is occasionally brought to the maln structure for services.

Such services are maintenance, resupply, changeout, and storage.

One functional requirement, therefore, is for selected functional

element deployment statlonkeeplng and retrleval relatlve to a maln

structure. As examples:

• Antenna farms removed from interference by the maln
structure
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• Sensor packages kept clear of transfer vehicle contamination 
i 

operation 

• Teleoperator retrieval of a passive transfer vehicle and 
return to a space station 

Microgravity research and operations facilities in proximity 
to and tended by a space station. 





III. MEANS FOR ACHIEVING ARTIFICIAL GRAVITY

The following table summarizes the requirements for artificial

gravity.

- MEDICAL: VARIABLE GRAVITY FACILITY (>10 -3)

- TECHNOLOGY: MANNED R&D FACILITY

- MICROGRAVITY: VARIABLE GRAVITY FACILITY (<10 -3)

- HABITABILITY: ROTATING SYSTEM (>0.i0 G'S)

- OPERATIONS: TANK FARM

ANTENNA/SENSOR FARM

TMS/OTV RETRIEVAL

The means for developing these artificial gravity capabilities are

discussed in the following six subsections.

I - Manned Artificial Gravity Laboratory

Background. Technology developments (high strength plastics) and

an improved understanding of orbital dynamics have offered two new

options in space flight. First, the use of tethers deployed in a

gravity gradient orientation allows finely controlled experimentation in

microgravity sciences. This not only includes the ability to hold

accurately predetermined levels of microgravity for indefinite periods,

but also the capability to vary these levels along arbitrary time

profiles--again for extended durations. Secondly, tethers also reopen

the question of the use of artificial gravity to improve habitability,

increase productivity, and reduce subsystem design/development problems

in manned space stations. Past studies discounted such concepts since

it was found that, within practical limitations of rigid structures,

rotation rates for reasonable "g" levels would actually induce rather

than suppress. Motion sickness and that coriollis forces, tethers with

large artificial gravity gradients, might actually degrade habitability/

productivity below levels achieved in zero-g. But gravity gradient

tethers would eliminate these effects while producing useful levels of

artificial gravity and much shorter whirling tethers could be employed

to produce even higher values of acceleration at rotation rates low

enough to result in an acceptable environment.
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It is noted that testing of habitability/productivity factors, as

well as development of many medical/physiological experiments is best

pursued when the human subjects are engaged in normal, everyday tasks.

Thus useful synergism can be developed in a manned laboratory where

medical, physiological habitability and productivity artificial gravity

experiments are conducted while the subjects of these tests are engaged

in a program of microgravity science and technology experiments. The

advantage of a manned laboratory are summarized in Fig. 13.

• SIMULTANEOUSLY UNDERTAKES A RANGE OF ARTIFICIAL GRAVITY

EXPERIMENTAL WORK

- MEDICAL/PHYSIOLOGICAL

- TECHNOLOGY EXPERIMENTS

- MICROGRAVITY SCIENCES

- LIFE SCIENCES

- MATERIAL SCIENCES

- FLUID SCIENCES

- HABITABILITY/PRODUCTIVITY

• OPERATES IN EITHER A GRAVITY GRADIENT OR LONG RADIUS WHRIL

MODE

- SAME TETHER EQUIPMENT

• DOUBLES AS GENERAL PURPOSE LABORATORY AND IT'S NECESSARY

LIFE SUPPORT AND CREW SYSTEMS ARE AN INTEGRAL PART OF THE

CORE SPACE STATION DESIGN

Figure 13. Manned Artificial Gravity Laboratory (MAGL)

Laboratory Description. The Manned Artificial Gravity Laboratory

(MAGL) consists of a 14-ft diameter module approximately 40-ft long. It

contains crew systems for its two-man crew and the necessary llfe

support and environmental control systems. Communications systems would

be minimal since, in remote operations, it would only communicate with

the core station (perhaps hardwire) and data would be stored on-board

return that transmitted. Since the lab would never require more than a

few hours to reattach itself to the core station, the necessary systems

need not be redundant though emergency llfe support (possibly

spacesuits) would he available. Similarly, these systems need not be
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additions to those normally required by the station since the crew

quarters would be those normally occupied when the module was attached

to the core and other systems would supply the redundancy and backups

required in all critical subsystems. Additionally, electrical energy

source would not be necessary within the module since, in whirling

tether operations, it would receive its power via hardwire from the core

(~i000 ft); and in the gravity gradient tether mode, it would receive

power from the tether itself (electrodynamic). If the electrodynamic

tether concept proves impractical, the MAGL could use its own relatively

small solar cell power system while operating in the gravity gradient

tether mode. But again, this could be part of the total station power

supply with additional safety resulting from the fact that there was an

isolated redundant total system (array, regulations, batteries). The

MAGL would also have its own RCS propulsion since this would be required

to establish the whirl mode and greatly facilitate deployment and

redocking. But again, this can be part of the total station's redundant

systems since the deployed MAGL could be docked by use of either the

core or MAGL RCS while the other was inactive. Much of the laboratory

equipment would be basic instrumentation, data gathering, and facility

items found in descriptions of General Purpose Laboratories as described

in previous space station studies (see 69-71 and B reports). Thus the

MAGL can serve as the GPS when docked to the core.

For the reasons discussed here, cost of a station within a MAGL

integrated into its original design should be much less than if it were

a later addition. In fact, the integrated MAGL offers an exception

increase in stations capability to undertake useful science and

technology efforts for a very modest increase in total costs.

MAGL Operations (Fig. 14). Since the MAGL has its own

RCS/propulsion system, initial deployment and terminal docking would be

as a free flying module. Though the tether would be attached, no

tension would be applied by the tether reel system. This greatly

simplifies tether system design, since gravity gradient forces are very

small at small separations. In the gravity gradient mode, the RCS would

only be used to damp unwanted dynamic motions when separation distances
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were more than several hundred meters. In the whirl mode, RCS

propulsion would accomplish the entire deployment sequence, including

establishing the whirl veloclty ('30 to 60 fps). From a space system

design viewpoint, it would be much easier to allow the core station to

also rotate in this mode. While other work schedules would undoubtedly

be interrupted, many medical and habitability objectives could be

achieved in a short period since investigation of long duration would be

limited to gravity gradient deployments.

CORE
ALSO
ROTATES

UP TO 30_/

100+ KM

CENTER OF
ROTATION

1-2 RPM

Figure 14. MAGL (Manned Artificial Gravity Lab)

2 - Use of Tethered Capsule as Very Low-G Facility

In low earth orbit, space vehicles experience a deceleration due

to drag of 10-6 or more. Some experiments and/or processes may require

a lower-g environment.

A very low-g facility is proposed. The low-g capsule follows the

Shuttle (or other host spacecraft) on a tether. The tether will be

reeled in to maintain a force on the capsule that Just offsets drag,

thereby maintaining the capsule at near zero-g.

The rate of reel-in velocity will vary with time according to:
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\

v=at

where a = deceleration of the Shuttle due to drag
(and force on the tether)

t = time from beginning of the low-g period

Similarly, the initial length of the tether would be:
2

L = 1/2 a t

If the drag is 10-6 g, then the tether would be 25 miles long to achieve

a 24 hr low-g period. The reel-in velocity would be about 2.5 ft/sec at

the end of the period.

The boom to direct the force along the orbital path of the capsule

would be several hundred feet long (400 ft for the example given), and

it would have to be retracted as the capsule moves closer to maintain

the force vector on the capsule to be just oppositethe drag vector.

DAMPING ZERO-G
ISOLATION CAPSULE

CIRCULAR ORBIT

Figure 15

3 - Life Sciences Research Facility

The use of a tether in both GG and rotating applications to create

a variable (0-i G) gravity for researching basic llfe sciences would be

beneficial. The study of both plant growth and animal physiology would
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greatly increase our knowledge of the effects of gravity on all llfe

forms. This would) in turn, support studies on the need for AG on a

permanent manned space station.

It is not practlcal to perform long duration (>I month) llfe

sciences (especlally anlmal) experiments without manned tending. (The

complexlty of tasks) unknowns involved, and adverse results of a system

failure or death of an on-board animal) makes periodic manned servicing

mandatory.) This could be accompllshed using a shuttle in several ways.

First, a one week mission could gain a llmlted amount of valuable

Inltlal data. An extended duration shuttle (<21 days) would provide

addltlonal valuable data. Another alternative is to deploy the tether

system) allow it to operate Independently for up to a month and retrieve

the system on a later flight (Fig. 17). A final alternative which is

attractive is to use a space station for long duration manned tending

(Fig. 18). It should be noted in all of these cases) that the tending

need not be at the tethered facility. It can occur between experiments

after retracting the tether system.

eQ

- mY
,.'..,I-.'. ,/

111/ _, , , , , , . , , i

I 0 / --VARIABLE (0 5) G LOADS
• LONG DURATION

I _ _ • HIGH G LOADS VIA ROTATION• MULTIPLE ANIMAL CAPABILITY

• SHUTTLE DEPLOYED/RETRIEVED• MINIMAL CORIOLIS/GRADIENT EFFECTS

• POSSIBLE SPACE STATION TENDING

Figure 17 Artificial Gravity Life Sciences Research Tether Sat
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HAB ITAT

SOT.AR ARRAYS

i _ ELEVATOR

HABITAT

Figure 18. Medlcal/Physlologlcal Countermeasure Artificial
Gravity Space Station Design

The tether system competes with smaller centrifuge concepts for

many of these experiments. There is, however, a significant advantage

to the tether concept. The extremely long lengths achievable with a

tether (lOO_s of meters-kilometers) minimizes both corlolis accelera-

tions and gravity gradient effects present in small centrifuges (Fig.

19). The problems associated with a rotating tether facility, however,

need to be studied further.
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g " OMEGA 2 R

TO MINIMIZE CORIOLIS WANT R LARGE

TO MINIMIZE GRAVITY GRADIENT WANT R lARGE

TO MAXIMIZE "g" WANT R LARGE

GROUND BASED DATA SUGGESTS

OMEGA < 3 RPM TO PREVENT MOTION SICKNESS

TO BE "SAFER" AND TO MINIMIZE ROTATION RATE AND CORIOLIS
EFFECTS :

LET OMEGA - 1 RPM ~ 0.i RAD/SEC

THEN

"g" R (RADIUS)
0.i i00 M

O.25 250 M
0.5 500 M

Figure 19. Rotating Tethers

4 - Microgravity Material Processing Laboratory

A possible laboratory configuration is shown in Fig. 20.

•MODULAR
•SHUTTLE LAUNCHED

•SERVICEABLE
•CONTROLLED FROM SPACESTATION
• INSERT RAW MATERIALS CARTRIDGES
• REMOVE PROCESSEDCARTRIDGES
• OCCASIONALLY REFURBISHED AT SPACESTATION

• VARIABLE G (CHANGETETHER LENGTH)
• LOWG MELT WITH ZEROG

SOLIDIFICATION
• LOWG MELT WITH VARIABLE

_>_ G SOLIDIFICATION

• ORBIT DECAY PROVIDES ELECTRICAL POWER

Figure 20. Microgravity Materials Processing
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Many properties of fluids vary with temperature (see Fig. 21 for

examples). Since the temperature of materials must be elevated sub-

stantially above the ambient in many materials processing in space (MPS),

applications, these temperature dependent property variations may cause

inhomogeneities in the fluid. These inhomogeneities may defeat the

purpose of microgravity growth (i.e., "perfect" materials). If the

material is heated at the end of a tether, the gravity gradient force

may be used to "clean" the inhomogeneities from the fluid. The system

may then be moVed to the cg where uniform growth in a minimum g environ-

ment may be performed.

FURNAI_

||FO .ACE

WARMUP OPERATE
FURNACE FURNACE

VAPOR y
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SOLN

% SOLUTE IN SOLN TEMP

w_ING ./SOLN ANGLE
VOLUME w'

TEMP TEMP

Figure 21

5 - Tethered Tank Farms

To support the operation of OTVs from a space station, it has been

proposed that storage tanks for propellants be located at some distance

from the station by means of a gravity gradient tether. Two reasons

havebeen cited for this concept:

• Existence of "artificial gravity" would facilitate transfer

of fluids

• Safety of the manned station would be enhanced by the remote

location of hazardous liquids.
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In operation, such a concept would require the shuttle to

dock/berth at the remote location to deliver the propellants and the

usually unmanned OTV to berth at the same point to receive propellants.

Locations of fluid storage tankage remote from a space station by

tethering will provide settling of liquid. Settling will eliminate or

simplify liquid acquisition device requirements. For cryogens,
\

elimination of the uncertainty of liquid position will permit designs of

a more efficient thermal central system. Several concepts are shown in

Fig. 22.

STATIOk

___ ORBII _ ,/i.._ STATION

a ,,
"/4 la. StltlonRethered Dewar to_inij OTV

n°_'_'-._'__ 3. selence_Oewars-Stationman_e_centerolmass
_,._" 4. Balahce_Storage - Activecooling systems

L ', TE'1HEREDPROP[LLANTCONCEPTS

I\/ --- - o,,,T

;u°°'
Figure 22

A major problem in resupply of liquids to a space station is

removal of non-condensible pressurant prior to refill. An option is the

use of autogenous pressurization, but a better solution will be the use

of tethering to settle liquid away from the vent port, so that the

ullage can be directly vented. Once the non-condensible gas has been
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removed, resupply can be accomplished by a "no-vent" fill procedure. It

is unlikely that tether technology will permit refill with direct

venting (rather than no-vent fill), because the kinetic energy of

transfer will result in large liquid motions, the likelihood of venting

liquid. Thus "artificial gravity," offered by the remote gravity

gradient location, could significantly simplify the hardware (propellant

retention and zero-g vent devices). In addition, it may also offer

gravity feed of propellants from one tank to another. While this latter

system would be a rather slow system (within practical limitations), it

reduces pressurization requirements, and because of the slow transfer

rates, reduced dynamic interactions. It is also noted that

"artificial gravity" would greatly reduce the problem of measuring

_iquid quantity within a tank.

Examination of the storage problem indicates that quite low levels

of acceleration will allow the liquid transfer tactlcs outlined above.

Bond numbers of ten can be achieved for all propellants of correct

interest at 10-5 g's and this is believed sufficient to allow pressur-

ized transfer at useful rates. Hence tank location at little more than

i00 ft from the station/tank system center of gravity will suffice (Fig.

23).

120

100

LENGTH80-
(FT)

60 -
VIMH

---l

*FROM SYSTEM C.G.

Figure 23. Tether Length (Bond No. = 10)
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The safety advantages divideinto two categories:

• Physical separation reduces possible hazards due to either

explosive rupture of the tankage or leakage

• Remote docking/berthing of the orbiter and unmanned OTVs

reduces the possibility of catastrophic colllsion.

Means of Achieving Fluid Storage and Transfer. A tether system

for storing and transferring llquid with a bond number of 10 would allow

the surface tension forces to be overcome to settle the fluids, allow

only vapor to be vented in a tank being filled, and allow residual

during transfer to be minimized by minimizing tank cavitation. This

bond number corresponds to between 20 and 120 ft tether length from the

center of gravity for the various propellants. For these short tether

lengths, booms may be preferrable. Longer tether lengths would be

needed to reduce sloshing and to provide for gravity feed fluid

transfer. The sloshing displacement,.Important for determining if fluld

will uncover the outlet, will be reduced by longer tether length, which

means greater gravity, by converting the kinetic energy resulting from a

disturbance into potential energy in a shorter distance. Gravity feed

will use the gravity force to overcome transfer drag. Advantages are

reduced pressurant resupply requirements and reduced inltial fluld

transfer impulse, while having the disadvantage of being slow. The

applicability of gravity feed will depend on the transfer time

requirement.

For safety explosion and contamination, separation must be

provided. Most explosion hazards with propellants is due to leakage to

atmosphere, which won't be present. Another predominate explosion cause

is overpressurization of propellant tanks, which is no problem with

• proper precautions. Therefore, an explosion is unlikely. If there is

enough leakage to cause a contamination problem is being disputed.
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In evaluating the desirability of remote/gravity gradient location
i

of a tank farm, it must be pointed out that _his concept only represents

an alternative method of accomplishing propellant transfer in space or

positive displacement tankage is one obvious solution to zero-g transfer

of liquids. However, this is both heavy and unreliable where repeated

usage is involved. But the technology of both passive liquid retention

and active vent systems for transfer in zero gravity is fairly well

advanced. In fact, expulsion of storable propellants with use of light

weight passive retention screens has been well demonstrated by the

orbiter OMS tankage. Thus, the choice involves a value judgment

between two competing systems.

Where the safety issue is concerned, it is believed that storage

safety is generally improved by the vacuum/zero-g environment when

compared to storage problems on earth. Since, to pursue space flight in

any form, we must work in close proximity to propellant storage tanks on

earth, it is difficult to believe that storage safety is a significiant

issue on orbit--at least on a rotative sense.

Berthing/docking safety is a significant problem, particularly if

OTVs are frequently launched from the space station. But remote docking

involves considerable additional complexity operationally. First of

all, typically the orbiter will deliver both propellants and other space

station supplies. Thus, either two dockings or transfer of materials

and personnel between the station and remote tank farm are required.

Similarly, the returned OTV must not only be filled with propellants,

its payload must either be changed or installed. Additionally, OTV

maintenance must be at least occasionally performed. Thus, the remote

tank farm could conceivably, through the additional required operations,

be counter productive where safety is concerned.

It must also be noted that, for the distances required by both

safety and propellant transfer criteria, rigid deployable booms are an

obvious alternative to tethers. In fact, the relative ease with which

they may be deployed and retracted may make them more desirable than

tethers in this application.
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For reasons discussed above, it is concluded that:

• Remote storage of propellants at a space station offers an

alternative operational scheme with some noted advantages

where propellant transfer is concerned as well as some

safety and contamination advantages. However, it is thus

worthy of future study since it is not a clear choice over

storage in close proximity to the station.

6 - Operation Modes

Separation of functional elements from the main structure may be

accomplished by:

Booms

Free Flyers

Tethers.

Of the three, tethers give the best combination Of operational

simplicity and flexibility. Tethered platforms do not require

autonomous stationkeeping subsystems as free flyers do (although they do

require autonomous altitude stabilization). Maintenance or resupply of a

tethered subsystem is simplified by the capability of "reeling in" the

platform to the main structure.

The physlcal llnk may posslbly provide communications to the

tethered platform, perhaps with a flberoptlc cable that does not bear

the stress. In addition, power may be transferred from the main

structure, if adverse interactions with the ambient plasma can be

avoided. Both these possibilities deserve further study.

Figures 24 and 25 illustrate two tethered operations concepts.

Figure 24 shows the retrieval of a transfer vehicle in the larger

vicinity of a space station. Figure 25 illustrates the advantages of an

antenna/sensor farm. The increased antenna coverage and the removal of

sensors from contaminating operations are depicted.
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IV. PRESENTATIONS MADE TO THE PANEL
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I - OVERVIEW - R. Freitag

Problem

The name of the game--how do you use it?

Question: Are there any requirements for artificlal gravity
(aboard a space station)? How much? How do you get it? How do
you use it?

WE NEEDA RIGOROUS REQUIREMENTS ANALYSIS; WE WILL LOOK INTO IT

Needs

In Ivan's keynote, in the charge to the us, there are two main
aspects--INTUITIVE

(1) MEDICAL - LIFE SCIENCES/HABITABILITY

(2) TECHNICAL - FLOWING FLUIDS, MIXING, WETTING, COOLING, ETC.

(3) TECHNOLOGY

Approach
Space Station - Normal tether for S&A

' No missions yet ....
Will baseline facilities

For systems aspects - Not baselined-artificial gravity
Space station conventional

-- industry not up to spec
-- Need results

Iterations before hardware

Interactions of concept analysis

i year - Requirements
15 May - Scope

15 Jul - Budget

15 Dec - Start Bid Specs
15 Oct 84 - Start Detail Definition

15 Oct 86 - Cut Hardware

Plenty of time to input.

User Frlendly - We mean it.

Open-Ended - Evolutlonar 7 (Capabillty/Technology)
- Not preclude growth

- Certainly use tether technology, general tool
-- Mission needs

-- Stowage
-- Capture
-- Growth

- On-orbit test bed
-- Medical

-- Technical

Approach
- Requirements Analysis
- Technology Stimulation

5-122



2 - PHYSIOLOGICAL CONSIDERATIONS

OF

ARTIFICIAL GRAVITY

D. B. Cramer
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,ARTIFICIAL GRAVITY -- WHY
MIGHT WE NEED IT?

• WEIGHTLESSNESS PRODUCES SIGNIFICANT
PHYSIOLOGICAL CHANGES:

-- THE MECHANISMS ARE NOT WELL UNDERSTOOD

- WHETHER THESE CHANGES WILL STABILIZE OR PROGRESS TO
PATHOLOGICAL STATES IS NOT KNOWN

- WITH CURRENT COUNTERMEASURES, WE ARE PROBABLY SAFE TO SIX
MONTHS' EXPOSURE

- THE POINT AT WHICH RAPID READAPTATION TO EARTH GRAVITY
BECOMES COMPROMISED IS PRESENTLY UNKNOWN

- THERE IS MUCH WE NEED TO LEARN

-- A SPACE STATION IS THE IDEAL LABORATORY FOR STUDYING THE
PHYSIOLOGICAL EFFECTS OF WEIGHTLESSNESS

• AS OUR CURRENT COUNTERMEASURES CONSUME AN
EVER INCREASING PORTION OF AVAILABLE CREW TIME.
MORE EFFICIENT ALTERNATIVES BECOME NECESSARY

• ARTIFICIAL GRAVITY IS THE MOST "NATURAL"
COUNTERMEASURE

ARTIFICIAL GRAVITY --
PHYSIOLOGICAL ISSUES

• GENERIC ISSUES:
-- ACUTE EFFECTS

-- NEW SET pOINTS IN WEIGHTLESSNESS
-- STABILIZED STATE ALOFT

-- CAPACITY FOR RAPID READAPTATION TO EARTH
GRAVITY

- ROLE OF WEIGHTLESSNESS IN THE DEVELOPING
INDIVIDUAL

-- EFFECTS OF ARTIFICIAL GRAVITY--HOW MUCH? HOW
LONG?

