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SUMMARY

The results of the Applications Study of the Aeromaneuvering Orbit-
to-Orbit Shuttle (AMOOS) and the Aeromaneuvering Recovery System (AMRS)
are reported., Preliminary designs and the supporting analysis for both
AMOOS and AMRS are ﬁreaented. The AMOOS design is shown to yield from
twice to almost three times the round-trip payloads as a purely propulsive
vehicle of the same all up weight., Typically AMOOS can perform a crew
rctation mission to equatorial geosyrchronous orbit in one Space Shuttle
launch, The weight of the manned module designed for this mission is 6800
1b, which is approximately 300 lb below the AMOQOS round-trip payload capa-
bility. AMOQOS can also place the 11,250 1b (12,000 1b with crew) AMRS on
station in equatorial geosynchronous orbit. This represents a 40% increase

in payload delivery capability over the Baseline Space Tug.

The model flight test program analysis has yielded a 10 ft Jong, 1500 1b
vehicle that can demonstrate the feasibility of aeromaneuvering. The major
parameters, such as maximum dynamic pressure, heating rates, guidance,
stability and recovery, can be modeled or demonstrated as is éppropriate.
Two model flight schedules were developed, one consisting of four flights and
the other of two flights, The former is considered a very low risk, high in-
formation return program whereas the latter is a minimal cost program con-

sistent with reasonable data returns and chance of success,

The AMOOS and AMRS guidance scheme developed using linear regu-
lator theory proved a precise and accurate guidance scheme. Both it and a
classical linear systems based scheme were evaluated using 65 simulated
trajectories in which the positioﬂ in the entry corridor and the atmospheric

density were varied randomly, The latter was varied randomly at each

iii
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integration time step with due allowance made for correlation in density from
point to point. The linear regulator approach also proved adequate for the
AMRS ground recovery guidance,

Two areas are recommended for further study. These are: (1) navi-
gation and guidance, and (2) alternate configurations, The objective of
the first task would be to match navigation hardware against AMOOS and
AMRS requirements and evaluate the alternatives using the AMOOS and AMRS
guidance simulation, Under the second task, the alternate configurations for
AMOOS would be considered. These may include such items as AMOOS pay-
load performance using a hybrid engine, changes in external geometry, and
heavy lift vehicles,

iv
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Section 1
INTRODUCTION

In the AMOOS studies, the term aeromaneuvering is used to cover all
uses of aerodynamic forces fo assist in an orbit transfer maneuver. This
would, then, include aeromaneuvering on the ascent as well as on the descent
phases of the n ission. So that work would not be duplicated, a literature
survey was performed at the beginning of the first AMOOS contract (Ref. 1).

As a result of this survey, aeromaneuvering orbit transfer was divided into
three classes:

o Synergetic Plane Change Maneuvering (plane change using lift
with propulsive forces used to compensate for the effects of drag)

e Aerobraking (use of drag forces only)

¢ Other Aeromaneuvering (use of drag and lift forces)

At that time, the literature was sufficiently extensive on the first and second
classes to be able to identify the bounds of applicability and associated problem
areas. A discussion of the first and second classes is givcen in Ref. 1. Since
the above classes were so well covered in the literature, the L.ockheed studies

were confined to the third class and to the large deployable drag device such
as the ballute,

The third class of maneuvers is that which uses both lift and drag
forces to maneuver from the return transfer trajectory to the low earth orbit
used for phasing with the Space Shuttle Orbiter. Excluded from the previocus
Lockheed studies (Ref, 1) were the reentry maneuvers of vehicles such as
the Apolio command module and the Spa'ce Shuttle Orbiter because the aero-
dynamic forces were not used to transfer from one orbit to another but to
land on the earth's surface. However, upon the advent of the Aeromaneuver-

ing Recovery System (AMRS) maneuvers to a ground recovery are applicable
and were considered in this study.
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The basic concept thet distinguishes the Lockheed AMOOS studies from
previous orbit-to-orbit transfer studies is that the prime use of the lift force
is for trajectory control. Other systems use the lift force to control the en-
vironment of the vehicle or to change an orbital parameter directly, e.g., the
Shuttle Orbiter reentry or the synergetic plane change. On the other hand, the
aerodynamic drag force is used primarily to change the orbital parameters in
the AMOOS concept. Lift forces are used to ensure that the desired effects
of drag are realized. That a small plane change can alsc be accomplished by
AMOOS is an outcome of the optimum means of modulating the vertical com«
ponent of the lift force rather than a necessary use.

The AMRS can operate in the AMOOS mode to rendezvous with the Space
Shutile orbiter or maneuver to a recovery on the earth's surface, This latter
mode will be referred to as the AMRS maneuver. This maneuver is similar
to other recovery modes and, as such, lies between the Apollo and the Space
Shuttle Orbiter for maneuverability.

The feasilnlity studies of earlier AMOOS contracts were directed toward
establishing the sufficiency of the aerodynamic forces to effect the desired
energy loss, trajectory control and plane change requirements. Based on
the flight environment, including the ascent and descent in the Shuttle Orbiter's
cargo bay, a vehicle was designed capable of performing a round trip equatorial
geosynchronous mission. Furthermore, this vehicle demonstrated a payload
capability well in excess of any other vehicle capable of being transported in
the Shuttle Orbiter's cargo bay (Fig.1). |

in the previous Lockheed aeromaneuvering studies, Refs. 1 and 2, the
navigation, guidancé and control requirements for AMOOS were not analyzed.
' However, the static stability was considered, and only those configurations
displaying such were considered for further study. Past studies (Ref.3) of
navigational accuracy required for multi-pass aerobraking and ihspection of
the specifications of current navigational hardware is sufficient to eliminate
the navigation requirements from immediate study, For this reason, guidance
was considered the most important technology area and so was included in the -
current coniract. - :
2
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Fig. 1 - Comparison uf Pavlead Capabilities for Several Recoverable
Upper Stage Alternatives

These guidance studies include both the pass through the atmosphere to
Space Shuttle orbiter rendezvous type guidance (AMOOS and AMRS) and ground
recovery type guidance (AMRS). A very simple guidance scheme had already
been suggested for AMOOS and a preliminary evaluation completed (Ref. 4),
Further development of this scheme was to be considered as well as more
conventional approaches such as the linear regulator and classical linear

systems.

During the studies reported in Refs. l through 3, AMOOS and the aero-
braked tug were considered as general transport vehicles and unmanned.
Payloads were defined in general terms of mass and dimension. However,
by the end of the feasibility studies (Ref. 2), manned missions, in particular
to geosynchfonous orbit, had become of prime importance, For this reason,
study of the application of the aeromancuvering concept to particular manned
roles was included in the contract, The four to six man geosynchronous crew

rotation was considered baseline. However, lunar orbital and earth orbital

3
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missions were to be congidered as well as geosynchronous. Furthermore,
the use of multiple Shuttle launches and the mating of AMOOS vehicles and

payloads in low eaxrth orbit to form a two-stage vehicle was to be included.

_ A second application of aeromaneuvering to be considered was the use

of the aeromaneuvering concept in the design of an emergency vehicle. This
application, called the Aeromaneuvering Recovery System (AMRS), is to provide
emergency recovery of a four-~to-six man crew from geosynchronous altitude,

The requirements for return from a lunar orbit were also considered.

Finally, the feasibility of demonstrating the aeromaneuvering concept
using a flight test model was to be studied briefly. This model flight test
plan was to demonstrate the basic feasibility of the concept and to provide
design data for the full-scale vehicle, The model testing must reduce the

flight testing of the full-scale vehicle,

For these studies, the favored external geometry of vehicles studied
in Refs, 1 andlZ" was selected as the basic configuration since it is considered
the more adapta.ble to the modular configuration. This vehitle will be de-

scribed in the following section.
® Background

- The first class of aeromaneuvering, as listed previously, is the syner-
getic plane change maneuver. The basic concept behind such a maneuver is
that the lift vector can be used to produce .a plane change. This plane change,
if performed propulsively, can require a velocity increment larger than the
velocity lost due to drag. In such a maneuver the vehicle starts from low
earth orbit, slows propulsively to enter the atmosphere, changes orbital in-
clination using lift and then acquires its mission altitude propulsively. The
literature (reviewed in Ref. 1) shows that the region of application is r;stricted .
to plane changes of 30 deg or more, to vehicles with moderate to high L/D,
about 1 or greater, and to mission altitudes below 1000 n.mi. With such re-
strictions, it has no pré.ctical application to AMOOS or AMRS in the ascent
phase of a mission and so was not studied. '

4
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Dropping synergetic plane change from the studies left only the applica-
tions of aeromaneuvering on the return transfer phase of a mission. Such
applications are considered in the second and third classes listed previously.
Aerobraking, which entails the use of aerodynamic drag forces to dissipate
energy without the use of lift forces, is studied extensively in Ref.3. The
use of drag and drag augmenting devices are extensively studied therein.

The studies in Ref. 3 were directed at kit modifications to the Baseline Tug.
This is not considered restrictive since the propellant volume reguirements
needed for a geosynchronous mission and the cylindrical shape of the cargo
bay of the Shattle Orbiter allows practically no deviation from a circular
shape. Two basic types of kits were proposed. The first was a deployable
metal skirt, short relative to the length of the Baseline Space Tug ‘and mounted
near the front end of the Tug. The engine nozzle was protected by a cap and
the vehicle flew in the atmosphere engine first. The second method consisted
of a very large deployable device such as a ballute or a fabric flare.

The stfategy in these kit concepts was to reduce the heating rates to the
point where reradiative materials may be used for the protective cap, etc. In
the case of the small skirt, many (30) passes through the attmosphere are
used to reduce the heating rate whereas for the very large skirt or deployable
device two passes are used and the device made sufficiently large so that a
high altitude trajectory is flown.

For this technique, trajectory control is by small corrective Av's at
each apogee between atmospheric passes. The flight through the atmosphere
is unguided after an initial targeting immediately prior to atmospheric entry.
The flight path angle at atmospheric entry (600,000 £t (180 km) altitude in
Ref.3) is closely controlled so that off nominal target vacuum perigee errors
have small effects compared to variations in atmospheric density. The navi-
gation system required a landmark tracker and furthermore assumed that the
full theoretical accuracy of the Kalman filter could be realized. The accuracy
required of the navigation system is approximately 0.35 n.mi. (0.7 ¥an) along

the radius vector.

5
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The large deployable drag device was an attempt to reduce the number
of i)asses to two and so not violate the on orbit lifetimes of both the Baseline
Space Tug and the Space Shuttle Orbiter, When unpredictable atmospheric
density variations and navigation errors are considered the guidance problem
becomes difficult and would probably need some form of drag modulation. The
large deployable drag device has been studied in both Refs.2 and 3. The con-
clusion in Ref.2 is that the ballute is not practical since it ylelds negligihle
payload. The analysis of Ref.i%:yields a favorable payload for the large AIR-
MAT flare, However, the stability of this device has not been established.
Presumably, fiber B (Ref. 2) could be substituted for AIRMAT which is no
longer available,

The AMOOS studies signalled a new start to the aeromaneuvering
approach to orbit tranefer. These studies were founded on a broad base
covering all uses of aeromaneuvering. Existing literature was to be used
wherever possible. The existing literature, discussed briefly above, re-
vealed extensive studies in the first and second classes of aeromaneuvering.
In general, no further work was considered necessary on these classes since

the areas of feasibility could be readily ascertained from the existing literature,.

This left, therefore, the aeromaneuvering aspects of the maneuver from
return transfer orbit to the phasing orbit with the Shuttla Orbiter. These studies
were intended to be comprehensive and therefore included lifting and non-lifting
nominal tra'jecitories, single and multiple pass maneuvers, plane change re-
quirements, insulative, reradiative and ablative TPS and hybrid modes of oper-
ation in which the maneuver is performed part propulsively and part aerody-
namically. Extremes of the atmospheric flight environment were simulated
by combinations of lift vector modulation, maximum atmospheric density vari-
ations, estimates of the exoatmospheric navigation accuracy and effects of

non-continaum aerodynamics.

These studies lead to several very important conclusions which governed
the basic external geometry and mode of operation of AMOOS and later AMRS.
The first conclusion was that AMOOS must be basicully a cylindrical lifting

body vehicle in order to meet the volume requirements of fuel and payload to

6 .
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geosynchronous orbit and fit in the Shuttle Orbiter's cargo bay. Such a
vehicle, consisting essentially of a cylindrical body and a semewhat blunt
nose (Fig.2) will yield only a moderate lift-to-drag (L/D) ratio, about 0.5

to 1.0, at hypersonic speeds.

/— 12,22 ft x 13.58 ft Ellipse

/|

- : 46 ft -

- 59 ft >

Fig.2 - AMOOS External Geometry (maximum length vehicle)

[

The plane change studies showed that, with such an 1L./D, a vehicle could only
perform a small (5 to 10 deg) plane change during atmospheric flight. The '
basic operation of AMOOS would, therefore, need to include a propulsive plane
change maneuver on return from an equatorial geosynchronous mission orbit.
Furthermore, aeromaneuvering p'ane change capability decreases rapidly
with decreasing mission altitude. However, trade stundies showed that the

lift vector could be used for both moderate plane change, about 7 deg on re-
turn from geosynchronous altitude, and trajectory control during atmos-

- pheric flight without significant deleterious effects on either use. This
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result led to the selection of a nominal 90 deg bank angle (lift vector hori-
zontal) with modulation of bank angle to provide modulation of the vertical

component of the lift vector.

The third fundamental result has more far reaching effects and applies

equally well to aerobraking as well as aerornaneuvering. It is that the product

Prmax ® CD
successful ballistic maneuver to phasing orbit. In this product, Prnax is the

is a slowly varying function of each of the three variables for a

maximum value of the atmospheric density encountered, n is the number of
passes through the atmosphere to complete the orbit transier maneuver and
Cpy is the drag coefficient of the vehicle based on some fixed area, e.g., Cross=-
sectional area of the Shuttle Orbiter cargo bay. The implications of this re-
lationship upon atmospheric flight and vehicle design, etc., will now be dis-

cussed,

First, apply this relationship to the task of reducing heatiﬁg rate and
hence heat load. For current purposes, the relationship that heating rate, (2,
is proportional {o .01/ 2 is sufficiently accurate. This means that relatively
large reductions in P are required tc decrease the heating rate significantly,
e.g., if the heating rate needs to be reduced to one-hailf its present value then

p
max
of the product Prnax 2Cp shows that the product nCp, must be increased four-

must be reduced to one quarter of its present value. Using the invariance

fold, hence the relative insensitivity of heating rate to the number of passes per
maneuver and the drag coefficient.

it should be recalled here that temperature varies as the fourth root of
the heating rate. Therefore to reduce the temperature significantly requires

massive <hanges in P and hence in the product nCyp.

Next consider the navigation and guidance requirements. Select n suffi-
ciently large so that, regardless of the aﬁnospheric density variation and navi-
gation errors; the vehicle will not reenter but will skip through the atmosphere
in the required manner, The value of n required is dependent upon the naviga-
tion accuracy and, as will be shown, must be larger than 2 for a ballistic
trajectory for currently attainable navigational accuracies.

8
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The unpredictable variation in the four-dimensional world atmosaphere
at aeromaneuvering perigee is about +12% (Ref.5). Dimensions of this atmo-
spheric model are; altitude, longitude, latitude and time (month), This must
be combined with the effects of the entry corridor which is +2n.mi. (+3.5 km)
about the nominal trajectory (Ref,1) if neither a landmark tracker nor navi-
gational equipment of comparable accurary is used, Superimposing these
effects, neither of which is linear, yields a Prnax along the trajectory of about
one-half to two times the nominal value, Py This variation in Prnax will now
be discussed in relation to the three guidance options available to a ballistic
vehicle. These options are; (1) modulate n, the number of passes; (2) modu-
late CD; and (3) make corrections to the trajectory by amall velocity incre-
ments at apogees as in Ref.3."

The first pass in options (1) and (3) are uncorrected during atmoaphe'ric
flight. In the case of the maximum atmospheric density being 2 Py this means
that the first pass is equivalent to the first pass of an n/2 pass maneuver.

Since n/2 cannot be smaller than one, then the smallest nominal number of
passes is two for guidance options (1) and (3) of the ballistic maneuver, In the
case of option (2) it means that the drag coefficient must be reduced tb half of its
nominal value, In each case, the heating rate is increased approximately to

V2 times the nominal value, This does not take into consideration decreases

in radius to modulate the drag coefficients in the case of the second option.

The maximum aerodynamic load increases similarly.

Now TPS studies (Ref.,l) have shown that n must be at least 5 to
reduce the surface temperatures to acceptable levels where CD for AMOOS |
has a typical value, about 3 based on Shuttle Orbiter cargo bay cross-sectional
area, As examples of the effect of the foregoing discussion on the operaticn
of an aerobraked vehicle, it means that the nominal number of passes must
be at least 10 or that for a large deployable using drag modulation the drag
area must be 10 times that for the basic vehicle,

On the other hand, if the experienced value of Ponax is half the value
of pN, the nominal maximum value, then the nominal values of nCD_must

9
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be multiplied by 2. This means that if guidance is by modulation of n, the
number of passes may increase to 20 or, equivalently, in the case of CD modu-
lation, the drag area must be 20 times the vehicle alone value. In summary,
then, if n or Cp are modulated then the appropriate parameter must be mod-
ulated from one-half to two times the nominal value. Such modulation is rather
difficult to achieve. In the case of the third guidance option, in which small
velocity increments are added at apogee between atmospheric passes, the
vehicle must be designed to withstand an environment corresponding to one-
half the nominal number of passes to complete the maneuver. For this reason,
and because according to Ref.1 n must be at least 5, the minimum number of
passes must be 10 unless carbon-carbon is used for the TPS.

The above discussions are predicated upon two tenets, one is that abla-
tors are not recyclab'le and so not usable for multiple pass maneuvers, and
the other that the minimum achievable entry corridor is +2 n.mi. (3.5 km).

If ablators are recyclable then the nominal number of passes may be reduced

to 2. Recently, limited data on recycling of ablators has become available
{Ref. 6).

In summary, therefore, a ballistic trajectory using aerobraking alone
requires at least one of the following: (l) a large increase, about twentyfold,
in drag area over the basic vehicle and 2 means of modulating this drag area
to one-qdarter of this value; (2) an extension of the on-.orbit lifetitne of
the Tug to accomodate a large number (about 20) of passes per maneuver; and
(3) a lightweight, recyclable, high temperature TPS for which, currently, only
ablators can meet the weight and temperature limitations. Upon consideration
of these above requirements the only potentially successful alternative is the
one-pxzss maaeuver using aerodynamic lift to control the trajectory during
atmospheric flight and an ablative TPS to protect the vehicle from the thermal

environment. The study of this alternative is the heart of the Lockheed con-
_ tribution. |

10
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The previous Lockheed studies (Refs. 1 and ,2’), have considered the use
of several structural materials for the primary structure. These materials
were based on the selection of a 600F (589K) bondline temperature. The
bondline temperature is the maximum temperature reached at the bond ma-
terial between the ablator and the primary structure skin supporting the
ablator, The value of 600F (589K) is considered a practical maximum for
current technology, The primary structure must also be able to withstand
the bondline temperature. This reduces the usable materials for the pri-
mary structure; in particular it eliminates the popular aluminum alloys and
epoxy-based composites. Four materials were selected for evaluation: (1)
titanium, (2) beryllium-aluminum, (3) magnesium, and (4) graphite-polyimide,.
The steel-based alloys were eliminated because they would yield a higher
structural weight than titanium at the 600F (589K) operating temperature.

Of the materials considered, berylliuna-aluminum yielded the lightest

- structure, followed closely by magnesium. The difference between the two
weights was considered insignificant so that magneéium was selected for
further study since it is lower priced. The magnesium weight is considered
representative of the weight of beryllium-aluminum structure at the 600F
(589K) bondline temperature.

11
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Section 2
RESULTS AND DISCUSSION

The studies resulted in a vehicle that can perform a round trip mission
to equatorial geosynchronous orbit with a payload in excess of the all up weight
of a four-man, 30-day capsule. The round trip payload capability is approxi-
mately 7100 1b (3221' kg) and the all up weight of the manned capsule is 6800
1b (3084 kg). The design mission for the vehicle and capsule is to an equa-~-
torial geosynchronous orbit and is independent of longitude of the sub-vehicle
point. The AMOOS vehicle and its payload may be placed in low earth orbit
in one Space Shuttle launch. The all up weight of AMOOS and its payload is
63,100 b (28,622 kg), thus allowing 1900 Ib (862 kg) tare weight for adaption
of the Shuttle Orbiter. An Isp of 456.5 sec was used for these consumables

and performance analyses.

The analyses showed significant increases in the round trip payloads
for increases in the Space Shuttle's payload capability to 80,000 1b and 100,000
1b. Payloads were also estimated for two stage ar | stage and one-half AMOOS
vehicles transported to low earth orbit in one, two or three Space Shuttle

launches.

The structural materials selected for the primary structure were either
magnesium HM 21A-T8 or beryllium-aluminum (Be-38A2). The structural
analysis was performed with magnesium since it is expected to give a sxgmf- _
icantly chea.per cost for the primary structure at only a slightly higher we1ght
thah Be-38Af2. Other structural materials, e.g., titanium, are expected to
yield a significantly higher weight (Ref. 2) or a significantly higher TPS weight
to reduce the bondline temperature below the 600F (589K) selected for use .in
Refs.l and 2. The primary structure is a cornputer optimized ring- str:.nger
st:r.ffened shell with due allowance made for solid ring atitachment points, matmg

points, etc. The ablative TPS uses the Martin Marjetta SLA-561 flight rated
material. '

12
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Similar analysis for the AMRS vehicle yielded an all up weight of 12,000
1b (5443 kg) including a crew of four. Approximately one-half of the total
weight is space storable propellant and consumables,

The model flight test program studies showed that the essential sub-
systems, except the life support, could be checked out in four flights, each
of which could share a Space Shuttle launch with another payload.

The linear regulator guidance technique is recommended since it proved
accurate and readily adaptable to both AMOOS and AMRS. The classical linear
system approach yielded considerably more scatter in the target parameters,
some unacceptab13; large. In each case the trajectory was controlled to a

nominal.

2.1 CONFIGURATION AND PERFORMANCE ANALYSIS

The design and performance of the AMOOS vehicle is refined and ex-
tended from the studies of Refs. 1 and 2 to yield 2 more complete picture of
the overall AMOOS performance. The analysis is also extended to cover AMRS,

The details of the methods used in the above analysis are given in
Appendixes A, B and C. |

2.1.1 AMOOS/AMRS Requirements and Mission Analysis

‘The requirements and mission analysis performed herein was toward
‘establishing the overall mission capability of AMOOS and AMRS, Design
criteria were selected from the possible mission and performance capabilites.
After the preliminary design of the vehicle was performed, the analysis was
used to establish the performance spectrum of the specific vehicles,

2.1,1,1 Consumables Analysis

A compreﬁénsive consumables analysis was performed for AMOOS for

equatoria.fl orbits about the earth from 5000 n.mi. altitude to geosynchronous.

i3

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTE",

B e e ok
[T U



IMSC-HREC TR D496644

An analysis was also performed for orbits about the moon. The analysis
for AMRS was confined to equatorial geosynchronous orbits and lunar orbits.
For AMOOS an Isp = 456,5 sec was chosen, 'I‘Pe sensitivity of payload to L
was determined in the feasibility studies (Ref.2) about an I sp = 470 sec which
is considered sufficiently close to 456.5 sec to remain applicable. The range
of Isp = 260 through 350 sec was used for AMRS.

