| NTRODUCTI ON

This study of Reentry Vehicle (RV) systens and their associ ated
operati ons was conducted for the Departnent of
Transportation/ O fice of Comrercial Space Transportation. The

pur pose of the study was to investigate and present an overview
of reentry vehicle systens and to identify differences in m ssion
requi renents and operations. This includes reentry vehicle

syst em background, system design considerations, description of
past/present/future reentry systens, and hazards associated with
reentry vehicles that attain orbit, reenter, and are recover ed.

A general literature search that included the OCST data base,
NASA, Air Force, and other technical libraries and personal
contact with various governnent or private industry organizations
know edgeable in reentry systemvehicles was perforned. A
reference page is provided at the end of this report. A history
of early manned reentry vehicle |launches is shown in Appendix I.
A listing of sone of the agencies and conpani es found to be nost
know edgeable in the reentry vehicle area is provided in Appendi x
1. The follow ng sections provide nore detailed information on
reentry system vehicl es.

A. Background - The devel opnent of reentry vehicles began in the
|ate 1950's due to the need for Departnent of Defense and Central
Intelligence Agency photo reconnai ssance of Soviet |ICBMsites.
NASA has al so been involved in the use of reentry vehicles since
the early 1960's, including manned space prograns Mercury, Gem ni
and Apollo. The follow ng sections describe the evol ution of
reentry system devel opnent in the United States and foreign
countries:

1. Discoverer, - The Discoverer programwas of major

i nportance because it provided a vehicle for testing orbital
maneuvering capability and reentry techniques and it pl ayed
a large role in enabling the first United States nmanned
space flights to be conducted in Project Mercury. This
program al so advanced technol ogy required for the

devel opment of the surveillance satellites used |later by the
Departnent of Defense.



Bet ween 1959 and 1962, there were 38 | aunches conducted at
Vandenberg Air Force Base by the US Air Force. The final
three mssions all had simlar ejection capsules and were
typical of many other mssions. After 1962, this type of
work was classified. The purpose of these m ssions was to
provide mlitary space research, develop reentry capsule
recovery techni ques, and perform bi ol ogi cal research.

The Di scoverer was built by General Electric and | aunched
aboard a nodi fied Thor Internedi ate Range Ballistic Mssile
(IRBM. It was boosted into orbit by a second stage Agena A
or B rocket. Once there, gas-jet thrusters oriented the
vehicle so that the reentry capsule could deorbit. After
the orbital portion of the m ssion was conpleted, ejection
of the capsule fromthe nosecone was acconplished and
retrorockets were fired to initiate reentry. After reentry
into the atnosphere, and whil e descendi ng over the recovery
site, a parachute pulled the capsule away fromits
heatshield, which fell into the Pacific Ocean. See Figures 1
and 2,. The recovery capsule was then either retrieved by
ship after inpact in the ocean or, in several cases, air-
snat ched whil e descending by C 119 transport aircraft.

The final three Discoverer mssions all had simlar ejection
capsul es and were typical of many other m ssions. The
orbiting vehicle, which included the Agena second stage and
reentry capsule, was 7.62 neters long and 152.4 cmin

di aneter. The bow -shaped capsule was 84 cmin dianeter,
68.6 cmin depth, and wei ghed approximately 227 kg.

The Di scoverer program up to the final unclassified m ssion
on February 27, 1962, resulted in 38 |l aunches attenpted, 26
spacecraft orbited, 23 attenpted capsule recoveries, 8
successful air recoveries, and 4 successful sea recoveries.
Two of the Discoverer mssions did not contain reentry
capsules. On Novenber 22, 1961, the Departnent of Defense
mandated that all mlitary spacecraft |aunches would be
classified. The Tables of Earth Satellites, conpiled by
Britain's Royal Aircraft Establishnment, shows that 27
capsul es were placed into orbit between 1963 and 1971,

desi gnated only as the vehicles on which they were | aunched
(Atl as-Agena's B and D, Thor-Agena & Titan-Agena). Table 1
shows a recap of past Discoverer m ssions between 1959 and
1962,.



Satellite Recovery Vehicle, GE Aerospace Doc. No. 89SDS2064, April 89

Source

Figure 1. Discoverer Recovery Vehicle Design




Figure 2 is currently unavailable



2. Biosatellite;, - This late 1960's NASA program directed
by Ames Research Center and built by General Electric, was
intended to study the prolonged effects of weightlessness
and radioactivity on living organisns. The agency planned
six Biosatellite flights: the first two with plants and
organi sns, the second two wth nonkeys, and the third pair
with rodents. The program was suspended after the third
flight.