• THREE ORGAN SYSTEMS ARE KNOWN TO
BE GRAVITY SENSITIVE:

-- CARDIOVASCULAR

-- SKELETAL
-- VESTIBULAR
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ARTIFICIAL GRAVITY--AFFECTED
SYSTEMS

• CARDIOVASCULAR:
-- ORTHOSTATIC GRADIENTS
-- ACUTE FLUID SHIFTS
- ORTHOSTATIC INTOLERANCE
- COUNTERMEASURES:

• "G" SUITS
• LOWER BODY NEGATIVE PRESSURE
• SALT LOADING/DRUGS

- EARLY DEVELOPMENT

• SKELETAL:
- PERSISTENT LOSS
- LOAD BEARING BONES
- IRREVERSIBILITY
-- COUNTERMEASURES:

• SKELETAL LOADING
• DRUGS • VESTIBULAR:

- EARLY DEVELOPMENT - SPACE SICKNESS
- ILLUSIONS

- COUNTERMEASURES:
• DRUGS

..... • ADAPTATION -"
• BIOFEEDBACK

•--EARLY DEVELOPMENT

ARTIFICIAL GRAVITY -- OPTIONS

• EARLIER DESIGNS EMPLOYED A LARGE
TORUS:
-- RELATIVELY SMALL RADII

J

-- HIGH INCIDENCE OF MOTION SICKNESS
-- HIGH CORIOLIS ACCELERATIONS

• TETHER-BASED DESIGNS PROMISE NEW
OPPORTU NITIES:

' LARGE RADII

-- IT ROTATES--BUT SLOWLY

-- LOW INCIDENCE OF MOTION SICKNESS

- LOW CORIOLIS ACCELERATIONS
-- VERY LOW "G" GRADIENTS
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ARTIFICIAL GRAVITY--
PARAMETERS

• UNAIDED TRACTION REQUIRES 0.1 G

• ANGULAR VELOCITY SHOULD BE LESS THAN 3.0 RPM TO
AVOID MOTION SICKNESS

• MAXIMAL CENTRIPETAL ACCELERATION NEED NOT
EXCEED EARTH GRAVITY

• CORIOLIS ACCELERATION SHOULD NOT EXCEED 0.25
CENTRIPETAL ACCELERATION FOR A LINEAR VELOCITY
OF 3 FEET/SECOND IN A RADIAL DIRECTION

• "G" GRADIENT SHOULD NOT EXCEED 0.01 G/FOOT IN
RADIAL DIRECTION

• TETHER MASS MIGHT BE LIMITED TO 10,000 TO 20,000
POUNDS

ARTIFICIAL GRAVITY PARAMETERS
J

10 10

MOTION

SICKNESS

CORIOLIS LIMIT
LIMIT

EARTH

ANGULAR TRACTION
VELOCITY 1.0 LIMIT 1.0

(rpm)

ACCEPTABLE

OPERATING
REGION

TETHER
MASS

0,1 0.1
.01 0,1 1.0 10

CENTRIPETAL ACCELERATION (g)

CORIOLIS ACCELERATION = 0.25 CENTRIPETAL ACCELERATION • TETHER MASS LIMIT:

FOR 3 FT, SEC -1 RADIAL VELOCITY 100,000 LB MODULE AT EACH END,

KEVLAR. CYLINDRICAL TETHER
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ARTIFICIAL GRAVITY--
STUDY APPROACH

GROUND-BASED LABORATORY

• SIMULATED WEIGHTLESS EXPOSURE

- BED REST

- WATER IMMERSION

• RECONDITIONING STIMULI

-- INCLINED PLANE

- CENTRIFUGE

- ALTERNATIVE COUNTERMEASURES

STS SPACELAB

• ACUTE EFFECTS OF WEIGHTLESSNESS

• VALIDATE ANIMAL MODELS

• IMPROVE CURRENT COUNTERMEASURES

SPACE STATION

• CHRONIC EFFECTS OF WEIGHTLESSNESS (ANIMALS)

• VALIDATE MODELS IN HUMANS

• DEVELOP SECOND GENERATION COUNTERMEASURES

• BASIC RESEARCH IN GRAVITATIONAL BIOLOGY

'ARTIFICIAL GRAVITY --
GROUND-BASED CENTRIFUGE
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ARTIFICIAL GRAVITY --
INCLINED PLANE

ARTIFICIAL GRAVITY--
SPACE-BASED CENTRIFUGE

\ \ _,,_,__ .... ..
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ARTIFICIAL GRAVITY--SUMMARY

• WEIGHTLESSNESS PRODUCES
SIGNIFICANT PHYSIOLOGICAL CHANGES

• WHETHER THESE CHANGES WILL
STABILIZE OR ACHIEVE MEDICAL
SIGNIFICANCE IS NOT YET CLEAR

• ARTIFICIAL GRAVITY IS THE MOST
PHYSIOLOGICAL COUNTERMEASURE

• TETHER SYSTEMS REPRESENT AN ....
ATTRACTIVE APPROACH TO ARTIFICIAL
GRAVITY

• MUCH MORE RESEARCH IS NECESSARY
TO EVALUATE THE NEED FOR ARTIFICIAL
GRAVITY
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3 - TECHNOLOGY APPLICATIONS

T. Taylor
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ARTIFICAL GRAVITY

• TORUS

• BIOLOGICAL ASPECTS

• CENTRIFUGAL FORCES

• ROTATIONAL FACITITY

• SEPARATION SCIENCES

• CONCLUSIONS
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4 - TETHER TANK FARM

T. Tschirsi
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WHY?

1, SAFETY

a. STORAGE

b, BERTHING/DOCKING

- REMOTE

- "CONST IN"

2, FACILITATE LIQUID TRANSFER

a. FILL PROBLEMS

b, DRAIN PROBLEMS

100

E _o,,,v_s_o_ _o__ _ _o__-1
Gf'_A_/ITY I)OMIN._TES I:CR Be_> 1

z_ 10 %%

10-7 10-6 10-5 10-4

GRAVITY LEVEL (g/ge)
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TANK DRAIN TIME

To = TIME TO DRAIN
140 " Holl = 10 TANK AT CONSTANT

20 ILO2 RATE AT "go"
40

120 " 60 IN204 T i = MINIMUM TIME
TO

DRAIN TANK AT "g"

100 - I RATE
I IMMH

T/To I Ho = FULL LEVEL
80 - I Hc = CAVITATION LEVELI

I --- = BOND NO. = 10

I FOR 14' TANK60 " N2H4

40 -
20 - I

' ,I I

._ji/ _ I , ,, , I10-7 10-6 . . 10-5 10-4

g/go

TETHER LENGTH*

BOND NO. = 10

120 -

100 - 42Ht

80 - I

LENGTH

(FT} 60 - 8MH

40 -
LH 2

20 _ _'_

i

*FROM SYSTEM C.G.
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CONCLUDING OPINIONS

SAFETY

STORAGE SAFETY - NOT A SIGNIFICANT PROBLEM

BERTHING/DOCKING - REMOTE BERTHING FOR WORTH
FURTHER STUDY - SEPARATION
DISTANCE --100 FT

LIQUID TRANSFER

FILL - VERY LARGE SEPARATIONS (100s KM)
REQUIRED - NOT PRACTICAL

DRAIN - SMALL SEPARATIONS (0.1 KM} USEFUL
WORTH FURTHER STUDY IN CONJUNCTION
WITH REMOTE BERTHING

BUT: RIGID EXTENDABLE BOOMS (ASTROWASTE, ETC.)
MORE PRACTICAL FOR SMALL SEPARATION DISTANCES

/
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5 - ARTIFICIAL GRAVITY - TETHERS & CONTAINERS

D. Criswell
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TETHERS AND CONFINERS

DAVID R. CRISWELL, CALIFfRNIA SPACE INSTITUTE, t_IVERSITY OF CALIFORNIA AT SAN
DIEGO, A-021, IA JOLLA, CA 92093

Tethers used in conjunction with containers offer a means of enhanced control

of basic variables such as localacceleration, pointing and orientation, and pro-
tected or controlled environments against particle or electromagnetic radiation.

Local gravitational levels of a few 1 E-5 to 1 E-I meters per second**2 may be pro-
vided in low Earth orbits with reasonable tether lengths and masses and with small

rotational velocities (one turn per orbit). This acceleration can be provided
without major expenditures of reaction mass. Some applications of tethers allow or

even encourage the use of very large masses in orbit. This opens the possibilities

for taking to orbit the External Tanks of the Space Transportation System (STS) and

using them both as counter weight mass in tether systems and also to provide
engineered volumes and structures in low _rth orbit or beyond. ETs can provide
large volumes protected against the raw space environment. Within these volumes

there can be some control over levels of mechanical disturbances (impacts, thermal

cycling, plume impingment, ...). Protection can be provided against direct elec-

tromagnetic and particle radiation. Pressurization can be provided up to the order

of one atmosphere in at least two separate large volumes per ET and possibly many
small volumes in each inner lank region. Several applications of these levels of
control come to mind.

Permanent occupancy of space will require the rapid exploration of the short

and long tern responses of many living organisms to the space environment or

separated components of that environment. Tethers and ET facilities could provide

the rapid establishment of laboratories in LEO within which to study living systems
in a wide range of separate controlled environments for long periods of time. Exten-
sive e_{periments could be conduced on the growth of many forms of life in small con-

tainers. The development of agricultural plants could be studied in microgravity to
0.i g levels of gravity in large containers. ETs could be reworked to provide

shielding of almost any desired thickness against particle radiation. This is impor-
tant to provide several controlled environments for biological experiments. These

and similar topics were explored (18 February 1983) in a workshop on biological uses
of External Tanks in LEO which is available from the California Space Institute.

Small and large versions of sealed ecology experiments could be supported by ET sys-

tans with tethers to provided orientation and low levels of gravity (Schwarzkopf
S.H. and Stofan P.E., A chamber design for closed ecological systems research, ASME,
81-ENAs-37).

Tethers and ET derived containers might support large optical arrays which have

been proposed for examining the very high energy components of cosmic rays. Dr. John

Lindsay (Un. New Mexico) has proposed deploying a large set of fly's eyes telescopes
in orbit which could monitor the atmosphere from above for the light emissions of
air showers of particles induced by very high energy cosmic rays. Dr. David G. Kock

(Smithsonian Institute , Cambridge, MA). has proposed a large area gamma-ray imaging
telescope system which could be placed inside an ET and used to provide detailed

mapping of small regions of the sky in the x-ray. Such a system would augment
present and proposed x-ray observatories in LEO. It is likely that large containers
may be advantageous in pursuing gravitational research. R. F. C. Vessot has
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provided a review of gravitational wave research experiments ._nich could be per-
formed in space (Aeronautics and Astronautics, 58-65, April 1983). Gravitational red

shift, gyroscopic precession and interfercmeters might make use of large cryogenic
volumes, long tethers, and long periods of ur_isturbed operations in large sealed
volumes. Studies will be required to reveal the advantages and disadvantages for not

simply single experiments but for systems of experiments in which the _/uivalent of
dedicated national laboratories in space might be created. ETs and other dense mass

provided onboard the STS as payload fillers might be reformed into spherical masses
with multipole gravitational fields which cancel the higher moments of terrestrial,

lunar and solar gravity to a high degree inside a small volume of an orbital craft.

R. Forward (Hughes Research Laboratory) has suggested the pure research tool for use

in space. ETVOS experiments and large fiber optics loops operated in interfercmetric
mode might be used in large protected volume for research on the equivalence of

inertial and gravitational mass. There have even been suggestions for gravimeters
based on the gravitationally induced electric fields in batteries which could be

used in space to measure gravity gradient fields of the Earth. Refer to M.M. Nieto,
T. Goldman and V.P. Gutschick (G]K)PHYSICS, vol 48, #i, p. 39-41, 1 January 1983).

Research on critical phenomena in chemistry and physics might be advanced by experi-
ments on chemical systems and mechanical analogues in space. The Nieto et al. paper

suggests opportunitieg for pure research in chemistry and the extremely subtle
effects of gravitational forces on atcms and molecules should be explored.

Growing interest exists in establishing materials industry operations in space
and on the moon. Tethers and containers could provide the flexibility to develop

equipment for use in gravitational levels frhm 0 to 0.i g. ETs could provide con-
tainers for machinery, contain debris of productive processes and cleanliness or

protection from outside influences. Environments of asteroids or the moon could be

duplicated close to Earth.

Tethers and containers might be useful in providing orbiting laboratories
within which to simulate conditions on various planets, moons, asteroids or debris

rings in the solar system. For example, dielectric fluid spheres held together by
electrostatic attraction to a central metal conductor could be used to perform fluid

mechanics experiments in zero or low gravity which are impossible on Earth. A
national laboratory for fluid mechanics research could be established which could be

used to investigate planetary and stellar models, complex fluid flows and provide
test cases for computational fluid dynamics facilities at such places as NASA-Ames
or Los Alamos National Laboratory. Results will likely be applicable to many indus-

trial problems on Earth such as flow in pipe lines, chemical processing and so on.
It might also be possible to experimentally model the extremely slow and soft colli-
sions of particles in the rings of Saturn which are thought to play an important

role in determining the dynamics of the ccmplex rings.

Tethers and containers will certainly provide the controlled environments

within which the application of advanced manufacturing, assembly, control and robot-
ics could be developed to aid off-Earth industry and science and the conduct of

increasingly more complex space operations.
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MICROGRAVITY ENVIRONMENTS

L. Napolltanl
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• LEVEL (INTENSITY)

• DIRECTION

• DURATION

• VOLUME

• QUALITY

• PERSISTENCE OF NOMINAL VALUES
THROUGHOUT DURATION

• GRAVITY POLLUTION

MG PLATFORMS

• DROP TOWERS

• AIRCRAFTS

• SOUNDING ROCKETS

• SPACELAB

• SPACE STATIONS

-_,"• TETHERED PLATFORMS

w'.
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"CLASSICAL" PLATFORMS

• SINGLE POINT NOMINAL VALUES

• UNKNOWN DIRECTION

• TIME INDEPENDENT OR QUASI.STEADY NOMINAL
VALUES

• DIFFERENT MG-QUALITY

TETHERED PLATFORM

• CONTINUUM OF NOMINAL VALUES (INTENSITY,
DIRECTION)

• TIME DIMENSION ADDED

• CONTROLLABILITY

• BETTER QUALITY
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t
I: / X Q PARAMETRIC G-LEVEL

(G-DIRECTION) INVESTIGATIONS
? (EXP. CURVE VS. POINT)

)

IO'4 _glgo

• CONTROLLABLE G-LEVEL
TIME PROFILES

0

• FREQUENCY-INTENSITY

__ EFFECTS

g _/_/_ "

0 • G-JITTERS

.[e • HYSTERESIS PHENOMENA

)

e • TIME CYCLES

3-

• 3.

g_e • G-NOISE
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LIFE SCIENCES

• THRESHOLDS

.MATERIAL SCIENCES

• CRYSTAL

FLUID SCIENCES

• G-JITTERS

TEC HNOLOGY

PROCESSES

• G-TUNING

MODES

• DEDICATED MISSION

• ADD-ON EXPERIMENTS

• GAS TYPE

• MULTIPLE TETHER
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EUROPEAN LOW GRAVITY RESEARCH

ASSOC IATION

ELGRA

• EUROPEAN SPACE AGENCY

(ESA)

• STUDY GROUP
PARLIAMENTARY ASSOC.
COUNCIL OF EUROPE

GENERAL ASSEMBLY

CAPRI, ITALY
PROF, BERGAMASCHI
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6 - ARTIFICIAL GRAVITY TESTS USING THE ORBITER & SPACELAB--

THE E.T.

Joe Carroll
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The basic _oncept is to start out on a swinglng-tether ET-disposal

operation, with a tether only a few kilometers long. When the "dumbbell"

approaches the vertical, the RCS or OMS engines are fired, to speed up the

swing and turn it into a spin. Several different rates of spin can easily

be sampled, by using the thrusters to adjust the spin rate as desired. The

experiment can be terminated by releasing the ET into a reentry trajectory

when the system passes through the vertical. The choice of tether length,

final spin rate, and release timing would determine the ET reentry footprint.

The reason for proposing a spacelab mission for this experiment is to

use a mission with many zero-gee experiments, and start off with a period of

controllable low-level gravity before switching to zero-gee experiments.

A second reason is that spacelab missions should generally have the largest

crews, and such a mission would be ideal for testing_he response of humans

to gravity levels in the .001-.1 gee range.

It appears that if the major trunnion fittings are used to anchor the

tether on the orbiter side, and loads up to I/3 the -Z ultimate load factors

of 64,000 ibs are acceptable, then artificial gravity tests at up to 1/10

gee should be possible. A fitting that bridges the payload bay llke the

GaS bridge might be used, and/or (for greater stability) a tether that splits

into several strands that attach at different points. Several suitable ET

attachment points can probably be found, such as one of the aft attachment

flttings. By keeping the tether under a few kilometers, the tether mass can

be kept under a ton.

The major orbiter safety problems would appear to be the dynamic reaction

of the system to the release of the tethe_ and the effects of tether recoil in

the case of tether breakage. Careful studies would have to be made to decide

what gee-levels are allowable for different attachment and release concepts.

(Even if the maximum levels allowable are in the milllgee to centigee range,

many useful experimentsmay still be possible.)

The other major safety issue is ET reentry in the case of tether failure.

This too would require careful study. It may be that the best solution is to

use a tether only a few hundred meters long, so that significant gee levels

can be obtained at low tip velocities. Then breakage need not cause reentry.

ET reentry in this case would be by a retrorocket package. The idea of using

an ET-disposal technique, but preventing it from being effective in that role,

seems rather futile. However, such flight experiments could be invaluable in

providing input to crucial decisions in space station design.
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V. APPENDICES

Microgravity Tables
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LC,WER REFERENCE ALTITUDE i 200 Kl,l
INCREHENT IN ALTITUDE iO0 KH
aqUHBER OF INCREHENT$ 6
ALTITUDE RANGE (RJ) ,. 200 TO :300, STEP 10£,

l.llN.LENGTH OF TETHER " 0 KH
INCREi'IENT IN LENGTH " • L K;'!
NUI',_ER OF INCREHENTS " 10
HAX. LENGTH OF TETHER " 1 KH (-VE LEHGTH FOR TETHER

AGOVE i'IAINSATELLITE)

TETHER / ALTITUDE (KH)
LENGTH /

, KI'; ) 200.0 300.0 400.0 500.0 &O¢'. '." TO0.0 300.0

HILLIr-G (., EARTH SURFACE GRAVITY UNIT/I*:,O0)

!.0 0.57 0.55 - 0.52 - 0.50 G.48 ,).4& ,',.44
0.9 - 0.51 - 0.4') - 0.47 - 0,45 0.43 ,3.44 - 0.40
0.8 0.46 - 0.44 - 0.42 - 0.40 0.33 0.37 '.".35
0.7 - 0.40 - 0.3G - 0.37 - 0.35 0.34 0._2 - 0.31
0.6 0.34 - 0.33 - 0.31 - 0.30 0.29 0.28 0.2&
0.5 - 0.29 - 0.27 - 0.26 - *).25 0.24 0.23 - 0.22
0.4 0.23 0.22 - 0.21 - ,:'.20 0.49 0.48 ,:,.18
0.3 0.17 - 0.1& - 0.16 - 0.45 0.14 G.44 - 0.43
0.2 0.11 - 0.11 - 0.10 - 0.10 0.1.0 0.09 ,).09
0.1 0.06 - 0.05 - 0.05 - 0.05 O.O'J 0.05 - 0.04
0.0 0.00 0.00 0.00 0.00 0.00 O.OO 0.00
O. J O. 06 O. 05 O. 05 O. 05 O. 05 O. 05 0.04
0.2 O. 1,1 O. II O. lO O. 1.0 ,).I0 0.09 0.09
0.3 0./,7 0.16 0.16 0.45 ,3.44 O. 44 0.13
0.4 0.23 0.22 0.21. 0.20 0.49 0.1.8 0.48
O. 5 O. 29 O. 27 O. 26 O. 25 O. 24 O. 23 0.22
0. & O. 34 O. 33 0.31 0.30 G. 29 0.28 ,:i. 26
O. 7 O. 40 O. 38 O. 37 O. 35 ,',. 34 O. 32 O. 34
O. 8 0.4& O. 44 O. 42 0.40 0.38 0.37 O. $5
0.9 0.51 0.49 0.47 0.45 0.43 0.4! 0.40
1.0 O. 57 O. 55 O. 52 0.50 0.4Et 0.46 ,). 44

JetENDeee

LOWER REFERENCE ALTITUDE - 200 KH
INCREMENT IN ALTITUDE - 1.00 KM
_JH_ER OF INCREHENTB = 6
ALTITUOE RANGE (RI) = 200 TO 800, STEP 400

;4|N. LENGTH OF TETHER _ O KH
INCREi4ENT IN LENGTH • A KH.,

.aqUI_BER OF %NCREHENTS • 10
HAX. LENGTH OF" TETHER . 1.0 KH (-VE LENGTH FOR TETHER

ABOVE HAIN SATELLITE)

TETHER / ALTITUDE (KH)
LENGTH /

(KH) 200.0 300.0 400.0 500.0 600.0 700.0 800.0

HHILLI-G (• EARTH SURFACE GRAV|TY UN|T/1.000)

|0.0 - 5.72 - 5.47 - 5.23 5.01. - 4.79 - 4.59 - 4.40
- 9.0 - 5.1.5 - 4.92 - 4.71. 4.50 - 4.3! - 4.13 - ).B&

@.0 - 4.58 - 4.37 - 4.48 4.00 - 3.83 - 3.&7 - ).52
- 7.0 - 4.00 - 3.83 - 3.66 3.50 - 3.35 - 3.21. - 3.0_

6.0 - 3.43 - 3.28 - 3.1.4 3.00 2.87 - 2.75 - 2.64
5.0 - 2,86 - 2.73 - 2.61. 2.50 - 2.40 - 2.30 - 2.20
4.0 - 2.29 - 2.1.9 - 2.09 2.00 1.92 - 1.84 - 1.76
3.0 - 1.72 - 4.64 - 1..57 1.50 - 1.44 - 1.38 - 1.32
2.0 1.14 - 1.09 - 1.05 - 1..00 - 0.96 - 0.92 - O.B@
1.0 - 0.57 - 0.55 - 0._2 0.50 - 0.4_ - 0.46 - 0.44
0,0 0.00 0.00 0.00 0,00 0.00 0.00 0.00
L.O 0.57 0.55 0.$2 0.50 0.4_ 0.46 0.44
2.0 1.14 1.09 1.04 1.00 0.9& 0.92 0.88
3.0 1.71. 1.64 1..57 l. SG 1.44 1.30 4.32
4.0 2.29 2.1.8 2.09 2.00 1.91 1.83 4.76
5.0 2.86 2.73 2.61 2.50 2.39 2.29 2.20
6.0 3.43 3.28 3.1.3 3.00 2.87 2.75 2.64
7.0 4. O0 3.82 3.65 3.50 3.35 3.21 3. Oe
8.0 4.57 4.37 4.48 4.00 3.83 3.&7 3.52
9.0 5.14 4.91. 4.70 4.50 4.30 4.42 3.9&

!0.0 5.71 5,46 5.22 4.99 4.78 4.50 4.39

eeeENOeee
,>>
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LOWER REFERENCE ALTITUDE - 200 KH
INCREf4ENT IN ALTITUOE = lOG KH
NUHBER OF INCREHENTS = 6
ALTITUDE RANGE (RI) = 200 TO 8GO, STEP 100

HIN. LENGTH OF TETHER = 0 KH i
IHCREHENT IN LENGTH = tO KH
NUHBER OF INCREHENTS • 10
MAX. LENGTH OF TETHER = 100 KH (-VE LENGTH FOR TETHER

ABOVE HAIN SATELLITE)

TETHER / ALT|TUDE (KN)
LEHGTH /

(KIt) 200.0 300.0 400.0 500.0 600.0 700.0 800.0

HILLI-O (= EARTH SURFACE GRAVITY UNIT/lOG0)

- 100.0 - 57.82 - 55.25 - 52.B3 - 50.55 - 48.40 - 46.37 - 44.45
- 90,0 - 51,98 - 49,67 - 47,49 - 45,45 - 43.5! - 41,69 - 39.97
- 80,0 - 46,15 - 44,10 - 42,17 - 40,35 - 38.64 - 37,02 - 35.49
- 70.0 - 40.33 - 38.54 - 36.96 - 35.27 - 33.77 - 32.36 - 3i.02
- 60_0 - 34,53 - 33,00 - 31,56 - 30,20 - 28.91 - 27,70 - 26,56
- 50.0 - 28.74 - 27.47 - 26.27 - 25.14 - 24.07 - 23.06 - 22.1J
- 40.0 - 22.97 - 21.95 - 20.99 - 20.09 - [9.23 - 18.43 - t7._7
- 30,0 - 17,21 - 16,44 - [5,72 - 15,05 - 14,41 - 13,9| - 13.24
- 20.0 - 11.46 - 10.95 - 10.47 - 10.02 - o._0 - 9.19 - 8.92
- [0.0 - 5.72 - 5.47 - 5.23 - 5.01 - 4.79 - 4.59 - 4.40

0.0 O. O0 O.O0 0.00 0.00 0.00 0.00 0.00
tO.O 5.71 5.46 5.22 4.99 4.78 4.59 4.3P
20.0 11.40 10.90 10.43 9.98 _.56 9.16 8.78
30,0 17,09 16,33 15.62 [4,95 [4,32 13,72 1.3.15
40,0 22.76 21.75 20.81 19.91 19.07 19.27 17.52
50.0 28.42 27.16 25.98 24.86 23.81 22.92 2L.88
60.0 34.06 32.56 31.14 29.90 28.54 27.35 26.23
70.0 39.69 37.94 36.29 34.7;3 33.27 3L.98 30.57
80,0 45.31 43.31 41.43 39,65 37.98 36.39 34.90
O0. O 50.92 4_.67 46.56 44.56 42.6_ 40.90 30.22

tOO.O 56.51 54.02 5|.67 49.46 47.37 45.40 43.53

*eeENDeee
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I. INTRODUCTION

The NASA tether working group provided Fig. 1 as a starting point

for the definition of "Constellations."

DYNAMIC

STATIC CONSTELLATIONS

CONSTELLATIONS

GRADIE_ STABILIZED
STABILIZED

DRAG &

STABILIZED

il \ /
', /

Figure I. Tethered Constellations

The panel used this as a point of departure and made the following

modifications:

I. Suggest that the combined centrifugally and gravitationally

stable configuration not be given strong consideration. This

not to imply that the configuration is not feasible but

rather to highlight the fact that the coupling of the two

stabilizing forces will provide "limitations" to its appli-

cations. If compelling reasons dictate such applications it

should be given consideration.
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2. Constellations that include both tethers and fixed or rigid'
members should be added•

The purpose of a constellation is to provide a mode of "distribut-

ing" space systems in a method that could be advantageous and not elimi-

nating the consolidation/aggregation advantages.

Figure 2 illustrates the purpose of the constellatlon approach and
lists a few of the distributed phenomena that could be accommodated.

O...O-.O
0- VS.-

CONCENTRATED - VS. - DISTRIBUTED

- ENVIRONMENT

- UTILITIES

- LOGISTICS

- SAFETY

- GROWTH/FLEXIBILITY

Figure 2. Purpose of Constellation
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II. APPLICATION REGIONS FOR CONSTELLATION

Starting from the definitions of the introduction, a first assess-

ment was made to define the applicability of stabilization concepts to

various orbital conditions. Table 1 defines this applicability against

orbital altitudes, considering two cases:

Low earth orbits

Geostationary orbits

TABLE 1

CONSTELLATIONS STABILIZATION FEASIBILITY

STAB GRAV ATM GRAV GRAV GRAV GRAV DYNAMIC DYNAMIC

GRAD DRAG GRAD GRAD GRAD GRAD (SPIN) +
ORBIT + + + + GRAV

ATM DRAG MAG. J22 MOMEN. GRAD
TETHER

LOW

ORBIT YES YES YES YES NO YES YES NO

GEO

ORBIT YES NO NO TBD YES YES YES NO

CONSTELL.

DIMENSIONS 1 1 i-2 2 2 2-3 2-3 3
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Table 1 was obtained from the following considerations.