The consumables analysis was performed using impulsive Av's with
an allowance for gravity and purge losses, Chilldown was computed on
assuming maximum chilldown time of 91 sec, During the chilldown an I sp
of 377 sec was assumed. The Av imparted for the full 91 sec was computed
and checked against the Av required. If the chilldown Av is greater than the
required Av, then the propellant usage is computed using the chilldown I SP;
if it is less, then the propellant usage is computed by combining that for the
chilldown with that for the remaining Av. Two engine burn modes are recog-
n?zed beside the chilldown mode, these are: (1) full thrust burn with LI P =
456.5 sec and (2) pump idle mode with Isp = 434 sec. The chilldown mode
may also be referred to as tank head idle mode. Very small Av's are per-
formed with the RCS which has an Iep = 230 sec. These RCS usages are
1=cognized by the low Is which causes the chilldown calculations to be by-
passed. All'other uses of consumables must be input as an event. Use of
inerts, payload retrieved, residuals, etc. must also be input as events. The
delivered payload is computed for a mission involving one délivery payload.
If the mission involves two payload deliveries, one payload must be input as
an event, the other will be computed. Typical results will now be presented
and discussed,

The payload is, of course, a function of vehicle dry weight and all up
weight among others. Also, payload delivered is a function of payload re-
trieved. Payloads have been computed as a function of these three param-
eters, namely, all up weight (or net delivered weight to low earth orbit), dry

‘weight and payload retrieved. '
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The first case considered is the single stage vehicle delivered to low
earth orbit by one Shuttle launch. The net weight delivered by the Shuttle is
63,100-113 (28,622 kg) which, when combined with an estimated 1900 1b (862
kg) tare weight on the Orbiter, gives a total of 65,000 1b (29,484 kg), the maxi-
imum baseline Shuttle payload. The resulis are presented as a carpet plot

of payload delivered versus dry weight and payload retrieved in Fig. 3.

16
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l.—_‘ |

Fig.3 - Modular AMOOS Payload Capabilities to Equatorial
Geosynchronous Orbit for a Single Stage Vehicle
Using One 65,000 1b Shuttle Launch

'This figure represents all the possible design points for AMOOS for dry
weights from 4000 1b to 8000 1b (1814 to 3629 kg) and retrieved payloads

from 0 to 10,000 1b (0 to 4500 kg)., The corresponding range of delivered pay-
loads is 2900 1b to 15,900 1b (1315 kg to 7212 kg). Some of these design points
may not be practical; currently, in particular, a dry weight of 4000 1b (1814 kg)
is probably not achievable with current technology. As an example, consider
the following case: the expected dry weight of AMOOS is 6700 1b (3039 kg) and
the weight, including TPS, of a manned capsule, fully loaded with crew is 6800
b (3084 kg). The guestion to be answered is: What is the up payload and is

15
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it greater than 6800 1b (3084 kg) thus allowing AMOOS to perform a manned
mission to equatorial geosynchronous orbit?

An inspection of any constant payload retrieved line reveals that tra-
versing one grid u_hif_ horizontally represents 2000 1b (908 kg) of vehicle dry
weight (one solid line to thenext). The 6700 1b (3039 kg) dry weight found on
each broken line is therefore the intersection of a vertical line 7/20 of the
way from the 6000 1b (2722 kg) dry weight line toward the 7000 1b (3175 kg)
point. The points on the 4000 (1814 kg), 6000 (2722 kg) and 8000 1b (3629 kg)
retrieved payload points are shown by circles. Joining these points gives the
curve for 6700 1b (3039 kg) dry weight. The next step is to construct the 6800
1b (3084 kg) return payload curve. This is perfiormed in an analogous manner.
One grid unit horizontally also represents 2000 1b (908 kg} of payload retrieved,
therefore, the 6800 1b (3084 kg) return payload noints are the intersection of a
vertical line 4/10 of a grid unit from the 6000 1b (2722 kg) payload retrieved
line and the dry weight lines each taken in turn. These points are enclosed
in square symbols. Joining these two points gives the line for 6800 1b (3084
kg) retrieved payload. The intersection of these two lines just constructed
is the point fulfiling the aforementioned requirements. Reading horizontally
{7200 1b or 3266 kg) gives the payload delivery capability. The value, 7200
1b (3266 kg) is greater than 6800 1b (3084 kg), the weight of the flight ready

manned capsule and crew, therefore, AMOOS can perform this mission.

Now, the main engine éonsuma.bles varies with the pay'loads and the dry
weight, This variation may be seen in Fig.4 where main engine consumables
~is plotted against payload retrieved and vehicle dry weight. In an analogous
manner to determining delivered payload, it is ptusible o detexmine main
engine consumables. Repeating the construction of the 6700 1b (3039 kg) dry
weight and 6800 1b (3084 kg) retrieved payload lines yields the required main
engine consumables of 48,500 1b (22,000 kg). Now if the tanks are designed
to perform the above mission, then any mission requiring more thar 48,500
1b (22,000 kg) of propellénts cannot be perfomed. For this pa.rticuléf design,

then, the mission profile for geosynchronous equatorial missions follows the

16
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Fig.4 - Modular AMOOS Main Engine Consumables for Equatorial
Geosynchronous Orbit for a Single Stage Vehicle Using One

65,000 1b Shuttle Launch
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6700 1b (3039 kg) dry weight line from zero to 6800 1b (3084 kg) retrieved
payload and then falls more rapidly. The reason for this is that an all up
weight less than 63,100 1b (28,622 kg) is being delivered to low earth orbit
because the payload to be delivered is less than 7100 1b (3221 kg) and the
tanks are full. When the up payload is greater than 7100 1b (3221 kg) then .
propellant must be off-loaded to keep the all up weight to 63,100 (28,622

kg). This is so that the Shuttle payload will not exceed 65,000 1b (29,484 kg)
including the tare remaining in the orbiter. 'This aspect of performance will
be demonstrated more completely in Section 2.1.1.2.

Analysis similar to the foregoing was also performed for two-stage
and stage and one-half vehicles, each delivered to low earth orbit by one
65,000 1b (29,484 kg) payload Shuttle launch. These studies are reported in
detail in Appendix A. The dry weights of such vehicles had to be reduced to un-
realistically low values to be competitive with the single stage vehicle if com-
pletely recoverable, The stage and one-half concept offers advantages pro-
vided the tank half stage is expendable. Also, payload performance to. 15,000,
10,000 and 5,000 n.mi. (27,795, 18,530 and 9,265 km) circular equatorial orbits

was computed. These results are also given in Appendix A,

~ The two~stage and stage and one-half vehicle analysis was also performed
for vehicles and payloads requiring two and three shuttle launches for delivery
to low earth orbit. These vehicles must be mated in low earth orbit. The
analysis of these multi-~staged vehicles was for stages carrying equal weights

of propellant. A typical two-stage vehicle is shown in Fig.5,

As an example of the multi-stage vehicle consumables analysis, the two-
stage, two-shuttle launch vehicle payload capability is given in Fig. 6. Each
propulsion module is essentially a single stage AMOOS with suitable adapters
and docking devices, The total payload and consumableé per 'stage é:e obtained
from Figs. 6 and 7, vespectively. As an example, consider a two-stage vehicle,
each stage weighing 7000 1b (3175 kg). The required return payload is also '
7000 1b (3175 kg) representing a four-man capsule suitable for crew transpor-

tation on a geosynchronous sortie mission. The delivered payload is 25,700 1b
18

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

e o @ eEd i < Al et T e AT



HILNID ONIHIINIONT 9 HO&VBSBH FTHASINAH - QIAHHI0N

61

i sw |
SLEEFING | AdmT l
STAIINE

A B

Fig. 5 - Typical Two-Stage AMOQS Configuration Requiring Two 65,000 lb
Space Shuttle Launches

¥¥9967ad UL DOHUH-DOSWI



LMSC-HREC TR D496644

36 » T
‘1;'. 15p='456.5 sec
32 | WU

= - g

2
g
23‘\{\-. \ B T
A

24

ol XN\

\Y
NERS
12 A \
7/
8

\
1\0“- / N
e
n\dp

Payload Delivered (100C 1b)

N \ /
\, r
4 iBry Weight v’
|4-—|noo b I-—b ,’
vload Retrieved H
0 -q—--:[!ﬂﬂﬂﬂlh a—y

Fig.6 - Modular AMOOS Payload Capabilities to Equatorial
Geosynchronous Orbit for a Two-Stage Vehicle Using
Two 65,000 1b Shuitle Launches

54

52

50

48

46

44

42
LN/
40 I:IryWeI'M.

O (PR PPY TN —
Payioad Retrieved
38 q——lsuooo!hi—-ﬁ-

Consumables per Stage (1000 1b}

Fig.7 - Modular AMOOS Main Engine Consumables for 'Equatbria.l
Geosynchronous Orbit for a Two-Stage Vehicle Using Two
65,000 1b Shuttle Launches

20

LOCKHEED - HUNTSVILLE RESEARCH & ENGIHEERING CENTER



ILMSC-HREC TR D49%6644

(11,678 kg) which yields 18,700 Ib {8482 kg) that may be consumed or left in

geosynchronous orbit. Both AMOOS propulsion units are, of course, recovered.

Similar analyses were performed for missions to lunar orbit. The Av
budget included a 30-deg plane change in the vicinity of the moon in order to
vield reasonable launch opportunities and stay times to selected lunar orbits,
The 72 hr transfer orbit was chosen for the AMOOS lunar mission, The re-
sults for the single stage vehicle delivered to low earth orbit in one shuttle
launch and the two-stage two-shuttle launch vehicle are presented hzre as

examples of the lunar mission analyses.

The payloads to these lunar orbits are larger because the total Av re-
quirement is smaller than for the equatorial geosynchronous missior. In fact,
for AMOOS missions the geosynchronous Av requirement is very close to the
maximum (Ref.2). The mission inveolving a lunar landing requires a consider-
able increase in Av. The capability of AMOQOS to perform a lunar landing was

not considered,

Figure 8 gives the payload delivered as a function of vehicle dry weight
and payload returned. The payload delivered may be obtained as for the geo-
synchronous case given in Fig.3. As an example consider a 6700 1b (3039 kg)
AMOOS propulsion module and a 7300 1b (3311 kg) return payload. The total
up payload is 10,500 1b (4763 kg) or net 3,200 1b (1452 kg). Recall that the
comparablé weights for the equatorial geosynchronuus mission are total up
payload of 7200 1b (3266 kg) (net 400 Ib (182 kg)) and 6800 Lb (3084 kg) down.
The main engine consumables, Fig. 9, are 44,500 1b (20,185 kg} for the lunar
missions reflecting the smaller total Av requirements for the lunar mission

over the equatorial geosynchronous.
The two-stage, two EOS AMOOS vehicle performing a lunar mission
shows a corresponding increase in payload capability over the equatorial

geosynchronous. " As an example, consider again the 6700 Ib (3039 kg) stage
with a return payload of 7300 1b (3311 kg). The total delivered payload (from

21
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Fig. 10) is 29,000 1b (13,154 kg) or 21,700 1b (9843 kg) net if the 7300 1b (3311
kg) is round tripped, The correspondmg main engine consumables are approx-
imately 40,000 1b (18,144 kg) per stage from Fig.1l. On such a mission, the
21,700 1b (9843 kg) net payload is placed :n lunar orbit by the AMOOS vehicle

and not returned to low earith orbit.

Consumables analysis was also performed for the uprated shuttles of
80,000 and 00,000 1b (36,288 and 45,360 kg) payload capability to low earth
orbit. Only geosynchronous equatorial missions were considered for one
stage vehicles delivered by one EOS launch and two-stage vehicles delivered
by two and three EOS vehicles. These analyses are reported in detail in
Appendix A. |

A separate consumables analysis was performed for the AMRS vehicle.

The concept of the AMRS vehicle is that it is available on-station for an emer-
gency crew transfe~ either to low earth orbit or to the earth's surface. The
external geometry of the AMRS is similar to AMOOS and is depicted in Fig. 12,
The on-orbit lifetime of such a vehicle should be compatible with space station
lifetime; therefore, a long term space storable propellant is required. From
these two considerations, the variables chosen for an AMRS mission were re-
covered weight and Isp so that a wide range of possible desigﬁs could be
covered, The dependent variable was on-orbit weight, Both on-orbit weight
and recovered weight include the weight of a four-man crew. Therefore, the
weight of the crew must be subtracted to give the AMRS unmanned weight that
must be delivered to a station orbit. The first mission considered was

a return from equatorial geosynchronous orbit. The on-orbit weight im-
mediately prior to separation from the space station is given in Fig.13

as a function qf recover_ed weight for Isp = 260, 290, 320_and 3589 sec.

As an example, consider a vehicle with a recovered weight, including crew, of
6000 1b (2722 kg) and Isp = 300 sec. The required on-station weight is approxi-
mately 12,500 1b (5670 kg), again including crew, Subtracting the crew weight
of 750 lb (3_40 kg) yields an on-station net weight of 11,750 1b {5330 kg). Referring
to Fig.3, the up payload for AMOOS is 11,500 1b (5216 kg). Increasing the AMRS
Isp to 320 sec yields an on-station weight of 12,000 1b (5443 kg)} and hence a net
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weight without crew of 11,250 1b (5103 kg)., The design Isp for AMRS should,
therefore, be about 320 sec if the recovered weight is 6000 1b (2722 kg). The
main engine consumables {(from Fig. 14) for the return from geosynchronous
orbit is approximately 5850 1b (2654 kg). The remainder of the weight to
12,000 b (5443 kg) namely 150 1b (68 kg) are the consumables for the RCS, etc.

The other AMRS mission considered was return from a lunar orbit.
A 30 deg plane change in the vicinity of the moon is allowed which is combined
wiith phasing in lunar orbit. A 72 hr transfer orbit is used to return to the
vicinity of the earth. A required on-orbit weight of 10,000 1b (4536 kg) (net
9250 1b (4196 kg)) is required (Fig. 15) to recover 6000 1b (2722 kg) with an
Isp = 300 sec. Such a payload, 9250 1b (4196 kg), is well within the capability
of AMOOS which (from Fig. 8), is 13,250 1b (6010 kg). Such an AMRS vehicle
could, then, be delivered by a single stage AMQOS which in turn is delivered
to low earth orbit by a single Space Shuttle launch., The AMRS consumables
for this mission are given in Fig. 16.

2.1.1.2 AMOOS Performance Spectrum

The AMOOS consumables analysis for the single stage vehicle delivered
by one Shuttle launch has been analyzed to give the AMOOS performance spec-
trum. The results are plotted in Fig. 17 for equatorial missions to geosyn-
chronous, 15,000 (27,795), 10,000 {18,530) and 5000 n.mi (9265 km) circular
orbits. The current maximum lengih of an AMOOS payload is approximately
25 £t (7.62 m). The maximum diameter is 14.67 ft (4.47m) but this includes
the structure necessary to support the TPS for the return trip. The net diam-
eter is approximately 12 ft (3.66 m) for the recovered payload. If no payload
TPS is required, e.g., a delivery only mission, then the full 14.67 ft (4.47m)
diameter may be realized. On a manned mission these dimensions are not
restrictive since a typical manned capsule is some 11 £t (3.35m) long with an
internal diameter of approximately 10 £t (3.05m). This is a practical maxi-.
mum volume for a manned 'épac-ecraft with an all up weight of 7000 1b (3175
kg) or less.
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The payload weight capabilities of AMOOS are summarized in Fig. 17.
This summary is for the single stage AMOOS placed in low carth orbit by
one space shuttle launch. The mission orbifs covered are circular equatorial
geosynchronous, 15,000 {27,795), 10,000 (18,530} and 5000 n.mi. (9265 km).
The round trip payloads showed little sensitivity to mission altitude. This
is caused by the total Av requirements being essentially identical. The in-
crease in Av required to circularize and change plane at lower mission alti-
tudes is offset by the decrease in Av required for the maneuver to ascent

transfer orbit.

The effects of different weights at the various burns are shown as the
delivered payload differs from the retrieved payload. As the mission altitude
decreases the delivered payload increases slightly for retrieved payloads below
the round trip payload. The reverse is true for retrieved payloads above
the round trip value. In this region the delivered payload decreases with de-

creasing mission altitude.

The break in the curves at the round trip payload value is due to the
maximum propellant volume being reached at that point. For delivery pay-
loads below 7100 1b {3221 kg) approximately, AMOOS, in its launch condition,
weighs less than the maximum 63,100 1b (28,622 kg) allowable. The differ-
ence in the all up weight from the maximum is just the difference between the
delivered payload and the round trip payload. If the delivered payload is in-
creased above the round trip payload then propellant must, of course, be off
loaded to keep the all up weight at 63,100 1b (28,622 kg).

The AMOOS vehicle may also be operated in the purely propulsive mode.
In this mode the TPS and the nose cap are not required thus saving approxi-
mately 1300 1b {590 kg) of dry weight. In this mode, AMOOS has a perform-

ance very close to the Baseline Space Tug performance.
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2.1,1.3 vVehicle Environment

The environment of both AMOOS and AMRS may be divided into three
distinct phases. The first is transportation in the Shuttle cargo bay, the
second is flight in space, and the third is the flight within the atmosphere.

Of these, the environment of the shuitle cargo bay and that during atmospheric
flight may be important in the design of the primary structure. This is due
to the thrust to weight ratio of approximately 2 for both the AMOOS and AMRS
vehicles being well below the number of g's acceleration experienced within
the other two phases. The atmospheric flight phase, of course, governs the
design of the TPS. The environment in the Shuttle cargo bay is given in Ref.7

so only the environment during atmospheric flight will be given in detail herein.

In Fig. 18, the dynamic pressure, q, is plotted as a function of time from
atmospheric entry for a typical trajectory. The maximum dynamic pressure
was analyzed for 65 guidance validation runs. The average maximum q was
75.42 lb/ft2 (3613 N/mz) with a standard deviation of 1.870 lb/ﬂ:2 {89.55 N/mz).
The +30 variations in q are shown as broken lines on Fig. 18. The +3¢ value
of 81.03 lb/ﬂ:2 (3881 N/m) is, by coincidence, just equal to the upper limit of
the range of q for the 65 trajectories. This figure is well below the value of
approximately 104,39 lb/ft2 {5000 N/mz) obtained for the worst case, ungu:.ded
trajectories in the earlier studies. The mean Upax Of 75 42 lb/ft (3613 N/m )
is close to the nominal q ___ of 74.76 lb/ft (3581 N /m?” ) the dlfference being

.360, The above d;scussmns are for a W/CD.A = 35.5 1b/ft (1700 N/rn }, which
corresponds to the upper limit of the W/C A range for AMOOS and AMRS,

The maximum dynamic pressure encountered is both a function of energy
to be dissipated and number of passes constituting the aeromaneuver. The
maximum Jynamic pressure encountered for non-lifting trajectories*is pre-
sented in Fig. 19 as a function of atmosphéric entry velocity. The sensible
atmosphere is assumed to begin at an altitude of approximately 400,000 it
(120 km). The maximum q experienced increases rapidly w_'i.th increasing

entry velocity., These maximum values may be reduced considerablj, in fact,

No vertical component.
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Fig, 18 - Dynamic Pressure vs Time from Atmospheric
Entry (400,000 ft)
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Fig. 19 - Effect of Velocity and Number of Passes on Maximum Dy.namic-
Pressure
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to about 0.75 of the no-lift value, by choosing a lift downward (Refs. 1 and 2)
trajectory. Such a trajectory would usc about one-third or less of the total
available lift for Unax reduction and about one-half for trajectory control,

Maximuim atmospheric density encountered follows a trend similar to
the maximum dynamic pressure, The density peaks later than the dynamic
pressure, which is seen in the example given in Fig.20. The peak values

are, of course, only a few seconds apart,

2.0
PR W/CpA = 35.51b/it%|
£ e
2 L4
N
"

;3‘ o b
H
a onp=
_g o6 b
g [ KN
<
] [ | L4
e 160 700 300 400 500 500
Time [wee)

Fig. 20 - Atmospheric Density vs Time from Atmospheric
Entry (400,000 ft)

The effect of number of passes on maximum density encountered is
shown in Fig.21. Again the peak value can be reduced by flying a downward

lift nominal trajectory. The reduction in Pra would be approximately the

X
same as for Uax’ namely to about 0.75 of the no-lift value.

In both Figs. 19 and 21 there is a minimum value of the rescpective
va.riables. for entry velocities above earth escape velocity for 400,000 ft
{120 kim). The logic behind this is that the vehicle must be captured by the
earth on the first pass through the atmosphere. From the two-body point
of view, the first pass must put the vehicle into a parabolic orbit, but from
a practical point of view an elliptical orbit with a relatively low apogee must
be obtained. Quite arbitrarily geosynchronocus altitude, 19,000 n.mi, (34,500
km) approximately, has been chosen as the maximum permissible apogee -
altitude after one atmospheric pass. The broken line reflects this upper
limit to the first pass apogee. |
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Fig.21 - Effect of Entry Velocity and Number of Passes
on Maximum Atmospheric Density

A typical relative velocity-time history is given in Fig.22, The exit
velocity is, for practical purposes, a function of desired apogee altitude, and
hence, for AMOOS, almost constant. The effects of guidance on the nominal
velocity are small since the guidance tends to negate off-nominal conditions
rapidly. This appears to be due to the fact that as the drag force increases
then so does the lift force, thus allowing corrections to accompany the

accumulation” of velocity errors due to off-nominal conditions.

Since the ballistic coefficient, w/ CDA, for AMRS is approximately the
same as for AMOOS, the above data on the return from geosynchronous altitude
apply equally well to each. However, AMRS must have the capability of ground

recovery. The flight environment applicable for ground recovery will now be
discussed.
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Fig,22 - Relative Velocily vs Time from Atmospheric
Entry (400,000 £t) for a Skip Type Trajectory

Sinc.qz the relative velocity is eventually reduced to zero, there is no
longer the need to target for a velocity loss. Instead of accepting the environ-
ment necessary to efiect the fixed velocity los s, the environment may be amel-
iorated by suitable modulation of the lift vector. To this end, a bank angle
time history has been chosen that modifies the dynamic pressure from the
ballistic reentry values, The first 300 sec of atmospheric flight are plotted
in Fig.23. ‘The bank angle is modulated to rejuce the peak values to 100 lb/ft
(4788 N/m%). The value of q remains below 55 b/t (2635 N/m?) from 300
wec to the termination of the simulated trajectory at approximately 20,000 ft
(6000 m), Atmospheric density ic also plotted on Fig.23. As before, its
maxima and minima lag those 5f q. Since this AMRS environment is for

2

ground recovery, the density eventually tends steadily to that at sea level.

The double peak in q shown is due to the particular bank angle time
history used. To eliminate such a double peak, if desired, a guidance scheme

controlling on acceleration would be desired.

The heating rate on a 1 ft (0.3048 m) radius spherec is used as a measure
of the thermal environment. Three thermal regimes are recognized, namely,
free molecular, where Mm/ Re >3, continuum, where Mm /\[I{? < 0,05, and
transitional where 0.05 < M_ /\’Eﬁ 3. Reynolds number (Re) is based on
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Fig. 23 - Maximum Dynamic Pressure and Atmospheric Density
vs Time from Atmospheric Entry for the AMRS Ground
Recovery Mode

body radius for these classifications. The transitional heating rates and the
values of Mw/Vf{? based on a 1 ft radius sphere are given in Fig, 24 for the
AMOOS and AMRS rendezvous type trajectory. The transitional heating rate
only is plotted in Fig, 24 since the values of Mm/m for both AMOOS and AMRS

are in the range 0.05 _<_M°°N Re < 3 for all except the very high altitude, low
heating rate portion of the trajectory.

The AMRS vehicle is also in the transitional heating rate regime during
the peak heating period of the ground recovery trajectory. The first 300 sec
of this heating rate time-history is given in Fig. 25.