LEO and GEO Scenarios for Constellations

LEO

- Comparatively larger tension induced by gravity gradient

- Possibility of Shuttle assisted operations

- Manned constellations

- Tether lengths up to 300 km (to be assessed better)

- Possibility to exploit air drag and Earth's magnetic field

as stabilizing forces

Perturbations in LEO

- Atmospheric drag, dependent on altitude and, to a lesser

extent, on inclination (to be investigated for air drop

control)

- Solar radiation pressure (earth shadow - sunshine)

- Earth obleteness

- Magnetic Earth field

GEO

- Gravity gradient tension reduced by two orders of magnitude

(with the same tether length and same masses)

- Automatic constellations

- Tether lengths up to 5000 km (to be assessed better)

Perturbations

- Triaxiality of the Earth (J22 Form)

- Solar radiation pressure

- Luni-solar torque s

AIR DRAG

It can be exploited to separate platforms in the direction normal

to the local vertical in the orbit plane.
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Dependent on:

- Orbit altitude

- Area/mass ratio of different components (increasing from

leading to trailing)

- Short tether length allowed

• A trade-off must be looked for between tether tension

and orbital decay

• One dimensional constellation

GRAVITY GRADIENT AND AIR DRAG

Drag forces should be large enough to permit tether tension control

in the flight direction and small enough to be comparable to other

perturbations. Optimization is possible by adjustlng:

- orbit altitude

- tethers lengths

- area on mass ratio of constellation components

• It might result from the study that the altitude "windows" at

which drag control is viable is too narrow.

• Two dimensional constellation

MAGNETIC CONTROL

This control exploits the forces arising by the interaction of

Earth's magnetic field and electric loops in the tethers.

Dependent on:

- Orbit. This control is possible only in LEO due to

the rapid decrease of the Earth's magnetic field as

altitude increases.

- Dedicated on-board power supply

• Two dimensional constellation
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GRAVITY GRADIENT AND J22

The ellipticity of the Earth equator originates two stable and two

unstable (saddle) points at GEO synchronous altitude. These points are

fixed with respect to Earth. If a mass is placed near an unstable point

with zero relative velocity, it drifts toward the nearest stable point;

therefore, if a dumbbell is located with its end masses on off sides of a

saddle point, the repulsive force keeps the tether in tension.

1 dimensional constellation with J22 effect along

2 dimensional constellation with gravity gradient added

GRAVITY GRADIENT AND MOMENTUM TETHERS

In order to stabilize a two or three dimensional constellation,

forces generated by the so-called momentum tethers can be exploited.

These devices can provide tension forces in the horizontal direction both

in the orbital plane and out of plane.

The massive tethers, actually are rapidly moving belts; tension

forces are provided by momentum wheels round each terminus.

Applicable both in LEO and GEO, 2 and 3 dimensional constellations.

III. TETHER CONSTELLATION APPLICATION CONCEPTS

Numerous constellation applications were discussed and assessed.

Due to the short time and restricted backgrounds of the participants the

panel believes that a more extensive effort needs to be undertaken to

consider other applications of constellations.

The following material is provided to illustrate some of the

application concepts. A detailed assessment was not made on the concepts

presented and their feasibility cannot be assumed. Figure 3 illustrates

a nuclear power tethered platform.
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REACTOR/DYNAMIC. _ __I------

POWER SYSTEM
WASTE HEAT
REJECTION 700°K

TETHER/RADIATION

ISOLATIONIAC TRANSMISSION
COMBINED LINE
SPACECRAFT (20-600 KM DEPENDING ON
C.M.; G-LEVEL DESIRED)
LOCATION

EXPERIMENT_FOR "_'_I_
ZERO-G *

_[_ REACTOR MODULE
IN SUPERORBITAL

___ DISPOsALPOSITIONFOR SAFE.....

INHABITED
• UP TO I MWe FOR

MODULE SPACE STATION

Figure 3. Nuclear Powered Tethered Platform

One concept, that of a very large tether comprised of a group of

external tanks illustrated in the overview paper by I. Becky, was

assessed from a stability standpoint and is included as Section IV of

this panel report.

It was the consensus of the panel that it would be very desirable

to develop "Mass in Orbit" for the subsequent use on various tether and

constellation concepts. The ET is considered to be an excellent mass to

acquire on orbit in that it can be delivered to orbit at basically no

expense.

The use of the ET on orbit is not limited to its application to the

constellation concepts - i.e. use as a mass for momentum exchange in the

transportation panel.
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Attitude Control/Polntlng

With the advent of very large structure/systems in space the

requirement for precise control and point will demand new techniques.

The tether/constellatlon concept offers great promise to adjust orbits,

provide attitude control and provide very precise pointing of such

systems. See Figure 4. Figure 5 illustrates a more complex concept that

uses constellation concepts for attltude/position control.

Figure 4. Attitude Control/Pointing
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I

TOWARDEARTH _,CATCHINGTETHER !_

/ T 2
....

/

7
• J
J

"_'ORBITAL TOWARD OR AWAYJ

.._. I J PATH --,-I-- .I_I------

_._ T_i__..

Figure 5. Tether Tension Force to Control Spin Axis

Figure 6 illustrates concepts that would add to the survivability

of space assets. The concept could have application in 1 dimensional

modes of gravity gradient on drag stabilized approaches or in a 2

dimensional cluster approach (not illustrated). The assets could be

moved within the constellation vs time.
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C-1

)\
Figure 6. Survivability of Space Assets

An overall architecture of a major space station/activlty using cons.

stellatlons is presented in Figure 7 and Tables 2 and 3. This involves a

series of constellations in a single orbit that offers service to one

another and compliments the totality of the system.
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(AN UNTETHERED TRAIN OF TETHERED STRUCTURES)

TETHER I_

ATTACHED _t "381---" . _._ _ --50 KM

AT CGs L_ [: ...... _.
(MANUAL)

VIEWING IORBITINGI I LOCAL ISPINNING'" MOMENTUM I

iINDUSTRIALt ITRANSPORT I MANNED E×CHANGEI
STATION

NSTRUMENTLATFORM1 PARK 1 F'MONKEY" DEVICE I

TOP = UTILITIES: *CLIMBS + *2 G-LEVELS *NORMAL "PORT
Y--0-YOGIMBALLED SELECTABLE G INSPECTS ' *ACCESS TO + OF ENTRY"
INERTIAL-POINT. LOW DISTURBANCES TETHERS FROMREST OF *OFF-LOADS +

"CONTAMINATION *FREE FALL TRAIN BY MONKEY LOADS PROPELLANTS
BOTTOM = DRAG-ATTITUDE "SWING" *LOW LEVELS OF *CAN LEAVE TRAIN
_POINTING CONTROL" BETWEEN CORIOLIS EFFECTS + RETURN LATER

ELECTRIC POWER STRUCTURES *BIOLOGICAL *E.T. RENDERER
COMMUNICATIONS *CARRIES: RECYCLING *MAX LOADS~O.2 G
REMOTE INSPECT. EFFECTORS
MANNED ACCESS SUPPLIED MEN.

Figure 7. A Space Station "Train" or "Parade"

TABLE 2

POSSIBLE SPACE STATION EVOLUTION 9,OVERLAPPING STEPS)

i. Stockpile resources while developing hardware

2. Use resources as needed, assemble structures, test.

3. Use tether deployer to enhance S.T.S. throughput.

4. Add, test, and use habitation capabilities.

5. Add user payloads and more power.

6. Separate into co-orbitlng structures (wagon train).

7. Materials processing on surplus E.T. components.

8. Assembly of deep-space expedition vehicles (:S.S.+deltaV+redundancy)

9. Advanced launch vehicles (slngle-stage-to-tether)
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TABLE 3

NOTES ON "TRAIN" CONCEPT

I. DRAG-MAKEUP IS BY ELECTRODYNAMIC TETHER.

(TIMED TO MAINTAIN OR ALTER FORMATION AS DESIRED)

2. STABLE LINE-OF-SIGHT CONFIGURATION AIDS:

a. Navigation
b. Communication

c. Microwave power transfer
d. Damage Assessment and relief

3. ISOLATION PLUS CONVENIENT ACCESS AIDS:

a. International programs (maximum autonomy)
b. Proprietary ventures

c. Investment protection against hazardous
activities

4. TETHER-CLIMBINGAND GRABBING "MONKEY" SIMPLIFIES DOCKING

In view of the emerging interest in tethers, the concept of the

tether "string" needs serious consideration from a concept/design

standpoint. Figure 8 illustrates one approach that would provide

multiple redundancy.

Figure 8. Safety
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IV. EARLY CONSTELLATION ACTIVITIES

Both analytical studies/slmulatlons and flight experiments in-

tended to gain background information on constellations were discussed.

Early Constellation Studies and Experiments

• Update dynamic models and control laws for nearly equal

masses.

• Numerical study and analysls on drag stablllzatlon and its

role in constellations.

• Mass attachment and motion along gravlty-gradlent stabilized

tether - Figure 9.

• Drag stabilized constellation demonstration - Figure i0.

• Rotatlon-stabillzed constellation demonstration - Figure II.

() TSS 9 PALLET _ FREE FROM

G.G. SHUTTLE REDING

CONTROLLE MASK

ELEVATOR _1
(AGG. I-_

Figure 9. Ist Step Toward Constellation
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ORBITAL INCREASING
MOTION DRAG COEFFICENT

Figure I0. Drag Stabilized Constellation

Figure 11. Rotation-Stabilized Constellation
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V. PRESENTATION MADE TO THE PANEL
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SOME ASPECTS OF ATTITUDE STABILITY OF TETHERED SPACE STATIONS.

S° BERGAMASCHI

ABSTRACT

In this preliminary investigation the stability of atti-

tude motion of space stations composed by platforms connected by

tethers is studied.

The motion is assumed to be three dimensional and thesta

tion rigid. First, the well known linearized theory is adopted and

the location of different configurations in the stability chart

ks found; second, a destabilizing feature of finite amplitude mo

tion is outlined as a function of inertia parameters°

* Institute of Applied Mechanics.University of Padua.Italy.
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INTRODUCTION

Purpose of this report is _o focuse some aspects of the

attitude dynamics of large tethered space stations, with parti-

cular attention to their stability. In fact, the general problem

to study the orbit-attitude dynamics of tethered systems is very

intriguing, so that it appears reasonable, in this very prelimi_

nary stage of definition of such systems, to try to reach a bet_

ter understanding of some partial aspects which seem to be cri-

tical.

One of the reasons of the difficulty of the general pro

blem is that often the specialized literature is not too help-

ful. This is mainly due to two causes:

a) some aspects of the problem are completely new;

b) the dimensions of tethered systems (in particular in the di-

rection of the local vertical) cause the numerical applica-

tions made in previous studies to be not applicable in this

case.

The most important of the new features is certainly due

to the peculiar properties of tethers, if considered as structu

ral elements. In fact, the inability to resist bending moments

or compressive stresses is a severe limitation for design and the

problem of attitude stability is more critical than in conventio

nal spacecrafts. It seems also that sometimes t.his problem has

been overlooked; in fact, some constellations have been proposed

(at least in the form of artist's conceptions) the stability of

which is not clear, if specific assumptions are not made on the

elastic properties of some components. In any case, the possibi

lity of using also long structural components resisting to com-

pression must be studied in order to ensure that the form of

the station cannot change under the action of perturbations.
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One of t_he main problems belonging to group b) is the

coupling between orbit and attitude dynamics.When the size of a :

spacecraft can be considered as negligibly small in comparison

with the semimaJor axis of its orbit, the usual assumption is

made that, while its attitude is dependent on the orbit,the converse

is not true, i°e. orbital parameters are independent from the

motion around the center of mess.However, the interaction bet-

ween attitude librations and orbital motion of a rigid body has

been investigated in Eli. The results show that periodic inter-

change of energy can occur if the pitch frequency is sufficien-

tly close to the mean orbital motion. As it will be shown in the

following, this i_ot the case of bodies elongated in the direc

tion of the local vertical; however the magnitude of the coupling

depends on the_atio between the pitch moment of inertia per unit

mass and the square of the semimaJor axis. Now e in the case of te

thered stations, this ratio can easily exceed 10-5, being thus so

me orders of magnitude larger than the values considered in C13°

Therefore, it cannot be excluded a priori that, even if far from

eccentricity resonance, large tethered systems should nbt suffer

from orbit-attitude coupling° "

As a consequence of the considerations made above,the ana

lySis here-after is intended to investigate the attitude stabi

lity of tethered stations similar to the asymmetric systems p_opo

sed in _23and shown in Fig.l° The following restrictive assumptions

are inherent in the model:

- the geometric shape of the station cannot change, i.e. it can

be treated as rigid. This is the reason why only very asymme-

tric syste.ms are taken into account, which seem to be more sta

ble" than" symmetric stations built up with equal platforms. --.
Accordingly, it will be assumed that the dimensions of one of

the decks are much larger than those of the other;

- orbit dynamics is independent from attitude motion;moreover

Earth's oblateness and other perturbing effects are neglected.
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THE MATHEMATICAL MODEL

Let us consider three orthogonal right-handed referen-

ces =

- system (c1, c 2, c 3) with c I coincident with the direction of

the ascending node of the station orbit (assumed to be. fixed)

and c 3 normal to the orbit plane;

- system (eI, e 2, e 3) with its origin at the station center of

mass, e I along the ascending local vertical and e 3 - c3.Note

that e2 is coincident with the direction of the orbital velo

'city only when the station path intersects tha apsidal line

or if the orbit is circular! .....

_ coincident with the principal axes of iner-- system (i, J, _),

tia of the station.

AS usual, systems (el, • 2, e 3) and (i, 7, _) can be brought

in coincidence by means of three counterclockwise rotations,defi-

ned as follows (see Fig. 2);

first rotate around el bY an amount_equal to 81; then perform. a

82 around .in coincidence with k;last,rotation of e_ bringing e_ _ .

rotate around k by 83, thus aligning e_ with i and e' 2 with j.Let

now f denote the true anomaly, _ the argument of perigee and u-k -k

the argument of the latitude, so that u = _ + f and _ _ _ c3; then
o.

it can easily be seen that-

(1) f " - _1 c°Sel sine2 + _2 sinel . _3 cos61 c°sG2

If the space station is assumed to be rigid, the governing

equations are Euler's equations and the components of:the gravity

gradient torque are given in[3].together with the transformation
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o_system(I._._)into(_I'_2'c3)"_us,thee_ationso_
motion can be written in terms of the unknowns 81' e2' e3"

THELINEARIZED EQUATIONS

If it is assumed that the eccentricity of the orbit is

small, only the linear terms can be retained in the power se-

ries developments of f and r as functions of the mean anomaly,

so that:

(2) f - n(l+2e cos nt) r = a(l-e cos nt)

Moreover, if only small angular motions are investiga-

ted and products e-@ i (i=I,2,3) are neglected, the equations

of motion can be linearized and the well known result is that

the pitch motion is uncoupled from roll-yaw and that some co L

ditions have to be fulfilled by the principal moments of iner

tia, in order to ensure stability [43. In fact, if:

I3-I 2 I3-I 1 12-I 1

= -- k 2 - -- k3 =
(3) k I II I2 I3

the equation of motion are:

I.

81 + kln281 + n(k1-1) _2 = 0
oe

(4) e2 + 4k2nZe2 + n(1-k2) el = 0
o,

@3 + 3k3n2@3 " 2 n2e sin nt

and the stability chart is shown in Fig°_.
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A feature common to all the space stations dealt with'

in this report is to be elongated in the direction of the lo-

cal vertical, so that 13 > 12 >> Ii; therefore, the interesting

portion of the stability chart is reduced to the lower half of

the first quadrant. To be more specific, let us consider the

symmetric arrangement shown in Fig.1 ; E is the distance be_

ween the decks, ai and b i the dimensions in the direction of

the roll and pitch axes, respectively. If the decks are assu-

med to be rectangular, the inertia ratios are found to be:

,,,1 - + -
kl n,

M£ 2 - (mlb _ + m2b_)/12

(s) k2" ._._+,Cmlb_+m2b_/12

2)/12ME 2 - (mla _ + m2a 2

k 3 =
2)/12ME 2 + (mla _ + m2a 2

where k = mlm2/(m1+m2 ) is the reduced mass of the system. Let

us now assume that the upper platform ks built up by assembling

24 External Tanks, that the lower one is composed by 3 E.T. and

that their distance ks E - 45 km. Then0the pertinent figures a-

re:

m I - 600 tons m 2 - 75 tons

a I = 150 m b I - 64 m a2 = 50 m b 2 = 24 m

(The values above are consistent with those reported in E2]).

In this case:

k I - 0.691 k 2 - I - 0(10 -6 ) k 3 - 1 - 0(10 -5 )
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and it is clearly understood that the feature k 2 _ k 3 _ I is

common to every elongated space sta_Lon, because, in, any case
0

>> a > b. •Thus, it can be seen that the points representati

ve of tethered space stations in the diagram of Fig.2 lie al-

most exactly on the vertical segment defined by k 2 - I and

0 < k I < Io in fact, while k 2 can differ from unity only by

negligibly small amounts, k I can easily be changed by Changing

the ratio a/b in the larger platform. In any case, the motion

appears to be stable and its feature can easily be investiga-

ted. The pitch motion is given by:

83(t) - A cos n/_t + B sin nat + e sin nt

so that no problem is expected to. arise from eccentricity re-

sonance.. Putting: ei - ai est in the first two .of eqs° (4), the

determinantal equation is.

s2 + k I n 2 n(kl-l) s s 2 + kln2 n(kl-l) s

(6) _, - 0

n(l-k 2) s s2+ 4k2n2 0 s = + 4 n =-

from which it is seen that the roll motion is almost complete

ly decoupled from yaw and its frequency is equal to 2n. On the

contrary, two harmonic components are present in yaw, the first

with frequency _I = n_l and the second with _2 " 2no In the

case of the example above, the general solution is:

el(t) - Alsin(0.831 nt + _I) + A2sin(2 nt + _2 )

(7)

82(t) - 5.355 A 2 cos (2 nt + _2 )
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LIBRATIONS WITH FINITE AMPLITUDE

The picture outlined in the preceding paragraph is al-

tered if finite amplitude librations are taken into account.In

accordance with the analysis of Kane [33, let us consider the spa

ce station to follow a circular path; this assumption is now

not too restrictive,because it has been shown that the points

representative of tethered systems in Fig.3 can easily be loca

ted sufficiently far from the curve representative of eccentri

city resonance. Thus, if the equations of motion are not linea

rized, n is substituted for f and the resulting differential s_

stem is integrated, the _ollowing features of attitude motion

can be found:

I) the dynamics are intrinsically three-dimensional; i.e. in-
correct results can be deduced if only the in-plane compo-

nent of motion is considered. This is because it may occur

that a "stoat1" initial in plane component of the motion cau

ses the out of plane component to librate with slowly varying

amplitudes, so that it is possible that, after some ten or_

bital periods, the angle between the pole of the orbit and

the pitch axis is as large as 0.25 rad.

It is also noted that in this context "small" means ampli-

tudes which are generally well below the limits of the li-

near theory, i.e. I°;

2) the stability chart must be modified. In fact, the feature

mentioned above depends both on the amplitude of the in pla
ne motion and on the values of the inertia parameters k.and

k2; as a consequence, part of the region defined as st_le
in the linearized model is found to be "unstable" (or less

stable) in the sense mentioned in i).

A first indicative results is shown in Fig.4 (taken

from [3]), where only the interesting portion of the "stable"

area of Fig.3 is reported.

The crosses denote points found unstable by computer

integration. The initial amp/_tude e3 was 5°. It can be seen
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that the point representative of the numerical example made

in the previous paragraph lies in proximity of the boundary of

the unstable region. It is also noted that if 83

l

is reduced

to 1o, the area marked by crosses is significantly smaller,

but the point with a circle around the cross is still unsta-

ble. To find the Li_plications of this analysis on the form of

the decks of the station shown in Fig.l, let us assume:

m2(a _ - b_)

(8) <<I and b I - _a I (0 < u < I)

m I (a_ - b_)

so that the first of eqs.(5) becomesz

1 . _2

(9) k 1 -
1 + u2

The dependence of k I on _ is shown in Fig.5, from which

it can be seen that if the interval 0.55 < k I < 0.65 is consld_

red
to be unstable (it depends on @3), platforms have to be asse_

bled in such a way that b I < 0.45 a I or b I > 0.55 a I.

The present investigation has to be considered a very pr_
,

liminary one. As further steps first the maximum allowable @3for

space stations has to be decided; secondly, extensive recourse

lhas to be made to numerical computation in order to define shar

ply the limits of the unstable region when k2_ I; third, the di_

ferent dynamical features of the motion of elongated vs. quasi squa_

re stations has to be investigated. Further, the effect of orbit

eccentricity can be included in the model.

The particular Configuration shown in Fig. l must be con-

sidered Just as an example. In fact much effort must be concentr_

ted to design statically stable configurations. In this context,

it might be that the two platforms of Fig.l, rigidly coupled at

a distance of a few km or less,will constitute a subsystem of a

larger constellation.
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TECHNOLOGY AND TEST

The tasks accomplished by the Technology and Test panel were

three: (I) Review the state of technology relative to the Tethered

Satellite System (TSS), (2) Define the technology areas which could

benefit from the TSS, and (3) Define the technology and test support

required by other TSS applications. During the workshop two technology

issues dominated the deliberation in the T&T panel. These issues were

tether material and dynamic modeling technology. The former, tether

materials, was by far the dominant concern of the T&T panel, it was also a

significant concern of the Transportation and Electrodynamlcs panels.

Although, it was agreed that the immediate problem associated with the

tethers for the 20 km electrodynamlc and i00 km atmospheric missions

could be solved--englneering design fixes--it is recommended that an

extensive materials development program be initlate_ to develop the

tethers required to support the application being defined.

To support TSS design studies it is necessary to develop tether

dynamic model computer codes for definition of mission and tether

requirements. Present major codes arevery elaborate, expensive to run,

and not very user friendly-thls technology concern is being addressed by

the existing Tether Dynamic Working Group. (See Section II for

Presentation). The recommendations from this group which should be

available for review later this year should be quickly evaluated and

implemented to support program development and tether application

feasibility studies which will be key elements in the definition of

future technology development programs.

An additional technology concern was related to the manufacturing

of tethers. The development of complex tethers (nonconductlng-taper/

double taper long >I00 km, conducting - embedded conduction, fiber

optics; super conducing, etc.) and their application to space stations

requires the development of manufacturing capabilities for both Earth-

based as well as space-based systems. (See Section III for Presenta-

tion.)
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Application No. I - Tethered ,Wind-Tunnel"

The interest of the majority of the participants in the T&T panel

was related to the use of the TSS to conduct atmospheric and aerothermo-

dynamics related research. The TSS can provide access to that part of

the atmosphere which is presently probed only brlefly by rockets and

reentry vehicles. The use of the TSS as a "wlnd-tunnel" would provide

the capability to define the upper atmosphere and its variations as well

as provide data relatlve to rarefied gas dynamlcs (free molecule, slip

and transition flows) required in the design of advanced STS, TAV, aero-

braking and aero-asslstedvehicles. Such a system could provide the

pressure, loads and heating data required and not presently available

from ground facilities.

The data would also allow the developmentand verification of

analysis codes required in the vehicle design procesS.

This program is of partlcular interest to: LaRC personnel, Paul

M. Siemers, Harold R. Compton, Roy C. Duckett, and Ken Sutton, Univer-

sity of Dayton personnel N. Engler and J. Luers, G. Carlomagno of the

University of Naples and C. _uongiorno, University of Rome/PSN.

Preliminary data from each appllcatlon is included in Section III.

• A critical supporting technology relative to this application is

the definition and development of the instrumentation required. Such

activity is proposed by G. Wood, LaRC. (See Sectlon III.)

Many concepts were presentedand discussed - each deserving of

addltlonal studies -concepts incorporated basellne satellite (Phase I),

modified baseline satellltes(Phase II), mission peculiar configurations

and combination concepts incorporating and demonstrating tether opera-

tlons, tether separation dynamics, entry, and verification of

deboost/reboost concepts.
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Application No. 2 - Large Aperture Antenna Range, W. Grantham, LaRC

Studies have indicated that the use of a tether system for Large

AperatureAntenna calibration was not competitive with using the TDRSS.

This application cannot thereforebe recommended.

Application No. 3 - Vehicle Attitude Control, Ron Mullen, GSFC

Application No. 4 - Orbital Wake Effects, D. Potter, JSC

Application No. 5 - Power General-Multiple Tether, D. Renz, LeRC

Application No. 6 - Tether Space. Statlon Modules, J. Price, Kentron/LaRC

• Emergency habltat/rescue modules

• Hazardous storage

Application No. 7 - Test - Utilize Gemini deployments station keeping

techniques demonstration of concept using orbiter and ET,

Dean Monitor Martin, Marietta, Michoud3

The tether application proposed by the Technology and Test panel

were all Judged to be feasible and practical. In addition in each case

where data is the product the ability to obtain such data does not

presently exist - the tethered wind tunnel being the prime example. The

need for in sltu data dictates a flight system. The need for this

flight system dictates the need for tethers which then dictates the need

for materials and dynamic model code development programs. The develop-

ment of these two technologies will dictate the pace of tethered system

evolution. Tables 1 through 4 summarize key issues in: Dynamics,

Guidance and Control; Material Degradation; Satellite Tracking; and

Remote TSS Operation.
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TABLE 1 i

DYNAMICS AND GUIDANCE AND CONTROL

a. There are today a large number of orbltal mechanl-

ca1 models, all differing in some respects: rigid
tethers, inextenslble tethers, drag, distributions

of the mass of the tether and of the satellite,
etc.

b. What is needed, and is being developed, is an engi-
neering dynamics model. Such a model will be suf-

flclently accurate for many purposes, e.g. mission
timelines.

c. Such a model will also be used extensively for the
development of "standard" control algorithms.

TABLE 2

MATERIAL DEGRADATION DUE TO ATOMIC OXYGEN ....

a. Three Kevlar samples were flown on the STS-5, each maintained
at a different temperature.

b. These three samples were not under tight control, e.g. no
clear room procedure, handled by various people, etc. The
reason for this was there was very llttle time available.

c. These three samples were subjected to break strength tests,
and compared to five samples (from the same lot number) which
weren't flown.

d. Using non-parametrlc tests, there is about one chance in sixty

that the lower breaking strength of the three flown samples
was a random fluctuation. Therefore we have concluded that

the strength of the flown samples was decreased.

e. We don't know at the present time what caused this decrease.

Scanning electron microscope photographs show that the exposed
Kevlar surfaces have an eroded appearance. Blame has been

placed on atomic oxygen.

f. We have several samples of different materlals, Kevlar
Included both bare and coated, which will be flown on STS-8.

g. Even if Kevlar 29 is degraded, its diameter can be increased

so that adequate strength with a generous margin of safety for
a 36 hour mission can be achieved.

h. MSFC and Ymrtln Marietta are presently conducting an

exhaustive series of tests on Kevlar, subjecting it to UV,
thermovac, and atomic oxygen.
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TABLE 3

TRACKING

a. At the present time, we do not have a tracking system that is

entirely suitable for position and rate determination of the
satellite from the orbiter.

b. It can be done using the Orbiter's Ku-band radar, but this

requires extensive interfacing with the Orbiter system, a
situation that is best avoided.

c. At the present time we are developing a tracking system for
the TSS, one that will probably consist of a dedicated TSS
radar on the Shuttle and a transponder on the satellite.

d. The satellite does not need to be tracked at a very high data

rate: the position of the satellite does not change randomly,
and the use of a good computer dynamics model should allow

acceptable position determination from a relatively low radar

repetition rate ..... •

e. If a low refs. rate is used, then it ought to be possible to
use a relatively powerful radar--to improve its ranging

capabillty--and still not require an inordinate amount of

energy for its operation, on the average. (I am told that the
Orbiter's Ku band could be a much better radar, if operated at

higher levels.)

TABLE 4

REMOTE TSS OPERATION

a. The context of the TSS has been generally that of a tethered
satellite released from a manned mothership.

b_ If a tethered satellite is released from an unmanned space-

craft, some of the problems are accentuated.

c. One of these, for example, would be the entire guidance and
control of the satellite from ground stations.

d. If it is assumed that the tethered system is one that, say, is

doing an atmospheric mission on the venuslon atmosphere, we
need a completely automated system: the time of transmission

makes timely human inputs infeasible.

e. Of course, the materials problem will be aggravated

tremendously.
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II. TETHERED SATELLITE MODELING STATUS
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TETHERDYNAMICSWORKINGGROUP

QUESTIONNAIREFORTETHEREDSATELLITESOFTWARE

1. General Info_tion

RameOf Program SKY/lOOK
Verslon/Date IZI/Zg82 [ ] new Ix]revised
Current Author David A. Arnold
Phone (617)495-7269
Author's Affiliation SAO
Address 60 Garden St., Cambridge, P_ 02138

Submitter (if different)
Phone
Submitter's Affiliation
Address
Is MaintenanceAvailable? [] yes Ix]no
Consultation Ix]yes [] no
Person to Contact David A. Arnold
Phone see above .--

2. ProgramDescription (include features modelled; e.g. airdraq, three
dimensionalmotion, orbital assun_otions,tether
mass assumptions,end mass rotation,etc.)

SK_HOOK models tether as discrete lumps and does numerical integration

in Cartesian co-ordinates. Forces modelled are:

:I>yn_nlcal Mechanical

Tarrestrlal gravity field Linear Stress/Strain

E_III Gravity _nomally Model Thermal Expansion
6olaf and Lunar Gravitation Viscoelastic D_m_ing

_ktmospheric Drag Arbitrary CDntrol Laws
501ar Radiation Pressure

Earthshine Radiation Pressure E1ectrodynamic

_idal Forces Earth's Mmr/n__tic Field
Bubsatellite Attitude Control Forces

Electric Field

Thermal _arge Collection

Solar Radiation Heating

Atmospheric Drag
Radiative Cooling

3. #Iodelling& NumericalMethods:

Each mass point is assigned the physical, characteristics of a finite length

tether segment. Mass point interactions determined by. a set of coupled

differential equations which are numerically integrated to calculate system
behavior.
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"f- _ '_ "_jS.UTTLeN-MASSPOINTREPRESENTATIONOFA TETHER- (N_20MAXIMUMINPRESENTSOFTWARE)

La _

4- '-_EACH MASSPOINTHASPHYSICALCHARACTERISTICSOF
L7 _ FINITELENGTHTETHERSEGMENT

t6 _

L_ I MASSPOINTINTERACTIONSDETERMINEDBY A SETOF

__ COUPLEDDIFFERENTIALEQUATIONSWHICHARENUMERICALLYI INTEGRATEDTOCALCULATESYSTEMBEHAVIOR
L4 I

,• _
L3 I

:j. I NO RESTRICTIONSONMECHANICAL,THERMAL,

I- ELECTRICAL,ORBULKCHARACTERISTICSOF
AN_TETHERSEGMENT

Lz I

J_ '. I " NO RESTRICTIONSON INITIALCONDITIONS
, _ REPRESENTINGECCENTRICITYORORIENTATION

SUlSATE_UTI O_SHUTTLEORBIT
13OCTOBER1982
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TETHERDYNAMICSV_ORKINGGROUP

QUESTIONNAIREFORTETHEREDSATELLITESOFTWARE

4. I/O Requirements

What are the inputs?

5KYHOOK =equires initial conditions (e.g. V V _) for each mass point.• xw x•

D_4BEL is used as a pre-processor to calculate these Ln/tial conditions at

system equilibrium frc_ fundamental system parameters (e.g., mass of orbiter,

_ther mass, orbital height). Inputs are described in detail in refe__ences

I and 2.

What are the outputs2

_l Batch or _ Interactive

Graphics? Ix]yes [] .no

For each mass point as a function of time SKI_OCLK provides:

Cart _sian co-ordinates Displaceme_

_mslo_ Temper at_re
_hcrrent Voltage

tL=e
and ayn_c plots o-= _behavior as a function of "

Zn-_lane Y_tion Out-of-_lane £_tion Radial Motion-

5. L_mitations, Restrictions., Deficiencies, Problems -

20 mass points maximum in existing software.

._,_b_ _ _ P

6. Extras

- Was the program explicitly written to make it transportable? Yes

- Are there special arithmeticprecision requirements(beyond
32-blt/7-digitfloating point)? les - 15 digits re, red

- In what formatcan you make this program available? (e.g.,
punch cards,magnetic tape. etc.). _gnetic tape
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TETHERDYNAMICSWORKINGGROUP

QUESTIO INAIREFORTETHEREDSATELLITESOFTWARE

7. Operating System Information

Computer(s) and operating system(s) on which this program is currently operating:

Primary System (on which program was developed/is maintained):
DIGITAL EQUIPMENT CORPROATIO,_ %_X

Other systems (to which program has been transported).
Has been modified to run on Sigma 5 at MSFC. Other machines not known.

Source Code Languages
(e.g., Algol 60, Fortran IV, Assembly Code): ro._cl_N zv

Does the source conform to applicable standards (e.g., A_SI) or
does it use a superset of the standard language ("extra features")?

Core Hemory Required:

Peripherals Required= ""

Standard DEC Tape and D_sk Drives

Special Hardware Required (beyond minim_n for operating system; e.g.,
graphics terminals, etc.)

Versatec Plotter for Grapb__c.s.

Are these requirements innate to the purpose of the program, or might
they be avoided with soce re-programming?

_.r_ram is zmlaptable to

other systems by reprogramming. Two dimensional plotter required for wire

Other SoftwareNeeded: configuration display.

-Standard (e.g., routines from math libraries):

DEC Math Library

- Parallel (t.e., are there any non-standard programs which must be
run in parallel with this program.)

None
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TETHERDYNAMICSI,JORKINGGROUP

QUESTIO_INAIREFORTETHEREDSATELLITESOFTWARE

- Required Pre- and Post-Processors

A preprocessor called DUMBEL is generally used to generate initial

_x_dltions and various post-processors are used to analyze and plot the

outp_to These stmzaarized on the attached sheets.

- Optional(e.g., a displayprogram)

8. RelatedPublicationsand WriteUps,.

I. "Study of the dynamics of a Eethered satellite system (SKYHCOK),"
Kalaghan et a____L,Final Report Contract NAS8--32199, .xLarch1978.

2. "The Skyhook Program: A software package for a tethered satellite

system, including electrodynamic interactions," L.R. Kirschner,
Technical Report Contract NA58-33691, _Y 1980.

3. uStudy of •tethered satellite active attitude control," G. Colombo,
Contract NAS8-33691.
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TETHERPROGRA_ISOFTWARESU_RY

SMITHSONIANASTROPHYSICALOBSERVATORY

PRE-PROCESSORS

DUMBE.__.__LL-IN ADDITION TO TWO-MASS INTEGRATION, DUffEL COMPUTES

INITIAL STATE VECTORS AS A FUNCTION OF THE ORBITAL

AND TETHER SYSTEM PARAMETERS. WIRE MASS POINTS ARE

GENERATEDAT EQUAL INTERVALS ALONGTHE WIRE.

E_VIHN- COMPUTESTHE INITIAL STATE VECTOR FOR A TETHER

SYSTEM ALLOWINGTHE USER TO SPECIFY THE MASS AND
LOCATION OF EACH MASS POINT.

TETHERPROGRAMSOFTWARESUL'IMARY

SMITHSONIANASTROPHYSICALOBSERVATORY

POST-P_CESSORS

GRAPH- GENERATESVERSATEC PLOTS OF QUANTITIES RESULTING FROM

A SKYH00KORDUMBELRUN.TNEPARAMETERVS, TIME OPTIONS

ARE: RADIAL POSITION• ]N-P.LANE POSITION, 0UT-OF PLANE

POSITION, SHUTTLE AND OTHER TENSION VALUES, TEMPERATURE•

VOLTAGE AND CURRENT. PAI_HETER VS. PARAMETERPLOTS ARE:
IN-PLANE VS. 0UT-OF-PLANE POSITION AND 0UT-OF-PLANE VS,
RADIAL POSITION.

PL01"FTL- GENERATESPARAMETERVS. TIME PLOTS ON THE PRINTER PAGE

FOR RADIAL • IN-PLANE, 0UT-OF-PLANE DISTANCE FROM SHUTTLE

TO SUBSATELLITE, TENSION FOR ANY MASS POINT, TEMPERATUREs
CURRENT, VOLTAGE, AND SPACING BETWEENMASS POINT PAIRS.

_- GENERATESPARAMETERVS, TIME PLOTS ON THE PRINTER PAGE

FOR THE DIFFERENCE BETWEENTWO COMPUTERRUNS OF ANY ONE
PARAMETER.

INIT- READS THE STATE VECTORS PRODUCED BY SKYHOOK OR DUMBEL AND

PLOTS THE ALTITUDE AND VELOCITY OF THE SHUTTLE, SUBSATELLITE,
AND CENTER-OF-MASS OF THE SHUTTLE PLUS SUBSATELLITE•

VS, TIME, AT A TIME SPECIFIED BY THE USER• THE PROGRAM

COMPUTESTHE ORBITAL PARAMETERSOF THE CENTER-OF-MASS,
AND OF THE SHUTTLE AND SUBSATELLITE ON THE ASSUMPTION

THAT ThEY DISCONNECT FROMTHE WIRE AT THAT TIME. THE

KINETIC POTENTIAL AND TOTAL ENERGYOF EACH END MASS AND

THE CENTER-OF-MASS 1S ALSO COMPUTEDAT THE SPECIFIED TIME.

_- CONDENSESA FILE OF PLOTTING PARAMETERSBY SELECTING
EVERY NTH POINT.

_- CONDENSESA FILE OF STATE VECTORS BY SELECTING EVERY
NTH POINT.

NOVEMBER 17, 1982
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TETHERPROGRAPISOFTWARESUMMARY

SMITHSONIANASTROPHYSICALOBSERVATORY

DYNAMICINTEGRATORS

_JZtO_OJ_- MODELS THE WIRE AS DISCRETE LUMPS. DOES A NUMERICAL

INTEGRATION IN CARTESIAN CO-ORDINATES. INCLUDES

POSITION, VELOCITY, TEMPERATURE, ELECTRIC CHARGE,

AND ROTATION OF SUBSATELLITE IN THE INTEGRATION

VARIABLES.

D___- MODELS THE WIRE AS MASSLESS, SYSTEM WITH TWO MASSES.

DOES NUMERICAL INTEGRATION IS CARTESIAN CO-ORDINATES.

INCLUDES POSITION, VELOCITY AND ROTATION OF THE

SUBSATELLITE IN THE INTEGRATION VARIABLES.

_T._.PLL,E- MODELS WIRE AS RIGID MASSLESS ROD. ASSUMES SHUTTLE

IN A CIRCULAR ORBIT. INTEGRATES THETA, THETA-DOT,

PHI, PHI-DOT, R, AND R-DOT OF THE SUBSATELLITE AS

A FUNCTION OF TIME. THE VARIABLE R-DOT MAY BE REPLACED

BY A RATE CONTROL LAW SO TMAT'ONLY FIVE'VARIABLES

ARE INTEGRATED.

_- A "MANY" MASS MODEL INTEGRATING ONLY THE RADIAL

VARIABLE WITH NO GRAVITY FIELD.

7_El'A0- INTEGRATES TRANSIENT ELECTRODYNN41C BEHAVIOR OF WIRE

-WITH UP TO 40 MASS POINTS. ASSUMES ORBITAL PARAMETERS

SUCH AS MAGNETIC FIELD_ VELOCITYj AND WIRE

CONFIGURATION CONSTANT.

TETHERDYNAMICSWORKINGGROUP

S0_WARS REQUIREMENTSDEFINITION

NAS8-35036

1011182 1111182 12/1/G2 111/83 211183 311183 411183 511183 611183 ?11183 811183

TOWGKickoff &
Meatlngat MSFC

SAOPrepare
"SKY)I00K"
Summaryand I-- " "A
IdentifySA0
Software Raqmts,

SAOReceive
Data fr_ )'-_
TONGPartiCipantS

Meatlng$ with
TONGParticipants ) ......

(Data Pkg. Review)

Review InputOmit I

Prepare Draft _ ,,,
SoftwareReqmts.
mnd Oaflnltion
Document

Revfewby TOWG I_[

TOWGMeeting )--a

Incorporate 1---------_
Con_ants/Release
for Review

PrepareSoftware

DevelopmentPlan I.-----_andRelease wlth
Software Require- Relaaae
_ent$ Ooc_ant

13 DECEMBER1982
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TETHERDYNAMICSWORKINGGROUP
SUGGESTEDGOALS

PROVIDEA FORUMFORDISCUSSIONOFTETHERDYNAMICSPROBLF._IS
ANDISSUES

PROVIDEGUIDANCETO TSSCONTRACTORANDNASAONTEl'HER
DYNAM.ICS ISSUES

TRACKANDDISCUSSTETHERDYNAMICSSTUDYRESULTS

REVIBANDAPPROVECHANGESTOBASELINEDYNAMICSSOFII4ARESET

MEETINGFREQUENCY:QUARTERLY,AND/ORAS NEEDED

13DECF_]_ER1982

TETHERSAFETYSTUDY

INVESTIGATEDBEHAVIOROF LONG(90-]00KM)ANDSHORT(10KM)TETHERS

UNDERREELJAMANDWIREBREAKCONDITIONSUSINGDUALANDMULTIPLE

MASSMODELS,

• MOTIONOF ENTIRESYSTEM

• MOTIONOFTETHERNEARSItUTTLE

• TENSIONWAVESTUDIES

• COMPARISONOF RESULTSFROMVARIOUS
MODELS

3 eea82

'-...
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q TETI(ERSAFETYSTUDY

TETHERBREAKAT SUBSATELLITE HAS$' 300 KG

200ttETERS ATHOSPHERIC_RAG;YES
TETHER DAMPING; NO

u 0 SEC RECOIL VELOCITY! 0,_SNo. OFMASSESZ 5

-q

; HR$8 8YPISOL

!i Ittlltfllw_ , T-o6sEc-_

' t ;tJJ,;J;SJq
ill

q , ,_,,, _ ...... , ,,,• , III04q*
, W.N

SHg.TTI-E_ITIP.H ' )%FEB82
" l l F Z _ 2¢ _ /82 _ _

TETFIERSAFETYSTUDY

REELJAMAT9 Kll SUBSATELLITEr'IASS;300KG
DURINGDEPLOYMENT ATMOSPHERICDRAG:NO

I1_ S_0L TETHERDAHP|NGI _'(0
I 0 RECOIL VELOCITYI 20 HIS

&
+ No. oFHASSEE= 10

4X

f I:7X

, vT-0SEC _0_'

• T- 350SEC_ .

_: ti I 1 T'===
_SHUT'rLE MOTIO, 3 Fsa 82

Fno 5 11181_R
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/
/

TETHERSAFETYSTUDY
//

J 10 M i " _ " '_.... RECOILCONTROLDAMPER ,

SUBSATELLITEMASS:300KG
_¢" ATMOSPHERIC DRAG: NO

_,_MASS I TETHERDAMPING:NO

/ _x#2 _ RECOILVELOCITY:20M/S
[ No,OFMASSES: 10

)_ DAMPINGFACTOR 4
(OFDAMPER): 10 DYNES/CM/SEC

t SPRINGCONSTANT"

_ (OFDAMPER): 103DYNES/OH

TO M SS 7 10 km
#3

S DAMPERCONTROLSRECOILCOMPLETELYBYDEPLOYING
236METERSOFADDITIONALTETHERIN23SECONDS.

t'IAXIMU_TENSIONISREDUCEDBYA FACTOROFTHO

I0

_I(::.:;_]jr

3 FEB82

8

a. TETHERSAFETYSTUDY

REELJAMAT10KM HR6SSYMBOL SUBSATELLITEFIASS:300KG
DURINGDEPLOYMENT ATMOSP.HERICDRAGINO
!'IITIIDAt!PER i 0 TETHER DAMPING: i'_Oq 2 A

D" 103'DYNES/CM/SEC 3 + RECOIL VELOCITY: 20 M/S4 X No,OFMASSES: 7 '
" K"10 DYNES/OH 5 •6 ,h
-9 7 x

- T= 0 SEC "

_/, SEC

• ".- _ - " . I10.00 IOO,IN ." I_'_,00 140, Ig0,¢4 IgO._ Iff_l._ _O,WIN-_nNECmeoNbITIxloPJ
•"_-"-SHUTTLE MOTION 3 FEB 82

SKYHOOK I FEB 82

12:55=51
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TETHERSAFETYSTUDY

CONCLUSIONS

BEHAVIOROFWIRECUTAT200 _ ALSOGIVESBEHAVIOROFANYLENGTH
OFWIREUNDERSUDDENLOSSOFTENSION

TETHERWILLINITIALLYMOVEAHEADANDBELOWSHUTTLEINALLLOSS
OFTENSIONSITUATIONSWITHSUBSEQUENTBEHAVIORA FUNCTIONOF
TETHERLENGTHANDPRESENCEORABSENCEOFSUBSATELLITE

BEHAVIOROFTETHERCLOSETOSHUTTLESHO_ININTHISSTUDY
ISWORSTCASE

INA BREAK,TETHERINITIALLYRECOILSASA UNIT

INA REELJAM,SUBSATELLITEINITIALLYMOVESTOWARDAND
AHEADOFTHESHUTTLE

TETHERRECOILCONTROLLABLETHROUGHA VARIETYOFTECHNIQUES

3 FEB82
REVISED7 APRIL82

PAYLOADTRANSFER

TOCIRCULARORBIT

: ! : ! i ' Z--

___PAYLOA,D CI_RC'[_II..#,_O,I___IT__ ......... Z ._

........-....-____..____ :_:-._,_ .::,:-:-_
J

• ;-. , " ---_ ...... \ -- - -'T-_--'---

- .'__., ........... -- ....... :- 'x -i.:-., .

......
_,._...... _;._......... .- .... ... _..__-_....... _- -
• _ ..... 4-- ...... ----1-- - -- 7"---7 ,_ : ,.

........ F-............ --- .... T- ......... T i ,

i-- ...... T -.-.-7--,.ZL.. r '- _..L,,_...... -._ . --;- ,. l ,' rH J ,t ..... ..I ...-:

L . . _ . .--:/.•i ___ - -,--,-.---y..-• . _ --_

._ ......... ':_.\ ____'.,..._.,.,,L_,..+.:_.._...-_.?_-/............... -.i ...... ' ..... -"'" '.,.C .... '- : ..."......

.LL_-- ",.-\ ---,.-::----i-..--.-.--/-...... .... - ........
\ ............ \-\ .... "":-,'-, • I-, /" .... / ...... _-

_,. "-. -4 .... i /'°L ". ...... " .......... '----

h " 51,$ _ ..... "h ; "
...... Z_._. ma-X . -----"-: .-- " - --{ m_Lx = _19 _ • __. _

........... "._--.-: ...................... z- i. "" . ......
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PAYLOA[TP,ANSFER

CONTROLALGORITH_ 15 JUNE1983

NATU_L LENGTHOF TETHERISMODIFIEDBY REELMOTOR
ACCORDINGTO:

Lo(T) = Lo + S(T) + a(T)

PRE-RELEASEREELMANEUVER: S(T)

0 T • TSTART .

S(T) _ A SIN [2X(T-TsTART)/p-_/2 ] TSTART < T < TSTOP

S(TsToP) TSTOP < T

PARAMETERSA, P, TSTART, TSTOP

A > 0 : REEL-OUT INITIALLY

A < 0 : REEL-IN INITIALLY

USUALLY CHOOSE TSTop-TsTAR T = p OR = P/2

ACTIVED_PING CONTROLALGORITHM=A(T)

l a = 0 T _ TDAMP

LEa(T)] = K[T(T)-To] - B A(T) T > TDAMP

WHERE

T(T)ISTHEPERCEIVE])TENSIONON THE REEL

TO ISTHENOMINAL(TARGET)POSTREL_SE TENSION

K _D B ARE CONTROLPAP,,aJVIEI'ERS

TDAMp,THE TIMETHE D/VIPERISACTIVATED,IS

NO_IALLYTHE PAYLOADRELEASETI_IE

OPE_TIONALSEQUENCE

T = oS: SHUI-I'LE,TETHER,TELEOPE_TOR,AND

PAYLOAI)DEPLOYEDIN INITIALELLIPTICAL
ORBIT

T = 1386s: BEGINPRE-REL_SEREELr_NEUVER:

HALFPERIODCOSINUSOID

A = 182 METERS(REEL-OUT)

P = 150 SECONDS

T = 1441s: RELEASEPAYLO_

INITIATEACTIVED_PER

T = 1461s: STOPCOSINUSOIDMANEUVER

INITIALORBIT(CENTEROF_SS):

HMIN = 199 _ HMt_(=519 _ E = 0.024

FINALO_IT: SHUTTLE,TETHER,AND TELEOPE_TOR

HMIN " 165_ HF_x = 514 _ E = 0.026

FINALORBIT: RELEASEDPAYLOAD

H = 575_ E = 0.0002
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PAYLOADRELEASE
TO CIRCULARORBIT
TENSIONVS, TIME

SHUTTLE MASS: I00 ton
PAYLOAD MASS: 9.5 ton

TELEOPERATOR MASS: O.S ton
DEPLOYED TETHER LENGTII: 61 km

j.-TIME OF RELEASE

............................................................................................................=1441SECONDS
D

o,, sb.oo _b._o =b.oo ib.=; $;=.o_' '=b.oo dl,H H,Oe Ib,Oe r_l.N "e 0_' _'_o._ _o,u O;e.oo Lso.oo tq_o.¢o o_o.oo {oo,oo i_o._o _ao._o _La=.cI
TIM£ .tO

PAYLOADRELEASE
TO CIRCULARORBIT

r-

shuttleMass: 100ton RADIALVS..IN-PLANEBEHAVIOR
Payload Mass: 9.Sto. AT JO SECONDINTERVALS

15 JUNE1983 Teleoperato_" Mass: • O.S ton

Deployed Tether Length: 61 km SCALE EXPANSION: 12X

8

-oo
zc;

CCc_
_ MQSS SYMBOL

_':_ 1 (!)
__o 2

E_ q x

8_ G +

Q

"_!0.00 2qO.O0 DO0.O0 -880.00 -960.00 -IOLIO,O0 -Im20.O0 -1200.00 -1200.00 -1360,00 -iqqO.O0 -1520.00 -1600.00

IN-PLQNECOMPONENT(MEIERSIwlO'
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8 PAYLOADRELEASE

TOCIRCULARORBIT
SHUTTLE MASS: 100 ton

PAYLOADMASS: 9.5to. TENSIONVS,TIME
0.5 ton

TEL_OPERATOR MASS:
DEPLOYED TETHER LENGTH: 61 km

N_

..e PRE-RELEASE

_" /MA,,EUVER:8 '
;2,

'J lIMEOF / DAMPING

"R_ SRELEASE / ,.,ANEUVER8!