2.1.1.4 Design Parameters

The foregoing data represent the capabilities availnrble to an AMOOS
or AMRS vehicle and the possible environments it may meet. In order to de-

sign a vehicle, some set of capabilities and environment must be extracted.
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Fig.24 - Heating Rates to = 1 ft Radius Sphere Along the AMOOS
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Fig.25 - Heating Rates on a 1 ft Radius Sphere Along the AMRS
Design Trajectory (Stagnation Point)
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These need not represent an actual performance capability ar.d in general
will not since the best practical overall performance is probably a compro-
mise among several possible performance capabilities. For example, con-
sider an AMOOS vehicle required to be able to round trip 7100 1b (3221 kg).
Such a vehicle could perform a one way retrieval of some 14,000 1b (6350 kg).
It is most unlikely that such a large return payload will be required for a
single stage, one EOS launch AMQOS, therefore the design maximum reentry
weight for such an AMOOS could be set at 15,000 1Ib (6804 kg), which repre-
sents approximately a 7500 1b (3402 kg) return payload, Setting such a

return payload allows some margin for variation in payloads but does not
unduly penalize the vehicle by designing for an unusable capability.

The structural design conditions may be separated into two classes.
These are:

1. The fully loaded vehicle in the Shuttle Orbiter
cargo bay. In this condition the AMOOS/AMRS
structure is cold,

2. The lightly loaded vehicle during the aero-
maneuver. In this condition the AMOOS/AMRS
structure is hot.

The AMOOS engine burn condition can be quickly eliminated since the
engine thrust is only 15,000 1b (66,723 N). A 5000 Ib (22,241 N) thrust engine
will suffice for AMRS, It must, of course, be considered when designing the
thrust structure,

In selecting the design conditions, experience was called upon to reduce
the number of conditions. During transportation in the Shuttle cargo bay, the
most highly stressed section of AMOOS or AMRS is near the propellant tanks
where a large fraction of the total mass is concentrated. Note that, in the
case of AMOOS, the mass concentration is particularly pronounced at the LOX
tank. These large localized masses produce the highest internal loads in the
structure. Off-loading propellant, in order to carry a large delivery payload,
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results in a lower stressed structure since the weight in the critical section

is reduced and the increased payload weight is carried into the orbiter struc-
ture at relatively lightly loaded AMOOS sections. For these reasons only the
tanks full case need be used for structural design. On the other hand, during
the asromaneuver, the configuration with the highest W /CDA experiences the
highest loads. For this case, therefore, the heaviest practical recovery weight
is used in combination with the appropriate shortest lengih to determine the

design trajectory.

For use in designing the structure, the aerodynamic loads are specified
as a distribution and a design dynamic pressure. This allows the design loads
to be readily changed by changing the dynamic pressure. The load distribution
remains essentially unchanged at the high Mach numbers at which maximum
dynamic pressure occurs. The properties of materials are also temperature
dependent so that, in this application, a structural temperature must be speci-
fied. This design temperature is chosen upon the consideration of several
parameters. Taken into consideration are the structural materials them-
selves, the ablator or other TPS material and the bonder used to bond the
TPS to the structure. Brief optimization studies (Appendix C) have shown
that 600F (589K) is a reasonable bondline temperature.

The design data for the one stage AMOOS placed in low earth orbit in
one EOS launch is given in Table 1.

Table 1
SINGLE STAGE AMQOS DESIGN DATA

Total {all up) Weight: 63,100 1b (28,622 kg)

Payload: Up 7100 1b {3221 kg); Down 7100 1b (3221 kg)
Main Engine Consumables: 48,500 1b (22,000 kg)
Design Reentry Weight: 15,000 1b (6804 kg)

Bond Line Temperature: 600 F (589 K}

Design Dynamic Pressure: 100 11:o/ft2 {5000 N/rnz)
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With the expected dry weight of 6700 1b (3039 kg) for AMOQS, pro-
pellant will have to be off-loaded to deliver more than 7100 1b (3221 kg).
Designing the AMQOS vehicle for a reentry weight of 15,000 1b (6804 kg)
represents what is believed to be a practical upper limit to the AMOOS
single EOS launch round-trip payload capability. A round-trip capability
of 7500 1b (3402 kg) corresponds to a dry weight of 6300 1b (2858 kg). Such
a dry weight is feasible with moderate advances in technnlogy. As stated
previnusly, prior experience has shown that the maximum propellant case
yields the design loads. A minimum skin gage is specified upon considera-
tion of it supporting the ablator. This results in a very lightly stressed
structure at the aft end where the payload is attached. Because of this lightly
loaded condition a 59 £t (17.98 m) long vehicle of 25,000 1b (11,340 kg) reentry
weight could also be used without appreciable penalty, '

Similarly, design data have been chosen for the AMRS and are

given in Table 2.

Table 2
AMRS DESIGN DATA

Total (all up) Weight: 12,500 1b {5670 kg)

Payload, Up Zero, Down: 748 1b (339 kg) (4 men)
Main Engine Consumables: 6,500 1b (2948 kg)
Design Reentry Weight: 7,000 1b (3175 kg)
Bondline Temperature: 600F (589K)

Design Dynamic Pressure; 140 1b/£'l:z (7,000 N/mz)

The aeromaneuvering loads design data are completed by the load dis-
tribution given in Fig.26. The distribution is given as a funcfion of body
diameters. It is plotted in this manner so that it applies to both AMOOS and
AMRS. Furthermore, recall that the Mach number is in the hypersonic regime -
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Fig.26 - Normal and Axial Force Distribution Along
the AMOOS Configuration

so that the distribution for the shorter, truncated bodies may be obtained by
using the fore part of the curve up to the number of body diameters equal to
the fineness ratio of the vehiclé considered. For example, suppose the vehicle
length is 45.6 ft {13.9m) and the body diameter is 14.7 ft (4.48 m), then the
load distribution for this configuration would be that part of the curve of Fig.
26 from 0 to 3.10 body diameters {calibers)}.

The above design data are also used to determine a design trajectory
and hence a design heating rate time history. Since the ballistic coefficients
for the four-man crew module AMOOS and AMRS are approximately the same,
the same design trajectory may be used for both in the Shuttle Orbiter recovery
rendezvous mode. However, AMRS must also have ground recovery capa-
bility, therefore a reentry design trajecfory and corresponding heating
rates must be developed. The selected trajectories are, of course, those
given in Figs. 18 through 23, The corresponding stagnation heating rates

on a 1 ft radius sphere are given in Figs.24 and 25.
For completeness, the Shuttle Orbiter cargo bay loads are given. Ex-

perience has shown that these loads do, in fact, design much of the AMOOS

and AMRS vehicles, These loads are given in Table 3 and are taken from

" Ref. 7.
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Table 3
SHUTTLE PAYLQAD BAY LIMIT LOAD FACTORS

Linear - g
. #*
Condition X Y Z
Lift-Off -0.1 +1,0 +1,5
-2.9 -1.0 - 1.5
High-Q Boost -1,6 +0,5 +0,6
-2.0 -0.5 ~-0.6
Boost-Max, LP -2,7 +0,2 -0,3
{Stack) -3.3 -0.2 -0.3
Boost-Max, LP -2.7 +0.2 -0,75
(Orb Alone) ~3.3 -0,2 -0.75
Entry and Descent +1,06 0 +2.5
Pitch Up -0.02 0 -1.0
Entry and Descent +0.75 +1.25 +1.0
faw +0.75 - 1,25 +1,0
l.anding +1,0 +0.5 +2.8
-0,8 -0.5 +2.2
Crash** +9.00 +1.50 +4.5
-1,5 -1.50 -2,0
Crash (Crew Com-~ +20,0 +3.,3 : +10,0
partment Interior) -3.3 -3.3 _ -4.4

Positive X, Y, Z divections equal aft, right and up, Load fac-
tor carries the sign of the externally applicd load,

sk

Crash load factors are ullimate and only used to design pay-
load support fittings and payload attachment fasteners., Crash
load factors for the nominal payload of 65,000 1b {29,485 kg).
Longitudinal load factors are directed in the forward azimuth
within 20 deg of the orbiter longitudinal axis, The specified
load factors will operate separaf:ly.
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2.1.2 AMOOS/AMRS Concepts ancd Applicationy

A modular AMOOS concept was developed initially in Ref.2 and is

further developed herein. A typical modular layout is shown in Fig. 27.

Space Suit
Storage

._&Jj— Storage

i @ -
/ < A
L— Airlock

Control
Station

——

' N
/ . I*jll-ﬁ ft =1 13,30 ft by
12,22 ft by 13.58 {t Vertical Sleep Station 14,67 ft

_Ellipse 45.6 £t Ellipse

Fig.27 - Typical AMOOS and Manned Module Layout

Basically, the vehicle consists of a tapered elliptical body, raked off at ap-
proximately 45 deg at the nose. The nbse consists of a complexly curved |
cap designed to give a high drag coefficient. The lengths of the propulsion
module and crew module are 34 ft (10.4 m) and 11.6 ft {3.54), respectively.

The elliptical cylinder section tapers from a 12.22 ft (3.72 m) x 13.58 ft

(4.14 m) ellipse at the forward most point of the LOX tank to a 13,30 ft {4.05 m)
by 14.67 ft (4.47 m) ellipse at the aft end of the crew module.

The application of AMOOS to the manned geosynchronous sortie mission
was also considered. This application is for two AMOOS stages delivered by
{wo Shuttle iaunches. The structural design and weight analysis was not per-

formed to the same degree of detail as for the crew rotation application.
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The complete vehicle is shown in Fig.28 and consists of two AMOOS pro-
pulsion modules, a crew quarters module and a workshop module. The crew
quarters module and both AMOOS propulsion modules would be recovered.
The smaller crew module of Fig, 27 could be substituted for the large crew
module of Fig, 28. Typical total weights for the crew module of Fig, 28 would
be 10,0001b (4536 kg). The corresponding weight of the workshop would be
8000 1b {3629 kg) approximately, If the smaller, 6800 1b (3084 kg) crew
module of Fig.27 is used then the workshop, as left in orbit, may weigh as
much as 18,000 1b {8165 kg). The AMRS external geometry was obtained
by scaling the AMOOS configuration. The design of the Fig.27 vehicle and
AMRS will now be discussed.

2.1.2,1 Design of the AMOOS Propulsion Module

In previous AMOOS studies, a non-optimized ring-stringer stiffened
skin primary structure has been used. In this contract it was decided to
use a structural design computer program that will optimize the structure,
This is accomplished partially by user input and partially within the program
so that several cases must be run before the minimum weight structure is
obtained.

The ring-stringer stiffened skin stfucture is considered optimum for
AMOOS and AMRS applications since the skin must give rigid support fo the
ablator. This type of structure gives a good compromise between structural
weight and skin thickness, The thickness of the skin is also considered im-
portant in the refurbishment of the TPS.

The choice of structure material was based on the experience gained
from previous contracts. Although Be-38A¢ Beryllium-Aluminum yielded
the lightest structure, HM21A-T8 Magnesium gave a comparable weight.
The other materials considered, namely titanium and graphite/polyimide,
vielded much heavier weights. Stainless steel was eliminated since it would

give a heavier structure than titanium at 600F (589K). For these reasons,
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and its relatively low cost, magnesium HM21A-T8, has been chosen for the
current designs., The expected weight of the primary structure using Be-38Af

would be slightly lighter and for other materials somewhat heavier.

The primary structure weight for HM21A-T8 magnesium is given in
Table 4,

Table 4

AMOOS PROPULSION MODULE PRIMARY
STRUCTURE WEIGHTS

Section St?fri' ;) n gzrslzl%?ion Li?g)th W‘(ifbg)l‘lt
Nose 0-114 Orbiter 114 301
Fwd Body 114-240 Orbiter 126 321
Aft Body 240-408 Aero 168 391

10% Contingency _lol
Total 1114

A typical segment of this structure is shown in Fig.29, The structural
weights also include solid circumferential rings placed at appropriate loca-
tions to allow for splice areas and major component attachment points. Nine

such rings are included, each four inches wide and 0.5 in, thick.

Fig.29 - Typical Segment of AMOOS and AMRS Primary Structure

46

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC TR D496644

In all, four design cases were considered. These are: (1) the fully
loaded AMOOS vehicle in the Shuttle Orbiter cargo bay durinz ascent; (2) the
propulsion unit alone; (3) the propulsion unit with the crew module; and (4)
the maximum length, maximum reentry weight vehicle. The last three cases
are during the atmospheric pass., The vehicle was designed to withstand
each case by using the critical load to design each section.

Except for the primary structure and TPS, AMOOS subsystems are
either identical to those of the Basgeline Space Tug {(Ref,8) or similar. The
weights of these subsystems were either taken or estimated from Ref. 8.

The following subsystems or components of AMOOS are identical to the Base-
line Tug of Ref. 8; engine, gimbal, thrust structure, mounting structure, feed,
fill drain and vent, pneumatic and pressure, hydraulic (except nose actuator),
propellant loading and measuring, tank insulation, purge and thermal contrnl
system and rendezvous and docking. The weights of the above systems were
taken from Ref.8. The APS system for AMOOS must be operative in the
atmosphere and hence more powerful thrusters are nceded at least in pitch
and yaw. An APS weight of 500 1lb, excluding consumables was allowed against
301 lb for the Baseline Space Tug. The navigation studies of Ref.3 were used
to determine that the Baseline Space Tug avionics would be adequate for AMOOS,
Since the manned capsule would not be detached from the propulsion module in
space, the payload and umbilical interface was omitted for the manned AMOOS,
If a detachable payload is carried, then this weight must be taken from the
AMOOS payload capability, A scar weight of 30 1b was allowed for this capa-
bility and called the aft ring interface.

The Martin Marietta SLA 561 ablator was chosen as the TPS material
for the AMOOS vehicle and the payload protection structure. This material
was chosen since it is flight rated and the heating rates are within its range.

It is also expected to yield a relatively light weight TPS because of its good in-
sulative and ablative properties and its low density of 15 lb/ft?’ (240.28 kg/m?’) .

The heating rates on the vehicle were computed for the trajectory

‘given in Section 2.1,1.3, These heating rates were then used to compute
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the required ablator thickness over the vehicle using the STAB II computer
program. The TPS weight given in the weight breakdown (Table 5) was
selected from consideration of bondline temperature, angle-of-attack and

off-nominal conditions. The method is explained fully in Appendixz C.

An overall weight contingency of 10% was allowed on dry weight, On
top of this, an unbudgeted contingency of 200 1b was added since it was con-
sidered that further study of the navigation, guidance and control system was

required to describe the system adequately.

2.1.2.2 Design of AMRS

The same approach was taken to the AMRS vehicle as to AMOOS. In
the case of AMRS there is essentially only one vehicle configuration so that
there was only one atmospheric flight case to consider. rhe ascent in the
Shuttle Orbiter's cargo bay was also considered in the primary structure

design.

The AMRS primary structure weight was optimized in a2 manner similar
to that described for AMOOS. The subsystems and components weights were
obtained from Refs.8, 9 and 10. The avionics weights were obtained from Ref.8
(Baseline Tug) upon consideration of the minimal system required for AMRS.
The crew, life support and related systems volumes and weights were taken
from Ref.9. The estimate of the engine, tank and plumbing weights were ob-
tained from Ref.10. The avionics weight was checked against the estimate
using Ref.10. The AMRS vehicle was designed to support a crew of 4 for
24 hours with 100% reserves. (Recall that the time to transfer from geo-
synchruanous to a perigee within the sensible atmosphere is less than six
hours.) The resulting AMRS weight breakdown is given in Table 6.

The design of the TPS followed closely that for the AMOOS propulsion
module. The details are given in Appendix C.
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Tabie 5
AMOOS PROPULSION UNIT WEIGHT BREAKDOWN

Components Weight, 1b (kg)
Gimbal 30 { 14)
Fuel Tank and Supports 417 { 189)
Oxidizer Tank and Supports 238 { 108}
Thrust Structure 29 {( 13)
Mounting Structure 100 { 45)
Nose Actuator 100 { 45)
Engine 442 { 200)
Feed, Fill, Drain and Vent 256 { 116)
Pneumatic and Pressure 234 { 106)
Hydraulic 63 { 29)
Propellant Loading and Measuring 50 ( 23)
APS 500 ( 227)
Tank Insulation 130 { 59)
Purge and Thermal Control System 311 { 141)
Navigation Guidance and Control 154 { 70)
Data Management 158 ( 72)
Communications 72 ( 33)
Measuring System 92 ( 42)
Electrical Power and Distribution 410 { 186)
Rendezvous and Docking _ 35 { 16)
Aft Ring Interface _30 (_14)
3851 (1747)
Thermal Protection System 1036 A 470)
Shell Structure 1013 ( 459}
Contingency 10% 590 { 268)
Unbudgetéd Co.ntigency | ' il_g { 95)
Total Dry Weight 6700 (3039)
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Table 6
AMRS WEIGHT AND VOLUME BREAKDOWN
Vol. ft°  (m’) W, b (kg)
Crew, Four @ 56 ft° 224 (6.34) 748 (334)
Food 8 1b/ft> 2 {0.057) 16 ( 7
Furnishings 2 1b/ft> 43 (1.22) 86 ( 39)
Medical 10 1b/ft> 2 (0.057) 20 ( 9
Personnel Effects 10 {0.283) 56 { 25)
EC/LSS 738 (335)
Atmosphere 2 (0.057) '
Water 62 1b/ft> 1 (0.028)
Wastes Management 4 {0.113)
Hardware 10 {0.283)
Electronics 4 {0.113) 130 { 59)
Communications and Data System 10 {0.283) 327 (148)
Instrumentation 16 {0.453) 188 { 85)
Miscellaneous Equipment 10 (0.382) 20 { 9)
Expendables 3 (0.085)
Crew Capsule 507 (230)
Engine and Thrust Structure 185 ( 84)
Tanks and Support Structures : 375 (170}
Astrionics 400 (181)
Plumbing Weight 132 { 60)
Flap | 50 ( 23)
TPS 500 (227)
APS and Structure ' 500 {227)
Shell Structure : 469 {213)
Contingency 10% _34 {0.963) 473 (215)
Total Dry Weight 375 (10.62) 5920  (2685)
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2.1.3 Integrated Crew Module/AMOOS Analysis

The AMOOS crew module was designed to provide life support for a
crew of four for 30 days. Negligible weight changes could also result in a
six man, 20-day configuration. The capsule is designed to accomodate the
crew but not to provide working area. The primary structure and TPS for
the module was designed in conjivnction with the propulsion module and so
the same trades and optimization were performed. The crew requirements
were determined from Ref, 9. The AMRS crew compartment was designed
for a four-man, one day occupancy in space. The vehicle is designed for
emergency use, The life support subsystems comsumables do, however,

include the recommended contingencies, usually 100% of the required value,

The weights of the AMOOS crew module are given in Table 7. The AMRS
crew compartment weights are given in Table 6 of the preceeding section with

the dry weight, including crew, since an integral vehicle is chosen for AMRS,

2.1.4 AMOOS/AMRS Flight Test Program Analysis

The purpose of this analysis is to determine the requirements of a model
flight test program applicable to both AMOOS and AMRS, The flight test
prbgram must provide design data for AMOOS and AMRS and concurrently
check out common subsystems of these vehicles, It is envisioned that such
model testing will significantly reduce the flight testing of the full-scale

vehicles and hence result in a lower overall flight test program cost.

Two test programs have been identified: (1) the first is designed to pro-
vide data for AMOOS and AMRS design and concurrently check out the concepts
and subsystems basic to AMOOS and AMRS, and (2) the second is considered the

minimal program to demonstrate the feasibility of the use of aeromaneuvering.

A preliminary design of a test vehicle was performed in order to deter-
mine the approximate weight of the model and the subsystems required. The
weights of the subsystems reflects IUS technology. The primary structure
was desgigned from the point of view of simplicity of construction, hence a
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Table 7
AMOOS MANNED UNIT WEIGHT AND VOLUME BREAKDOWN

Vol. £t (m®) we, b g)
Crew: Two @ 75 ft>/man 150  (4.25) 748  (339)
Two @ 56 ft3 /man 112 (3.17)
Food 8 1b/ft> . 6  (0.170) 50 ( 23)
Furnishings 93 {2.63) 185 { 64)
Bunks 3@151b
Seats 4@201b
Misc, 4@151b
Medical 5.51b 2 (0.057) 22 { 10)
Personal Effects 11 (0.312) 213 { 97)
Clothing 4 @ 35 1b
Hygiene 28 1b
Personal 10 lb/man
EVA 25  (0.708) 372  (169)
Suits 2@62 1b
PLSS 2@621b
Equip 2 @62 1b
Interior Space Suit 4 @31 1b (14) 8 (0.227) 124 { 56)
EC/LSS 21 (0.595) 1531 (694)
Cabin Pressurization 55 1b (25)
O2/N; Leak (5 1b/day + 100%) 300 1b (136)
Oz Consumption {2 1b/day + 100%) 120 1b (54)
Water (6.2 1b/man/day) 152 1b {69) (reclamation)
Hardware 904 1b (410)
Electrical Power 4 (0.113) 130 { 59)
Communication and Data System 10 (0.283}y 327 (148)
Instrumentation 16 (0.453) 188 { 85)
Miscellaneous 10 (0.283) 80 { 36)
Maintenance Equipment 40 { 18)
Flap 225 (102)
Docking Mechanism 120 { 54)
Capsule 1225 . (556)
TPS 335 (152)
Shell Structure 326 {148)
Contingency 10% . 48 {1.36) 624 (283)
Total 516 (14.61) 6820 (3094)
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0.1 in. thick load bearing aluminum skin was selected. The TPS weight was
csiimated from the AMOOS TPS studies for a bondline temperature or 200F
(366.3K}., The vehicle layout is shown in Fig.30.

The parameters and subsystems to be tested in this way are the vehicle
environment, ablation rates, skin temperatures, and the navigatior, guidance
and control subsystem, The return from an equatorial geosynchronous mission
will be considered baseline., Kach of the above will now be discussed individually.

The vehicle environment consists of dynamic pressure, atmospheric
density, aerodynamic loads, heating rates and heating loads. The dynamic
pressure and atmospheric density may be obtained by flying a nominal tra-
jectory. However, this would mean boosting the vehicle to about 8000 ft/sec
(2300 m/sec) above the Shuttle Orbiter velocity and also have active
guidance of the vehicle to attain the desired entry conditions. It is considered
desirable to fly as simple a system as possible on the first flight. To pre-
serve the simplicity it is suggested that the model be deorbited from the
Shuttle orbit. This will also require that a ground recovery trajectory be
flown. Both the peak dynamic pressure and the peak heating rate increase
with decreasing (larger negative) flight path angle at entry. The lower entry
veldcity can, therefore, be partially or even totally compensated for by in-

creasing this flight path angle.

As an example of this modeling, consider the modeling of air loads and
heating rates in the continuous flow regime. The air loads are proportional
toq = 1/2p VE and the heating rates, éz, to (p/r) 1/2 Vi'ls’ where p is the
density, r is the body radius and Vr is the relative velocity. Now, along the
trajectory, these air loads and heating rates have maximum values. Since Vr
is a function of p along the trajectory, the maximum values of each may be
modelgd. However, for the design of the ablative TPS, the heat load, Q, is
more important., It may or may not be possible to fly a low energy reentry

trajectory that has the same heat load as the skip type maneuver used for

rendezvous.
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Fig.30 - Schematic of Flight Test Model
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Several computer runs have been made to investigate the extent of
modeling heating rate and heat load that can be achieved.

An unguided trajectory, such as envisioned for the first model flight,
cannot be used to model air loads and thermal environment accurately.
However, if the vehicle is designed conservatively and recovered, then over-
all effects of the thermal environment may be obtained, Embedding thermo-
couples in the ablator may also be used to obtain data on conditions within the

ablator, or at least until exposed.

The stability of the vehicle is independent of the air loads and thermal
environment provided that the ablation does not appreciably change the shape
of the vehicle.

Each model flight test program will now be discussed, beginning with the
more comprehensive plan. One model can, therefore, be used to perform the
initial tests of stability, thermal environment, air loads and a parachute re-
covery system, This is shown as the first flight of the flight test schedule,
Chart 1.

The second test flight would be of heating rate, air load measured as
acceleration on the vehicle and vehicle controllability. A high energy orbit
would be proposed since the attitude control system: would be active. The ap~
propriate entry velocity may be obtained in one of several ways. The minimum
Av method is a two burn method with the first burn at perigee to raise the .apogee
to the mission altitude to be simulated. A small burn at apogee lowers the vacuum
perigee to within the sensible atmosphere. Since the attitude control system is
active, programmed bank angle and angle-of-attack time histories may be
input. In this way the acceleration and the heating rate may be approximately
controlied. The controllability, heating rates and accelerations on the vehicle

may be performed in one flight. These tests are recommended for the second
test flight in Chart 1.
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Number
of Shuttle Target Orbit
Launches Perigee Energy Test 1980 1981
¥ s
S Low Low { Vehicle Stability, TPS TAY
Ablative Rate and Ground
Recovery Test
5 Low High | Vehicle Controllability,
Heating Rate, Accelera~
tion Test A
S High High | Vehicle Guidance, Heat
Load and Phasing with
Space Shuttle Test A
5] Low High | Simulated Manual Guid-
ance and Backup Systems
Test A

%
S denotes a shared Space Shuttle flight,

Chart 1 - Flight Test Plan
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The next objective of the model flight test program is to check out the
guidance of the vehicle. The skip through the atmosphere to a rendezvous
with the Shuttle Orbiter is considered the more demanding maneuver for the
AMOOS/AMRS guidance. Considerable data are available on reentry to sur-
face recovery guidance from past space flights. More data will become
available with the Space Shuttle Orbiter flights. With the vehicle guidance
system active, which requires the control system active, a complete check
out of the automatic operation of the aeromaneuver may be performed. This
is flight 3 of Chart 1.

The prime systems have been checked out in flight 3. There remains
then, the requirement to check out the backup systems. The flight will ke
unmanned so that the actions that 2 crew may take in guiding and controlling
the vehicle will need be simulated. This is flight 4 of Chart 1.

The minimal model flight test program consists of two flight tests de-
signed to demonstrate the feasibility of the AMOOS and AMRS concepts, The
first flight is identical to the first flight of the four test series. The second
flight is also a low energy flight, It is designed to test the vehicle control-
lability and guidance. The hardware will include an inertial platform, attitude
rate sensors, reaction control system and a guidance computer. The trajectory
will be controlled to a nominal as in a high energy pass thus demonstrating the
feasibility of the guidance scheme. The minimal model flight test program
is given in Chart 2. ' |

Number . .
of Shuttle | TarEet é"'b‘t Test 1980 | 1981
Launches erigee nergy
g Low Low | Vehicle Stability, TPS Ablative A
Rate and Ground Recovery Test
S Low Low Vehicle Controllability and A
Guidance Test

*S denotes shared Space Shuttle flight,

Chart 2 - Minimal Model Flight Test Plan
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2.1.4.1 Phased Plan

To accomplish the design and development of a flight test model and

the flight test plan a phased development plan will be used. However, prior

to this phased plan, it is considered necessary that certain studies be per-

formed to determine: (1) the specific trajeciories that should be flown to

obtain particular modeling and test parameters; (2) the off-nominal conditions

that may be experienced; (3) design parameters for the structure and TPS;

and (4) the design parameters for the parachute recovery system.

® Phase A

Objective: Eatablish the feasibility of modeling the desgign param-
eters of AMOOS and ARMS using models.

Tasks: Determine parameter values requires and scaling factors
atfecting these parameters. Determine model trajectory as a function
of model scale to obtain the desired values. Develop vehicle pre-

- liminary designs and perform trades among the alternative configura -
tions., Select best configurations for further studies.

Phase B

Objective: Determine full potential of alternative configurations to
increase confidence in its design parameters.

Tasks: Analyze mission spectrum for each test flight. Determine
values of parameters to be modeled, Compute the effects of off-
nominal conditions. Define flight test data analysis methods. Esti-
mate accuracy of results. Establish vehicle design methods based

on these data. Refine design of each configuration. Perform weights
estimates. Kstablish method of operation. Identify launch conditions
and recovery areas and methods.

Phases C-D

Objective: Develop operational vehicles,

Tasks: Design, build and test vehicles, Model, build and test vehicles.
Model, build and test subsystems. Develop ground check out., Estab-
lish data recovery system. Analyze data to show desired values of
design parameters. Verify design methods and criteria.
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2.2 SIMULATION TECHNIQUES

The linear regulator approach to the guidance task of AMOOS and AMRS
is recommended. A set of 65 randomly generated test cases showed the scheme
to be accurate and precise. In this application, the scheme is used ta control
to a nominal trajectory. A combination of systematic errors and randomly
generated atmospheres were also used to search for bias in the guidance law,

Approximately 200 cases have been run to evaluate this guidance scheme,

The classical linear systems app.oach was also applied to the AMOOS/
AMRS guidance. This method proved less adaptable than the linear regulator,
The histogram of the 65 test cases for both techniques is given in Fig.31.
This histogram clearly shows the greater spread of apogee altitude for the
classical linear approach as compared with the linear regulator approach,
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Fig.31 - Histograms of Apogee Altitude for the Linear Regulator
and the Classical Linear Systems Guidance Applied to tne
AMOQOQOS Type Maneuver
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The velocity lost approach of Ref,4 was also considered. However,
this approach does not appear amenable to development without considerable
change in the fundamentals of this approach,

The linear regulator approach was also proved adequate for the ground
recovery guidance requirement for AMRS., Again, control was to a nomiaal
trajectory. Since the linear regulator had already been selected for the

rendezvous type guidance, no other schemes were evaluated for the ground
recovery guidance,

2.2,1 AMOOS/AMRS Conceptual Guidance Schemes

The AMOOS/'AMRS guidance scheme should be applicable to both the

pass through the atmosphere and surface recovery type aeromaneuver, The

guidance for the surface recovery maneuver has many similarities with the
Space Shuttle Orbiter, Apollo, Gemini and Mercury reentry guidance, The

AMRS L/D places it between the Shuttle Orbiter and Apollo for maneuver-

ability., Present and future data will assist significantly in the ground re-

covery type guidance.

On the other hand, the AMOOS type guidance, in which one pass or more
is made through the atmosphere, has several unique features. The require-
ments of guidance for this type aeromaneuver will now be compared with

those of ground recovery and synergetic plane change maneuvers,

AMOOS must be guided through the atmosphere so that it has just suffi-
cient energy to reach a predetermined apogee, This required energy will
fluctuate slightly since it is a function of flight path angle at exit, or, equiva-
lently, the hypothetical vacuum perigee of the motion at egress. These fluc-
tuations in vacuum perige-: must be small when compared with the radius of
the earth because the actual perigee altitude is small when compared with an
earth radius and, furthermore, AMOOS has limited maneuverability so that
possible fluctuations are considerably less than the 400,000 ft (120 km) dépth
of the sensible atmosphere, 'I_‘he practical result of this is that it is sufficient

for AMOOS to leave the atmosphere with a given velocity. This velocity is
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close to low earth orbital vetocity, During atmospheric flight it is always
greater, of course, than the local in-vacuum orbital velocity. For gaining
insight into AMOOS guidance it is convenient to consider that a fixed velocity
reduction must be achieved. This reduction is, of course, a function of the

entry velocity and desired apogee altitude. On the other hand, ground re-
covery aeromaneuvers require the relative velocity be reduced to or below
terminal, with the use of parachutes or lifting flight if necessary. This con-
dition may readily be achieved so that guidance emphasis is on other param-
eters such as air loads, thermal environment and recovery point, The

guidance and design of such recoverable vehicles reflects the use of these
parameters, e.g., heating rate limitations on the trajectory. The differences

in time at which the recovery point is reached is of little importance. AMOOS,
on the other hand, has just the opposite conditions and requirements, in par-
ticular, velocity loss and time of arrival are important to ensure proper phasing
with the Shuttle Orbiter requirements. The air loads and thermal environment
entailed must be accepted. This does not mean that a technique minimizing
them may not be chosen but that during an actual flight these variables are
essentially uncontrolled or only indirectly controlled, e.g., by limiting velncity
excursions from nominal. However, maintaining vehicle integrity is of prime
importance so that air loads and thermal environment become non-violable
boundaries., However, they are chosen and the vehicle designed so that achiev-
ing these boundaries does, in fact, signify a failure or condition far from nominal,
e.g., the design dynamic pressure is 100 lb/ftz (5000 N/mz):kthe ultimate without
safety factor, is 150 1b/ft2 (7500 N/mz) and the nominal maximum is 75 1[)/ft2'
(3600 N/mz) . The standard deviation, Ty is Zlb/ftz (90 N/mz) so that the safety
margin extends some 120 _ or more above the nominal., The likelihood of violating

this boundary is therefore very small, usually a 3¢ margin is considered suifficient.

Synergetic maneuvering guidance minimizes the velocity to be added
while achieving an accurate value of some other parameter which, in all appli-
cations to date, is plane change with or without a change in mission altitude.
As a comparison, the AMOOS desired energy loss is a large fraction of the
total energy and when off-nominal conditions are met, the guidance law would

minimize energy deviations about this larpge desired loss. In the case of

L . : . .
These conversions are rounded to yield convenient numbers.
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synergetic plane change the desired energy loss is zero but the best that can

be achieved is the loss of a large fraction of the total energy, Off-nominal
conditions will, in general, cause a further loss of energy since such conditions
are deviations from the optimum, As in the case of surface recovery guidance,
air loads and thermal environment represent barriers that must be fiown closely
for efficiency and may be somewhnat arbitrarily chosen,

Another significant difference is that AMOOS is at all times during atmos-
pheric flight above the local circular orbital velocity. This is not so for syn-
ergetic plane change where the velocity is sub-orbital, The tasks are therefore
reversed in that AMOOS must be retained within the atmosphere for a suffi-
cient period of time to make the necessary energy adjustment whereas for
the synergetic plane change the vehicle must be held out of the more dense
atmosphere to limit air loads and thermal environment. Furthermore, the
investigations of synergetic plane change are more of the nature of targeting
in which an optimum nominal trajectory is determined. In the synergetic
maneuvering studies to date, off-nominal conditions are not considered. On
the other hand, the AMOOS guidance includes the compensation of both nff-

nominal entry conditions and unpredictable atmospheric density variations,

In the AMOOS guidance, lift is used for trajectory control. Two basically
different ways of lift vector modulation were studied to evaluate the guidance
schemes. The selected way was to modulate bank angle about 90 deg in order
to produce a vertical component of lift, Using a nominal bank angle of 90 deg
with an angle of attack of about 35 deg gives AMOOS a small plane change capa-
bility which is decreased by the use of lift for trajectory control. Fortunately,
the changes in plane change capability proved very small, thus allowing bank
angle modulation to be used., The other method considered was to modulate
lift using angle of attack, The vehicle would be flown at a bank angle of 180
deg, i.e., upside down. This method has the advantage that drag increases
with increasing angle of attack and so has an additive effect on control effec-
tiveness, Unfortunately, the propulsion module alone had insufficient variation
of lift coefficient with angle of attack to make this methnd usable. It was, there-.

fore, dropped, since the bank angle modulation technique. worked so well.
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The objective of the AMOOS type guidance is to achieve an acceptable
phasing orbit. The nominal phasing orbit has a 10 min period difference from
the Shuttle Orbiter. It was considered that 8 to 12 min period difference was
acceptable. These times were then translated into apogee altitudes to yield
variations of 454 n.mi. (+100 km) about the nominal of 388 n.mi, (720 km). This

reduction of the guidance objective to an allowable variation in target apogee
is shown in Fig, 32,

‘Transiar Orbit

tominal Phasing Orbit

Shuttle Orbit
178 noml. x 388 pani,

160 n.mi.

Asrobraking

Nominal
Psariod Blus
2 min.

Senpible
Atmosphare

Fig. 32 - Diagramatic Representation of the Guidance Objective
for the AMQOS Type Aeromaneuver

The AMRS surface recovery guidance requirements are comparable to
Apollo and Space Shuttle Orbiter reguirements, Guidance techniques based
on existing schemes could be developed, However, AMRS may be used in
cither mode, namely surface.recovery or Orbiter rendezvous, therefore, the
AMOOS type guidance, i.e., linear regulator is desirable for surface recovery
since it will minimize the onboard changes to the guidance scheme. The main
objective of the AMRS guidance is to ensure the integrity of the vehicle during

~atmospheric flight without incurring excessive landing position errors.
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2.2.1.1 Linear Regulator Approach

In the linear regﬁla.tor approach a trajectory control and an index of per-
formance must be chosen. Optimum control techniques are then employed to
obtain the control function which minimizes the index of performance. Both
angle of attack, a, and bank angle, §, were considered as the trajectory control
parameters. The angle of attack method resulted in insufficient vehicle con-
trollability and was therefore not further pursued. The bank angle method
employs variations of § from its nominal 90 deg position to produce a positive
or negative lifit component. This method was used with this guidance approach.
The index of performance was chosen to minimize the error in phasing orbit
apogee, Specifically, it consists of the square of the apogee error plus the
integral of the square of the control variable over the flight time. The integral
portion of the index of performance is considered a measure of the consumables
used in controlling the trajectory. The minimization of the index of performance
based on the linearized equations of motion along a nominal trajectory results in
a linear time-varying guidance law. The guidance law is expressed in terms
of the deviations of the parameters velocity, flight path angle and density alti-
tude from their nominal trajectory values. Implementation of the guidance law

therefore requires a set of time-varying gzin factors and a nominal trajectory,

The details of the formulation are given in Appendix D and the results
are given in Section 2.2.2.1.

2.2,1.2 Classical Linear Systems Approach

In this :nethod, the trajectory control parameter is written as a linear
function of the deviations of selected trajectory parameters from nominal.
Only bank angle was used as a trajectory control parameter since angle of -
attack had failed to yield sufficient lift modulation for the linear regulator
approach applied to the propulsion unit alone case. In this classical linear
~ systems approach, the trajectory control parameter, namely the bank angle,
was chosen to be a function of the error in velocity and acceleration. Later
the time differential of acceleration, jerk, had to be included to improve the-
scheme. The gains were obtained by trial and error using a small number

of randomly generated entry conditions and atmospheric densities.
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2.2.1.3 Test Cases

In order to evaluate the schemes, 65 test cases were generated. Each
case was commenced at geosynchronous altitude with a randomly generated
velocity designed to yield a 43¢ entry corridor of 3.89 n.mi. (7.2 km)., The
atmospheric density was varied in a random manner about the 1962 U, S.
Standard Atmosphere as mean. The correlation in time and space was also
incorporated. The randomness and correlation were obtained from Ref.5.

The reasoning behind this choice is as follows, Provided the atmospheric
density is predictable as a function of altitude, then a nominal trajectory can

be computed. This predictable density along the trajectory has negligible

effect upon the guidance because it is predictable and can, therefore, be negated
by targeting. Any nominal atmosphere that yields a reasonable solution to the
targeting can be used as a base for evaluating a guidance scheme. The guidance
scheme is to correct the effects of unpredictable variations, Therefore, the
best estimate of possible conditions must be made and for this reason the 4D
world atmosphere {Ref.5) is used. The 1962 U. S. Standard Atmosphere is used
for the nominal sinece it is both realistic and readily available as a subroutine

in 2 manner suited for use in trajectory programs.

Also incorporated in the test cases is the elfect that navigation and
targeting errors have on the trajectory. These errors manifest themselves
as position in an entry corridor. To simulate these errors, the velocity at

geosynchronous altitude was varied randomly.

Tests of the variables generated randomly showed that the error of the

mean and standard deviation were small for the sample used.

As an evaluation criterion, the precision with which the guidance schemes
achieve target apogee was used. The nominal phasing orbit has a period of
approximately 10 min longer than that of the Shuttle Orbiter. Based on this,

a phasing orbit with a period difference of from 8 to 12 min would be adequate,
This in turn gave an apogee variation of +54 n.mi. (+100 km) as being accept-

able. This guidance objective is diagrammed in Fig. 32, page 63.
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2.2.2 Computer Coding, Checkout and Demonstration

The guidance techniques were cuded and incorporated in a three-
dimensional point mass computer program. This modified program was
then used to evaluate the guidance schemes. The modified computer

program is described in Ref. 11l.

2.2.2.1 Results of Test Cases

The linear regulator guidance was more precise than the classical
linear approach. Although the latter system always achieved an apogee
above t :e sensible atmosphere, the achieved apogees were occasionally too
low or too high. An apogee was considered not acceptable if below 170 n.mi,
{315 km) since more than one burn was required to achieve a 170 x 388 n.mi.
(315 x 720 km) phasing orbit. Also some apogee altitudes for the classical
linear systems were above 442 n.mi. {820 km) again requiring two burns to

achieve acceptable phasing, and so were considered unacceptable.

The linear regulator guidance scheme was first inspected for bias and
range of application. This was achieved by systematically changing param-
eters instead of random variation, Both target vacuum perigee and atmospheric
density were changed systematically. The effects on apogee altitude and on
maximum dynamic pressure were inspected for bias and to determine range
of applicability, The effects of the maximum permissible change in bank angle,
AB

max
were also investigated.

and the absolute value of angular acceleration of the bank angle, ‘ﬁ. ’

The effect of target perigee on apogee altitude is given in Fig.33, The
guidance scheme appears to be able to compensate with negligible error for
target perigees from approxlmately 2 n.mi. (4 km) below nominal to 1.5 n.mi.
(3 km) above nominal. From these points the apogec altitude deviates noticeably
from the nominal with a definite bias toward the low side. Oply the 3 n.mi. (6 km)
high target perigee gives a definitely unacceptable apogee altitude. At the 2.5
n.mi (5 km) high target perigee, an unexpected value of apogee altitude is ob-
tained if the smooth curve through the remaining points is constructed. This

phenomenon appears to be associated with a combination of guidance cycle time
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Fig.33 - Effects of Systematic Errors in Target Perigee on Apogee

and the fact that the maximum wvalue of the control variable, Aﬂmax’ is achieved
during a considerable length of time due to the large errors in perigee. This,
in turn, introduces a nonlinearity not accounted for in the derivation of the linear
guidance law. The region of applicability of the guidance scheme appears to

be from 2.5 n.mi. (5 km) high to at least 3 n.mi. (6 km) low which includes the
design range oi +1.8 n.mi. (+3.5 km) about the target perigee. Changes in the
gains of the guidance law could be used to extend the range of applicability.

The maximum dynam‘c pressure, ok encountered has a marked bias,

Fig, 34, with low perigees giving in general low 9 nax and high perigees giving
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Fig.34 - Effects of Systematic Errors in Target Perigee on Maximum
Dynamic Pressure

high g This is opposite to the unguided ballistic flight and so may be

max’
attributed to the guidance scheme, All values of Uax

below the design value of 100 lb/ft (5000 ‘Q/m }-

obtained are well

The effects of Aﬂ
The range of Af.’»
deg/sec to 2 deg/secz.

ax’ B and guidance cycle time, AT, arc now con-
sidered. 1s from 15 deg to 60 deg and [3 ts from 0.5

Ea,ch value of ES is plotted separately. Figure 35
shows that for non-zero values of AT, the apogee is biased toward the high
side.

There is no obvious bias or trend with Apm L over the range investi-

gated, Increasing g to Io/secz, Fig.36, changes the scatter but produces no
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pattern. Similarly, increasing ﬂ to 2 deg/lsec2 {Fig.37)again changes the scatier
without producing a well defined pattern. From Figs,35 through 37 a reason-
able control appears to be § = 1 deg/sec, AB .. = 30 deg with 4 < AT < 10

sec, Quite arbitrarily, AT = 10 sec was chosen as the guidance cycle time

from this range. However, a 4 sec cycle time would be expected to improve

the guidance accuracy and precision as compared to 10 sec.

The maximum dynamic pressure is biased below the nominal of 75 I’c:/i:'t2
(3600 N/mz) , approximately, for all AB [3 and AT in the ranges previously
defined, The values of 9 for |3 = 0.5 deg/se.c::2 are given in Fig.38, The
scatter inq___ is about 1 1b/ﬂ: (50 N/m ). A possible trend in the data can
be seen with the minimum values of Unax occurring in the region of 12 < AT
< 16 sec, approximately., Also Af max = 30 deg yields slightly lower 9ax
than AB max

= 15 deg or AR max " 60 deg. The reasons for this latter variation
have not been investigated., When § is increased to 1 deg/secz (Fig.39) trends

are not so apparent and if there, are altered. In this case, Aﬁmax = 60 deg
gives the lowest values of q max’ This is interesting since this value of &ﬂmax
gives the same ratio of AB /b as B = 0.5 deg/sec case and AB . =30 deg.

When B is increased to 2 dieg/e:ec2 Fig.40, the results yield an mcreased appear-
ance of scatter about a decreasing mean as AT increascs. Howe&er, no resulis
were obtained for AT greater then 16 sec, In all cases the values of AT are
chosen on consideration of the time taken to change p by Aﬁmax’ from rest

to rest,

Similar tests for the classical linear systems approach were not run
because the results obtained for the 65 random test cases showed the linear

regulator approach to be the only acceptable.

The histograms of the 65 random cases have already becn displayed in
I‘1g 31. Visually, the superior precision of the linear regulator guidance
over the classical linear approach is obvious, This precision is also pre-
sented in Table 8, The important parameters for the evaluation of the guid-

ance szhemes are shown in Table 8. Also included are the statistics of the
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Variable

Apogee Alt,, n.mi,
Inclination, deg
Longitude, deg
Time of Exit, sec

' q, Ib/_ft‘.2 (N/rnz)

'Q, Btu/ft% (I/cm?)
Vi, ft/sec '(m/sec)

Target Perigee, n.mi. (km)

(km)

Table 8

STATISTICS OF LINEAR REGULATOR AND CLASSICAL LINEAR APPROACH
(Sample Size = 65; AMOOS Type Maneuver)

Linear Regulator

Classical Linear Systems

X S x S
399.9 (720.3) 6.05 (11.2) 359.7 (666.2) 22.4 {226.7)
28.62 0.06 28.61 0.19
240.40 1.41 239.67 2.90
19186.55 11.12 19199.68 49.58
75.45 (3612.6) 1.87 (89.55) 76.73 (3663.62) 7.40 (354.49)
17100 (19,400} 115 (130) 17270 (19,600) 969 (1100)
5190.45 (1582.05) 0.46 (0.14) 5190.45 (1582.05) 0.46 (0.14)
38.16 (70.67) 0.68 {1.26) 38.16 (70.67) 0.68 (1.26)

Table 9

STATISTICS OF LINEAR REGULATOR APPROACH

{Sample Size = 59; AMRS Type Maneuver {Ground Recovery))

" Variable

Qe /6% (N/m?)
Longitude, deg

Latitude, deg

Perigee Altitude, n.mi (km)
VI, ft/sec {m/sec)

Linear Regulator

X

103.37
-245.81
13.23
36.88 (68.3)
5189.67

S

3.25
0.12
1.56
0.686 (1.27)
0.459 (0.14)
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input variables, These show that the standard deviations of the sample were
slightly larger than those of the desired total population. The statistics of
the atmosphere were not checked.

The main parameter for evaluation is the apogee altitude and, in par-
ticular, its standard deviation. In this, the linear regulator is far superior
to the classical linear. With a standard deviation of 6.05 n.mi,. (11.2 km),
the allowable variation of 54 n.mi (100 km) represents almost +9c limits.
Usually 130 is considered sufficient. For phasing with the Shuttle Orbiter
the longitude and inclination are important. In the case of both guidance
schemes, the 1o accuracies for the 170 n.mi. x 388 n.mi, (315 km x 720 km)
phasing orbit are of the same order as the accuracies required for the 170
n.mi. (315 km) circular rendezvous orbit given in Ref, 8. This means that _
AMOOS requires less than one revolution in phasing orbit to rendezvous with
the Space Shuttle Orbiter. The heat load and dynamic pressure are important
in vehicle design. Again the linear regulator gave less scatter than the classical
linear systems approach., The 10 value of less than 1% represents a 3¢ variation

well within the accuracy of current prediction and design methods.

The linear regulator approach was also applied to the AMRS surface re-
covery guidance. In this case, 59 test cases were run. The results are given
in Table 9.