_oo Ib,oo _b.oo _b.oo _ _b.oo sb.oo 6b.oo ?b.oo _,oo 9b.oo Ibo.oo i'1o,oo i_o.oo I_o,oo I_O,oo i_O.OO
TIM_

15JUNE1985

TETHERDYNAMICSRESEARCH

PROBLEMAREAS

1.TETHERSAFELY_D ABORTMODES

-REELJAMANDWIREBREAKCONDITIONS
-CONTROLFAILURES

2.CONTROLLAWDEVELOPMENTANDVERIFICATION

3. IN-ORBITPREDICTIVEMODELLING

4.SUBSATELLITEDYNAMIC
-RIGIDBODYDYNAMICS

-REACTIONTOATTITUDECONTROL
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SUGGESTEDSICYHOOKDEVELOPMENT

i. IMPROVETETHERMOTIONRESOLUTION

-INCREASE_SS POINTSTOAT LEAST100

-VARIABLEDISTRIBUTIONWITHCURVATUREAND/OR

TEI_SION

2,INCREASECOFIPUTATIONALSPEED

-ABORTEVENTANALYSIS

-IN-ORBITCAPABILITY

3,UPGR_J)ECOMPUTATIONALCAPABILITY

f
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III. TETHER MANUFACTURING CONCEPT
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PULTRUSION PROCESS FOR FABRICATION
OF TETHERS

(PRELIMINARY CONCEPTS)
r

FOR

APPLICATION OF TETHERS IN SPACE WORKSHOP

(TECHNOLOGY AND TEST)

WILLIAMSBURG, VA, JUNE 15-17, 1983

BY

IAN, 0 MACCONOCHIE (SSD) AND MAYWOOD L, WILSON (FD)

LARC 6-15-83

ABSTP.ACT

Threecompositematerialshave beenmanufacturedby the pultrusionprocess,
coiled on 24" diameterspoolsfor a periodof two months, uncoiledand evaluated
for memory recall.Thesematerialswerepultrudedto lengthsof approximately
150 feetand crosssectionprofileswere maintainedat 0.143inch in thickness
by 0.566 inchin width.Mechanicalpropertieswere conductedand resultscompared.
The reinforcementmaterialvolumepercentof each was identical.Of the three
systems,the Kevlarreinforcedcompositehad the highestspecificstrength,
the lowestflexuralmoduluS,and the lowestmemory recall.

Furtherevaluationsof materialsand fabricationtechnologyof pultrusion
should be conductedto address someproblemareasencounteredin thispreliminary
concept.The followingareas are suggestedfor furtherstudy:

°Evaluateand correctcauseof Kevlarreinforcedpolyester
compositelow memory recall (wettingproblem).

°Evaluateseveral resinsystemsand formulationsto include
epoxies,polyesters,and vinyl esters,withand without
ultravioletstabilizers.

°Comparepropertiesof compositesmade with aboveresin
systemsreinforcedwith fiberglassand Kevlar,of round
and rectangularprofiles.

°Evaluatea taperedtetherwith internalelectricalcableconcept.
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THEPULTRUSIONPROCESS

0 A PROCESSWHEREBYCOMPOSITEMATERIALSCANBE FABRICATEDINTOCONTINUOUSLENGTHS

0 BASICMANUFACTURINGELEMENTS

- A CREELINGSYSTEMFORSPOOLSOF THE REINFORCINGFIBERS
J

- A RESINBATH

- A HEATEDDIE

- PULLERS

- A CUTOFFSAW

.i'|

LARCPULTRUSIONMACHINE [
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WHY PULTRUSIONFOR TETHERS?

0 PULTRUDEDMATERIALHAS A HIGH SPECIFICSTRENGTH

o TETHERSCAN BE TAPERED

0 TETHERSCAN BE MANUFACTUREDIN CONTINUOUSLENGTHS
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_" REINFORCEMENTMATERIALANDRESINTANK

+t +i' +

Cure Die and Pul_i_Ided Composite F_iltlng, Co_le of tesC Materials

IL I_'+:,+_+"_,;:_,.",..$'':]i++m Ii:__;}+I#+++.;/+Jl +_
+=,."iltl+i

._ ,._+..+._+_,_ _i'_

ltl_i_t _t l_.,,'_l_lX.tlJlli.tlll{41 _.I
Pe._____i,,Li'm:;v+&+,',I i+-<= _;-_" +, '-..........

Top View of Uncoiled Spec_ens _ Sid__yJei+ o(_.Unc._oi_1.odoSpeo:tmens
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PULTRUDEDTETHER

SPOOLSTORAGETEST

2,5MONTHSON2q INCHDIA,SPOOL

TESTSPECIMEN STORAGE MEt4ORY

THICK WIDTH STRESS RADII,INCHES RECALL

MATERIAL IN, IN, PSI STORED RELEASED %

KEVLAR/POLY 0,143 0,559 11,560 12 110 89,0

GLASSIPOLY 0,143 0,566 23,849 12 672 98,2 •

GLASS/VINYL 0,142 0,562 24,161 12 - 750 98,4.

PULTRUDEDMATERIALS

PROPERTYDATA

TENSILE SPECIFIC FLEXURAL

FIBERWT, DENSITY STRENGTH STRENGTH MODULUS

TESTSPECIMENS % LBS/IN3 KSI XIO6 XIO6 PSI

KEVLAR/POLYESTER 48 0,046 107 2,3 1,94

GLASS/POLYESTER 63,5 0,062 75 1,2 4,00

GLASS/VINYLESTER 63,0 0,063 69 1,1 4,08
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PROPOSEDFURTHEREVALUATIONS

OF

MATERIALSANDTECHNOLOGY

FOR

TETHERMANUFACTURING

BY

THEPULTRUSIONPROCESS

0 EVALUATEANDCORRECTCAUSEOF KEVLARREINFORCEDPOLYESTERCOMPOSITELOWMEMORY
RECALL(WETTINGPROBLEM),

0 EVALUATESEVERALRESINSYSTEMSANDFORMULATIONSTO INCLUDEEPOXIES,POLYESTERS,
VINYLESTERS,WITHANDWITHOUTULTRAVIOLETSTABILIZERS,

0 COMPAREPROPERTIESOF COMPOSITESMADEWITHABOVERESINSYSTEMS-REINFORCEDWITH -"
FIBERGLASSANDKEVLAR,OF ROUNDANDRECTANGULARPROFILES,

0 EVALUATEA TAPEREDTETHER-WITHINTERNALELECTRICALCABLECONCEPT,

SUMMARYREMARKS

o SOMEPRELIMINARYEXPERIMENTSINTHEMANUFACTUREANDSTORAGEOFPULTRUDEDTETHERSIIAVF_BEEN
MADE
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APPLICATION NO. 1 - TETHER AS A WIND TUNNEL RAREFIELD FLOW RESEARCH
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INSTRUMENTATION FOR APPLICATION NO. 1

MASS SPECTROMETRIC ANALYSIS OF THE BOLq_DARY LAYER ASSOCIATED WITH _HE
TETHERED SATELLITE

George M. Wood
NASA-LaRC

SUMMARY

Knowledge about the boundary layer associated with high enthalpy flow

fields has mostly been derived from measurements of physical properties. To
further this understanding, the chemistry of the gaseous layer must be studied

as well. This requires that instrumentation and measurement methods be developed
that can analyze the gases while having a minimal effect on the flow field and

composition. Because of its sensitivity and ability to identify species, the

mass spectrometer is the most promising instrument for this application, although
other spectroscopic methods are being evaluated as well. There are, however,

several non-trivial problems that must be solved in order to apply the mass

spectrometer, including the obtaining of a representative sample from near the
model surface. At Langley, these problems are being addressed in a research

program (Wood et ai,1983) to develop qualitative and quantitative measurement

methods to examine the gas chemistry in several large hot-gas blowdown facilities,
and to study the aerodynamics of the boundary layer associated with models in
these facilities and in instrumented hypersonic vehicles.

These methods can also be applied to-the tethered satellite, which will

provide a unique opportunity to obtain aerothermodynamic data that is unaltered
by effects from the test facility. It must be emphasised that in these and

other measurements associated with tests on the tethered satellite, it cannot

be assumed that the methods and instrumentation necessary to obtain high
quality data already exist. It is essential therefore that once tests are

defined that the measurement requirements be critically examined and such
development as necessary be initiated.

INTRODUCTION

At the close of the Thursday session, members of the Technology and Test
Panel were asked to consider testing of not only those items that we had

identified ourselves, but also those identified by the other panels in their

deliberations. I suggest that "test" is not yet the correct term, as it implies

that adequate instrumentation and measurement methods exist to perform these
tests and to obtain data over the required measurement range with sufficient

reliability, response, precision, and accuracy, Clearly, this availability has
not been established for the tethered satellite. Once the tests have been

defined, one must first look to the measurements and their methodology before
proceeding.

Tests concerning the tethered satellite will fall into two catagories:
those on the satellite and its tether; and, those on the environment surrounding

it. The first catagory has to do with the deployment and well-being of the
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of the satellite, and will include such parameters as tension, temperature,

and charge distribution along the tether; internal and surface temperatures

and pressures, velocity, drag, and exact location of the satellite. The
second are those concerned with the use of the satellite as a test platform

for aerotNermodynamic and atmospheric investigations from which contamination

and enclosure effect, such as those imposed by the tunnel walls, have been
minimized. In order to use the satellite for these aerothermodynamic studies,

it is imperative that the atmosphere in which it is moving be both physically

and chemically characterized.

Historically, thermodynamic flow properties of gases in the boundary layer
or the flow field have been deduced from pressures and temperatures measured

on a model. The understanding of these properties has reached the point where •

further progress requires more complete characterization of the layer including

determination of thal gas composition and chemistry. This in turn requires

species identification and reactant-product determinations, therefore, most

attempts to measure boundary layer chemistry involve a mass spectrometer and
its associated gas sampling system. Other spectroscopic methods have been used,

but are limited due to configurational, n0ise, wavelength, or scattering ._

problems for this application (Miles et a_l,1983). Mass spectrometric techniques

for gas analysis are capable of simultaneous real-time measurement of the
identity and concentration of a chemical species. Howe_er., if the gas composition

to be measured is in a hypersonic high enthalpy stream flowing around a vehicle

or model surface, then special techniques and systems are necessary to meet

the sampling criteria for the various flow regimes involved. Obtaining the

representative sample for mass spectrometric analysis that is unaltered, or is
altered in a quantitatively determinable manner is therefore not a trivial

problem. The electronic and vacuum operating requirements of the mass spectr-

ometer, along with its configuration also complicate its application in these
studies.

i

A major problem for hypersonic test vehicles is understanding the

aerothermodynamlcs controlling vehicle performance and consequently predicting
aerothermal behavior that can reduce the conservatism in designing active or

passive thermal protection systems. The hypersonic vehicles affected by this
unknown behavior include aero-assisted orbit transfer vehicles (Walberg,

1982), ballistic entry vehicles for possible space station rescue, hypersonic
cruise vehicles, and improved space Shuttle orbitors (Hays, 1981). The diffi-

culty in designing thermal protection systems for these vehicles is in part
due to the limited knowledge of the behavior and mechanisms of dissociated gas

species in the presence of catalytic materials and the lack of suitable test
facilities and techniques for measuring the gas behavior (Eide, et al,

1981). The need to sample boundary layers near the surface is exemplified by

the data in figure i, (Shinn et al, 1982) which shows the calculated mass
fractions of atomic oxygen and nitrogen at a high altitude point along the

second Space Shuttle entry trajectory. For either a noncatalytic wall or an

equlibrium catalytic wall which promotes instantaneous reactions the mass
fraction of the O and N species approach one another quite rapidly along a ray

away from the wall surface. Should the sampling penetration volume extend out
to a 0.i nose radius there would be averaging and perturbation effects

resulting in quite limited information gained about the surface recombination
rate associated with a particular vehicle wall material. Because of these

surface related effects, the gas sampling should be at least quasi-non-
intrusive with controlled penetration of the boundary layer, mass scanning and
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data acquisition rates should be fast enough to monitor rapidly fluctuatibg
conditions, and mass resolution should be sufficient to identify gaseous
species through measurement of exact mass alone.

-4 I I I I I
0 .I .2 .3 _ .5

n/Rn

Figure I.- Species mass fraction as a function of
distance from the surface in terms of fractional

nose radius for nonequilibrium flow over equili-

brium catalytic (solid line) and noncatalytic wall

(dotted line), adapted from Shinn et al, (1982).
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PROGRAM DESCRIPTION

The three major limiting factors which must be addressed for successfully

implementing a mass spectrometer in aerothermodynamic investigations on models

at re-en=ry stream velocities, are: gas sampling effects; instrument

limitations; and problems with data acquisition. The research at LaRC is a

concentrated effort to quantitatively identify and correct for instrument and

sampling system effects, and to develop a miniaturized high performance mass

spectrometer for on-model real-time analysis of the boundary layer and its

associated atmosphere, both in ground based facilities and on-board a re-entry

hypersonic test vehicle. This same instrument will be applicable _o
measurements with a tethered satellite.

The essential requirements for any sample are that its spatial and

temporal boundaries be known and that its physical and chemical states either

not be changed by the sampling process or be changed only in a predictable and

measurable way. High enthalpy conditions therefore present specific and

highly challenging sampling problems. Additionally, ground based high

enthalpy test facilities are limited in run time and therefore require

measurements approaching real-time if fast transient events are to be ....
detected.

Previous applications of mass spectrometry in investigating hypersonic

flow and combustion research have used a probe facing directly into the flow

as the inlet (Trinks, 1973; Crane and Stalker, 1977; Offerman and Tatarczy,

1973; Melfi et al, 1974). Such probing may perturb the normal flow about a

body, change pressure distributions, and also may change the atomic and

molecular concentrations of thegaseous specie, many of which are dissociated

and/or quite reactive, across the shock at the inlet thus complicating the

interpretation of the resulting data. It has been proposed (Miles et al,

1983) that one means of eliminating the problem of measuring such unstable or

dissociated species is the seeding of the gas mixture with another gas which

would react with these species in a predictable manner to form stable

products. This approach has been applied in a study of combustion products in

which the dissociated species were reacted with deuterium (Fristrom and

McLean, 1982). Such labeling would not resolve the flow perturbation problem

since any alteration of flow about the body cannot be tolerated if the

boundary layer is being measured. An additional problem occurs if catalytic

or absorptive tubing materials are used to transport the sample from the

sampling point to the spectrometer source. Any temperature variation in the

sampling systems may also have its effect on the data.

In any investigation of aerothermodynamic characteristics, the

atmospheric data obtained from these forward (or aft) facing inlets are

extremely important. On the other hand, it is also important that data be
obtained near the surface from a minimally disturbed flow field. Our approach

to obtain representative samples from within the boundary layer will involve

the use of sampling devices consisting of either a pltot tube, a single

flush pumped orifice, or of multiple flush orifices. These devices must have
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flow characteristics through the opening that limit the depth of penetration

into the boundary layer since flow field perturbations must be minimfzed _n
order to sample close to the surface. A single flush orifice, figure 2, is
being computer modeled and a theoretical analysis will be performed to

estimate sampling penetration depths into the boundary layer under various

expected conditions as a function of temperature, pressure, orifice size,

pumping speed, and boundary layer composition and flow velocity. By
controlling pumping speed at the inlet, sample distance from the wall can be

varied within limits due to the pressure depression resulting from the pumpingaction.

These computer model calculations will also be used to establish design
parameters for the development of a multiple orifice nonintrusive effusive

sampling device which will serve as a direct inlet into an in-model mass

spectrometer. The effusive inlet conceptualized in figure 3a, is comprised of
an array of parallel micron size capillaries, with an array density of

approximately 105/cm 2. Atoms or molecules scattered into the capillaries will

either pass directly through, or will be reflected from tee capillary wall
into the ion source or back into the gas stream. Because the effective

pumping speed at the capillary inlet will approach zero, pressure deformation

of the flow field will be minimized and the sampled species will be obtained

from within a few mean free paths of the surface. Dissociated species
reacting with the capillary will be identified by coating Zhe wall with an

isotopically labeled substance or by labeling the wall itself. The resulting
labeled product from the reaction on the surface will differentiate between

dissociated and nondissociated species entering the inlet.

Characteristic transport rates through small diameter tubes to the mass

spectrometer are being determined in the laboratory as a function of tube

length, pressure differential and gas species. These measurements are being
carried out with both pure gases and known mixtures to determine diffusive or

gas-wall fractionating characteristics if they exist. Candidate materials for
sampling device fabrication are being evaluated for possible chemical and

catalytic reactivity with the gases of interest under designated sampling
conditions. The devices to be characterized in the laboratory studies include

flush surface orifices, pitot tubes, and the yet to be developed non-intrusive

multiple orifice surface sampling effusive inlet device. The laboratory test
system will consist of the sampling device, transfer line, and mass
spectrometer. The flow test data will be quantitatively evaluated for both

static conditions and for relatively low velocity gas streams as a function of
temperature and inlet pressure.

Attempts will be made to determine the sample constraints for each

measurement system selected for tunnel experiments. Preliminary theoretical

calculations indicate that the penetration depth of sampling into laminar

boundary layers by flush orifices can be calculated from aerodynamic

parameters, orifice diameter, and pressure drops across the sampling tube
(Brown, 1983). Sampling penetration and/or perturbation depths will be
evaluated experimentally if possible under measured flow velocities in the

laboratory and in actual tunnel runs using shadowgraphs to verify the
theoretical model calculations.

5-236



FLOW "_

MS
!

PUMP

Figure 2.- Schematic representation of a mass

spectrometric pumped flush orifice sampling system
for measuring composition of gases flowing over a

surface, where flow is parallel to the surface and

the sample is pumped past the inlet leak to the

mass spectrometer.
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Figure 3.- Schematic representation of the proposed
nonlntrusive mass spectrometric measurement system

featuring: (a) an effusive inlet of many capillary
holes in a thin plate mounted flush with the
surface and connected directly to (b) an in-modal, i
miniaturized mass spectrometer ....
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INSTRUMENT DEVELOPMENT

Mass spectrometry is perhaps the only instrumental technique with a '
response time sufficient to follow fast chemical reactions and at the same

time afford real time analyses of complex mixtures. Its application in high

enthalpy boundary layer measurements has been limited by sampling of the free

stream gas and by the small size requirement for installing an instrument

inside a model. Coupled with size is the resolution requirement usually

needed to unravel complex spectra. Furthermore, a large quantity of data must

be taken during a yery short time as high enthalpy test facilities may operate

for periods somewhat less than one minute. Interpretation of the data must

include a means of identifying transient changes in chemical composition and
sampling volume parameters during a run.

Our mass spectrometer development for on-line analyses will proceed in

three stages. Experiments with an existing quadrupole mass spectrometer are

being carried out in the laboratory to identify and solve some of the

measurement and data acquisition problems. This spectrometer is also being
used in a LaRC high enthalpy facility as an off-model measurement device.

Samples are taken at or near the model surface during film cooling and and

other aerothermodynamic experiments, and transported through a long tube for

subsequent analyses. Additional samples will be obtained from intrusive pitot

probes mounted on the sting or model and by penetrating the tunnel wall at

various locations. This data will be used to study the sampling problems

under these conditions and to examine the tunnel gas chemistry. While this

first development stage will be limited by the data acquisition times and

sample transport lag time problems, some quantitative data will be obtained

and additional measurement and instrumental effect problems will be clarified.

The second stage of experimentation will use a miniature magnetic sector
mass spectrometer which we will modify and dedicate to in-model measurements

for the ground test research program. The spectrometer will be close-coupled
to the tunnel atmosphere or will be placed within the test vehicle and

measurements carried out as were done with the quadrupole in the first

stage. In this situation, however, the sample transport distance will be very

short when the different sampllng orifices are evaluated so that transport lag

times and surface interactions should be minimized. This arrangement is shown

in figure 2, in which the transport tube is now very short.

The third stage will utilize the non-intruslve effusive surface inlet

system in addition to the pumped orifice or pitot. The effusive inlet will

allow the gaseous sample to pass directly into the ion source of a

miniaturized mass spectrometer which will be mounted in the model or re-entry

vehicle. Thls spectrometer, as outlined in figure 3b, will be a 180 °

magnetic deflection instrument having a radius of approximately 7.6 cm (3.0

in) and an outward radial magnetic field inhomogenelty of +0.5 to increase the

mass dispersion by a factor of two, hence improving the resolution/size

relationship. The projected resolution will exceed 1 part in 2500, or, that
required to resolve nitrogen and carbon monoxide at the nominal mass of 28.

Ions will be detected and measured With a continuous multichannel plate (Wiza,

1979) electron multiplier array directly interfaced to a solid state Large

Scale Integration or charge coupled Device, (White, 1982) figure 4, to image

and measure the intensity of each mass-resolved ion beam over the range of 2

to i00 amu. Essentially simultaneous measurement of the beam by interrogating
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Figure 4.- Schematic representation of the proposed
fast ion detector which will be capable of
simultaneous measurement of all masses between 2
_nd 100 amu (White, 1982).

the device at a nanosecond rate will preclude the necessity for magnetically

or electrostatically scanning the mass spectrometer, thus simplifying

electronic requirements and increasing stability.

Adequate technology exists for fabricating the inhomogeneous field

magnet, the problem primarily being one of miniaturization and machining to
close tolerances. The effusive inlet, and more so the detector, are presently

beyond the state-of-the-art, and will require significant research and

development. This approach should eliminate sample transport delay problems

and provide a full range mass measurement. This technique will provide a

statistically valid mass data base array of information in real time which can
be enhanced as necessary to provide improved resolution utilizing the

mathematical deconvolution techniques which were reported earlier (Wood et al,

1981). Interrogation of such a real-time data base matrix will provide the

information necessary to measure changes in the total pressure at the effusive

inlet, along _rith species identification and concentration changes in the

sample volume to include transient species, as well as the identification of

spurious signals as transients. This new technology _-ill thus make it

possible to monitor compositional changes in a medium without perturhing the
medium. Furthermore, the sample _rill be representative under constant or

variable pressure coDditions, and the ability to monitor both total and

partial pressures _¢ill eliminate the need for sampling volume and pressure

constraints otherwise required for gas analysis using conventional mass

spectrometric or other currently available techniques.
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PROGRAM STATUS

The initial part of this research is directed towards: optimizing
sampling through shaped pltot probes and through a flush orifice in a surface

parallel to the flow with minimal flow disturbance, that is, quasi-non-

intrusively; to the quantitative measurement of mixing ratios in seeded or

isotopically labeled multi-component gas streams; and to accurate

characterization of tunnel gas composition and chemistry, including
identification and correction of sampling and instrumental effects. Some

experiments concerning the first two of these have been performed during

studies of nltrogen-gas film-cooling of a large model, in which the nitrogen
used for cooling was seeded with neon as the inert gas tracer. These

experiments were not intended to be quantitative at this point, but were to

determine the feasibility of operating in a large hot-gas facility with the

instrument located some distance from the model, and to identify problem areas
so that satisfactory measurement methods could be devised.

The research was performed in the Langley Research Center's 8-foot Nigh
Temperature Tunnel. This facility, which is a large Much 6.8 blow-down

tunnel, uses methane-air combustion at total combustion pressures of 600-4000

psi to achieve the high energy levels for flight simulation over an altitude

range of 80 to 130 thousand feet. The test medium consists principally of N2,
02, CO_, and H20 , with the mass fraction varying with the amount of fuel

reacted, and hence with the stagnation temperature (Howell and Hunt, 1972).

The wind tunnel as shown schematically in figure 5, consists of a combustor,

hypersonic nozzle, test section, supersonic diffuser, air ejector, mixing
tube, and a subsonic diffuser.

MIXING TUBE-'_

FUEL SUPERSONIC DIFFUSER V /DIFFUSER

Figure 5.- Schematic drawing of the 8 foot High

Temperature Tunnel at Langley Research Center.
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The test chamber is 8 feet in diameter and 14 feet long with a usable

flow core of 5 feet operating as a free jet. It is enclosed in a 26-foot7

diameter sphere over a 16-foot-diameter pod containing a hydraulic model

injection carriage. Once the desired flow conditions are established, the

model is inserted into the test stream in about 1.0 seconds to approximate a

step heat-lnput to the model.

The experiments were carried out at Mach 6.8, with experiment run times

typically being 10-20 seconds long, with a few lasting as long as 40

seconds. A thermochemical equilibrium computer program (ACE) (Kendall, 1968)

was used to calculate gas composition, thermodynamic transport, and flow

properties. Test conditions were as follows: combustor total pressure, 17.2

MPa (2500 psi); free stream pressure 2.12 kPa (0.31 psi); dynamic stream

pressure 68.9 kPa (I0.i psi); total temperature 1889°K (3400°R); total

enthalpy 2370 kJ/kg (1020 Btu/ib); and mole fractions of .050 for 02, .724 for

N2, .072 for C02, .145 for H20, and .009 for Ar.

The model, figure 6, is a 162.6 cm (64 in) long conical frustrum, with a

91.4 cm (36 in) diameter base and a 12.5 ° half angle. The ogive nose has a

4.1 ¢.m (1.6 in) diameter forward facing coolant ejection port. Gases were

first sampled from the forward retractable probes which are deployed during

the test after insertion of the model. Similar retractable probes will be

used on subsequent tests to characterize the flow field near the model .....

surface. Subsequently, samples were obtained through the flush mounted

eliptical pitot and orifice shown in detail in figure 7. The elliptical pitot

is a 3.18 mm (.125 in) tube, flattened and welded to the sample plate. A

chromel/alumel thermocouple mounted on the backside of the plate measured

temperature and heating rate. These ports were invididually connected to the

mass spectrometer inlet system through 18.3 m (60 ft) 1.65 in) i.d. tubing

terminating in a vacuum pump. Gas flows were simultaneously established in

both tubes. Switching from one port to the other during the run was

accomplished remotely at the mass spectrometer to minimize the delay which

would have resulted from re-establishing flows if the switching had been done

at the model.