2.2,2.2 Recommendations and Discussion

The linear regulator approach is recommended for the AMOOS and
AMRS guidance. The implementation does not tax current onboard com-
puters since,based on the Univac 1108 simulation, approximately 2000 words
of storage are required for both the code, the nominal trajectory and the
gains. Furthermore a guidance cycle time as long as 10 sec can be used,
which would require a computer cycle time well within current capabilities,
Approximately 600 irstructions must be executed per guidance cycle which,
with Shuttie technology computeré., would allow gu'idancc cycle times of much
less than one second. At this time no recommendation is made as to guid-

ance cycle time nor the number of points required for the nominal trajectory.
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The evaluation of the guidance schemes was based on the schemes being
able to correct for navigation errors generated prior to atmospheric entry and
unpredictable atmospheric density variations, The navigation errors were
assumed unknown but distributed with a standard deviation of approximately
0.65 n.mi. (1.2 km). Choosing this standard deviation effectively simulates
the desired entry corridor of +1.89 n. mi. {+3.5 km). However, the 'real
world" situation is less exacting since, at atmospheric entry, the navigation
system will give the position within the corridor to the accuracy of the navi-
gation system, which is considerably less than the corridor width. In practice,
this knowledge would be used to orient the vehicle immediately prior to entry
and so reduce the stress on the guidance. On the other hand, the navigation
errors generated and accumulated during the atmospheric flight were not to
be included in the simulation. As discussed earlier iﬁ Section 2.2, specd at
atmospheric exit is most important in determining apogee altitude. However,
the error in this parameter is expected to be small since the accelerometers
are very accurate and precise instruments for the low-g loads experienced,

A realistic estimate of the hardware induced velocity error is 6.6 ft /sec

(2 m/sec) which, in turn, generates an error of approximately 3.5 n.mi.

(6.6 km) in apogee altitude. On combining this error with the scatter due

to the guidance scheme, a standard deviation of approximately 7 n.mi. {13 km)
is obtained for the variation in apogee altitude. It should be noted that a

16.5 ft/sec (5 m/sec) hardware induced error in velocity will faise the
standard deviation of apogee altitude 11 n.mi. (20 km}. These values

are well below the allowable variations of +54 n.mi. (+100 km)}. In con-
clusion, the linear regulator appears well able to guide the vehicles in the

Shuttle Orbiter rendezvous (i.e., AMQOS) mode to the required precision.

The surface recovery guidance mode is expected to be less sensitive
to such small errors in velocity induced by the navigation hardware during
atmospheric flight since the vehicle approaches terminal velocity just prior
to parachute deployment, Again, the linear regulator approach lirnits the
variation in flight parameters to acceptable levels (Table 9, page 71).

The velocity lost approach proved intractable to further development.

Two areas of extension were considered, The first method was to recycle
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the gﬁidance periodically. This proved impractical because of the basic
concept of this guidance which restricts it to a single cycle unless consider-
able modification is allowed. The basic idea behind the velocity lost guidance
is as follows. At some time, 'I‘l, after atmospheric entry, the velocity has
decreased by AVT and the flight path angle, y, is equatl to -yp. Now, it is
supposed that the flight from time Ti’ say, when vy = ugy to atmospheric
exit produces a velocity change kVAvT. The next step is to make approxi-
mations about the flight from T to T, where, as yet, T is undetermined.
Between timest = Tandt = T, the vehicle is banked from f = 90 deg to

B = 60 deg and back to 90 deg to yield an upward component of 1ift sufficient
to turn y through an angle 2y .. The time of the maneuver is computed
assuming a constant angular acceleration {3 The velocity lost during the
maneuver, AVM, is computed assuming a constant value for V. The total

velocity lost, if the maneuver were initialized at time T, is therefore
Av = (1 +kv) AvT +AVM .

When Av is equal to the required velocity loss, the maneuver is initiali.ed.
The constant k_ is obtained empirically either from trajectory ane lysis or

by trial and error until acceptable results are obtained, Basic to the tech-
nique, therefore, is the maneuver to change the flight path angle from “Y

to +'yT starting at some time T. Obviously, this maneuver can only be

performed once in a flight, This causes the inherent intractability of the
method to further development.

The second approach was to develop a better analytical prediction of
the expected velocity loss for the remainder of the flight. The general
intractability of the flight to analytical solution prevented a sufficiently
accurate solution being nbtained. Even if such a solution can be obtained
then it is doubtful tha. he velocity lost type guidance will be able to com-
pensate for random atmospheric density variations with sufficient accuracy

for use as the primary system.
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Section 3
CONCLUSIONS

The more detailed analyses of AMOOS and of AMRS have further estab-
lished the feasibility of the one-pass, ablative TPS AMOOS concept, and, con-
currently, established the feasibility of the comparable AMRS concept.

Specific conclusions from the multi-disciplined study of the AMOOS

and AMXS comigurations are;

The modular AMOOS vehicle is practical and is within the
state-of-the art technology using magnesium {HM 21A-T8)
or beryllium-aluminum (Be-38 Af) material for the primary
shell structure,

Performance analysis has shown that AMOOS has payload
capabilities to high energy orbits well in excess of the
Baseline Space Tug.

Weights analysis and a design study of the manned module
shows that AMOOS can carry a four-man, 30-day module
to geosynchronous orbit and return,

The aerobraking concept is feasible for both AMRS and the
modular AMOQOS over a wide range of mission altitudes.
These missions include lunar orbit as well as earth orbit
up to geosynchronous,

The Martin Marietta SLA 561 ablative material yielded a
more practical TPS than other ablative, reradiative or
insulative materials,

The model flight test studies show that unmanned check

out could be performed using four flights over approximately
a two year period, These tests would be expected to elimi-
nate four full scale flight tests. Each flight would share a
Shuttle launch. Useful data could be obtained from a two-
flight test,

The linear regulator approach to atmospheric guidance
proved superior to the classical linear systems approach.
The velocity lost approach proved mtractabla. to further
development.
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Bank angle modulation proved to be an adequate means of
lift vector modulation for trajectory control. Angle-of-
attack modulation proved inadequate due to the low value of
the lift curve slope in the desired angle-of-attack range.

AMRS on-station weight is moderately sensitive to igp in
the 260 to 350 sec range. Increasing the Igp of space
storable propellants to the 350 sec level or above will yield
significant weight savings over the currently available 260
to 290 sec propellants.

The aeromaneuvering plane change capability of the AMOQOS
configuration is little changed by the concurrent use of lift
for trajectory control. For the AMRS-type aeromaneuver,
the recovery point is little changed by the dual use of lift.

The aeromaneuver appears to create no phasing problem
with the Shuttle Orbiter with either the linear regulator or
the classical linear systems.

The linear regulator guidance reduces excursions of the
dynamic pressure and heat loads to negligible amounts
from the means.
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Section 4
RECOMMENDATIONS

The resulis of this 2tudy have shown that the current configuration can
be expeciad Lo yield practical AMOOS and AMRS vehicles. There is no doubt
that AMOOS and AMRS vehicles 28 studied herein could be developed into op-
erational vehicles, However, these studies have identified further areas which
require additional investigation to continue the advancement of AMOOS and

AsIRS as parts of a future o.hital transport system.

All of the current technology studies with an application to the Baseline
St.ace Tug have a corresponding application to AMOOS and possibly to AMRS.
The recommendations herein are for studies applicable to a wide band of
orbit to orbit vehicles, including AMCOS and AMRS,

¢ Navigational Accuracy Studies

The objectives of this task are:

a. Determine the effects of navigational accuracy on AMOQOS/
AMRS targeting and guidance. DBoth atmospheric and exo-
atrmospieric navigation should be considered.

b. Determin= the navigational accuracy required for AMOOS/
AMRS to perform the atmospheric flight.

c. Determine the extent to which on-going SR&T studies for
the Baseline Space Tug are applicable and define hard-
ware development requirements for AMOOS/AMRS.

d. Determine the navipation accuracy required for AMOOS
and AMRS as a function of eatry corridor depth.

e. FEvaluate existing hardware against requirements for
various levels of autonomy.

f. Define requirad or desirable téchnology and compare
to that required for the Baseline Space Tug.

g. Establish a practical set of navigational accuracies, entry
corridor widths, navigation hardware and required or de-
sirable technology
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The AMOOS/AMRS guidance computer program will be used to evaluate
the effects of guidance errors. Guidance errors of arbitrary magnitude will
be introduced systematically throughout the flight, The effect of these errors
on phasing with the Shuttle Orbiter will be determined and evaluated against
acceptable phasing orbit variations to yield acceptable navigational errors.
These errors will then be compared to the accuracy and precision of baseline
Space Tug and existing navigation equipment (including the effects of multiple
measurements and filtering) to determine navigational hardware technology

requirements.

The accuracy with which position and velocity must be known as a
function of position on the return transfer trajectory in order to hit an entry
corridor width will be determined. The accuracy of current hardware and
hardware under development will be established as functions of quantity of
data available and data filtering technique., The accuracy of the required
mid-course correction will be incorporated into the navigational accuracy
estimate, The required accuracy will be compared with the attainable ac-
curacy and a baseline navigational system selected for each level of autonomy
under consideration. These baseline navigational systems will then be com -
pared with the Baseline Space Tug. On-going SR&T directed toward the Base-
line Space Tug will be identified. Other desirable or required technology will

also be idehtified.

The output of this study will be a bascline guidance sysiem for each
level of autonomy, The desired or required technology will be given for
cach level and evaluated against existing technology and that under develop-

ment.

® Guidance Development
The objectives of this task are:

a. Incorporate navigational knowledg: at atmospheric
entry into the guidance scheme.
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b. Moaodify the state model to incorporate variables
resulting in the minimization of propellant and
control usage,

¢. Incorporate the position and velocity at atmospheric
exit in the performance index so that phase errors
with the Space Shattle orbiter are minimized.

Navigational measurements made between the mid-course correction
and almospheric entry may be used to determine the position within the
corridor depth, This information may be used to give initial values of ve-
hicle attitude and hence a new nceminal trajectory closer to the actual than
the center of the entry corridor nominal trajectory, In this way the demands
of the guidance systeni on the control subsystem may be reduced.

Currently, the performance index uscs, with the final state, the tra-
jectory conirol variable, This latter is a measure of the control actuator
and RCS usage #ad so tends to reduce propellant usage, The index may be
improved ypon by incorporating the control variable rate and acceleration,
Incorporating these terms in the performance index will yield a better esti-

mate of the RCS propellant and aerodynamic control usage,

One important variable that may be changed by the unpredictable varia-
tions in the atmospheric flight is the relative state between the AMOOS or
AMRS and the Space Shuttle orbiter. Variations in this relative state will
affect the phasing prior to rendezwvous. Incorporating the appropriate
expression in the performance index will minirnize the variations in phasing
time and concurrently give apprepriate weéight to other peurformance index

parameters,

® Manual Guidance Tzchnignue
The objective of this task is:

Provide a fail-safe mode for AMOOS and AMRS in vase
of a massive failure of guidance system hardware,
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The velocity lost approach to the guidance offers the opportunity to
develop a manual backup guidance with minimal hardware, Since the times
involved with the velocity lost approach are several seconds to approximately
thirty seconds, manual guidance is feasible provided speed and flight path
angle are available, The studies would develop a manual guidance technique
based on these parameters and search for techniques requiring even fewer

state variables,
® Hybrid Engine Vehicle
Objectives:

a. Determine the performance characteristics of a hybrid
engine vehicle for it to be competitive with the cryo-
genic vehicle on a manned geosynchronous mission,

b, Determine the performance of specific, possible hybrid
engine vehicle and staged vehicles and hence evaluate

the capability of each to perform a manned geo-
synchronous mission,

Cryogenics may be stored in space provided sufficient insulation and
shielding from solar radiation isused. The storability of cryogenics has
been established quantitatively under Contract NAS8-29677. The advantages
and penalties of using a non-cryogenic fucl with the hybrid engine will be es-

tablished so that the trades between the two methods may be made,

@ Load Bearing Tanks
Objectives:

a. Reduce or eliminate the primary structure,
b. Determine the TPS required for such tanks.

c. Establish weights trade between load and non-
load bearing tanks.

The possibility of bonding insulation and TPS directly to the propellant
tanks will be investigated. Both cryogenic and high density pronellants will
be cinsidered. The latter is expected to give a relatively short vehicle, thus

allowing long payloads,
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Several tank materials will be considered together with appropriate pro-
pellants, insulation and TPS. The design tasks will include a stress analysis
of the tanks including the effects of very cold propellants, analysis of TPS and
insulation requirements, analysis of heat soak over relatively long times and

propellant boil-off.

® Increased Depth of Design Work of AMOOS and AMRS
The objectives of this task are:

a. Reduce structural weight by optimizing structure.
b. Establish trades among candidate structures,

c. Consider alternate vehicle geometry and perform the
preliminary design and weights calculation for each
alternate considered.

d. Perform preliminary design of the hybrid engine vehicle.

e. Determine the weight reduction for AMOOS used as purely
propulsive or expendable vehiclie (kit concept).

Under this task the structural design of candidate AMQOS and AMRS

vehicles will be continued.
® Abort Analysis

The objectives of this task are:

a. Develop basic operations and performance requirements
following a failure in AMOOS or AMRS aflter separating
from the Space Shuttle.

b. Demonstrate the basic advantages of an aeromaneuvering
manned vehicle over a purely propulsive vehicle.

This study consists of listing potential failure modes, analyzing these
modes to determine should the mission be aborted and establishing the per-
formance requirements for a safe recovery. The aeromaneuvering concepf
is expected to show considerable advantages in safety over the Barciine

Space Tug {(manned application) because it can tolerate a main engine failure
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during certain parts of the mission, e.g., during burn to transfer orbit. The
APS or RCS may be used at apogee to target to atmospheric entry and hence

a safe recovery of the crew,

® Muitiple Staged Vehicle Operation
Objectives:

a. Determine optimum stage configuration for particular
missions,

b. Establish mission events and timeline for multiple
staged vehicles,

Multiple staged vehicles will, in general, require multiple Shuttle
launches for delivery to low earth orbit., The potential breadth of the multi-
staged aeromaneuvering tug's spectrum results in many possible combina-
tions of Space Shuttle payloads to place it in low orbit. These payload
possibilities and the resulting events and timelines will yicld an optimum

configuration for each AMOQOOQOS stage,

® Flight Test Plan
Objectives:

a. Preliminary design of flight test model.

b, Determination of trajectories to simulate the full scale
vehicle parameters during atmospheric flight.

¢. Determine method of stowing in Space Shuttle orbiter
cargo bay and method of deployment.

In general, the basic AMOOS and AMRS design may be proved using
models rather than full-scale vehicles. This model testing would greatly
reduce the number of full-scale vehicle tests required. The pertinent param-
eters, such as heating rate, heat load response to controls, etc., may be
modeled provided the appropriate trajectory is flown. This trajectory will

not, in general, be an actual mission trajectory; a lower energy trajectory
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may be {requently flown but the parameters modeled correctly by deeper or
shallower penetration of the atmosphere than for the full-scale vehicle. The
values of the parameters to be modeled will be obtained from the results of
on-going tasks, Trajectories will then be gencrated to simulate the conditions
described by these parameters, Alternate methods of inserting the test vehicles
into these trajectories will be considered. These methods will range from mini-
mum Av to minimum time, The modeling studies will also consider optimum
model size compatible with the parameter modeling and stowage in the cargo
bay as well as the equipment to be carried on board. Preliminary design of

the vehicle will be performed which will include basic structure, TPS, RCS,

navigation, guidance and control hardware and software requirements, etc.

® Alternate Configuration Performance
Objectives:

a. Determine the performance of high lift/drag ratio vehicles.
b. Determine cross-range capability. '

c. Determine the increased performance of the uncoupled
recovery system over the horizontal landing system.,

Vehicles dedicated to manned flight may be designed to ailow sufficient
aerodynamic shaping to yield L/D's of about 2 in the hypersonic range. With
such a high L/D, considerable crossrange and plane change may be obtained.
Such vehicles may be ground recovered as an alternative to Space Shuttle
orbiter recovery. Previous studies hare shown that uncoupled recovery
yields a lighter weight vehicle. The increase in cross-range capability of
such an AMRS vehicle will be determined so that it may be evaluated against

the increased weight due to the vehicle shape and recovery system.,

® High Lift AMOOS
Objective:

Determine the implications of using a heavy lift or growth
Space Shuttle for the delivery of an aeromaneuvering vehicle.
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By suitable design of the TPS and the addition of a ground recovery
system, the AMOOS vehicle may be recovered without the nse of the Space
Shuttle orbiter. Recall that AMRS is to have this capability also. Because
of this recovery capability, AMOOS and AMRS may be placed in low earth
orbit by the high lift shuttle, Candidate heavy lift Space Shuttle concepts
provide payload capability to low earth orbit on the range of 160,000 1b to
180,000 1b, With such a capability, a two stage AMOOS with payload may be
delivered in one launch. It also opens up a whole new class of vehicles,
vehicle combinations and missions. In particular the geosynchronous sortie
mission options are greatly increased and less restrained. This task would
be to investigate fully the vehicle geometry options (no longer must it fit in
a 60 ft long by 15 ft diameter cylinder) and mission spectrum compatible with
the growth or heavy lift shuttle booster concepts.

® Space Station, Space Base, Lunar anu Planetary

Objectives;
a., Determine the possible roles of AMOOS and AMRS in the
more distant future of space flight,

b, Determine vehicle changes and development that would
enhance their capability to participate.

Space flight from the mid-1980's and beyond would be baseline for
these studies. These probable missions would be analyzed for performing
requ.rements., How these requirements could be met and the impact they

would have on current design will be analyzed,

® Aerodynamic Heating and Tunnel Tests

The objectives of this task are:

a. Determine heating rates on the AMOOS configuration
over the operational angle of attack range.

b. Evaluate the predictive methods used to determine the
aerodynamic heating. :
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An existing Stycast model will be used for these tests. The heating
rate will be determined using temperature sensitive (Tempilaq) paint, Side
and bottom view movies of the model at speeds of 16 frames/sec will be
taken. Shadowgraphs will be taken at 10 deg angle-of-attack increments for

every run.

® Baseline Space Tug Technology

A guideline for the AMOQOS feasibility studies and later for the AMOOS
and AMRS applications studies was that Baseline Space Tug systems should
be used. Following this guideline the following Baseline Space Tug technology
under development was used in the weight analysis of the AMOOS and AMRS
vehicles:

Engine Development

Navigation, Guidance and Control

.

.

e Rendezvous and Docking

® Reusability and Refurbishment
*

Thin Wall Tanks
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Appendix A

A consumables analysis was performed for both AMOOS and AMRS
for equatorial geosynchronous and lunar orbital missions. The analysis
for AMOOS was extended to include equatorial circular orbits of 5000
(9265),10,000 (18,530) and 15000 n.mi, (27,795 km) altitudes. The above
AMOOS analysis was performed for one, one-and-one-half and two stage
vehicles placed in a low earth orbit of 160 n.mi. by one, two or three 65,000
1b (29,484 kg) payload Space Shuttle launches, The analysis was extended
to the uprated Shuttle for the geosynchronous cases only. The AMRS analysis
included a gpecific impulse, Isp’ sensitivity analysis over the range of 260
through 350 sec.

To perform the consumables analysis the mission must be divided
into events. The events, associated Av's and other consumables usage are
given in Tables 1l through 5 for AMOOS and in Tables 6 and 7 for AMRS.

The propellant usage was computed for each event, The inerts and
attitude control APS usage were subtracted from the starting mass for each
event before computing the propellant required for the propualsive Av, The

propellant usage was computed using

-Av I
=€ /80 Lep (A.1)

1P

for each element of the Av budget. Equation (A.l) had, in general, to be
applied twice to each main engine Av event because of the chilldown mode
preceding each burn. This was accomplished by first computing the flow
rate during chill-down using '

T =gl (A.2)

A-l
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where T is the thrust and m is the flow rate. The mass of propellant, Am,

required for chill-down is then
m_  -m = Am = mt (A.3)

where t is the time taken for chili-down. The value of m, calculated from
Eq. (A.3) is then used in Eq. (A.1) to compute the Av  imparted during chiil-
down., If Av, is larger than or equal to the event Av, then the propellant
usage is recomputed using Eq. (A.1) and the chilldown Isp' If Avc ig less
than or equal to the event Av, then the propellant usage was computed using
the main engine ISp as specified for the event and a velocity increment of
AV-AVC after the propellant usage for chill down had been subtracted from
m .

The delivered payload is ccmputed iteratively for a selected returned
payload. If two payloads are delivered, only one is computed iteratively.
The other must be input as an inert, The computed payload may be either

the first or second delivered.

Two stage or stage-and-one-half vehicles are analyzed by stage. The
proportion of propellant in each stage may be chosen by the user and has
been selected as one-half for the AMOOS analysis. In this way identical
stages are used. The program iterates to obtain the specified ratio of

propellant }oading.

Results

AMOOS: The results of the analysis are summarized in the following
carpet plots of payload delivered and main engine consumables. Payload
retrieved and stage dry weight are, in general, .the independent variables
for the AMOOS analysis.

AMRS: The computer code may also be used to compute the AMRS

on orbit weight required to perform a mission with a given recovery (dry)

A-2
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weight and I by considering the consumables required to be a negative
payload delivered. The results of the AMRS analysis are also given as

carpet plots but as on station weight and main engine consumables, Re-
covered weight and [ sp 2T® the independent variables. Carpet plots are

discussed in Section 2.1.1.