The delay in signal response related to tube length and pressure

differential was evaluated both in the laboratory and after the instrument was

installed in the tunnel. System response under varying conditions in the

laboratory was typically as shown in figure 8, which depicts the concentration

gradient pulse of the mass spectrometer resulting from injecting 1.0 m£ of
neon into a 15.2 m (50 foot) length of 1.65 mm (.065 in) id tubing. This

response was found to be relatively constant over a wide range of test

conditions, and similar results were obtained when delays were determined with

the instrument in the tunnel.

The mass spectrometer used was a small, computer controlled, quadrupole

system developed by the Analog Technology Corp., Irwindale, California, for an

interagency program, for which NASA had technical and contractual

responsibility. The instrument (Wood and Yeager, 1980) is a trace gas

analyzer, figure 9, designed to continuously sample ambient air, at or below

atmospheric pressure, and to analyze the stream for minor constituents. The
instrument can be directed to scan over all or a portion of the mass range of

1-200 amu, to monitor a single mass as a function of time, or to automatically

analyze for up to 40 selected trace constituents and to report their presence
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COOLANT
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Figure 6.- Model used for the nitrogen film cooling
experiments. The nitrogen ejecting oglve nose tlp
is shown on the 12.5° half-angle conical model and
sampling ports are indicated. The model Is in the
test position.

Figure 7.- Sampling plate containing the flush
surface orifice and flush pitot tube sampling inlet

which was installed on the model of figure 6 as
indicated.
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Figure 8 .- Typical laboratory single mass peak
intensitY response with time for a gas sample

injected into a port connected to the mass
spectrometer by 15.2 m of 1.65 mm id tubing .....
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Figure 9 .- The small computer quadrupole mass
spectrometer system used in the 8-foot HTT

experiments.
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in concentration units. The ion currents are detected with a channeltron

electron multiplier (Galileo Electroptics), and amplified with a current-to-

frequen_ convertor (Analog Technology Corp.) having ranges of i0_14, i0-IO,
and i0-_ amps/Hz. Instrument sensitivity was determined through a mass scan
of atmospheric krypton, which occurs at approximately i.I ppm. The minor

isotope peaks at masses 82 and 83 representing about 120 ppb were easily
measurable, and the observed signal to noise indicated that concentrations as
low as 40 ppb are detectable.

In these tests it was desired to differentiate between the nitrogen

cooling gas and the tunnel atmosphere, which was approximately 72% nitrogen.

Since measuring small changes in nitrogen peak intensity on top of the already
large existing peak would be difficult, it was necessary to use a measured

amount of tracers to represent both the coolant and tunnel atmosphere. To

eliminate effects of gas reactions within the system, 0.9% atmospheric argon
was used to represen_ the tunnel gas, and a measured 1-3% neon mixture in the

coolant nitrogen provided its inert gas tracer. A difficulty with this

selection is that at 70 ev ionizing electron energy, argon will have a doubly-
charged peak appearing at an exact mass of 19.9812 due to the loss of 2

electrons. Singly charged neon has an exact mass of 19.9924, requiring a
resolving power of i part in 1778 to separate the two, which exceeds the

capability of the instrument. The doubly-charged argon will disappear when

the ionizing electron energy is lowered to about 43 ev_ while the singly-

charged argon and neon peak intensities are reduced by smaller amounts. By

operating the mass spectrometer at an ionizing electron energy of the 35 ev,
the interference was removed and the measured neon/argon ratios were

indicative of concentrations of coolant and tunnel gas at the mass
spectrometer inlet.

The mass spectrometer data was taken over the whole sequence of tunnel

operations starting shortly before the tunnel startup began. Thus, data were

obtained over the operational sequence of events in the tunnel which produced
=he gaseous environments and transitions to which the mass spectrometer
sampling inlets on the model were exposed.

The data obtained followed the test sequence with a lag time appropriate

to the pressure drop across the transport tube. Due to a suspected problem

with the mass spectrometer ion pump there appeared to be an anomalously high
Ne background in the mass spectrometer data taken during the last 3 runs in

the 8 foot HTT using Ne seeded coolant N2 which made those data questionable

for quantitative measurements but produced trends which are qualitatively
valid and consistent with an earlier run. The mass spectrometer response data
reflects the concentration of the constituent being measured. It also tracks

pressure changes to the extent that the total signal intensity depends on

pressure but the relative ion current intensity reflecting composition of the

gas in the ion source does not. This requires that the ion source response is
linear for all species over the pressure range of interest. If this is the

Case, changes of concentration of a species or in relative concentration of

one species to another becomes a simple matter of obtaining a ratio of the
appropriate peak intensities. As will be seen below in the discussion of

results, the Ar intensity data traced the changes in tunnel pressure quite
well. For the nitrogen film cooling experiment, the ratio of the intensity of
neon at mass 20 to argon at mass 40 was used as a measure of the mixture ratio

of cooling nitrogen to tunnel test gas at the model surface where sampled.
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Data required to calculate the mixing ratio of cooling N 2 to air by this

method are: the sensitivities of the instrument for Ne and Ar at mass 20,and

40 respectively, the concentration of Ne (mole fraction, NNe) tracer in the

cooling N 2, the concentration of Ar (mole fraction, NAt) in the tunnel gas and
the ratio of the mass spectrometer sensitivities of Ar (40) to Ne (20),

($40/$20), for standard mixtures of the two. The mixing ratio of cooling
nitrogen to tunnel gas is then given by:

nNC 120 $40 NAr

nTG 140 $20 NNe

and the mole fraction of coolant nitrogen by

nNC

NNC = nN C + nTG

where n is the number of moles, S is the sensitivity in hertz/mole, I is the

mass spectrometer response in hertz and N is the mole fraction. The subscript

NC stands for coolant nitrogen and TG for tunnel test gas.

Figures i0, Ii, and 13 are typical of runs that were made and show the

trends which are significant in the appraisal of the experiments for planning

the ongoing development program. Figure I0 shows the mass spectrometer

response for N2 (mass 28) and Ar (mass 40) sampled through the flush orifice
with the model in the test section. Nitrogen was ejected at 4.5 Ib/sec from

the nose tip, however, the tunnel was otherwise inactive and open to the

atmosphere. The curves for N 2 and Ar show the change in concentration with

time when sampled at the orifice site at constant pressure. The changing

ratio of N 2 to Ar responses indicated that N 2 concentration in the test
chamber was increasing relative to Ar and the air it represents.

Figure II shows single mass scan intensity vs time data for mass 44, CO 2,

sampled through the flush orifice at I0° angle of attack. Tunnel/model data

plotted in this figure are test section pressure, PTS' pressure at sampling

orifice, Po' combustor temperature, Tc, and combustor pressure, P • Events in
the tunnel operation indicated along the time axis of the figure _y letters

include (A) ejectors on (B) combustor on, (C) model in, (D) model out, (E)

combustor off, (F) N 2 purge of fuel line, and (G) ejectors off. The data
indicates, as seen on the figure, that under the conditions of this test and

the sampling system, the CO 2 concentration increased somewhat steadily from

the time the combustor came on (B) to a peak after about 4 seconds in the test

stream (C) to (D) and then decreased until the combustor was shut off (E)

right after the model went down (D). When the fuel lines were purged with N2

(F), the CO 2 intensity rose sharply to about twice that of the of the previous

peak, peaked again to a higher level yet about the time the ejectors went off

(G) and then decayed to a low value as the pod came up to atmospheric

pressure. Other runs under different test conditions for which the CO 2 mass

44 peak was tracked showed some of the same features but with variations.
These kinds of results require a more thorough investigation into sampling

techniques, instrument effects, and the chemistry which may be taking place.

5- 245



a_u

_.Q 2o0 .d,"

.... +

4O

Z" I•OC

oos, lllllllllllllll

Io _o _o IIM_OSI¢O_OS SO 60 ;0 I

Figure 10,- Mass spectrometric intensity-tlme plots

of N2 at mass 28_ Ar at mass 40, and intensity of
mass-28/40 when model was in test position in the

tunnel test section without flow and nitrogen gas
was being blown from the nose tip at a rate of 4.5

Ib/sec. Pressure at the orifice was constant at
14.7 psia.

/ "
J

w

i '/ "
!t! .

o,

f ,

- ['.\_ rJ_

- - : ,_ , , , , l_+._2.._.r-,L_ .+•

Figure 11 .- Mass spectrometric data for the CO2
mass 44 peak sampled by the model surface orifice
inlet and tunnel data for a run where the blunt

nose model was at a I0° angle of attack and the
tunnel was being operated at a combustor

temperature T of about 1780° K and combustor

:-__ '_',_,_. pressure Pc o_ 2500 psia. Model was in test stream
for 15 sec. +Tunnel events indicated are: A

ejector pumps on; B, combustor startup; C, model in

test stream; D, model out; E, combustor off; F, N2

purge o_ fuel line; G, ejector pumps off. PTS is
pressure in test section, P is pressure at
orifice, o
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Figure 12 .- Shadowgraph of typical tunnel run In

whlch coolant nitrogen is being ejected from nose
tlp showing the interaction of the flows.
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Figure 13 .- Mass spectrometric data for the Ne mass

20 and Ar mass 40 peak intensities contlnuously
sampled from the flush pltot Inlet and the derived

coolant N2/tunnel air mixture data along with

tunnel data for a film cooling run using Ne seeded
N2 ejected from nose tip at rate of 1.2 Ib/sec.

Model was at a 6° angle of attack and combustor

temperature was about 1940°K at 2500 psla. Tunnel

events indicated are: A, ejector pumps on; B,
combustor startup; C_ model in stream; D, model

out; E, combustor off; F, ejector pumps off.
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Figure 12 is a typical shadowgraph of the model in the tunnel stream with

coolant N2 being blown from the nose tip. In figure 13 is shown typical data

as a function of time for the N2 film cooling experiments in which the coolant

N2 was seeded with tracer Ne. The species for the run of figure 13 were
sampled through the flush pitot inlet which was located farther downstream on

the model than shown in the shadowgraph, actually almost twice the distance

from the ejection port to the edge of the picture. The mass spectrometer data

time coordinates were adjusted to account for sampling lagtime as they were
throughout these studies. Figure 15 shows the Ne mass 20 and Ar mass 40 peak

intensities throughout the run, the peak intensity ratio for the Ne/Ar

(20/40), the calculated mixing ratio of cooling N2 to test gas (air) and the

pressure at the pitot inlet. The Ne seeded coolant (0.42%Ne) N2 flow was
initiated and regulatedbefore the tunnel was started and continued until

after the run was over. For the run, the AOA was 6°, the cooling N2 flow rate
was 1.2 ib/secD total gas temperature about 1889°K, combustor pressure was

2500 psia. The qual_tative interpretation of this mass spectrometer data and

of 3 other runs with Ne seeded N2 coolant gas which showed the same trends
indicate that the seeded coolant gas was detected in relatively substantial

amounts in that part of the boundary layer sampled by the pitot on the model
surface.

The following 120/140 trends were exhibited for all 4 runs: in pod at
atmospheric pressure before ejector on (A) and combustor start-up (B), rather

steady low value; after ejector on and pressure lowered to about 2 psia and

combustor on, moderately sharp rise peaking just before model insertion (C);

while in test stream with pltot pressure 3 to 5 psia, slight decrease to
shallow valley and then increase towards time model removed from test stream

(D); after model out and combustor off (E) and N2 purge, continued increase,
peaking about time of combustor off (E); from combustor off until ejector off

(F) with pressure about 0.5 psia, ratio declines slightly and drops off

sharply at ejector off (F) and levels off at low value after coolant Ne/N 2 is
shut off and system returns to ambient.

These changes indicate that there are varying ratios or mechanisms of

mixing in the area sampled by the inlets or possibly different sampling depths

within a laminar boundary layer with a concentration gradient. Experiments

related to sampling parameters are needed both in the laboratory and in the

facility. Laboratory investigations are presently underway to quantitatively

determine the effects of sampling tube length on mass spectrometer

measurements of known mixtures of Ne, At, and N2 and of C02, H20 and air.
Experiments are being developed to measure the gas composition in the 8' HTT

with pitot probes and flush orifices and with minimum practical length sample
transport tubes. Gases will be sampled at several points; in the pod, in the

test stream upstream and downstream of a model with and without the model in

the stream; and at the center and on the wall of diffuser section behind the
model.
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APPLICATION NO. 2 - LARGE APERTURE ANTENNA RANGE, W. L. GRANTHAM, LaRC
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APPLICATION NO. 3 - USING TETHERS FOR ATTITUDE CONTROL, R.M. MULLER, GS_C

SUMMARY

Past application of the gravity gradient concept to satellite attitude

control produced attitude stabilities of from 1 to I0 degrees. These

attitude excursions were caused by small environmental torques and orbital

eccentricities and the limited capability of passive dampers. The satellite

members were rigidly interconnected and any motion in one part of the

satellite would cause motion in all members. This experience has retrlcted

gravity gradient stabilization to applications that need attitude stability

no better than 1 degree. This note proposes a gravity gradient technique

that combines the flexible tether with an active control that will allow

control stability much better than 1 degree. This could give gravity

gradient stabilization much broader application. In fact, for a large

structure llke a Space Station, it may become the preferred methodt

This note proposes two possible ways of demonstrating the technique

using the Tethered Satellite System (TSS) tether to control the attitude of

the Shuttle. Then a possible Space Station tether configuration is shown

that could be used to control the initial Station. It is then shown how the

technique can be extended to the control of Space Stations of virtually any

size.

SHUTTLE ATTITUDE STABILITY WITH THE PRESENT TSS

When one considers the TSS as presently conceived, the attitude of the

Shuttle is not particularly controlled, but rather it is allowed to follow

the motions of the Satellite. The resulting Shuttle attitude motion is

quite stable because the attachment point of the tether is on the end of a

5-254



i

boom well above the center of gravity (CG) of the Shuttle. Figure I-B

illustrates the nominal attitude of the Shuttle when the TSS is aligned with

the local vertical. (The TSS is shown above the Shuttle to eliminate drag

effects from consideration in this discussion. The conclusions will not

change if the inverted, high drag configuration is used, however.) Figure

I-A illustrates the pitch down torques that would exist at the Shuttle when

the TSS gets ahead of the Shuttle and the Shuttle was able to maintain its

nominal attitude. Clearly, if the Shuttle is not to expend propellent, it

must respond to this torque. Similarly, Figure I-C illustrates a pitch up

torque when the TSS gets behind the Shuttle. The fore/aft motion of the TSS

is a perfectly normal motion that is caused primarily by orbit eccentricity

and drag effects. The motion can be made as small as a few degrees, but not

easily eliminated. Figure I is drawn as though the Shuttle's orbital plane

is the plane of the paper and the Shuttle's pitch axis is perpendicular to

the orbit plane.

TSS TSS TSS

Velodh/

PITCHDOWN ZEROPITCH PITCH UP

TORQLJE TOROI,IHE TORQUE

FIG.l-SHUTTLE PITCH TORQUES
CAUSED BY TSS MOTION
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The TSS can also move out of the orbital plane. Such motion simply

causes The Shuttle to roll. These pitch and roll motions will not affect

the operation of the TSS or _he Shuttle.

If the Shuttle's long axis is aligned with the velocity vector, it is

also aligned with a natural yaw equilibrium. This is the orientation used

in all figures in this paper. If this nominal attitude is used for the

proposed demonstrations, very little fuel will be required by the Shuttle to

maintain yaw control.

SHUTTLE ATTITUDE CONTROL DEMONSTRATIONUSING THE TSS

A future flight of TSS could be used to not only perform its regular

mission, but to demonstrate control of the Shuttle's attitude using the TSS

tether tension to provide the necessary torques. Once this technique is

demonstrated, it could be extended to control the Space Station pitch and

roll attitude.

To explain the technique, please refer to Figure 2. Figure 2-B is the

same as Figure I-B and illustrates the Shuttle in the same nominal orienta-

tion with the TSS located directly at the zenith. Figure 2-A is similar to

Figure I-A in that the TSS has a position a little ahead of the Shuttle, but

the difference is that the TSS's boom has been actively tilted forward so

that the tether tension still acts through the Shuttle's CG and, therefore,

creates no pitch torque. Figure 2-C again is similar to Figure I-C with the

TSS behind the Shuttle, but this time the TSS boom has been actively tilted

aft so that the TSS tether force is still lined up with the Shuttle's CG.

Again the Shuttle will not experience any pitch torques and will retain its

nominal attitude. Out of plane motion of the TSS would be compensated for

by actively tilting the TSS boom in or out of the orbital plane.

Note that by tilting the nominal boom position from that shown in

Figure 2-B, the Shuttle may be held at some other attitude. The range of

nominal attitudes is limited by the placement of the TSS pallet in the
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ZEROPITCH ZEROPITCH ZEROPITCH

TORQUE TORO_ .TOROUE

FIG.2-TORQUING OF SHUTTLE CAN
BE MADE ZERO BY TILTING BOOM

Shuttle's bay and the total range of motion built into the boom's two-axis

drive mechanism. If the TSS pallet was mounted in the bay over the

Shuttle's CG, a horizontal Shuttle orientation would be nominal.

To implement this demonstration, the TSS boom mechanism would require

modification from its present configuration in order to add a two-axis

gimbal at its base.

AN ALTERNATIVE DEMONSTRATION USING THE RMS TO MOVE THE TETHER

An alternate way of demonstrating the control of the Shuttle's attltude

using the TSS tether would be to use the Remote Manipulator System (RMS) to

displace the tether's reaction point to other locations relative to the

Shuttle's CG. One possible reaction point is illustrated in Figure 3. For

this purpose, a special RMS end effector would be used. This end effector
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would surround the tether wlth rolling surfaces similar to the exit rollers

on the end of the TSS boom. In thls way the tether could still move in or

out as before. This arrangement would allow the astronauts to place the

tether reaction point anywhere that the RMS could reach provided that that

point didn't endanger the tether or any other part of the Shuttle or its

payload. Figure 3 shows the RMS providing a reaction point that puts the

Shuttle into a horizontal orientation. Any small attitude torques that are

needed for attitude control would be provided by activating the orthogonal

wrist actuators of the RMS. The shoulder and elbow RMS actuators would

position the end effector into the desired location and then be locked in

place wlth their brakes.

This use of the RMS could demonstrate the principles of pitch and roll

attitude control uslng the TSS tether at a very nomina! cost. After demon-

stratlng the technique, the end effector could be stowed on the TSS pallet

and the RMS then would be available for other duties.

SPECIALRMS

ENDEFFEC'I'OR.__

• _l '

Orbital

PITCH Velocity

ANGLE _

CONTROLLED

NADIR FIG.3- USE OF RMS AND TSS
TO DEMONSTRATE SHUTTLE

ATTITUDE CONTROL

5- 258



SPACE STATION ATTITUDE CONTROL USING TETHERS

Let's turn our attention to the attitude control of a Space Station.

It will start out small and could grow to be a massive structure. It is

clear that the Station's CG and inertias will change with time because the

Shuttle will dock/undock with it, new Station modules will be added, OTV's

will be launched and recovered and fuels will be transferred. Surely this

will be a frustrating object to keep stable in attitude. In fact, as parts

are added to (and removed from) the Space Station, it will be nearly impos-

sible to maintain it in a balanced configuration to minimize gravity

gradient torques. (To balance a Station so as to minimize gravity gradient

torques, the moments of inertia in all axes must be equal.) Torques exerted

by this unbalance could be the major source of attitude disturbance and will

probably require expenditure of fuel to counteract. For instance, many

artist's versions of the Space Station show the major axis (highest inertia

axis) of the Station aligned with the velocity vector. This is necessary to

give minimum drag, but it is an unstable equilibrium state for gravity

gradient. If active attitude control were lost, the Station would tend

towards the stable gravity gradient orientation with the long axis aligned

with the local vertical.

So how can tethers help? First imagine that the Space Station is

composed of two parts separated by a 2 km long tether. One part could be

the usual Space Station module just the same as the artist shows and the

other part could be the External Tank (ET) that was used for that Shuttle

launch. Figure 4 illustrates this configuration. (For this discussion, the

ET serves only as a ballast weight, but obviously it could be used for other

functions such as a hanger for protecting OTV's, etc.) At the ET end, the

tether is terminated in a yoke so that the ET can be maintained in a minimum

drag orientation. At the Space Station, the tether terminates in a reeling

mechanism that is attached to an X-Y carriage mechanism. As the CG of the

Station moves fore or aft, or as the ET moves fore or aft, the carriage

would move fore or aft to maintain the desired Station's attitude. Simi-

larly, roll attitude could be maintained by moving the carriage to the left

or right. This would be done in a closed loop fashion using the same type

of control signals that would drive a conventional control moment gyro (CMG)
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FIG.4-1NITIAL SPACE STATION
USING A TETHER FOR
ATTITUDE CONTROL

system. Note that stable Space Station orientations other than horizontal

are possible with this configuration. For instance, controlled pitch up or

down by 70 degrees and/or roll right or left of about 50 degrees are

available with the configuration illustrated. (In Figure 4, the size of the

track and carriage mechanism is very much exagerated in order to be clearly

seen in the drawing.)

SPACE STATION GROWTH

Suppose that the original Station was to be expanded by the addition of

another module. The same kinds of reeling and translation mechanisms would

be installed on this new module. Again, the ET used for this launch would

be deployed as additional ballast mass. To achieve this double size

configuration, the Shuttle would dock with the original Space Station at a

docking port and the tether system could hold the Station with attached

Shuttle and ET in a stable attitude. This will allow the removal of the new
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payload from the cargo bay and facilitate transfer of astronauts between the

Station and the Shuttle. Such a docking is illustrated in Figure 5. The

new module would then be removed from the cargo bay and attached to the

original Space Station at one end. The new ET would then be detached from

the Shuttle and reeled out to the location of the old ET using the new

tether reeling mechanism and carriage. It would use the original tether as

a guide. The new ET would then be mechanically linked up to the old ET.

The tethers can now hold the entire assemblage in the horizontal position

because the CG of the two Station modules and the Shuttle would be between

the two tethers and their carriage mechanisms. The final Space Station

configuration is shown in Figure 6 without the Shuttle attached.

The second tether system provides redundancy against the remote possi-

bility of tether breakage. It also provides multiple means of controlling

the Station's attitude and thus provides for mechanism redundancy.

Pitch and roll can be controlled by either one or both of the traveling

carriages. Attitude can be maintained even if one carriage doesn't work.

Also, the relative length of the two tethers can be controlled by either of

the two reeling mechanisms. The Station's attitude would be controlled by

the position of carriage mechanisms and the tether lengths would control the

attitude of the ET's.

The Station's yaw control would be maintained by a CMG as in present

Station concepts. If the nominal orientation of the Station is with its

long axis in the orbit plane, a natural yaw equilibrium will be operating.

This will minimize the demands on the CMG.

SPACE STATION GROWTH BEYOND TWO MODULES

To get a feeling for the magnitude of the tether forces, suppose that

a maximum Station consists of eight station modules and eight ET's for a

total mass of about 450 Mg (990,000 pounds). If the total tension between

the Station and the eight ET's was taken by a single tether, it would

experience only about 900 N (200 pounds) force. Even the TSS tethers have

higher breaking strengths than this! Because the loads for even a large
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Station are small, it can be presumed that the original tethers would be '

grossly oversized for the initial system so that modules 3 through 8 can be

added to the Space Station without the expense of adding additional tethers

or carriage mechanisms. All that is required is that as Station modules are

added, the CG of the new Station configuration or of the ET's be within the

range of the two tether carriages and two yokes.

CONCLUSION

The tether tension that exists between two bodies in a stable gravity

gradient orientation can be used for the independent orientation of each

body in pitch and roll. This could be demonstrated using the TSS with

either an articulated mast or the RMS with a special end effector. A

successful demonstration using the TSS would allow this concept to be

considered for the Space Station. The Station could be allowed to grow to

very large proportions and still be precisely controlled. The loading in

the tethers could be kept low so that tether mass including a large strength

safety factor would not be a constraint.



APPLICATION NO. 4 - ORBITAL WAKE EFFECTS, A. KONRADI & R.J. JOST, JSC i

BACKGROUND

A large body (Shuttle, space station, large structures, etc.) mov-

ing in LEO sweeps up the tenuous medium consisting of residual neutral

gas and ionospheric ions to produce a void in its wake. The void is

eventually filled with diffusing neutrals and ions and its length is

determined by their temperature. As an example, the shape of the wake

behind a i0 m diameter sphere is roughly conical and for an ion tempera-

ture of 1500° K, its apex would lie 62 m behind the sphere. Thus, a

smaller object co-orbiting with the large body and positioned in its

wake would not be exposed to the ionospheric plasma.

Let us now look at the following situation: The Shuttle is in low

polar orbit and approaching the auroral zone on the night side of the

Earth. Its orientation is such that the Z (yaw) axis lies along the

velocity vector. Suppose we have a relatively sm_ll object, be it a

sub-satellite or a free flying astronaut in a MMU, located above the

cargo bay. Just at that time the Shuttle Orbiter is passing through an

electron precipitation which is producing a beautiful auroral display at

a lower altitude. What happens? In physical terms the Orbiter is being

bombarded by the beam of energetic electrons. Since the action is

taking place on the night side of the Earth, there are no photoelectrons

to help carry off the charge and the Orbiter is dependent solely on ram

ions for its neutralization. Suppose the ram ion current is sufficient

to neutralize the Orbiter; however, the free flying object is positioned

in the wake of the Orbiter, and no ram ion current can reach him. Since

the velocity of the precipitating electrons (about 4 keV) is 50,000

km/sec, the electrons can easily penetrate into the wake and can land on

the object.

5-264



What follows can be described in terms of two extremes:

I. As the object begins to charge up negatively due to the

precipitating electrons, an electric field is built up around it which

attracts positive ions and a positive plasma current flows across the

wake and neutralizes the charged object. In this case there is no

problem.

2. The object charges up to 5,000 V because the comblnation of

the electric field configuration and the ion trajectories do not allow

the ions to reach the object. Now, if the object comes into contact

with any part of the vehicle or the payload, a discharge will be pro-

duced which is similar to those that caused many problems in the geo-

stationary earth orbit.

Since plasma behavior is in general quite complex, conceivably a

situation may arise which is between the two extremes described above,

or for that matter unanticipated effects could also be produced.

OBJECTIVES

We propose an experiment to study the electrical properties of the

Orbiter wake region, the objective of which is to determine what plasma

effects do actually occur in this region, and how significant they might

be relative to EVA or satellite deployment in the Orbiter wake when the

vehicle is in polar or near-polar orbits.

EXPERIMENT PLAN/DESCRIPTION

The experiment consists of an instrumented sub-satellite which

serves as the "small body" and which is attached by means of a long

umbilical to the Shuttle Orbiter. This umbilical also serves

structurally as a tether to limit the distance at which the ss will be

deployed.

The minimum experimental configuration for the sub-satellite would

consist of a 30-50 cm diameter gold-plated sphere attached to the Orbi-

ter payload bay by a 20-40 meter long insulated wire. The sphere would
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carry a light to determine its location in shadow and night, uslng the i

Orbiter televlslon cameras. Voltage on the sphere would be varied from

low to high voltages and the return current to the Orbiter measured.

This would be the primary experimental data, and would allow prediction

of wake effects in polar orbits. The sphere could also carry a variety

of plasma diagnostic instruments. However, initial experiments will use

only the basic sphere, with instruments added only in later flights, as

required. The wake region will be mapped by putting the Orbiter in a

slow roll (I rpm) around an axis perpendlcular to the velocity vector.

The centrlfugal force will then keep the sphere at the end of the

extended umbilical, which will act as a tether and the sphere will pass

in and out of the wake of the Shuttle. When the experiment is com-

pleted, the umbillcal will be cut inside the payload bay, and the sphere

Jettisoned to space; in order to avoid the complexity and cost of a

mechanism to pull the sphere back inside the payload bay. ....

Experiment Parameters

ss: size: .125 m3

weight: I0 kg

power: 50 W

Payload bay instrumentation and umbilical deployment mechanism:

Size: .25 m 3

Weight: I00 kg

Power: 50 W

Orbit: Any inclination, preferably with maximum eccentricity to

sample different altitudes. Must have day and night side

passes.

Cost: $250 K for basic sphere and deployment mechanism.

Integration, data acquisition not included.

Schedule: Available for flight 2 years after start (possibly

sooner).

5-266



APPLICATION NO. 5 - DAVID D. RENZ, Lewis Research Center

SPACE POWER TECHNOLOGY

i AREAS OF CONCERN /

/ /

SUPPORTINGTECHNOLOGYFOR,HIGHVOLTAGETETHERAPpLICATIONS

e ENVIRONMENTALINTERACTIONS
-- PHENOMENOLOGY
-- SYSTEMLEVELMODELING

e WIREAND INSULATION
e HIGHVOLTAGECONNECTIONS
e HIGHVOLTAGETO LOW VOLTAGECONVERSION
e SUPPORTPOWERSYSTEMDESIGNAS REQUESTED
• CHARGEAND CURRENTMANAGEMENT /

-- IONTHRUSTERTECHNOLOGY
-- CHARGEANDCURRENTCOMPONENTS(HOLLOWCATHODE).

5-267



f

TETHERWIRE AND INSULATIONT{(;HNOLOGY
FOR HIGH VOLTAGEAPPLICATIONS.

ENVIRONM_NTA_INTERACTIONSCONCERNS

-- INSULATIONMUSTSTANDOFFFULLVOLTAGE
-- PINHOLESIN INSULATIONMAYCAUSEEXCESSINGCURRENTLEAKAGE(POSITIVE

CONDUCTORVOLTAGES)
-- POSSIBLEARCINGNEARPINHOLES,METAL-INSULATORBOUNDARIES(NEGATIVE

CONDUCTO_VOLTAGES)

MATERIALCONCERNS

-- DEGRADATIONOF INSULATIONUNDERORBITALOXYGENFLUXES
-- STRENGTH/WEIGHTOF WIRE _ INSULATOR

e INTERCALATEDGRAPHITECONDUCTOR?

TECHNOLOGYFOR HIGH VOLTAGECONNECTIONS

-- SIMILARCONCERNS

j

ENVIRONMENTALINTERACTIONS
FORHIGHVOLTAGETETHERSYSTEMS

SYSTEM FLOATINGVOLTAGES

" -- INSULATORS& CONDUCTORSIN PLASMA/BEAM

-- STARTUP & STEADYSTATE

TETHERINSULATION

-- SUSTAINSVOLTAGEDROP TO PLASMA
-- PINHOLELEAKAGE\

-- DEGRADATION

ELECTRONBEAM

-- STARTUP TRANSIENTS

-- ESCAPEFROMSHUTTLE

e POTENTIALBARRIERS,LOCALSURFACEPOTENTIALS
e SPACECHARGE

e MAGNETICFIELDEFFECTS
e PLASMAHEATING,ETC.

RELATEDENVIRONMENTQUESTIONS

-- I-V CURVEFOR SPHERE

-- PERSISTENCCEOF ALFVENWINGSOR OTHERPLASMADISTURBANCES

-- mm , J J
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CONVEI4SIONOF HIGH VOLTAGETETHER POWEI_

TO DISTRIBUTION VOLTAG(_

e I0"15 KV DEVICETECHNOLOGY

"" NEW DOUBLEDOPED SILICONSWITCH

+ NOW UNDER EARLY DEVELOPMENT

+ CAPABLETHEORETICALLYOF UP TO 20,000 VOLTS IN A SINGLEDEVICE
-- MANY TRANSISTORSOR SCR'S IN SERIES
-" VACUUM TUBES

e CIRCUITDEVELOPMENT --

e ENVIRONMENTALTESTING

e FLIGHT TEST

GRAPHITEINTERCALATEDCONDUCTOR
...,.,.,,,,o. .......,

1. CAAOONFIROMCOAL EXPANSIONGRAPHITE _ L_" -
OR_ ..R' FII_$ MADEFROM " ..dgEL_"_ * i _

__._:___ ,/ ,_,,
•, _*_,-..w-,* _. * A--!"_--_.-_,___._ " SEO.INTO6RA .....

,ql

'I '_ •........... " I

_v., ; li. UGHIWBOHTEXTRA$TROHG
. ; GRAPHfTIEFIBERBUNDLES

; REPLACECOPPERWIRESINI_etw,{_r_ , SPACEPOWERSYSTEMS.

D ,l(e([L f,o,,[_ i

4. INTI_ALA11BDRSF._SCOATEOWITH
METALANO/ORINSULATiOH.

CO-BI-t_13
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VOLTAGE LIMITATIONS
]oo,ooo

IN

SILICON

|0,000

IIOSGATrn,DI DEVICE

1o
(EXPERIMENTALDATA)

F f
0.001 0.01 0.1 i.O

LEIIGTH,CII
i i

LER(;,CAPABILITIES

PO_/ERMANAGEMENTAND DISTRIBUTIONBRANCH

e MATERIALSDEVELOPMENT

o DEVICE DEVELOPMENT

e ENVIRONMENTALINTERACTION

BRANCHLEVEL ACTIVITY -- 10 YEARS

ELECTRICPROPULSIONBRANCH

ELECTRICPROPULSIONTECHNOLOGY
i ADVANCEDPROPULSIONRESEARCH

SPACE EXPERIMENTSBRANCH

I ION AUXILIARYPROPULSION(IAPS)

BRAr;CHLEVEL ACTIVITY - 20 YEARS

_,, -J
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APPLICATION NO. 6- WORKSHOP SAFING USING THE TETHER, JACK PRICE

EARTH
P"_PEN CE

FUEL PYPOS,

• REVETMENTS /"-" 7/ '_dr_" TOXIC MATERIALSFUEL DUMPS ...---.

| t

I
I
I
o

_ ._.-- EMERCENCY
ARTIC HABITAT
EMERGENCY
SHELTERS
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APPLICATION NO. 7 - DEAN MONITOK, MARTIN

/

JR/

Gl_,q

TESTS: UTILIZING GEMINI DEPLOYMENT AND STATIONKEEPING TECHNIQUES

• ARTIFICIAL "G" (0.001-0.1) WITHIN SPACELAB/ORBITER
• CHECKOUT EQUIPMENT, PROCESSES, PROCEDURES PRIOR TO

COMMITMENT TO A PERMANENT SPACE STATION

• PROPELLANT RECOVERY OPERATIONS DEVELOPMENT

• HUMAN FACTORS ADAPTATION STUDIES

• TETHER RELEASE
• ESTABLISH THE VERTICAL SPIN/SWING PLANE ANGLE FOR CROSS-

RANGE TRAJECTORY

• ESTABLISH SPIN/SWING VELOCITY AND TIMING FOR ORBITAL
TRANSFER
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PRESENTATION I 30/9/82

TITLE: STUDY PROPOSAL FOR THE POSSIBLE USE OF TSS AS AN

AERODYNAMIC FACILITY FOR AEROSPACE APPLICATIONS

Carlo BUONGIORNO, Professor, University of Rome, Italy

i. INTRODUCTION

The design of a cost-effective Orbital Transfer Vehicle (OTV), to be

employed in conjunction with the envisaged Space Station System (SSS),
is strongly related to the possibility to retrieve it, in the most

economical way from the final orbit back to the SSS departure orbit. A

typical mission is the injection of a spacecraft in a GTO orbit employing

an OTV, and then after the spacecraft apogee injection to retrieve the

OTV back to the SSS. From some preliminary analysis it appears that by

using some retrofiring at the apogee and by airbraking the OTV at the

perigee in the upper layers of the Earth atmospherer-it is possible to ....

circularize, in an economic way the initial high elliptic orbit, in order
to perform the correct rendezvous with the SSS.

The feasibility of such system is strongly linked to the trade-off analysis
on the following main parameters:

i) Complications induced by the airbraking maneuvering system

versus a conventional circularization and rendezvous per-

formed by the retrofiring of the OTV main engine

ii) Heat Shield mass and heat shield and air brake configuration
versus propellant masses needed for a conventional maneuver.

Regarding the point i) and ii) the most stringest requirement is the

knowledge of the aerodynamic coefficients and of the heat fluxes entering
into the heat shield at the gasdynamlc regimes encountered by the OTV

during the flight through the EARTH atmosphere layers ranging from 200 km

and 80 km, which means a variation of the free stream parameters Of the
following order of magnitude:

At 200 km

K = 54 S_ = V = i0
T

At 80 km

Knm : 0.001 Re : 60.103 M : 37

5-276



based on OTV body diameter (_ 4 m) and physical parameters of Earth i
atmosphere by U.S. Standard Atmosphere 1976.

The Kn_ is the knudsen number given by the ratio between molecular mean

free path and a body length S is the speed ratio V_/V, between OTV flight

velocity at perigee and V is-the mean mole_ular veloclty M_ is the free
stream Mach Number. Re_ is the free stremn Reynolds number.

The inspection of the range of variation of the gasdynamic numbers shows

that OTV during the airbraking experiences all the transitional flow regimes

going from free-molecular to the continuum flow.

The transition regimes have been the object of extensive studies in the

past twenty years both theoretical and experimental; the attempt of covering

the entire regime with an unique treatment have been particularly Successful

making recourse to semiemplrical corrleations that far from respecting

complete generality are at the present time the only and uncertain informa-

tions for engineering purposes. On theoretical ground the investigators

mostly dealt with postulated ideal model appropriate for limited ranges

of flow parameters and the result_ __e minly qualitative.

The most accepted classifications of the transition regimes distinguishes

the following stages

a) Near free molecular regime

b) Higher order collisions non-continuum regime

c) Fully merged layer almost continuum regime

d) Incipient merged layer regime

e) Fully viscous layer regime

f) Interaction regime

The parameters that characterize the various regimes are as previously

specified the Kn_, M_, Re_ and Tb/T=, where T_ is the free stream molecular

temperature and Tb is the body surface temperature. _

In view of these preliminary considerations it appears that the trade-off

analysis for the point i) and ii) can be made only if we know the accuracy

with we can determine the aerodynamic coefficients in the transitional flow

regimes. Because of the inherent difficulties relate to the duplication

of the abovesaid transitional flow regime in a ground based aerodynamic

facility, it is practically impossible to design and to construct such

facility from the point of view of the engineering problems, of the state of

the art of the specific technologies and for the consequent development costs.

The proposed solution to such intriguing problem is the exploitation of the

Tether Satellite System (TSS). On a first instance, the TSS appears to be

very appealing tool for this kind of gasdynamic research, by employing it

as a spaceborne variable low density wind tunnel.

The downward deployment, by using the TSS, of a body configuration of a given

external shape from the STS orbital height (_ 200 km) up to 90 . i00 km can

make possible the performing of the measurements of the aerodynamic

coefficients and of the heat fluxes in a continuous way and for the needed
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testing time, throughout all the transitional regimes to be encountered
by OTV during its alrbraking maneuver, i

2. THE PROPOSED FACILITY

The generic component of the aerodynamic force can be expressed as:

1 2
FA =_ 0_ V_ A cA

0= = density of the medium

V_ = flight velocity

A - body reference area (e.g., cross section area)

cA - aerodynamic coefficient.

The aerodynamic coefficient cA is, generally, a function of the speed ratio
Sp of the medium composition, and of the physical Characteristics of the

surface of the body. Therefore, the determination of cA is made through
the measurement of FA, and the exact knowledge of p_,V_ and A. In view
of these considerations, the TSS concept can be exploited as an "in sltu"
wind tunnel and the propowed facility can be summarized as it follows:

(a) The system is consisting of the TSS and of the model to ......
be tested.

(b) By means of some hundred meters of tether, the model is

deployed from the TSS satel_Ite, acting as a subsatelllte
(Fig. I).

(c) The measurement of the force FA acting on the subsatellite
model is performed in the following way. The model is

made in two parts: an inner heavy part where the majority
of the mass is concentrated--connected through the tether

to the TSS satellite (Fig. 2); an outer light part coin-
ciding with the external model surface linked to the inner

part through an elastic measuring system.

(d) Due to the high ratio between the mass of the inner and

outer part, the elastic linking elements deformations

will be function only of the forces acting on the external

light part. Therefore, by measuring such deformations

the three components of the total aerodynamic force and
moment can be determined.

(e) The physical characteristics of the medium (0=, molecular
composition; kinetic temperature, T) are continuously
measured by the atmospheric instrumentation available in
TSS satellite.

(f) The external surface of the model is made with the same

of material employed in the prototype.

(g) The veloclty, V , and the altitude of the TSS satellite
can be determined very accurately with the standard
system provided in the TSS.
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1
FA : _ p¥_ C A A

C A = CA[P_,P_, T_, GAS COMPOSITION, SURFACE]

2 FA
CA = p_V_A

Figure 1
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3. CONCLUSIONS

In conclusion, the proposed use of TSS as an "in sltu" low density wind
tunnel can provide the most reliable data on the aerodynamics of the

transitional regimes, in view of the fact that the proposed system gives

the possibility to measure the forces acting on the model with a good

accuracy Jointed to the intrinsic ability of the TSS satellite to repro-

duce--In a full scale mode--the speed ratio S, p_, and the molecular
composition.
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PRESENTATION 2

TRANSPORT PROCESSES IN THE UPPER ATMOSPHERE

Giovanni M. Carlomagno, Associate Professor of Gasdynamics

University of Naples, P.le Tecchio 80, 80125, Naples, Italy

1- Introduction

The unique capability of TSS to deliver and maintain pay-

loads to altitudes below that of the Orbiter and to runtests

over a relatively long period of time makes the system itself

very attractive to study thermc-fluid-dynamic processes in the

upper atmosphere. Use of TSS will allow, in fact, to carry out

fundamental studies within the field of energy, mass and momen

tum transfer between a flying body and a very peculiar medium.

This medium and its particular features cannot be easily repro

duced in laboratory test rigs even in its simpler thermodynamic

states. TSS gives the opportunity, instead, to perform measure

ments even in much more complex states such as those encountered

in the lower thermosphere where strong coupling phenomena betwe

en the ionosphere and the atmosphere are present. Therefore TSS

can be regarded as an "open continuous wind tunnel" where the

flowing medium can be varied by varying the altitude of the te

thered satellite (TS) which has the "tether" advantage over the

free flying satellites. In a typical downward mission the mole

cular mean free path of atmosphere around the satellite will va

ry from hundreds of meters at Orbiter level to few centimeters

at the lowest altitude. Strong variations are, also encountered

for the temperature, pressure, density and molecular weight.

2 - Outline of the research

The present research intends to exploit TSS as an open con

tinuous wind tunnel to experimentally investigate aerodynamic

and heat transfer processes within the flow range encountered
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by TS in downward missions. In such missions, because of the

large Knudsen number variation, it will be possible to per-

form thermo-fluid-dynamic tests in the free molecule flow re

gime and in the near free molecule and low density transitio

nal flow regimes. In the free molecule regime it will be im-

portant to measure simultaneously both fluid dynamic parame-

ters and temperature distribution on body surface since aero

dynamic forces depend on this latter. With regard to transi-

tional flow regimes more experimental data are needed in order

to better establish aerodynamic and heat transfer coefficients

correlations. ......

The experimental tests which can be performed with a te-

ther facility may be roughly divided into the following three

groups:

a) Tests on the satellite itself without undergoing substan-

tial modification of its design; they can be run by pro-

perly instrumenting the satellite surface and the tether

and are aimed at obtaining fundamental data on the transi

tional flow regimes for TS geometry as well as to improve

the satellite operation and design.

b) Tests which consider an adequate implementation of the sa

tellite design consisting of models carried aboard; these

are tests on basic geometries such as linear or blunt bo-

dies which should be exposed to the free stream.

c) A peculiar class of tests could be performed by designing

a new tethered satellite mainly devoted to energy, mass

and momentum transfer studies on particular geometries.
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All these groups of tests look Quite interesting in tel

lopmentms of the answers they can give to operation and deve

of the satellite and to questions regarding transport proce_

ses in the upper atmosphere. For all of them preliminary,

ground based, researches must define subsystems configurati-

on, including nature of exchange surfaces, and the experime_

tal tecniques to be employed. Furthermore, the quality and

the specifications of the instrumentation necessary to per-

form spacetests and to characterize the free stream must be

determined. Finally, expecially with regard to the last two

groups of tests, it has to be analized the problem of the sta

bility of satellite attitude with respect do free stream and

of its control.

3 - Objectives of the research

The primary objective of the proposed study is to measure

aerodynamic and heat transfer coefficients within Zhe thermo-

fluid-dynamic range experienced by the satellite and to compa

re them with previous correlations. This will allow to have a

deeper insight in flows whose characteristic are difficult to

reproduce with ground tests and, in particular, in the above

mentioned transitional flow regimes.

Besides the answers and checks they will give on fundame_

ta! data on aerodynamic and energy tranfer coefficients, the

proposed tests are preliminary to assess the feasibility of a

number of applications such as development of the tethered sa

te!!ite itself, free flying satellites lifetime prediction and
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airbraking of Orb_%al Tranfer Vehicles (OTV). Wit_ reg_:_,! to

TS development, it has been pointed out that its operation a_

altitudes below 125 km could be very crucial due to aerodyn_

mic heating and stability problems; it is necessary therefore

to measure with sufficient accuracy energyand momentum inputs

within this altitude range. The long time range prediction of

the orbit, and therefore of the lifetime, of a free flying sa

tellite relies on a better knowledge of the interaction betwe

en satellite and free stream i.e. a more accurate determinati

on of drag, lift and torque and of theatmospheric density dis

tribution. The airbraking at the perigee, combined with some

retrofiring at the apogee, looks quite promising to perform an

economical rendez-vous of OTV's with space stations; also in

this case it is auspicable to'know with major confidence aero

dynamic and heat transfer coefficients so to properly design

air brakes and heat shields configuration.

It is therefore believed that _ definite need exists to

better investigate transport processes in the upper atmosphe-

re and the Tethered Satellite System gives to the scientific

community the opportunity to perform these studies.
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PRESENTATION 3

DENSITY AT SATELLITE ALTITUDES FROM THE DRAG OF A SPHERE

J. Luers and N. Engler, University of Dayton
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G.OU.5-BAsE

PREVIOUSFEASABILITYSTUDY

SURVIVABLEREENTRYSPHERE

o CALCULATEDSKirlTEMPERATUREVS."ALTITUDEBY HEAT TRANSFEREQUATIONS

o DETERMINEDNECESSARYREVERSEEJECTIONSPHEREVELOCITYTO PREVENTBIIR_UP
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, DETERMINATION OF SPHERE SKIN TEr-!PERATURE

APPROACH: HEAT TRANSFERANALYSIS

• DETERMINATION OF AMBIENT TEMPERATURE

APPROACH: LITERATURE REVIEW

• SPHERICITY NECESSARY

APPROACH: LITERATURE REVIEW OF ROUGHNESS
EFFECTS IN FREE MOLECULARFLOW

• SPHERE SURVIVABILITY

APPROACH: LEAKAGE PROBLEMOF INFLATABLE SPHERE
(INFO AVAILABLE )

_YLAR PROPERTIES AT COLD/HOT TEMPEPJ_TURES
• (INFO AVAILABLE)

ALTITUDE OF SPHERE BUR_IUP

APPROACH: HEAT TRANSFER ANALYSIS
(SOFTWAREALREADY DEVELOPED)

• ELLIPTICAL VS. SPHEREICAL ORBITS

APPROACH: TRADEOFF ANALYSIS BETWEENDESIGN
REQUIREMENTSAND TRACKIHG ACCURACIES

TECHNIQUE

IN EARTH FIXED COORDIIIATE SYSTE!4

M _ 1/2pCDAV2 + mg z + C z

,;

M Y : I/2pCDAV2 + mgy + Cy

M X = I/2pCDAV2 + mgx + Cx

WHERE:
M = MASS OF SPHERE

A = SPHERE CROSS SECTION

C
x,y,z, = CORIOLIS CO_PONENTS

V = SPHERE VELOCITY RELATIVE TO AIR = f (WIND)

p = ATr,IOSPHERICDENSITY

CD = SPHERE DRAG COEFFICIENT

gx,y,z = GRAVITATIONAL COMPONENTS

_OWN:

m, x, y, z, C0, g,x,y,z, Cx,y,z, We

SOLVE FOR:

p, Wx, Wy
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PRESENTATION 4

TENSION MEASUREMENT OF DENSITY
N. Engler, University of Dayton

v

D]_

T

w2

Horizontal

D1.- T sin 8 = m I r1

D2 + T sin 8 = m 2 r 2

Vertical

K m I 2T cos 8 + ------=
2 ml rl _

r1

K m 2
-T cos % + _ = m2 r2 2

r 2

where

K= GM
e

D = % 0 CD A V 2
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From the equation on slide one, one can get,

CDA2 Q 2r2 CDAIP Irl_ < 1 2
__ . mlr 2 + m2r I _

\ m 2 m I / /
tan8 = (5)

2_r3- r_Qm-_l + m--21r 2 r1

If we assume that

P l << P2 and r I -- r 2

Then

4

tan8 = CD2A2 °_r2 (6) '

• 2m2 (r3 - r3)

Now the problem is in assigning an altitude for

determining P2"
I

If a flat earth is assumed

- £ cos 8 (7)
z2 = zI

or

r2 = r I - £ cos 8

and equation 6 becomes

2

CD A2 P2 r2
sin 8 = (8)

6 m 2 £

where all second order terms in the expansion

of rl 3 - r2 3 have been ignored.
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Procedure

Choose an £ and Z1

Assume e = 0

use equation 7 for z2 and hence P2

Put value of P2 back in (8) to find e.