The best estimate of the dry weight of a single stage AMOOS is 6700
l1b. If a two-~stage vehicle is used, except for the single shuttle launch, then
it is suggested that a stage dry weight of 7000 1b is used to allow for the in-
creased complexity of the interface with the payloads and between the pay-
loads. In the case of the stage-and-one-half vehicles, again single shuttle
launch excepted, a stage weight of 7000 lb and a half-stage wceight of 2000 1b
is recommended. At this weight, the half stage would not be recovered.
Currently, it is considered that only small weight savings per stage could
be accomplished in the case of the single Space Shuttle launch, A full-stage
dry weight of 5000 1b is recommended for use with the two-stage AMOOS,
single shuttle launch data, 7The reason for so small a change is that the
savings per stage over the single stage vehicle is confined to the tanks,
primary structure and TPS, In all, these components account for less
than one half the total dry weight. The recommended weight of the corre-
sponding half stage is 1200 1b. The relatively large reduction is due to the

half stage being primarily tanks and structure,

A-3
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AMOOS Av BUDGET AND EVENT PARAMETERS FOR SINGLE
STAGE EQUATORIAL GEOSYNCHRONOUS MISSION

1

Event Av Bp
No. (ft/sec) (sec)
1 . 10 250
1SEFPARATE FROM SHUTTLE
2 2300
2CUAST TOQ SAFE DISTANCE
3 230«
3PHASE IN SHUTTLE UROSIT
4 4494 45665
4INSERT INTO PHASING OURBIT
5 23Qe
SCOAST IN PHASING WRBIT
& 367<e 4968
61INSERT INTO TRANSFER OREIT
K 2306
TLUAST TO MIDCOURSE
a8 5J 377
8% DCOURSE CURRECT ION
< 230
QCUAST TO MISSION ALTITUDE
10 5828 4h6e s
10 INSERT TO MISSION PHASING ORBIT
11 2300
1 1CUAST IN MISSION PHASING GRBIT
12 298 43407
1 2RENDEZYOUS WITH SPACE STATION
13 G40 » 230
130UCK WITH SPACE SIATION
14 230
l4uN ORBIT STAY
15 . 10 230
1S5SLPARATE FROM 3PACE STATION
16 230
16CUAST TO SAFE DISTANCE
17 604G 4565
1 7INSERT INTO TRANSFER Ok2IT '
18 2300
18LUAST TO MILCOURSE
19 39 e 377
1ol DCOURSE CURRECT IO
20 2304
ORIGIN A+
OF ng& Pagp A-4
R QUALIT? i

Other I-Iz, 02

Inerts Uses
{1b) (Ib)
-tHebd =10e
AN -G6Ga
—17e5 -t
-ldel ~te
“14e ~1Be
e 56

“15e

-6

=15 =10+
~ihe ~6e

-5He ~itse

(Continued)
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Table A-1 (Concluded)

Other H;, 0, -

Event Av Isp Inerts Uses
No. ' {ft/sec) (sec) (1b) (1b)
20CUAST TO ATMOSPHEKIC ENTRY

21 100 230

21 AEROMANEUVERING

22 230 ~Te5 -6Ge
22COAST TO APUGEE

z3 200 43407

23INSERT INTO EOS PHASING ORBIT

24 230 -1Ze -36e
24PHASE WITH EOS

25 3800 43447

25CIRCULARIZE Ty 170 NMl

26 200 4565 =400
26DUMP PROPELLANT RESERVES

~ A-5
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Table A-2a

TAGE
AMOOS Av BUDGET AND EVENT PARAMETERS FOR A TWO S
v EQUATORIAL GEOSYNCHRONOUS MISSION, FIRST STAGE

Other H,, 02

Event Lv Isp Inerts Uses
No. (ft/sec) (sec) {1b) (ib)
l- 10 230
1SEPARATE FROM SPACE SHUTTLE
2 230 —Eeb ~1Q0s
2C0AST TO SAFE DISTAnCE
3 40« 2304 =16e ~20e
3UUCK WITH PAYLOAD ANU/UR STAGLE
4 230 -21ls4 -46e
4PHASE [N SHUTTLE URBIT :
5 4484 49645
SINSERT INTO PHASING ORBIT
6 230 =1 Tel ~10e
6CUAST IN PHASING URBIT : ' :
7 3672 456¢5
TINSERT INTO TRANSFER ORBIT
a8 230 =138 ~-GCe
BCUAST TO MIDCOURSL '
Q9 230,
SMIDCOURSE CUORRECTION
10 ] 230 —14 —i6e
10CUAST TO MISSION ALTITUDE '
11 230
11INSERT TO MISSION PHASING OREIT
12 230
12CUAST IN MISSION PHASING ORBIT
13 - 230»
1 3RENDELYOUS WITH SPACE STATION
14 _ . ' 230
l4UUCK WITH SPACE STATIUN '
15 230a
150N QORBIT STAY
156 S 230
16SEPARATE FROM SpACE STATION
17 230«
17CUOAST TO SAFE DISTANCL
18 o 50e - 377e
TAINSERT INTO TRANSFER URBIT
19 230 =15 -1
19CUAST TO MIDCUURSE
20 : o - 30« 37T
(Continued)
ORIGINAL PAGE I3 e
OF POOR QUALITY -
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Table A-2a (Concluded)

Event Av Isp Inerts
No. {(ft/sec) (sec) (1b)
20M 1 DCOURSE CORRECTION
21 230 -1
Z1CUAST Tu ATMOSPHERIC ENTRY
22 100 230,
22AERUMANEUVERING
23 230 -7e5
23COAST TO APOGEE
24 . 200« 43467
24 INSERT INTO EOS PHASING ORBIT
25 2300 =1Ze
2SPHASE wiTH £0S
26 380 4347
26CIRCULARIZE TO 170 Ml
27 200 45605
270UMP PROPELI.LANT RESERVES

A-T
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Table A-2b

AMOOS Av BUDGET AND EVENT PARAMETERS FOR A TWO STAGE
EQUATORIAL GEOSYNCHRONOUS MISSION, SECOND STAGE

Other HZ’ 02

Event Av Isp Inerts Uses
No. ’ (ft/sec) (sec) (1) (1b)
1 2306
15 PARATE FROM SPACE SHUTTLE
2 230 -Heb -0
2C0AST TO SAFE DISTANCE
3 230 =1 =20+
UUCK WITH PAYLUAD AND/UR STAGE
4 230 -4
4PHASE 1IN SHUTTLE URBIT
5 ' 48565
SINSERT INTO PHASING URBIT
6 230 «“1Q0e
6CUAST IN PHASING JRUIT _
7 456¢5
7INSERT INTO TRANSFER ORBIT
8 230 -13eb -G
BCUAST TU MIUCOURSE
= C 50 43447
9M i DCOURSE CURRECTION
10 230 -1 ~16s
10CVAST TO MISSION ALTITUDE :
11 5826 4565
11 INSERT TO MIS5TON PHASING OREMT
12 ) 230e ~Bel3 -5be
12CUAST IN MISSION PHASING ORBIT
13 258 43447
13RENDEZYOUS WIT SPACE STATION
ig _ 40 230 -15.
14DUCK WITH SPACE STATIUN
15 230 ~Hée
I5uN ORBIT STAY
16 10 2300
16SEPARATE FRUM SpACE STATION .
17 230 -1 i -4
1 7COAST TO SAFE DioTARCE
18 6040« 4565
{BINSERT INTO TRANSFER ORBIT . _
i9 230 =14 12
19CUAST TO MIDCOURSE
20 . C30. 43487
{Continued)
A8
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Table A-2b (Concluded)
Other HZ’ 02

Event Av Iap inerts Uses
No. (ft/sec) (sec) (1b) (ib)
20MIDCUURSE CURRECTIUN
21 230 =6 - 18
21COAST TO ATMOSKFHERIC ENTRY
z2a 100 230
22AEROMANEUVER ING
23 230a -7e5 -6
23COAST TO APOGEE .
24 : 200 434a77
24 INSERT INTO EOS PHASING ORBIT
2% 230+ =12 ~36.
ASPHASE wlTH EQS :
26 380 H434a07
26CIRCULARIZE TO 170 AMl
27 250+ 45605

270UMP PROPELILANT KESERVES

ORIGINAL PAGE 1B
OF POOR QUALITY]
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Table A-3

AMOOS Av AND EVENT PARAMETER CHANGES FOR OTHER
EARTH ORBITAL MISSIONS

LOCKHEED

A-10

Event Av Isp :

No. (ft/sec) (sec)
2CONSUMABLES ANALYSIS FOR AMOOS ON FIFTEEN K NM]
4 40004 45645
& 3560 4565

10 65116 45665

17 6359 4565
2CONSUMABLES ANALYSIS FOR AMOOS ON FIFTEEN K NM]
4 - 4000+ 4565
=] 3960 45645

10 6116 45645

17 6359, 45645 ' .
2CUNSUMABLES ANALYSIS FUR AMOUS ON FIFTEEN K NMI
S 4000 4565 '
7 3560+ 45645

11 6116, 45645

18 63HY9e 45645
2LUNDUMABLES ANALY>]S FOR AMOOS ON FIFTEEN K NMI
2CUNSUMABLES ANALYSIS> FUR AMOCS ON TEN kK NMI
4 3500 49565
6 3A21ce 45665

10 6490 45645

17 6945 45645

2CONSUMABLES ANALYSIS FOR AMOOS ON TEN K NMI

4 3500 4565
5 3212 45645

10 6490 456¢5

17 6945, 45645

2CONSUMABL.ES ANALYSI[S FUR AMOOS ON TEN K NM]

= 2500 45645
7 3212 45645

11 56490 456a85

18 6945 4565
2CONSUMABLES ANALYSIS FUR AMOOS ON TEN K NM]
2LONSUMABLES ANALYSIS FUR AMOLUS ON FIve K Nml

4 27004 4568+5
& 2489 45645

10 7077w 456.:5

17 809% 4565
2LUNSUMABLES ANALYSIo FUR AMOOS ON FIVE K Nmi
4. 2700 4565 :
6 2489 45605

10 7077 4565

17 8094 45645

T 2CONSUMABLES ANALY>]> FUR AMOOS ON FIVE K .Nmi
S 2700 455¢% ’
7 2489 45645

i1 TO77e 4565

1B 8094 45645 : : :

2LCUNSUMABLES ANALYSIS FUR AMQOS ON FIVE K NM
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Table A-4

AMOOS Av BUDGET AND EVENT PARAMETERS FOR A SINGLE STAGE
LUNAR ORRBIT MISSION

Other 115, O2

Event Av Isp Incris Uses
No. _ (ft/sec) (sec) (1b) (1)
1 10 230
1SEPARATE FROM SHUTTLE
e 230 -Beb =10«
2COAST TO SAFE DISTARNCE
3 230 -2le4 —-46e
BPHASE IN SHUTTLE ORBIT
4 5000 45645
GINSERT INTO PHASING QURGIT
S5 230 ~-1T7eH -bHe
SCOAST IN PHASING ORGIT
& 5454, 496e5
6INSERT INTO TRANSFER ORBIT
7 230 -5 =130e
FCOAST TO MILDCOURSE
8 : 50 377
BMIDCOURSE CORRECTION :
9 230e —65e =~130s
GLUAST TO MISSION ALTITUDE
10 3460 4565
10INSERT TO MISSION PHASLING ORBIT
11 230 ~EHe3 -550
11COAST IN MISSION PHASING ORBIT
12 150+ 4347
1 2RENDEZVOUS WITH SPACE STATION
13 ' 40 230. -15e
13DUCK WITH SPACE STATION
14 : 230 1-1
140N ORBIT STAY
15 1V 23U,
1SSEPARATE FRUM SPACE STATION ‘
16 o 2304 —Heb . =10a
16CUAST TO SAFE DISTANCE
17 3950 4565
17INOERT INTO TRANSFER QRBIT
18 ' ' -~ . 230 -6 ~130e
18CUAST TO MILCOURSE .
19 50 434277
19Mi DQUURSE CORRECT LU
20 ' 230 ~&Se . —130w

20C0AST TO ATMOSPHERIC ENTRY

A-11
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Table A-4 (Concluded)

' Cther I[-IZ,C)2
Event Av ISP Inerts Uses
No. {ft/sec) (sec) (1b) (1b)
Fg | 100. 230
21 ARROMANEUVER ING _
ea 230» -7e5 ~Ge
22CUAST TO APUGEE
23 200 4347
23 INSERT INTO EOS PHASING ORBIT _
24 230 ' -1 -36.
24PHASE WITH E08
25 380 43447
25CIRCULARIZE TO 170 nMi
26 200+ 45665 =400
26DUMP PROPELL.ANT RESERVES
'ORIGINAL PAGE IS
OF POOR QUALITY
A-12
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Table A-5

AMOQOS Av BUDGET AND EVENT PARAMTERS FOR A TWO-STAGE
LUNAR ORBIT MISSION, FIRST STAGE

I Other Hz, O2

Event ' Av 5p Inerts Uses
Ma, (ft/sec) (sec) {1b) (1b)
1 11U, £3Us
159PARATE FRUM S0ACE SHUTTLE
e 230 =Bs& =10
2COAST TO SAFE DRISTANCE
3 4Q » 23Ge -16e -Z0e
ADUCK WITH PAYLOAD ANW/OR STAGE
A 230 -Z2le4 ~4Ge
GPAASE 1IN SHUTTLE WRGILT
5] 5000 45645
SINSERT INTO PHASING JURGIT
6 230« ~17e =10
GUUAST IN PHASING URBIT
7 5454 49645
TINSERT INTO TRANSFER ORBIT
8 2430 -6 =130
| BCUOAST T0O MIDCOURSE
o 37Ts
IMIDCOURSE CORRECTION ' -
10 230 =65 =130
10CUAST 70O MISSION ALTITuDE
11 230
FEINSERT TO MISSION PHASING CREIT
12 230
12C0AST IN MISSION PHASING URBIT
13 230
1 3RLNDELYOUS WITH SPACE STATION
14 2304
14DUCK WITH SPACE STATION.
15 230
I1SON ORBIT STAY
16 2300
16SEPARATE FROM SPACE STATION
17 230
17CUAST TO SAFE DISTANCE
18 50 377
T 18INSERT INTC TRANSFER ORBIT
1< 230 -65. =130
19COAST TO MILDCOURSE
20 30 _ . 377
{Continued)
A-13
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Event Av Is
No. (£t /sec) (sec)
20MIDCOURSE CORRECT IO
21 230+
21CUAST TO ATMOSPHEKIC ENTRY
2e 100« 230+
22AEROMANEUVERINTG
23 230
23CUAST TO APLGEE
24 200 434477
24 INSERT INTO £05 PHASING ORBIT
2% 230
25PHASE wWITH EOS
26 . 380 43487
26CIRCULARIZE TO 170 nMli
27 _ 200» 45645
27TVUMP PROPELLANT RESERVES
A-14
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Inerts

(1b)

=655

~T7e5

-lce

Other H,,0

2
Uses
(1b})

=130.

~400e
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AMOOS Av BUDGET AND EVENT PARAMETERS FOR A TWO STAGE
LUNAR ORBIT MISSION, SECOND STAGE

Event Av Isp
No. (ft/sec) (sec)
1 . 230
1SEPARATE FROM SPACE SHUTTLE
2 230
2CO0AST TO SAFE DISTANCE
3 230
3LOCK WITH PAYLOAD ANUD/OR STAGE
4 230
4PHASE N SHUTTLE URBIT
27 49645
SINSERT INTO PHASING ORBIT
& . . T
6LUAST IN PHASING UROIT
7 45665
TINSERT INTO TRANSFER ORBIT
8 230
8CUVAST TO MIDCOURSE
9 50 43447
IMIDCOURSE CURRECTION
10 230
10COAST TO MISSIIN ALTITUDE
11 3460a 45645
11INSERT TO MISSION PHASING ORBIT
12 23Qe
12COAST IN MISSION PHASING OURBIT
13 150 43467
13RENDEZVOUS WITH SPACE STATION
14 40 230
14D0CK WITH SPACE STATION
15 230
150N ORIBEIT STAY
16 -~ 10 2304
LO6SLPARATE FROM SPACE STATION
17 230.
17COAST TO SAFE DISTANCE
18 3550 45645
1BINSERT INTG TRANSFER ORBIT
19 230«
19CUAST TO MIDCOURSE .
20 50 43447
ORig |
op ng}%‘: PAGR 15 A-15

Inerts
(1b)

e b

65

-65¢c

&3

86

=655

QOther HZ’ O
‘ Uses

(1b)

2

=10

—20e

—46e

=1iQse

=130«

S =130

hd-1-1

=56

=10

“~13Cs

{Continued)
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Table A-5 (Concluded)

Event Av Isp Incrts Uses
No. {ft/sec) (sec) (1) (1b)
20MIDCUURSE CORRECT ION
21 230 -85 =140
21COA5T TO ATMOSPHERIC ENTRY
22 100 230
22AEROMANEUVERING
23 230 =75 it =3
23CO0A5T TO APOGEE
24 200 43447
24 INSERT INTO E0S PHASING ORBIT
25 230 ~1ce 36
25PHASE WlTH ECS
26 380 G3447
S6CIRCULARIZE TO 170 Nl
27 200+ 45605 =400

270UMP PROPELLANT RESERVES

A-lb6
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Table A-6

AMRS Av BUDGET AND EVENT PARAMETER FOR RETURN
FROM AN EQUATORIAL GEOSYNCHRONOUS ORBIT

Event Av 1, _ OtherH;,0,
No. ft/ P Inesis Uses
{ft/scc) (sec) (1b) (1b)
1 1U. 230
1 SEPARATE FROM SPACE STATIUON
2 230 -Te5 =5
2CLAST TO SAFE Vi1sTANLE
3 6J4G. 260
SINSERT INTO TRANSFER ORwiT
4 230 ~Te5 -Ge
4COAST TO MIDCOURSE
5 30 2304
SMIDCOURSE CORRECTION
6 230 —3e “e
6CUAST TO ATMOSPHERIC ENTRY
7 100 230
TAERCMANEUVERLING
8 230 -4 8 —-3dw
8CUAST TO APOGEL
9 2008 260.
QINSERT INTO £05 PHALING ORBIT
10 230 -6 e -1
10PHASE WiTh EOS
il 2BU» 2600
11WIRCULARIZE TO 170 oMl
12 100 26U, -l

1 2UuiMP RESUDUALS

A-17
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Table A-7
AMRS Av BUDGET AND EVENT PARAMETERS FOR RETURN

FROM A LUNAR ORBIT

Event Av Isp
No. {(ft/sec) (sec)
1 1 104 230«

1 SERPARATE FROM SPACE STATIUN

2 1 230

SLCOAST TO SAFE DISTANCE

31 3550 260

AINSERT INTO TRANSFER ORBIT

4 | 230

4COAST TO MIDCOURSE

5 1 50 230

sMIDCAURSE CORRGCT LON

&1 230

&LOAST. TO ATMOSPHERIC EMNTRY

7 1 100 230

TALROMANEULVER ING

81l 230

8CUAST TO APOGEE :

9 1 2004 2600

QINSERT INTU EUS PHALING ORBIT

1o 1 230«

10PHASE wlTH EOS

il 1 340 260+

11CIRCULARIZE TO 170 Ml

12 1 100+ 2604

I 2DUMP RESUDUALS ) :
A-18
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Inerts

(1b)

~7e3

Uses
(1b)

=1Q0»

w100

=lde

-2004
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Fig.A-1 - AMOOS Payload and Main Engine Consumables for an Equatorial
Geosynchronous Mission, Iap = 456.5 sec and 65,000 1b Payload
Shuttle - _

a, Single Stage AMOOS, One Shuttle Launch
i. Payloads

A-19

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

oM R it




Consumables (1000 1b)

LMSC-HREC TR D496644

56 T

54 ¢

[

5241

8080 W T (3 BT et 6 9
Pa.yload Retn

5000 lb

: ‘5000 lb tean o

T T

._1_.__.__‘_',_ R NS A A.....___fr_.._ -
M . H H '

f
—+

1

A,
AN

o

T e

44 P '

sl

40+

5 VOB U PEO VOR DS NN RN PNV O SN S RN 0 Y O : :
o o l. . _ : " ' ' l 4 - '.i
TEOUS S 5 4;_ BYSEE) SAo .'_;_._}1_ e e b 1 ; ; [ N
38 b, I I I | L

Fig.A-la {Continued)
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Payload Delivered (1000 1b)
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Fig.A-1 (Continued)
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' i. Payloads

A2

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

FE PR PR VR Db R s e renN



3)-

Consumables (b x 10

LMSC-HREC TR D496644
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Fig.A-1b (Continued)

ii, Main Engine Consumables
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Fig.A-1 (Continued)

¢. Two Stage AMOOS,

One Shuttle Launch

i, Payloads

A-23

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

R T



Consumables (lb x 103)
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Delivered Payload (1500 1)
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Consumables (1b x 10
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LMSC-HREC TR D496644
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Fig.A-1 (Continued)
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Fig. A-1 (Continued)

f. Stage and One-Half AMOOS,
Three Shuttle Launchea
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LMSC-HREC TR D496644

T Payload Retrieved 25.0001})......_-

Tank Weight 5,000 1b =il
Sta.ge Dry Weight «— 5,000 1b —>

Consumables (1b x 10°)

59

56 L. 8 :

DA NS XSRS EX30N MATIS MO oI ’

A 0w L .;‘_; 20 000 1b3-< - I-'!’ayloa.d Retrxeyed i
o i T . _40,0001b | .

183 " T H I ;' i

1 0l

!

,,,,,,

|
1
!
-
i

- s\ S

1513
o

ST

57 pti-

" - ' B O T E A T T "I
AT R D S _‘r B

Fig.A-1f {Continued)
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Fig.A-1 (Continued)

g. Two-Stage AMOOQOS,
Three Shuttle Launches

i. Payloads
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Payload Delivered (1b x 10°)
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a, Single Stage AMOQS, One Shuttle Launch
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Payload Delivered (1b x 103)
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Payload Delivered (1b x 10
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Payload Delivered (1b x 10
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Fig.A-2 (Continued)

f. Stage and One-Half AMOOS,
Three Shuttle Launches
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Payload Delivered {lb x 103)
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Fig.A-3 - AMOOS Payloads and Main Engine Consumables to 2 Geosynchronous
Orbit, I sp = 456.5 sec
a. Smgle Stage AMOOS, One Shuttle Launch
i. Payloads
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Payload Delivered (1b x 103)
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i. Payloads
A-46

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

v i omo Al Gl el it Dt LG R DR R TR ol S SRS S iraree L Bt T ARSI DI L 3 wmeemre e S48, el



3
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Payload Delivered (1b x 10
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Fig.A-4 - AMOOS Payloads to a2 15,000 n.mi. Circular Equatorial Orbit,
Isp = 456,5 sec and 65,000 1b Payload Shuttle

a. Single Stage AMOOS, One-Shuttle Launch’
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Payload Delivered (Ib x 10°)
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Payload Delivered (1b x 103)
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c. Two-Stage AMOOS,
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Payload Delivered (1b x 10

LMSC-HREC TR D496644

5 3 S PO O 1 0 O O T

-~ Dry Weight |

T ee—5000 10— L | TN Y :

Payload Retrieved =1 NG

1

I
!

I 5000 T
r**“_ o ——’l?

0 R IT 1 B
IR R DU EN P (6001 S O R O3 R A
S I O L S - : ' ‘ . ‘ _ | i i :

Fig.A-5 - AMOOS Payloads to a 10,000 n.mi. Circular Equatorial
Orbit, Isp = 456.5 sec and 65,000 1b Payload Shuttle

a. Single Stage AMOOS, One Shuttle Launch
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Payload Delivered (Ib x 10°)
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b. Two-Stage AMOOS,
- One Shuttle Launch

A-53

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

O NPT LT LT PEE AR



LMSC-HREC TR D496644

|

Dry Weight

il e

PRER

Payload Retrieved

i

b 5000 1b

S

T e 25,000 1b =t

Fig.A-5 {Continued)

........

26

<+ o = @
NN o -t

16
4
12

AmS x q1) paiaateg peolied

c. Two-Stage AMOOS,

Two Shuttle_ Launches

A-54

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER




LMSC-HREC TR D496644

PO S P

N wilave- ..‘;. ..,._l -
- - Y
C g
b
—
1
TR S
i i
'
. —-
.

1 e 5000 1b

Lol

Payload Retrieved

_mE % qp) pe1aAT[eq@ peolied

Fig. A

-5 (Concluded)

Two-Stage AMOOS,
Three Shuttle Launches

d .

A-55

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

o Al At ek



3_.)

Payload Delivered (Ib x 10

18 4 4o 1o oo

LMSC-HREC TR D496644

| s
L ry Weight = ]
5000 16— -}
.~ Payload Retrieved

= 5000 1b ree———y

P—— Y S P
K 4 b .
[ B A S ,
. . H ) |
.
i

S -‘—tr-— e

2l
1F- _._:.- ._,_l?_.,,...m,:.,.., e E

Fig.A-6 - AMOOS Payloads to a 5,000 n.mi. Circular Equatorial Orbit,

lap = 456.5 sec and 65,000 1b Payload Shuttle

a. Single Stage AMOOS, One Shuttle Launch

A-56

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC TR D496644

- . . .
e et = bkl s nm oo

Dry Weight

{5000 1b

- —) —t =l

F.E X 1) paasarag peociieg

n 3 o iy ] -t L= o~ w0 g 0 wn <M ™M
- -

|k —
I - I
e ARy
: R kfkﬁ*.@. /
. 1 : . H
cagran i . : o
I S DU V4 i
i W
4 1 H
w. i : .
TTTE BRI T
..} N ! i ;
e N CEUL DI S P
L] (=]

Fig.A-6 (Continued)
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c. Two-Stage AMOOS,
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d. Two-Stage AMOOS,
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b. Main Engine Consumables

A-61

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



On-Station Weight (1000 1b)

18

n
14 |-
12 foid

10 =

LMSC-HREC TR D496644

 SPSY PPy Lo+ 8 0vRE MERTY VK TN B i bk '
Recovered Welgﬁt L

o .- .-;-e-J e
M

1%000 1b

Fig.A-8 - AMRS On Station Weight and Main En gine Consumables at
a Lunar Orbit Station ' S

a. On-Station Weight

A-62

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



Main Engine Consumables (1000 1b)

ILMSC-HREC TR D496644

T [

4t Recovered Weight -t~

i

|

T fetg—— 5000 1b—->|"""' | ‘
4 1-__;, Iy T

P

100 sec )l BN NE . ,l, 3
;:;: ?:4:" FYTE VRS SR R S . . .. 1

4

Fig.A«8 (Concluded)

. b, Main Engine Consumables

A-63

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC TR D496644

Appendix B
AMOOS AND AMRS STRUCTURES
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Apgendix B

This appendix contains the steps in the calculation of the AMOOS pro-
pulsion module, AMRS and the AMOOS manned module primary structure
design, and total weight estimate. There are four steps for each of the three

vehicles:

1. Weight Distribution, in which the weight per unit
length of the vehicle is determined. To do this
accurately requires a knowledge of the weight of
the structure to be designed. This first weight
estimated was obtained from analysis of previous
AMOOS vehicles and the Baseline Tug. The details
are described in Section Bl,

2. Loads Analysis, in which the external loads imposed
on the vehicle are used to determine the internal
loads. Both aerodynamic loads and loads during
transportation in the Shuttle cargo bay are con-
sidered. Engine burn loads are also considered
but are important only for local structure since
the engine thrust is low relative fo other forces
imposed on the vehicle. The details of the loads
analyses for each vehicle or module are discussed
in Section B-2.