Continue until it converges.
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PRESENTATION 5 I

I
_I_E_TE SAIL

Air Force Wright Aeronautical Laboratories
wright-Pattersol AFB, Ohio

Abstract

It iS proposed to suspend an airfoil fram energy orbit fran Cape Canaveral is about 8 kilo-
the Space Shuttle by a long tether into the upper meters per second. For a polar orbit, the re-
atmosphere to provide a horizontal force on the lquimmnent is about 9 k/lcmeters per second, be-
Shuttle, thereby changing its orbital plane most cause the additional velocity of the earth's to-
efficiently. The airfoil would need h/gh-temper- tation cannot be used.
ature skin and tether, and remotely controlled

flaps to adjust its angle of attack. The airfoil However, to change the spacecraft orbital
cmuld also be used as a hypersonic facility to inclination from equatorial to polar once it is in
measure aerodynamic chaFacteristics at ex_ orbit requires a total velocity change of 12 kil-
altitudes and velocities. This use would require umeters per second. This is such a severe r_-
a vert/c_l lift force tO counteract the drag force quirement that it is easier to land and start all

and prevent the Shuttle orbit fmum decaying too over again rather than change the velocity while
rapidly during the aerodynamic meas_nts, the spacecraft is in orbit. Smaller orbital in-

clination changes can be done using nuch less v_-
Icoity change, but it is still a very difflcu_t

I. Inaction operation with current rockets. _k)spacecraft has
yet changed its orbital inclination by more than

Since the first earth satellite was orbited Ione or two degrees.

in 1957, there has been an increasing use of many
different kinds of satellites in earth orbit to

perform a variety of tasks. For scm_ of these I7. Shuttle Sail Concept
tasks, such as worldwide ccn_umicatlons, the sat-
ellite must be in an equatorial orbit with a per- The purpose of this paper is to propose a new
iod of one day, so as to appear fixed over a point! !technique for satellite plane changing that is

iraore efficientlthan rocket thrust or aerodynamic
on the equator. For other tasks, it is desirable ! Imaneuvering • The satellite sail is an airfoil 'to have the satellite in polar orbit, so as to ,

pass over every part of the earth. For manned I isuspended into the upper atmosphere on a long
satellites and other uses, orbits of intermediate I itether, all_ it to experience significant

inclination to the equator are desired. For exam-! iaerody_c forces while the satellite is above
ple, the orbit that requires _ fuel to reach l !any sensible a_ospheric drag. _he airfoil is
from a given launch point has an inclination equal i _oriented so as to provide a horizontal lift force
to the latitude of the launch point. As a result, ion the satellite, thereby precessing its orbital
there are hundreds of satellites now in earth or- Iplane to the desired new inclination. The device

bit, with Lnclinations to the.equator ranging fr_m_ iis called a satellite sail because it would func-
zero to more than 90 degrees (remade). _tion analogously to a sail on a watershlp; it

l%Km/Idchange the vessel's velocity by intercepting
With the advent of the re-usable Space Shut- Ith_ relative wind.

tle, it has became possible for one spacecraft to I
launch or retrieve many satellites on a single An artist's concept of the satellite sail is
mission. This means that the shuttle must change _ ishown in Figure i. The satellite, shown here as

its orbital inclination before each deployment or i ithe Space Shuttle, is in low orbit, about 200 kmretrieval of a satellite, in order to match the ;abuve the earth, and above the sensible atmosphere
satellite orbit. Unfortunately, changing the in- 'to the extent that aerodynamic drag is negligible.
clination of a spacecraft orbit is very expensive The airfoil is stored for launch in the Shuttle
in energy. For example, the_total velocity change cargD bay and, once in orbit, is deployed downward
required to launch a satellite into a m/n/nun- fram the satellite by the long tether and reel

mechan/sm, and is stabilized by the gravity gra-
dient. The Shuttle sail would be capable of mul-

tiple re-use; it is designed of high-temperature
materials with no ablation during use. _%e tether

•Acting Technical Manager, itself could easily be replaced to prevent exces-
Engineering Technology _ slve abrasion by the reel mechan/sm.
Associate Fellow AIAA

Requlremants

Cc_yright 0 1983 by Jem3n_ Pearson,
with release to AIAA for publication. The Shuttle sail is dependent on two previous

developments--the long-thethered satellite an@.the

This work is not part of the aut_hor's !hypersonic airfoil. Plans have been developed by

Air Force duties. 1C°lcxrb° to tether subsatellttes up to ii0 }un
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hel°w the SPace 3hurtle for scientiflc _ I !attack, and thus the airfoll posltlc_ and a_
meritsat an otherwise inaccessible altitude, dynamic forces, can he controlled remotely frcm

long-te_ satellites would _ stabilized the satellite by the reel mechanism and by signalsvertically by the gravity gradient. It has i
a/so been proposed that satellites be attac_ to I !fr_ a radio transmitter, or by a pre-pr_
the earth azld_o, by even longer tethers. 4 I ic_troller it.side the airfoil. _T_ total r_ss of

dynamics of the tether and satellite m_tions ! ,the sail, incl.udLng the controls, el_cs, and

havebeeninvestigatedandRupphaspa___d a I fmo_ors,izes_ated tohe 1500ki1_. This
,, I 93 win_uccie orbit by 1.5 degrees per day. _e

_,_-L. _r_ cc_cluslons of these and j j_:.etars are summarize d in _mble 1.other technical studies is that tethered sate/-

Lites with tether lengths of tens or hur_ of ISimplifled Analysiskilometers can be successfu/ly deployed, stabi-

llzed by the gravity gradient, and retrieved. ' _ two masses in orbit are ccsmected by a
tether, the tether experiences a tensile force

•he shuttle sall ¢x_pt also _upon the aligned along the local v_rtlcal. _ is the
hlgh-temperature, hypersonic design experience gravity grad/ent force. When the Shuttle sall is
growing out of the Space Shuttle program and of deployed on its tether, the total force on the

research on the "synergetic" maneuver. 'An .aero- "_ airfoil is comp_d'of the gravity gradient, th_
dynamic vehicle such as the Space Shuttle can use !aerodynamic llft and drag, and the tether tensi__
the atm_q_her_ to change its orbital plane. Using !For a nominal Shuttle orbit of 185 kilometers

rocket thrust to Ic__r its orbit, the Shuttle _ ialt-i_ and a nominal sail altitude of 93 kin,the
could dip into the atmcsp_ere, bank to provide a i _gravity gradient produces a downward gravitational
hor_z_tel lift force, then use rocket thrust _ !force on the sail of 0.04 g, or 592 newtons force
again to raise its orbit back to the fonuar val_,! _.forthe baseline design.

in the new plane. Tn/s mm%_Ner is called the _ _ .=_tic" plane change, and it was developed ! Using Newtonizn m_nsntum theory, in which the
the United States Air Force in the 1960's during ; ialrs_ velocity component no_ral to the airfoil

_S_ _r_g___ by _, and later op- ' ;is reduced to zero upon imgact with the alrfoi_,
_T_-se Air For_e studies also de- ! Ithe lift coefficient is found to be 0.05961 for

_loped designs for high llft/drag hypersonic air- ;angle of attack of I0 degrees. Wit_'_'_c
foils, and the National Aeronautics and Space ! ipressure O of 54.4 newtons per square n_ter at !

_Administration has c_-velcped high-t_qperatur e in- 193-km altitude and an area A of I00 square meters, I
_aulen zor the surfaces of re-entry vehicles._0, ithe total llft force (oriented laterally to the ,Combining these technologies has-resulted in

proventemperaturedesigntechniques for hypersonic, high- idlrectton of the Shuttle motion) is 329 newtons. " !iv_ _i_.
|,_ _ At an ancjle of attack of 10 clegru_, the L/D _ !

], zecus of skin friction a_ profile drag as W_ll
laS the drag due to lift. *" However, the tether-

We will nm_ exmuine in detail one point de- Idrag nust be taken into account. Assunlng a
sign for the satellite sail. _e Space S_-tle tether dian_ter of 1.72 mm and an a_uospheric 0
operational c_tics and plane-ch_ that decreases by a factor of t_o for each
z_ indicate the use of a typical, _ altitude, the additional drag of the tether re-

=L_tr_n,h/ghly s_ hy_c alrf_l with duces the effectiveL/D frcm 3.2 to 3.0. To _ ,
added shuttle-tile thezmal protection. Iz The !imlze the reductlon in L/D due to tether drag, it
the-chord and edge radius-chord ratios can might he possible to elongate the tstherline it-

he minimized because there is no need for sig- self in the d_on of motion, using a flattenednlflcant internal Volume or great stiffness. profile.

_he baseline design, shown in Figure 2, is a .With L/D of 3, the drag force is II0 N, In-
10_ter airfoil of bolted, t_o-section I cluding the tether drag. The tether tension fr_-.

ccmstr_ctlon, hinged to fold into the Shuttle i these three mut_ally o_I ¢¢|_ponents is t_
cargo bay. _he overall length is 27 mdters, the ;686 N. Wlth a safety factor of two, the haselln_

width is 5 m, and the mx/_um thickness isi
design can be met by a wire of A-286 high- J

15 rm. _ airfoil has a 10-degree half-angle istrength, high-t_superature steel alloy with a di- ;

• of =. of
stz_-,_=_is typical_te/epo_7 composite land iz..un_rless severeta__ra_re constrain_ !

with central spar, eSge tubes, and in- i uuu_o use type 302 stainless steel with a eli- i

ts_ral stiffeners. _ 1_ninated graphite/epoxy iame_-r of 1 ram. Only the lo__st 20 _ of the ._ i
skin is in typical 0/45/90 ply orientation for ;tether WOUld need the hlgh-temperature steel. "_
hi_hest izo_ic strength. The entire surface of !Other superalloys or nonmeta111c tethers might
the alrfoil, includlng the control surfaces, is

o0ated with 2 cm of _Shuttle silica tile heat ialso be used.

Insu/atio_, type IRSI. The airfoil is sym- _ . The precesslc_ rate _ is given in _ of
_-'Ic and is equipped with rx_,_able aero_ _une satellite angular velocity _, the torque Lcomtrol surfaces (double-acting flaps that can be

i_act_.., on the satellite, and the m_ent of inertia
_Jwd to either side of the airfoil), and a typ- :- o_: _ satellite in its orbit by the equation
Ical S-band radio receiver and controller to ac-

cept the commands fz_m the satellite. The satel- i _ = ;/I_ (lJllte sa/l would zequlre a controlled angle of at-

tack so that the horizontal force could be ad- i_e torque L is the vector product of r cos e x f
as a function of the satellite orbital iwhere r oo6 e is the projected radius vector

position. The tether length and airfoil angle of ;mm_nt arm and f is t2a lata_ral.for_e._a.._cting...____.._
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the vehicle. Since f(8) is given by f cos 8, the of the tether is 52 kin,corresponding to a tethe2

equation for the torque is lateral angle of 29 d_. _he maxlrun lateral
veloclty is then 62 m/sac. _%is ammmts to only a

L - r f cos 2 B (2) small perturbation on the ncmlnal alrspee_ of 7
km/sec for the airfoil.

The tozque averaged over a half z_volutlon is
On the left side of Figure 5 is shown the

2 i" w/2 i_ic pr_ssu_, Q, on the a_/foil as a functico
] rf (3) of altitude. "" For an airfoil ar_a of 100

L = r-f* _-8 _2 e d8 = -_- square meters, the preoession rate of the space
.... shuttle is shown on the right scale; using 70,000

and 100,000 kg as the mass of the shuttle in a

The equation for the precesslc_ rate is then 185-km orDit. The prt_-_ssion rate increases
greatly as the alrfoil is extended to lo_r altl-
tu_es, but the problems of aerodynamic heating a._

•, __ = rf/2 = _ (4) increased. The larger values of O would require "
m_c_ _nrm hlgher temperature materials for the leading ed_m

of the airfoil, such as the _SI silica tiles used

on the Space Shuttle for temperatures up to 1500K.
In or_-r to precess the plane of the satel- The precession rate could also he increased by

lite orbit, the lift vector must be varied from . simply increasing the area of the airfoil. Mult- _
port to starboard and back once per orbital revo-
lution. Note that the required change in tether iple-folding, deployable, or inflatable structures

angle, and therefore the lift force and the flap could be used for the larger areas and still fit
lwithin the Space Shuttle cargo bay.

setting, is very slow; a complete cycle fr_n pos- I
Itive to negative tether angle takes more than an

hour. _TLis means that relatively slow, low-force !III. Satellite Sail versus Syner_etic Maneuver
flap actuators may be used. To increase the orb- I

ital inclination, the tether angle n_st provide a i In Figure 6 is shown a comparison of the re- t
northward force as the satellite crosses the IIocity difference, in _n/sec, required to change !
equator heading north and a southward force as the ithe orbital plane of the space shuttle various ,
satellite crosses the equator heading south. Be- t !_ of degrees, using rocket propulsion, using
cause the dynamic system has such a low inherent !the
damping, the tether angle, and thus the lift : _ . optimum synergetic aerodynamic ._neuver, and i

, ,uslng the _tellite sail with a lift/drag ratio :
foz_e, will follow the flap control position very .!of three. In the all-propulsive maneuver,
closely. The flap control signal is then the sane Ithe satellite rockets are fired to provide a i
as the required tether angle. Ithr%_t at right angles to the current orbital re- :

Ilocity. _ maneuver is quick, but very costly inIn Figure 3 is shown a schematic diagram of .fuel because of the high velocity change required.
the geometry of the airfoil position as it varies !For low orbits, this is a very high velocity. %%e
from the starboard side of the Shuttle to the port !optimum synerget/c maneuver requires that the
slde of the Shuttle and back again each orbit. !shuttle fire rockets to dip into the upper atmos-

Because of the changing angle of the tether (fmum Y !phere, then perfozm an aerodynamic maneuver to
to 27 degrees, as shown in Table 2), the tether :provide a side force, then fire rockets to renn-n
length _ must be varied cyclically over each orbit tto the initial orbit. This maneuver is limited in .. _
from 100.5 to 123.8 km to keep the sail at a con- iefficiency by the lift-to-drag ratio of the Space
stant altitude. With an orbital period of 88 iShuttle, which is not optimized for this function, ..'
minutes, the max/sun tether length rate of change and by the fact that the heavy Shuttle must first

is 27.7 m/s. With a more powerful winch motor, I
higher rates of tether length change could be used be lowered and then raised against gravity. t
to raise the airfoil to a higher altitude during The use of the satellite sail is the slowest ;
the zero lift portion of its flight. This would I

the drag and improve the overall efficien- t of the three maneuvers, but it is themost effi-
cient. There is no need to de-orbit the shuttle !

cy. It would also allow additional cooling of the i into the upper ate; the much lighter sail
vehicle and tether, making possible higher O up- is lop,red instead. The sall can be designed to I

erations with the sane amm_t of thermal protec- | pruvlde optinuxn lift/drag for the chosen altitude, i
tion" ' The aerodynamic llft provides the side force to 1

change
The change in tether length required for de- I the orbital plane, and then the sall is ,I raised back to the shuttle; rockets are used to I

ployment, retrieval, and maintaining a constant i [make up for the energy lOSt to the drag of the .!sail altitude causes complex vibrations of the sail and tether, which can be much less than that .
tether to be excited. These unwanted vibrations

must be minimized in order to prevent errors in I of the entire shuttle vehicle. There is no orb- Iital velocity loss associated with lowering and 1
the contm011ed angle of attack of the deployed } raising the sail; the center of gravity of the !
sall or large oscillations of the sall during re- ; satellite/sail system maintains a constant veloc-
trleval. The dynamics of the tether with an end

mass are&discussed in more detail by Modi and j ity in a fixed orbit.

Misra. " I
The simplest control law, shown in Figur_ 4, . IV. Shuttle Operations

is a sinusoidal Lnput that causes the tether angle
to peak just as the satellite crosses the equator. ! _ space shuttle is to be launched from t_o
For a sail altitude of 93 kin,an orbital period I spaceports--Cape Canaveral, Florida, at 28.5 de-
of 88 minutes, and a lift force of 329 N, the _ I _e inclined orbits, and Vano_nberg AFB. Call-

lateral excursion of the sail on the end __ i _ornla, into polar orbits._ If the shuttle is .....
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give_ a plane chang_ capability of 31 degrees, 1 I for slow changes in altitude to measure flight 7

In_lir_tlon fz_m zero (equatorial) to 59.5 de- I Ipa_-dmeters at different a_ric densities.g_les, and launches fr_n VAFB can cover inclln- There WOUld be fewer dynamic r_sponse problems of

atlons from 59 degrees to 149 degrees (retro- i ithe tether/sall systa_, and the retrieval could be

grade) ° A plane change of this largest required . Ia leisurely operation to prevRnt undue buildup ofmagnitude could be accomplished in about 20 days i tether/sall oscillations.
at 1.5 degrees per day, which is a reasonable
for later Shuttle missions. For those missions I

with lesser orbital plane change required, less I VI. Ccncluslc_s
time n_st be spent in the plain9 maneuver._

_he deplolment and retrieval of the shuttle sall _be concept of changing the orbital Inclln-
would require additica_lly about 8 hours and 16 atlc_ of a satellite by an airfoil suspended into
hours, respectively. ' the atm_ has been examined. The technique

is IxYcentlally more efficient than the rocket or
The Space Shuttle olrrantly carries addi- the syner_etlc mar_uver for all inclination

tional fuel for orbital _ineuvering and station- changes, but it is ccmgaratively slow. Maximum
keeping. Any extra fuel carried to change the rates of orbital precession of about 1.5 degrees

orbital plane would be an additional mass to be Iper day appear to be achievable with a light
lifted by the Shuttle boosters. The use of the ;Shuttle, a large, h/gh-lift airfoil, and a h/gh-
Shuttle sail would be an alternative for this ex- , :temperature tether. _he Shuttle sail could be

ira mass; instead of extra fuel, the sall would be! :folded and stowed in the cargo bay for re-use on a'
stowed in the cargo bay. As shown in Figure 6, i !variety of satelllte-servicing missions. The

the use of the Shuttle sall requires far less en- i !concept _ould also allow the use of the Space
ergy than the use of rocket propulsion. The use i IShuttle for long-duration hypersonic aerodynamic
of the Shuttle sail in routine orbital plane I istudies for a variety of airfoils or lifting hod-
changing and in orbital phasing would allow the I les at about 100 kilometers altitude and Mach 24.
use of the Shuttle for scavenging of the debris i Further study is needed to define the optimum sail
that now clutters low Ear_ orbit and presents a size and mass as functions of the Shuttle altl-

hazard to space flight. _ This operation could ,! tude, inclination change required, and required
1"_.do_e during each mission that brought the I mission tim. I
Shuttle within sall range of a known piece of !
spaoe debris. The sall could be deployed while ! .... .....
the Shuttle _ was engaged in other oparatious, _ VIL Ref_
and _ the sall bz_ught the Shuttle into the i
proper po6itlon, the debris could be. secured in _ i. J. Pearson, Spaceflight Applications for Ro-
the cazgo bay for disposal or for preservation in tatlng Structures in Space. Presented at the AIAA
a museum. Annual Meeting, Baltimore, Maryland, May 1982.

2. G. Colombo, E. M. Gaposchkln, M. D. Grossl, '
V. A Shuttle-Tethered Hypersonic and G. C. Weiffenbach, Gravlty-Gradlent Measure-

Research Facility n_.nts down to 100-km Height by _ of Long-

ITethered Satellites. Presented at the 27th IAF
A further use of the satelllte-tethered Congress, Anaheim, California, Otto/per 1976. AIAA

llft_ body would be in gaining fundanental Paper IAF 76-064
knowledge of the flight condi_ at about I00 km

altitude and Mach 25. A varlety of airfoils or 3. V. A. Cha_otov, Gravitationally Stabilized .

lifting bodies Could be instrumented and control- ISatellite Solar Po__r Station in Orbit. Journal of
led to provide data over different angles of at- :Spacecraft, Vol. 14, No. 4, pp. 249-251, 1977.
tack, atmospheric densities, and relative velo=-

Itles. The regime of operation would _ 4. J. Pearson, Anchored Lunar Satellites for
_ly long mean free paths for the air mole- Cislunar Transportation and Commun/cation. Journal

cules and would allow new _tal ae_x_c of the Astronautical Sciences, Vol. 27, No. I, pp.
data to be obj. As st_h a facility, .the sat- 39-62, 1979.
elLite-tethered lifting body _0uld in essence

fm_TAon as a hi_b-Mach-number, low-pressure wind 5. C. C. Rupp, A Tether Tension Control Law For

turmel for a variety of experimental investiga- Tethered Subsatellites Deployed Along Local Ver-
t/ons. In this mode of operation the lift vector tical. NASA _M X-64693, Marshall Space Flight
_uld be oriented vertically, so as to provide an Center, Se_ 1975.
upward force on the satellite. _ force _Id

__ scms of the drag force tending to lo__r 6. V. J. Nodi and A. K. Misra, Deployment Dy-
the satellite orbit. In this configuration, the namlcs and Control of Tethered Satellite Systems.
airfoil need not be symmetric, and it might be Presented at the AIAA/AAS Astrcx_ynamics Confer-
equipped with a vertical stabilizer. _ vert_icall ence, Palo Alto, California, August 1978. AIAA
_¢abi_Izer is r_.tneeded in the horizontal llft Paper 78-1398.
_ode for yaw stability, which is provided by the

tether. 7. C.C. _ et al., U. S. Patent 4,083,520,
Aprll 1978.

The use of the Shuttle-te_ research

airfoil or liftlng body _ould be _ simpler thanI 8. H. S. London, Change of Satellite Orbit Plane
"changing its orbit plane. The airfoil would be i by Aerodynamic _neuve/Ing. Journal of the Aero-
oriented to provide a vertical lift force, thus } space Sciences, Vol. 29, March 1962, pp. 322-332. '
maintaining the body almost _ly below the i • '
Shuttle. There would be no need to change the _

length of the tetber durL,_ the e.,_.r_.,__nts exc_ '
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Table 1 Design Pez_ete__s for a Satellite Sail

Satellite Mass (Space Shuttle) 70,000 kg T_ / _

Satellite Orbit Radius 6563 km

Precession Rate 1.5 deg/day
Sall Orbit Radius - 6471 km

Tether Length 92.-109 km
Tether Angle 9-27 deg
Orbital Period 88 _ '____ -- L-% -- e_. --,--__ u.-_ _
Airfoil Area I00 sq m It__l_
zd__oizstru_raz _s 700kg _ "" _ "" 4
Airfoil Insulation 627 kg
Airfoil Equipment 173 kg

Lower Tether Mass, A-286 Hi-T_p Alloy 364 kg i

Tether Diameter i. 72 mm --

Upper Tether Diameter O. 99 ram . __
Maximum Angle of Attack i0 deg
Max/mum Lift Force 329 N
Maximum Drag Force (Including Tether) ii0 N
Lift/Drag 3.0 _igure 2. Schematic Diagram of the Airfoil
Airfoil Dynamic Pressure, O 54.4 N/sq m Planform and Typical Crc6s-Sectlcn.
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Figure 3. Shuttle, Tether, and Airfoil Figure 5. Dynamic Pressure and Shuttle
I Gecmetry, and Maxlnuu Excursion Precession Rate for a 100-Squara--
: over One Orbit. '_ Meter Sail. •

I

1

i -

• Fi_u_ 4. Tether Angle and N Required ' Figure 6. Required Velocity Changes for
as Functions of the Satellite _hree Different Plane-Change

J

I
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PRESENTATION 6

TEST AND TECHNOLOGY

Stephen Graff, JPL

MISSION: TETHER A POWER PLANT TO A MANNED OR

UNMANNED VEHICLE (SPIO0 FOR EXAMPLE)

PROBLEMS:

o ORBITAL MAINTAINANCE MUST WE SHUT

DOWN POWER PLANT AND RETRIEVE FOR

EVERY MANEUVER?

o CAN WE MANEUVER WITHOUT RETRIVAL?

o TEMPERATURE AND RADIATION TOLERENCE

OF THE TETHER AND TETHER MECHANISM.

o HOW CAN THE CABLE BE CONSTRUCTED FOR

RELIABILITY AND LONG MISSION LIFE?

NEED: A DYNAMIC MODEL WITH CONTROL LAWS TO

HANDLE ROTATING OR RECIPROCATING

MACHINERY ON A TETHER.
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Applications of Tethers in Space Workshop ,
Agenda

i5-17 June 1983

14 June 1983-Tuesday

6:00pm - 9:00pm Registration

15 June 1983-Wednesday

7:30am-8:30am Registration
8:00am-8:3Oam Panel Chairmen Meet

Session I - Introduction

8:45am-9:15am Welcome, Orientation and Prupose...Bob Marshall

9:15am-10:1 5am Keynote Address.::lvan Bekey -
10:15am-10:30am BREAK

Session II - Tethered Satellite System(TSS)
10:30am-10:45am Project Overview...Jay Laue
10:45am-11 :O0am " Tether Deployment System...Donald Crouch
11:00am-11:30am Satellite Overview...Gianfranco Manarini

-11:30am-1 2:00pm Satellite System Description...Marcello Vignoli
12:00pm-1 :OOpm LUNCH

Session Ill - Fundamentals and Applications
1:00pm - 2:00pm Tether Fundamentals
2:00pm - 2:30pm Science and Applications

2:30pm - 3:00pm Electrodynamic Interactions
3:00pm - 3:1 5pm BREAK

3:15pm - 3:45pm Transportation Applications
3:45pm - 4:1 5pm Artificial Gravity

4:15pm - 4:45pm Constellations
4:45pm - 5:1 5pm Technology and Test

6:00pm - 7:00pm NO HOST BAR
7:00pm - 8:00pm DINNER

8:00pm Guest Speaker...
Professor Giuseppe Colombo
"Where Are We Going With Tethers?"
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Applications of Tethers in Space Workshop (Cont.)

16 June 1983-Thursday Session IV - Panel Meetings
8:00am - 8:30am Charge to the Panels...Bob Marshall

8:30am - 12:00pm Panels Meet - Assigned Rooms

12:00pm - 1:OOpm LUNCH
1:O0pm - 4:00pm Panels Meet - Assigned Rooms

4:00pm - 5:00pm Plenary Session...Preliminary Panel Reports

17June 1983-Friday SessionV- Panel Meetings Continued:
8:00am - 11:00am Panels Meet - Assigned Rooms

11:00am - 1:00pm Plenary Session...Final Panel Reports
+ .

1:00pm 2:00pm LUNCH

SessionVl- Workshop Summary

2:00pm - 3:00pm Panel Chairmen Meet

3:00pm - 4:30pm Summary Recommendations of the Workshop
4:30pm ADJOURN
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