3, Structural Materials, in which the relative merits
of the candidate materials are discussed and selec-
tions made. The details are given in Section B-3.

4. Structural Optimization, in which the size of the
structural members are determined for the loads
and materials of Sections B-2 and B-3, respectively.
The optimization is described in Section B-4.

B.l WEIGHT DISTRIBUTION — PROPULSION UNIT INITIAL WEIGHT
ESTIMATE ' .

The modular AMOOS concept as derived in Ref.B-1 was used as the
basis for additional studies during this period of work. The mass distribu-

tion for the propulsion unit was revised based on the current configuration

B-1
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requirements and data from Refs.B-2 and B-3. The tanks were sized for
the required 48,5000 1b of propellant with a 6/1 ratio by weight of LOX to LH,.
3 and 634 ££° for the fuel and oxidizer,

respectively. Since these values are close to the propellant requirements for

This gave volume requirements of 1705 ft

the Baseline Tug configuration, the tank and supporting hardware weight values
of Ref.B-2 were used. The supporting hardware consisted of the pumps, piping,
valves, etc,, required for propeliant loading and measuring, hydraulics, pneu- '
matic and pressurization, and the feed, {ill and vent operations.

The R1.-10 engine is common to both the AMOOS and the Baseline Tug.
Since the maximum vehicle weight capability (63,100 1b) and the Shuttie launch
environment is the same for both vehicles the thrust structure and other sup-
porting hardware are assumed common. The same avionic and purge system

weights were also used for the AMOOS propuision unit,

An auxiliary propulsion system weight of 500 1b is used to account for
the increased requirements during the aeromaneuvering portion of the AMOOS
operations. The initial thermal protection system weight was derived by the
ratio of the propulsion unit length (34 ft) to the length of the Ref.B-1 vehicle
(59 ft) multiplied by its TPS weight. An additional 200 1b of TPS was added

due to increases in vehicle performance during the reentry phase,

The propulsion unit shell weight was taken from the values for the mod-
ular vehicle in Ref.B-1. The vehicle weights in Ref. B-1 were approximately
the same for either Be-38% Af or magnesium as the structural material;
hence, this preiiﬁminary weight was essentially independent of the final selec-
tion of these two candidate materials, Two methods of weight approximation
were used. The weight of the individual section of the vehicle, {nose, foward
section, etc.) were obtained for the Ref. B-l vehicle and used for the correspond-
ing propulsion unit sections. Second, the Ref, B-1 weight was factored by the
ratio of the lengths. Both values were within a few percentage points so the
ratioed value of 1227 1b was used. This was the lighter weight of the two.
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A weight breakdown for the propulsion unit is given in Table B-1, The dis-
tribution for the propulsion unit is shown in Fig.B-1 for the dry weight, fully
fueled and aero reentry conditions.

Manned Unit Initial Weight Estimate

The manned unit is 11.6 ft in length and is a self-sustained system
for 4 men for a 30-day mission. The volume and weight requirements for
the system plus necessary food and supplies were derived from the data in
Ref.B-3. The data in Ref, B-4 are applicable to an orbiting station and has
volume requirements greatly exceeding those in Ref.B-3. The AMOOS
manned configuration would be mated in orbit with another vehicle which
would provide working space for the crew. 'Transportation and minimnal
activities such as sleeping, eating, personal hygene, etc., would be provided
by the manned unit, Hence, in the calculations for the food and life support
systems provisions were made for a 30-day mission.

The required weight for the capsule structure was obtained by deter-
mining a bulk density from Ref,.B-3 data and multiplying by the réquired
volume calculations for this configuration. A value of 2.37 1b/f1:3 and re-
guired volume of 516 ft3 resulted in a capsule weight of 1225 1b. Table B-2
gives the volume and weight requirements for the manned unit., The struc-
tural shell and TPS weights were obtained by the ratio of the lengths times
the respective weight values in Ref. B-1. The weight distribution for the
manned module is also shown in Fig.B-1. The center-of-gravity locations
for the propulsion unit plus manned unit are also shown in Fig.B~1. Figure
B-2 shows the position of the center of gravity in the Shuttle payload bay
envelope. The AMOOS vehicle is mounted backward in the payload bay.

AMRS Initial Weight Estimate

The AMRS configuration is a transportation only, minimum volume

concept for four or six men for a one-day mission. The length-to-diameter

B-3
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PROPULSION UNIT WEIGHT BREAKDOWN

(Initial Estimate)

Weight (1b)

Gimkal 30
Fuel Tank and Supports 417
Oxidizer Tank and Support 238
Thrust Structure 29
Mounting Structure 100
Nose Actuator 100
Engine 442
Feed, Fill, Drain and Vent 256
Pneumatic and Pressure 234
Hydraulic 63
Propellant Loading and Measuring 50
APS 500
Tank Insulation 130
Purge and Thermal Control System 311
Navigation Guidance and Control 154
Data Management 158
Communications 72
Measuring System 92
Electrical Power and Distribution 410
Rendezvous and Docking 35
Aft Ring Interface 30
3851
Thermal Protection System 1036
Shell Structure 1227
Contingency 10% _b11
Total Dry Weight 6725
Fuel-Launch Condition - Reentry Condition
LOX 41,743 4,150
LH, 6,957 690
48,700
6,725
55,425 1b 11,565 1b

B-4
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Table B-2

MANNED UNIT WEIGHT AND VOLUME BREAKDOWN
(Initial Estimate)

Volume (£°)  Weight (Ib)

Crew 3
Two @ 75 ft;/man 150 748
Two @ 56 ft”/man 112
Food 8 Ib/ft> 6 50
Furnishing 93 185

Bunks 3 @ 15 1b

Seats 4@ 20 1b

Misc. 4@ 15 1b
Medical 5.5 1b/man 2 22
Personal Effects 11 213
- Clothing 4 @ 45 1b

Hygiene 28 1b

Personal 10 1b/man
EVA 25 372

Suits 2 @ 62 1b

PLSS2@621b

Equip, 2 @ 62 1b

Interior Space Suit 4 @ 31 1b 8 124
EC/LSS 21 1531

Cabin Pressurization 55 1b

0,/N, Leak (5 Ib/day + 100%) 300 1b

O, Consumpt. (2 Ib/day + 100%) 120 b

Water (6.2 1b/man/day) 152 1b (reclamation)
Hardware 904 1b

Electrical Power 4 130
Communicaiion and Data System i0 327
Instrumentation 16 188
Miscellaneous 10 30
Maintenance Eguipment _ 40
Flap 225
Docking Mechanism 120
Capsule 1225
TES 335
Shell Structure ' - 339
Contingency 10% _48 625
Total _ 516 _ 6879
B-6
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ratio and exterior configuration were maintained to match the AMOOS vehicle.
The structural shell and TPS weights were determined by factoring the AMOOS
weights (Ref. B-1) by the ratio of the surface areas. This gave structure and
TPS weights of 660 and 393 1b, respectively, for 2 magnesium structure. The
tanks, engine, astrionics, etc., weights were determined using the data and
formulas of Ref.B-5, The c¢rew capsule weight and volume requirements

were derived from the data in Ref. B-3., These values are given in Table

B-3. A total propellant weight of 6500 1b is budgeted for AMRS with 2145 1b
fuel and 4355 1b oxidizer. At aerodynamic reentry a total propellant weight

of 500 1b is assumed, The weight distribution is given in Fig.B-3.

B.2 LOADS ANALYSIS

Loads analyses were performed to determine the critical bending mo-«
ments and axial loads during AMOOS and AMRS flight and transportation by
the Space Shuttle. Aerodynamic normal and axial force distribution for a
one-pass mission were obtained for the critical dynamic pressure and angle
of attack, The aerodynamic force d1str1but1on for a dynamic pressure of
105,22 lb/ft is shown in Flg. B-4. The modular AMOOS configuration was
analyzed for 105.22 lb/ft and 156.64 lb/ﬂ:2 dynamic pressures Digital com-
puter programs were used to determine the net axial aad shear forces and
bending moment distributions for the aerodynamic and mass distributions.
These results are shown in Fig. B-5 for the 156.64 lb/ft loading. The AMRS
vehicle was analyzed for a dynamic pressure of 146.20 Lb/ftz. The AMOOS
aerodynamic loads were factored by the following relation to obtain the AMRS
values.

F AMOOS 5

q S 9AMRS
AMOOS Pref ) 0 oo

L =
- AMRS ref AMRS

where F = air load (1b/in)

q = dynamic pressure (psi), and §_ . = reference area (m )

The AMRS force and bending moment distributions are shown in Fig.B-6.

B-8
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Table B-3

AMRS-WEIGHT AND VOLUME BREAKDOWM
. {Initial Estimate)

Volume (ft°) Wt (Ib)
Crew 3
Four @ 56 ft 224 748
Food 8 1b/ft3 3 2 16
Furnishings 2 1b/ft 43 86
Medical 10 1b/it3 2 20
Personal Effects : 10 56
EC/LSS 738
Atmosphere 2.
Water 62 1b/ft> 1
Waste Management 4
Hardware 10
Electronics 4 130
Communications and Data System 10 327
Instrumentation 16 188
Miscellanecus Equipment _ 10 20
Expendables 3
Crew Capsule 507
Engine and Thrust Structure 185
Tanks and Support Structures 375
Astronics 400
Plumbing Weight 132
Flap 50
TPS 395
APS and Structure 500
Shell Structure 660
Contigency 10% 34 477
Total Dry 375 6010
Fuel Launch Condition Reentry Condition
Fuel 2,145 1b 165 1b
Oxidizer 4,355 1b 335 1b
: “%,500 b . 500 1b
Dry 6,010 1b 6,010 1b

12,510 1b 6,510 1b

B-9

LOCKHEED - HUNTSVILLE RESEARCH & ENGIMEERING CENTER



LMSC-HREC TR D4%6644

Dry Weight

=
o
iy

i
25

——— e e = Fully Fueled
— e AMRS Reentry

- £
o o]
2"!'1'!'” - - .m
. 2
_ m -z %
’?'lllllilu .ﬂ_U.ﬁﬁ.ﬂ_‘m_lH e ﬁ -W.O
- [}
£ : W

Ijuaayg b
hhmw mm DMw.

— &

- <
[}
o
]
{0}
o
e
ICH

11 o

_

o

(= <
o~ -

400 —
300

{33/q1) peo paINqIISICd

~B-10

'LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER




H3LNFD DNIBIINIONG T HOHVISIH FTVASINOH - QIIHANDION

1i-g

Aero Force Distribution (kN/m)

10

Mach = 26.8

q = 5038 N/m?
a = 50°
Normal Force
\\‘/Axial Force
\
] \ | ; | f | | ]
2 4 ) 8 10 12 14 16

Station {m)

Fig. B-4 - Aerodynamic Force Distribution for AMOOS and AMRS

18

PP996¥d UL OFWH-DSNT



Bending Moment

Axial Force
e
S
'l-...'-..., /
~
N

LMSC-HREC TR D496644

Shear Force

Station (in.)

(sdmy) @ox0g reoysy

|_ o |

Fig.B-5 - AMOOS Force and Moment Distribution (7500 n/m2)

1.5 p—

I
=] i L= uy

{901 * q1-ut) juawo dutpusgl '
| I | |
o L] =} =)
o . o~ .

(sdty) oa.xég 1eIxXy
B-12

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC TR D496644

Moment

2

f Axial Foi’ce
~

-1~
1

(r83]) a®aYS

| I 1
o W o
o o
(sdpi-ur) JuswIow

L | |

(sdy) oox04 TeXY

Fig. B-6 - AMRS Force and Moment Distribution (7000 N/m

75 —
-25 b—

B-13

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC TR D496644

A beam model was used to determine the loads for the EQOS flight en-
vironment. The chosen interface points in the Shuttle cargo bay and corre-
sponding mass distribution were analyzed for the EOS payload g factors.
These factors are given in Table B-4. The location of the Shuttle cargo bay
attachment points and the load factors were taken from Ref. B-6. The maxi-
mum load combination occurs during lift off for the g factors of -2.9, -1,0
and -1.5 in the x,y and z directions, respectively. The beam models and
resulting unit load distributions are shown in Figs. B-7 and B-8 for both
AMOOS and AMRS.

The maximum compressive limit load, N, in the shell body structure

was determined,

where

Ra.v_ =(R:major * Rminor) /2

’ 2 2
Moo= Mmajor * Minor

Major and minor denote the major and minor axes
of the elliptical cross section.

The design loza, ND’ equals £'*N when the factor of safety £ = 1.4, The factor
of 1.4 is used since AMQOOS and AMRS are manned vehicles, '

The AMOQS vehicle was subdivided into a nose section, forward body,
intermediate body and manned unit. The design axial line loads for the aero
reentry and the EOS environment conditions for each body section are given
in Table B-5. The shell structure is assumed to be at 600°F for the reentry
loading. Table B-6 gives the similar design line loads for the AMRS structure,

B-1l4
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Table B-4
SHUTTLE PAYLOAD BAY LIMIT LOAD FACTORS
Linear - g
Condition | X Y z
Lift-Off -0.1 +1,0 +1.5
) -209 - 1.0 "1.5
High~Q Boost -1,6 +0.5 +0,6
- =2,0 -0.5 -0,6
Boost-Max. LP '=2.7 +0,2 -0.3
{Stack) -3,3 -0.2 : -0.3
Boost-Max, LP -2,7 - t+0.2 -0.75
{(Orb Alone) -3.3 -0.2 -0.75
Entry and Descent | +1.06 0 +2.5
Pitch Up -0,02 0 -1.0
Entry and Descent +0.75 +1,25 +1.0
Yaw +0.75 -1,25 +1.0
‘Landing | +n0 $0.5. +2.8
-0.8 "'0.5 +202
Crash**¥ +9.00 +1.50 +4,5
-1.5 -1.50 -2,0
Crash (Crew Com- +20,0 +3.3 +10.0
partment Interior) ~3.3 . -3.3 ~4.4

Positive X, Y, 2 directions equal aft, right and up. Load fac-.
tor carries the sign of the externa].ly applied load.

Cra.sh load factors are ultimate and only used to demgn pay-
load support fittings and payload attachment fasteners, Crash
load factors for the nominal payload of 65,000 b (29,485 kg).
Longitudinal load factors are directed in the forward azimuth
within 20 deg of the orbiter longitudinal axis., The spec1£1ed
load factors shall 0pera.te separately.

B-15
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Section

Nose

Fwd Body
Intermediate

Manned Unit

*156.64 1b/ft>

Section
Nose
FPwd Body

Aft Body

AMOOS VEHICLE DESIGN LOADS

Station
{in.)

0-—-114

114-240
240-408

408-547.2

AMRS VEHICLE DESIGN LOADS

Station
{in.)

0-72
72-174

174-300

Table B-5

Load
Condition

59 ft Vehicle
Shuttle Launch

Shuttle lLaunch

AMOOQOS Vehicle
Reentry*

AMOOS Vehicle
Ghuttle Launch

Table B-b

Load
Condition

Shuttle Launch
Shuttle Launch

Shuttle Launch

- B-18
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Design .Line.
Load (lb/in)

300.28

300.28
126.08

134.2

Design Line
Load (1b/in)

120.35
120.35
169.62
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B.3 STRUCTURAL MATERIALS

Two candidate materials from the results of Ref, B-1 were used for
this study initially: beryllium-38% aluminum and magnesium HM21A-T8.
Both of these materials are low density and both meet the 600°F temperature
requirement for the body shell during reentry. Magnesium is not a2 high
strength nor high modulus material when compared io Be~-38Al1 or certain
other materials, but, since the AMOOS vehicle is a lightly loaded shell struc-
ture and cross sections are determined by instability rather than material

strength, magnesium is competitive,

Magnesium was selected and used for the analyses due to the major
difference in material cost. Be-38A¢ cost approximately $43/1b and mag-
nesium approximately $3/1b (Ref.B-7). Both are state-of-the-art materials
and have been utilized in space hardware, The material properties for the
two materials for 70°F and 600°F are given in Table B-7, (Refs. B-8 and B-9).

B.4 STRUCTURAL OPTIMIZATION

A Lockheed computer program (Ref.B-10) for the optimization of
cylinders with integral ring and stringers of rectangular cross section was
used to determine a minimum weight design. Each major section of the
shell was analyzed for the design loads in Table B-5, Elevated temperature
material properties were used for the aero load analyses. Data input con-
sisted of line load, skin thickness, cylinder length, material properties,

maximum ring and stringer height, maximum ztiffener height to thickness
| ratio, values of ring spacing, maximum stress allowed and internal or ex-
ternal location of rings and stringers. External location of stiffeners is the
optimum configuration, but due to the bonding of the TPS on the outside skin

surface the stiffeners must be located in the interior,

The structure is optimized based on the following modes of instability:

1. Local instability of the cylinder wall and stringers

B-19
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Table B-7
MATERIAL PROPERTIES

_ Beryllium-Aluminum Magnesium
Mechanical - Be-38 A¢ HM21A-T8
Properties (Sheet, Annealed) {Sheet)
Basis A | A
¥, ksi(MN/m2):
tu’ '
70°F (294°K) 44 (303) 33 (228)
. 600°F (589°K) - 26.(179) 11 (76)
. 2
Fty" ksi(MN/m"): )
- 70°F (294°K) 31 (214) 18 (124)
600°F (589°K) 22 (152) 8 (55)
Fp Kkei (MN/m?): | | |
70°F (294°K) 28 (193) 15 {103)
~ 600°F (589°K) 18 (124) 10 (69)
F s’ ksi(MN/mz.): ‘
70°F (294°K) 23 (159) 21 (145)
600°F (589°K) 14 (97) 7 (48)
E,10° ksi (GN/m);
70°F (294°K) . 28 (193) 6.5 45)
600°F (589°K) 25 (172) 5.2 (36)
n 14 _ . .35
Phy.siga.l Properties

P, Ib/in”) kg/m> ~  .075(2080) . .064 (1770}

Ref: Be-38A4, LMSC Rep:rt 679606, Oct.17, 1967

HM 21A, MIL-HDBK-5, Sept. 1971
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2. General instability involving the composite
structure. Two variations are considered:
(a) panel instability involving the cylinder
wall and stringers, and (b) overall instability
involving the cylinder wall, stringers and
rings.

The cylinder wall is not allowed to buckle locally below the design load.
Buckling of the cylinder wall will cause failure in the TPS bond. A minimum
skin gage of 0.025 inch was set based on the requirement of having to scrape

the structure to replace the TPS.

Table B-8 presents the results of the AMOOS optimization study. The
cross-sectional dimensions for each section and the critical load case are
given. Table B-9 presents the corresponding data for the AMRS vehicle,
Solid circumferential rings 4 inches wide and 0.5 inch thick were added to
the structure in appropriate places. This addition provided for section inter-
faces and skin splices, and for the attachment of major vehicle components
such as tanks, manned capsule, and rings, etc. Nine of these rings were
added to the AMOOS and seven to the AMRS vehicle. The resultant optimized
weights for the AMOOS and AMRS structural shells are given in Tables B-10
and B-11. These values are for magnesium HM21A-T8 material. The opti-
mized shell weights were 252 1b and 154 1b lighter than the original estimates
for the AMOOS and AMRS vehicles given in Tables B-1, B-2 and B-3, respec~
tively.
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Typical Stiffened Cylindrical Cross Section

Table B-8

TYPICAL OPTIMIZED CROSS SECTION OF AMOOS VEHICLE
All Dimensions in Inches)

Intermediate Mamned
Nose Fwd Body Body Unit
t .032 .032 025 025
? 114 126 168 139.,2
dx 1.87 1.87 1.72 1.9%
bx H614 614 .379 492
1:1 031 031 025 .032
dY _ 16.29 15.75 10.50 _ 17.40
bY .95 95 .917 .788
tz_ .095 .095 . 062 052
t .0478 0478 0359 .036
Weight (1b) 173 193.18 | 199.2 166.2
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Typical Stiffened Cylindrical Cross Section

Table B-9

TY.PICAL OPTIMIZED CROSS SECTION OF AMRS VEHICLE
(All Dimensions in Inches)

Nose Fwd Body Aft Body
i .026 .025 025
1 72 102 126
dx 1.94 1.94 1,73
bs; 379 379 AT
* 025 025 0315
dy 12,00 12,75 15,75
bY 474 474 .525
tz 031 .031 .035
t 031 .031 .035
Weight (1b) 43 60 84
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OPTIMIZED AMOOS STRUCTURAL WEIGHT

Section
Nose
Fwd Body

Intermediate
Body

Manned Unit

Contingency 10%
Total

Station
(in.)

0-114
114-240
240-408

408-547.2

Table B-11

Weight
(ib)

301
321
391

326

134
1471 1b

OPTIMIZED AMRS STRUCTURAL WEIGHT

Section
Nose

Fwd Body
Aft Body

Station
(in.,}

0-72
72-174

174-300

Contigency 10%

Total

B-24

Weight
{1}

118
154
197

47

516 1b
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Appendix C
THERMAL PROTECTION SYSTEM DESIGN
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Appendix C

C.l INTRODUCTION

Prior to the design of the Thermal Protection System (T PS) for the
AMOOS and AMRS vehicles a brief study was performed on the effects of
bondline temperature and angle of attack on ablator weight. The method used
in these studies follows the method of ablative TPS design used for AMOOS
and AMRS. This method has the following steps:

1. The design trajectory is received as an input to the TPS design.

2. The stagnation point heating rates are then computed using the
design trajectory to obtain the appropriate parameters. Heating
rates,assuming free molecular, transitional and continuum flow,
are computed together with M/\(I{_é, which is used to determine
the regime.

3. The heating rates are used to compute ablation rate and temp-~
erature within the ablator. These data are then used to de-
termine the thickness of the ablator required at the various
locations.

The procedure will now be discussed in more detail.

c.2 HEATING RATE CALCULATION METHODS

The equations for evaluating the free molecular and transitional heating
rates on a stagnation point of a sphere were obtained from Ref, C-1. These
were incorporated in 2 computer program to determine the non-continuum
and continuum heating rates from the vehicle trajectory based on the effective
spherical nose radius of 18.4 ft for the AMOOS configuration and 11.4 it
for the AMRS. The effective nose radii were determined from the bluntness
parameter as shown in Ref. C-2, The heating rate profiles determined for

the two vehicles for their respective trajectories are shown in Fig. C-1 and
Fig- C"z.

C-1
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C.3 DETERMINATION OF ABLATOR THICKMESS FOR GIVEN HEAT
' LOAD AT DESIRED BONDLINE TEMPERATURE

A standard ablation program of Ref. C-3 was used to def,zrmine maxi-
mum bondline temperature for various thicknesses of the Maxsiin SLA-561
low density ablator. Properties of this ablative material were obtained from
its principal developer, Dr. Eric Strauss, and are referenced in a letter
of Ref. C-4. The heating environment used in the program was that of
Fig. C-1. Radiative heating rates, which were found to have an insignificant
contribution, were not included. The backup structure was modeled with
3 in. of Micro-Quartz insulation. The total heat load was varied in the pro-
gram and maximum bondline temperatures determined for various thicknesses.
Typical results are shown in Fig. C-3 and C-4. From these figures, ablator
thicknesses for the desired bondline temperature were read off. For a bond-
line temperature of 600°F, a thickness versus heat load curve was obtained
and is shown in Fig. C-5. This curve is subsequently used to obtain the
thicknesses at various body points havung different heat loads for the final
ablator weight determination.

c.4 DETERMINATION OF HEAT TRANSFER DISTRIBUTION AT
VARIOUS BODY LOCATIONS

The AMOOS and the ARMS consist of basically two geometrical shapes
the fro. complexly curved nose cap and the rear ellipsoid part which can be
approximated as a cylindrical section with an effective radius, R. The
two sections were first divided into nodes. The nose section had ring-like
nodes with the central node at the stagnation point and the rear cylindrical
pasition had nodes located at different angular location, @ degrees, around
the body (Fig. C-6).

For the rear cylindrical part, the heating rate with r-spect to the
reference heating rate at the stagnation point on the vehicle nose (effective

radius R = 18.4 ft for the AMOOS configuration and R = 11.4 for the AMRS)
is determined as follows:

C.4
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Fig.C-3 - Maximum Bond Line Temperature vs SILLA-561 Ablator Thickness
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Fig.C-6 - Peripheral Location of the Nodes for the TPS Thickness
Calculations on the Section of AMOOS and AMRS aft of

Nose
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9cylinder, radius = r at 8 _ 9cyl, rad = r,8 x 9cyl, rad = 1,0 <
cyl’ rad = 1.8 elsph, rad = 1, stag

q-sphere, radius =R at stag pt.

Qgph, rad = 1, stagl _ JR_ < Qyl, rad = 1,8
qsph, rad= 1, stag

Fsph, rad = R, stag

where 0 =the angular position of any local point measured away from the wind -

ward streamline,

The heating rate ratio on the right-hand side of the last term of the equa-
tion is obtained from the swept infinite cylinder laminar heating distribution of
Fig. C-7 (Ref. C-5) for the windward side of the vehicle at any desired angle of
attack., For the lee-side, the peripheral laminar heat transfer distribution was

deduced similarly from an experimental design curve shown in Fig, C-8 (Ref. C-6).

The heat transfer distribution around the spherical nose section of the

vehicle was determined from Fig. C-9 obtained from Ref, C-5.

C.5 ANGLE OF ATTACK AND BONDLINE TEMPERATURE STUDIES

These studies were performed with the AMOOS cenfiguration given
in Ref. C-6. The ablator used was the Langley low density ablator, with pro-
perties also given in Ref, C-7. The ablator thickness was computed for angles
of attack of 15, 25 and 45 degrees. For each angle of attack, the ablator weight
was computed for bondline temperatures of 200, 300 and 600°F, The results of
the study are shown in Fig., C-10. As canbe seen, the windward side TPS weight
varies slowly with angle of attack, increasing with increasing angle of attack
over the range, The lee-side TPS weight is not given but is a small fraction of
the total TPS weight. The variations in this small fraction with angle of attack
would be expected to be small. From these studies it was concluded that the
angle of attack could be chosen in the range of 25 to 45 degrees without a signi-
ficant effect on TPS weight, Hence the desired value of 35 degrees from tra-
jectory and guidance considerations was acceptable.

C-9
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Fig.C-8 - Heating Kate Distribution Around Vehicle at 45 deg Angle of Attack
(From Ref,C-6)
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Fig.C-9 - Hemisphere Laminar Heating Distribution (Fig. 6-9 of Ref.C-5)
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NOTE:

Toutal ablator weight includes secaler and bonding agent
waight (.153 lbm/ft<) and 10% allowed for close-outs
around doors, hatches, eic,

- o
Tgong = 200°F
- O
Tgong = 300°F
T = 400°F

/ Bond
/

20 40 60
Angle of Attack (deg)

Fig.C-10 - Effect of Variation of Angle of Attack and Bond Line Temperature

on Windward Side Ablator Weight on AMOOS
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The effect of the bondline temperature on ablator weight is significant
as can be seen in Fig, C-10. TPS weight decreases rapidly with increasing
bondline temperature. Upon considerations of materials useable and the
design conditions, the 600°F, bondline temperature was chosen for structural
design.

A study was also performed to determine the ablator weight for various
lengths of the AMOOS vehicle at the three different angles of attack and 600°F
bondline temperature., This is summarized in Table C-1. The weight summary
for AMRS is shown in Table C~2.

C-14
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Table C~1

AMOOS SLA-561 TPS WINDWARD SIDE WEIGHT SUMMARY
(MAXIMUM BONDLINE TEMPERATURE OF 600°F)

Vehicle Angle Surface Sealer + N Ablator  Ablator Total

Liength of Area Bond Wt. wt, Wt. .. Ablator
Attack + 109" Wt.

(£t) (deg) (£t%) (1bm) (lbm) {lbm) (tbm)
59.0 45 1337.0 205.2 837.8 " 921.6 1127.0
25 1337.0 205.2 781.0 859.1 1064.0
15 1337.0 205.2 749.0 823.1 1029.0
45,3 45 1040.8 159.2 656.2 721.8 - 881.0
25 1040.8 159.2 614.6 676.0 835.0
15 1040.8 159.2 595.0 654.5 814.0
34.0 45 - 785.8 120.2 499.8 ~ 549.8 670.0
25 785.8 120.2 470.8 517.9 638.0

15 785.8 120.2 463.0 509.3 630.0

*sealer plus bonding agent weight =0,153 1bm/ft:2

*k
_ 10% allowed for closeouts around doors, hatches, access areas, etc,
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Table C-2

AMRS SLA-561 TPS WINDWARD SIDE WEIGHT SUMMARY
(MAXIMUM BONDLINE TEMPERATURE OF 600°F)

Angle Surface Sealer +,  Ablator Ablatop Wt. Total
of Area Bond Wt. Wt. + 10% Ablator Wt.
Attack
(deg) (£t%) (lbm) (lbm) (1bm) (lbm)
45 360.0 55.1 241.4 265.5 320.6
25 360.0 55.1 226.5 249.2 304.3
15 360.0 55.1 212.9 234.2 289.3

¥ d
Sealer plus bonding agent weight =0.153 1bm/ft2
*®

* .
10% allowed for closeouts around doors, hatches, access areas, etc.
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Appendix D
ATMOSPHERIC FLIGHT GUIDANCE
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LIET OF VARIABLES
system matrix
aerodynamic reference area
system matrix
feedback gain vector
aerodynamic drag coefficient
aerodynamic lift coefficient

component of CL along the YR axis (Fig.D-2)

aerodynamic drag in direction of V
weighting matrix

altitude

apogee altitude

atmospheric scale height

nominal altitude

gain matrix

aerodynamic lift perpendicular to V

“vehicle massa

weighting matrix

 weighting matrix

radius from center of the earth to vehicle center
of gravity . S '

nominal radius

D-i
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time

final time (atmospheric exit)

initial time (atmospheric entry)

control variable

inertial velocity

inertial velocity of the air mass

velocity relative to surrounding air masa

nominal velocity

bank angle (see Fig.D-2)
commanded bank angle
nominal bank angle
inertial flight path angle
nominal flight path angle

r-r
nom

v 'vnom

state vector

Y ~Ynom

ea_rth gravitational constant
atmospheric density
reference atmospheric density
nominal density

time constant
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1. GUIDANCE METHOD I;: OPTIMAL LINEAR. REGULATOR APPROACH

1.1 INTRODUCTION

The equations of motion for the atmospheric flight of an AMOOS or
AMRS type vehicle are highly nonlinear and the "exact' optimal solution is
not expected to be in a2 form simple enough to be implemented in the onboard
computer, The more promising approach is therefore to minimize the de-
viations from a nominal trajectory. An optimum guidance problem can then
be formulated based on the perturbation equations and a quadratic perform-
ance functional which results in a linear fee:dback solution,

1.2 EQUATIONS OF MOTION

The objective of the atmospheric flight guidance was to achieve a
certain apogee altitude after the pass through the atmosphere. Only the
motion in the orbital plane affects that parameter significantly. The equa-
tions of motion were therefore represented in terms of inertial velocity, V,
inertial flight path angle, v, and radins, r, for the purpose of the guidance
problem formulation. The eqguations of motion are derived as follows:

ay

4y do
& T Wva TLyVE | (@.1)

where
4,3 = unit vectorin direction of V

uaA

unit vector perpendicular to V

D-1
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Fiom the components in the direction of V results the equation for V.

Z Forces in direction of V =

-D--l'-’-'z-msin'y = m\'f (D.2)
r

;o= L2

vV = “m rz siny {D.3}

YA

\ Earth Center

x-y Coordinates Represent
an Inertial Frame

Fig.D-1 - Derivation of Equations of Motion

D-2
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From the components perpendicular to V results the equation for ¥ .

Z Forces perpendicularto V =

L ---Ea-m cosy = mVé (D.4)
r
From Fig.D-1
0 = §+7y (D.5)
§ = Y Cony (D.6)
8 = 7 -2 coay (D.7)

Subatituting Eq. (D.7) into Eq. (D.4) and solving for y yields

.
. L 1 \i D.8
1 =5v-v[ﬂz'-";']°°sv ®-8
r
The equation for r is
r = Vsiny (D.9

Equations (D.3), (D.8) and (D.9) represent the equations of motion in the
orbital plane. The aerodynamic forces L and D are here defined with
respect to the inertial velocity. Since the inertial and relative velocity
vectors are almost parallel over the velocity range under consideration
the aerodynamic lift and drag with respect to the relative velocity will be
subgtituted for L and D, i,e.,

p x dpv2 -
p = dpvia,c (D.10)
L~ Xpvia_c, cosp (D.11)
L = 5p VR Ap O, S -11).
VR = V- VE (D.12)
D-3
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The bank angle P is defined in Fig.D-2.

R -
C'LY = CL cosf
r
/4
CL
v‘R
N{R
Z
R
Crz

YR Lies in the Vertical Plane

Formed by the Radius Vector r

and VR

Fig.D-2 - Definition of Bank Angle, p

Trajectory control is effectec by rotating the vehicle around the vector
VR {i.e., changing the bank angle). This changes the component of CL along
the YR-axis, CLY' in Fig,D-2. The control variable, u, was defined as the

deviation of the commanded value of CLY from some nominal value.

u =GC -C

LY LYo = CL (cospc - cospo) | (rn.13)

D-4
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For the purpose of deriving the guidance law it was assumed that the vehicle
can be rotated instantaneously from the present bank angle B to the com-
manded angle ! thus

B =8, . | (D.14)

However, the vehicle rotation was not ignored in the computer simulation
of the guidance scheme. There, the vehicle rotation was simulated as a

minimum time maneuver with a constant angular acceleration of 1 deg/ secz.

Substituting Eqas. (D.10), (D.ll 1), (D.12), (D.13) and (D.14) into (D.3) and
(D.8) results in the final form for the equations of motion,

T 2 R N
vV =-1 S p (V- VE) CD AR rz siny (D.15)
. 1 2 ' v
Y = g P (v —VE) AR [CL coapo + u.] - ;ﬁ.—é - -;]cos'y (D.16)
¥ = V siny DA

The linearization of the equations of motion sought is of the form

6V 5V
sy! = [Allsy [+[B]u - . (D.18)
s sr |-

where

[A] = |29 98y 23| and (D.19)
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22,

<.

[E] =

(D.20)

@
P

i

|
1

The partial derivatives are obtained from Eqs. (D.15), {{0.16) and (D.17) as

follows,
v -Lpv, c_a | (D.21)
5%V - m"? 'R DR .
-g-"-’ = -—‘-‘icoav (D.22)
'Y r
BV _ .1 2 p | 24
3 - " 7m VR CD AR o +;§ siny (D.23)
2
B VR 1

9y . _1_ . R S 3
3V ° mvV VR v pAR [CL cosbo -l~u]+[vzr2 +r]cos'y (D.24)

%1';- = [——E—z --:Tr]sin'y (D.25)
Vr :

ay _ 1 2, [~ e [ 2p VvV
5—3 = v Vg AR [CL cosﬁol+ u]ar -[— V3 +-rZ]cusry (D.26)
%% = siny (D.27)
8% I 28
5y = V cosy (D.28)

- D-6
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%i; -0 (D.29)
ga"-’ =0 (D.30)
'%;%'1. - 0 ' (D.32)
g% = -EB- (based on exponential (D.33)

o atmosgphere)

1,3 FORMULATION OF THE OPTIMUM GUIDANCE PROBLEM

The selected performance functional is quadratic in state and control.
It is of the following form

t
ToetexT k) Hexty +y ff[&_c_T Q .sg+uZR] at (D.34)
__ :
where
v
6x = |6y
o

H, Q and R are weighting matrices.
The differential equation constraint is given by Eq. (D.18) as

5% = A &% +Bu {D.35)

D-7

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

Eihe Ak EaEn i e e



LMSC-HREC TR D496644

The solution to this optimization problem is derived in numerous textbooks
%
on optimal control theary (see e.g., Ref,D-1', pp. 209-212),

The solution is

w=-R!BTkex = ¢¥sx (D.36)

The matrix K is given by the Riccati differential equation

K = - ATK -KA - Q +KBR™}

BTk (D.37)
The Riccati equation must therefore by integrated backwards in time.

From examining the equations of motion it is evident that the altitude
variation during the atmospheric flight (70 to 100 km) has an insignificant
effect on the gravitational terms but has s dominating effect on the atmos-

pheric density. The altitude error

ér = »r - *oom = h - hnom {1).38)
was therefore related to the atmospheric density encountered which in turn
was obtained from the vehicle acceleration. Solving the equation (valid for
small flight path angles),

.y
Vm = -%p V3 ChAL, (D.39)
for p yields
p = —z24m (D.40)
VR Cp AR

=#D-l. Kirk, Donald E., Optimal Control Theory, Prentice Hall, Znglewood
~ Cliffs, N.J., 1970. ' T

D-8
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This density, p, can be converted to an equivalent altitude assuming an
exponential atmosphere,

h = -h, m(p/po) (D.41)

The nominal altitude profile must then be computed by the same relationship
from the nominal density

Biom = - h, m(pnom/ Py - (D.42)

1.3.1 Selection of the Weighting Matrices for AMOOS Guidance

The objective of the atmospheric flight guidance for the AMOQOS vehicle
is to achieve a specified apogee altitude (720 km) after the atmospheric pass,
The apogee altitude is full'y determined by V, ¥ and r at the time of exit
from the atmosphere. The matrix H was chosen to minimize the effect of
the final state 6x (tf) (at atmospheric exit) on apogee altitude, ha' For small
variations 5ha can be related to the final state by

aha Sha Bha
= |2 sv 42 —_—
ﬁha = v sV + By oy + g7 or ot (D.43)
=t ,
The matrix H was then determined from
2
8h> = bx'(t) H 6x (t) ) (D.44)
which yields the elements hij of H as follows:
aha)z | | |
hll = (W (D.45)
dh_\? | | "
hZZ = (_é—-;) : - (D.46)

2
s - (22)
- 733 T\ or

D-9
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aha aha
h.lz = th = —8—‘7--5-'7 {(D.48)
Bha 3ha
hys = hyy = 5% B¢ (D.49)
oh_ Oh_

ha3 = B3y = Fy By (0.50)

23

The partial derivatives were computed for the final state V = 7980 m/sec,

vy = 1,75 deg andr = 6,498, 153 m. The numerical values are:

—2 . 332 km
ov * 'm?sec

Fy_a._ = 74.73 km/deg
Sh
—aTa = 3.116 m/m

The weighting matrix Q accounts for the deviations from the nominal tra-
jectory during the atmospheric flight. These deviations are significant only
if they result in an excessive increase in heating fate, heating load or dy-
namic pressure. The simulation results have shown that this is not the case.
The matrix Q was therefore set equal to zero,

The weighting function R{t) was selected based on the consideration
that the control variable u should not exceed the maximum allowed value

for the range of 6x associated with the particular guidance problem.

Several functions, R(t) were investigated in order to reduce the peaking

of the gains at perigee. The function selected is shown in Fig.D-3.

D-10
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100

- _— __-e_ PP
|
t "
1
T
|
1

R (mz/ sec)

0.1 =

0.01

200 300
Time {sec) .-

Fig.D-3 - Weighting Coefficient R vs Time

Figure D-4 shows the i_'eedback_gain vector C (see Eq. (D,36)) for the
selected weighting matrices and for a nominal trajectory based on the follow-

ing vehicle and orbital parameters:

Vehicle mass, m ' 6804 kg
Drag coefficient, CD 2,5120
Lift coefficient, CL 1.3457
Aerodynamic reference 15.69 m2
area, A
R
D-11
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-0.05["

~0.1 |-

- -0,15

CZ C3-
(1/rad) (1/m) Time (sec)
0 100 200 300

0 0

-200 |~ ~-0.0005

-400 & _g.001

-600 - -0.0015

-0.002

-0.0025

Fig.D-4 - Feedback Gain Vector C for AMOQS Guidance
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Bank angle, iﬁo 90 deg
Atmospheric model: 1962 Standard Atmosphere

Trajectory: Transfer ellipse from equatorial
geosynchronous orbit with 70,579 km
target perigee altitude and 21.4 deg
inclination

The time point t = 0 in Figs.D-3 and D-4 corresponds to the time when the

nominal trajectory passes through 95.4 km altitude at atmospheric entry.

1.3.2 Selection of the Weighting Matrices for AMRS Reentry Guidance

Thé optimal linear regulator guidance approach is also applicable to
the initial portion of a reentry trajectory like the direct rcentry of an AMRS
vehicle since a similar flight environment is encountered. However, during
the later portion of the atmospheric flight when the vehicle environment be-
comes less severe other trajectory control methods become permissible
(¢.g., positive and negative angle of attack) which lead to alternate guidance
methods. The present investigation covers therefore only the initial portion
of the reentry trajectory.

For reentry guidance the objective is to keep the vehicle close to the
nominal trajectory. A choice of the weighting matrices which often turns

out to be a reasonable one for this type of problems is

-1 = maximﬁm acceptable value of diag. ﬁ_Jg.(tf) 65T (tf) ' ' {D.51)
Q'l = (tf -to) X maximum acceptable value of diag, &x(t) 63;_T {t) (D.52)
R_l = m/n (tf -to) x maximum acceptable value of diag., u(t) uT (t) (D.53)

where

number of control variables

B
n

number of states

D-13
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The guided flight lasted 280 sec from atmospheric entry until the
velocity had dropped to 4800 m/sec. The maximum acceptable errors at -
the end of the guided flight were somewhat arbitrarily chosen as

6V ity = 100 m/sec
67(t£) = 3 deg = 0.052 rad
gh (tf) = 2km
The matrix H becomes then
1074 0 0
H = '4) . 370 )
0 0 2.5 % 107
The matrix Q at final time is
3.6 x 1077 0 0
1 _ - |
Q) = 55z H = 0 1.3 0 .
0 0 0.9% 10

The errors during the early portion of the atmospheric.flight can be con-
siderably larger than the values toward the end of the flight, In order not
to require an excessive amount of control during that portion of the flight
Q (to) was chosen to be zero. The values between £y and tf were obtained

by linear interpolation between Q (to) and (tf).

The maximum value for u is based on the maximum deviation of §

from its nominal value, ﬁo.

| B = 30 deg
. max .
From Eq.(D.13)
Uax = CL (cosB -cosﬂo) = 0.658
D-14.
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where

1

CL 1.35
50 90 deg

i

This results in a value for R = 0,025. The actual value used was R = 0,01
since this resulted in somewhat higher gains (and therefore lower errors)

without exceeding the maximum allowable valuz of the control variable,

The feed!éack gain vector C (see Eq. (D.36)) for the selected weighting
matrices is shown in Fig.D-~-5, The nominal trajectory is based on the follow-

ing vehicle and orbital parameters:

Vehicle mass, m 3170 kg

Drag coefficient, Cpy  2.5125

Lift coefficient, CL 1.34572
Aerodynamic reference area, AR 5f3‘7 m

Bank angle, po (see Fig.D-6)

Atmospheric model: 1962 Standard Atmosphere

Trajectory: Transfer ellipse from equatorial
geosynchronous orbit with 68.291 km
target perigee altitude and 28.5 deg
inclination

The nominal bank angle time history shown in Fig,.D-6 was selected
‘to keep the dynamic pressure approximately constant and below 4800 N/m,z
during the early portion of the flight.

" The time point t = 0 in Figs,D-5 and D-6é corresponds to the time
when the nominal trajectory passes through 92.4 km altitude at atmospheric

entry.

D-15
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Fig.D-5 - Feedback Gain Vector C for Reentry Guidance
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3 I | | | I

50 100 150 - 200 250 300
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Fig.D-6 - Nominal Bank Angle, B_

D-17

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HWREC TR D496644

1.4 IMPLEMENTATION OF THE GUIDANCE SCHEME

The guidance scheme was implemented in a three-degree-of-freedom
trajectory simulation. The implementation consists of programming the
following equations.

sV = V-Vnom (D.54)
8% = ¥~ Yom (D.55)
6h = h'hhom (D.56) *
u = Cl ¢‘SV+C2 5y +C3 6h (D.57
The time histories for V LY , h , C,, C,and C, were stored in
nom’ "hom’' nom 1 2 3

the computer program. V and y are directly available from the simulation
(or from the spacecraft navigation system). The altitude h was computed
from Eqs. (D.40) and (D.41). Only spacecraft parameters and measurables
(V and Vg) enter those equations,

A new value of the control variable, u was computed in periodic

intervals (guidance cycle) of 5 to 10 sec. The commanded bank angle, B
was computed from equation (D.13).

!

B, = cos-l[-cu—L +co‘s|30] (D,58)

The vehicle rotation around the VR vector by the angle (lSc - B) was simulated
as a minimum time maneuver with a constant angular acceleration [pl =
1 deg/secz. '

.D-18
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2. GUIDANCE METHOD 1I; CL.ASSICAL LINEAR SYSTEMS APPROACH

2.1 FORMULATION OF THE GUIDANCE LAW

The objective of the atmospheric flight guidance is to achieve a speci-
fied apogee altitude after the pass through the atinosphere. The apogee
altitude is fully determined by the velocity and the flight path angle at a
given altitude {e.g., 120 km) after the exit from the atmosphere., However,
the velocity is the dominating parameter. The flight path angle is only
slightly dependent on the particular trajectory through the atmosphere.
These considerations lead to the concept of guiding the vehicle along a
nominal velocity prcfile, Trajectory control is effected by varying the

bank a.ngle'and the control variable is defined as in Eq, (D.13).

The guidance law is based on classical linear control theory and con-
sists of feeding back a linear combination of the variable to be controlled
(V) and its derivatives, It is of the form
&V (D.59)

u = K av+K25{r+K

1 3

The optimum set of gain constants was determined by a systematic search

over the space {Kl,Kz,K3}

2.2 IMPLEMENTATION OF GUIDANCE SCHEME

The guidance scheme was incorporated in the three-degree-of-freedom

trajectory simulation, A block diagram is shown in Fig.D-7.

Nominal time histories for V om and V om Vere stored in the com -
puter program. They were used to compute 6V and V. The variable 6V
was obtained from a differentiating network with a high frequency roll-off
as shown in Fig.D-T7, |

D~19
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Fig.D- 7 - Implementation of "'Classical Linear Systems Approach"
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A new value of the control variable, u, was computed periodically
with a guidance cycle time, 'I‘c = 5 sec.

The commanded bank angle is obtained from the control variable u
{see Eq.D-13))

B, = cos'l[aul-: +cospO] (D.60)

The roll maneuver to rotate the vehicle to the commanded bank angle, |5c
was simulated as a minimum time maneuver with an angular acceleration

of 1 deg/secz.

D-21
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