The Biosatellite consisted of a conical reentry vehicle,

whi ch contai ned the recovery capsule, and a cylindrical
adaptor section. The entire configuration was approxi mately
206 cmlong and the adaptor was 145 cmin dianmeter at its
base. See Figure 3,. Depending on the experinment weight,

t he capsul e weight varied from431 to 522 kg. The reentry
vehi cl e consisted of a bow -shaped fibrous gl ass heat shield
101.6 cmin dianeter. It contained the thrust cone
assenbly, the recovery capsule, tracking equipnment, and the
parachute assenbly. The recovery capsul e, which was nounted
i nside the heat shield, was a blunt al um num cone about 79
cmin diameter wwth 16,987 cu cm of payl oad space. See
Figure 4,. Prior to reentry, position and attitude control
were provided by high-pressure nitrogen gas, three notion-
sensing gyros, and six cold-gas thruster jets. These
conponents and the retrorocket, which initiated reentry,
were | ocated in the thrust cone assenbly. The payl oad was

| aunched aboard a Thrust-Augnented Delta N (TAD) on its
first two mssions and the Long Tank Thrust-Augnented Delta
(LTTA-Delta) for its final m ssion

Bios 1 was | aunched from Cape Canaveral Air Force Station
(CCAFS) on Decenber 14, 1966 on a TAD. A retrorocket
failure left the recovery capsule stranded in its 302 x 326
kmorbit where it eventually decayed and reentered on
February 15, 1967, in the Australian area. Electronic and
vi sual searches of the Australian | and area were nade;
however, the capsule was not recovered. The nost likely

I npact point was estinmated by the recovery personnel to be
on the eastern half of the continent or in the Tasman sea.
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The second flight was nore successful though not all m ssion
obj ectives were acconplished. The capsule, containing 13

pl ant and ani mal speci nen experinments that woul d be

subj ected to doses of radiation, was |aunched on Septenber

7, 1967 aboard a TAD from CCAFS and was scheduled to orbit
for three days. The mission was cut short with a successful
recovery at 45 hours due to communi cation problens and the
threat of severe weather in the recovery area.

Bios 3, with a pig-tailed nonkey on board, was |aunched on
June 28, 1969 on a LTTA-Delta from CCAFS. The nonkey was
attached to 24 sensors to study the effects of

wei ght | essness on various bodily functions. He had been
trained to feed hinmself by pushing various buttons, but once
in orbit he becane sluggish and refused to eat. NASA
aborted the schedul ed 30-day m ssion after nine days. The
capsul e containing the primte was successfully recovered.

3. DOD Satellite FilmCanister Reentry Systens; - Beginning
in the early 1960's the Air Force and the Cl A began using
reentry capsules to retrieve reconnai ssance filmfrom
satellites. The project was conducted under the code-nane
"Keyhol e" and successive satellite generations were given
"KH' nunbers that are still in use.

The early progranms, C ose Look and Area Survey, ran
concurrently from 1962 until 1984 with over 250 m ssions to
their credit. These prograns were slowy phased out and
used as fillers with the advent of Big Bird in 1972. Big
Bird (KH9 Hexagon) was al so known as LASP (Low Altitude
Surveillance Platform and provided US intelligence with a
mul titude of data. The final Big Bird was destroyed in the
Titan failure at Vandenberg AFB in 1986.

The LASP had a mass of over 11,000 kg in orbit and was 15.2
meters long and 3 neters in dianeter. It deployed two |arge
solar arrays and a six neter antenna and carried four to six
pods used to return exposed film The Titan 3D was specially
devel oped as the launcher. The earlier Area Survey and LASP
satellites had both radio transmtting (for area survey
pictures) and reentry pod capability (for close-I| ook
capability). As technol ogy has advanced, inagi ng systens
have devel oped to an extent that they can performthe close-
| ook function, elimnating the need for filmreturns.

4. Current US and Foreign Reentry Vehicle

Concepts/ Prograns; - US and foreign entities are increasing
research and devel opnent of new reentry systens. Stanford
University researchers have identified reentry capsul e
services as one of the fastest grow ng international
aerospace markets in the 1990's. Estimtes of the US market
al one yield an average yearly growth of nearly 50% duri ng
the next five years, with 4-5 flights/year projected by



1995. Equal growth is anticipated in Europe and Japan. Most
of the current reentry systens being researched and

devel oped (donestic and foreign) are using technol ogy from
the 1960's. Though heat shield materials and spacecraft
subsystens have been i nproved, the basic design remains the
sane. Most of the current and proposed capsul es are
ballistic in design to sinplify m ssion operations.

a. Germany - Germany has vigorously pursued reentry capsul e
studi es of 10-15 separate concepts during 1986-1990.
Presently, the EXPRESS (EXPerinment REturn Service from
Space) is under study. GCerman experinents have fl own on

Chi nese and Sovi et capsules and are planned for additional
flights over the next two years. Recent CGerman studi es have
tended to | arger capsules (over 800 kg) to acconmopdate a

w de range of mcrogravity payloads. However, Gernan

i ndustry and space agency managenent appear close to
reaching a consensus that an initial capsule should enpl oy
smal |l er Western | aunchers in early m ssions.

b. Italy - Italian interest in reentry systens dates back
to 1987-1988 and has focussed on small capsule options for
avai l abl e Western ELV' s. Technical efforts by Aeritalia and
support fromthe Italian Space Agency (ASlI) are enabling
Italy to devel op technology for reentry systens. AS|
support for reentry systemtechnol ogy has resulted in an
extensive definition and prelimnary design study of the
Cari na capsul e.

c. France - France has not pursued reentry capsul es as
aggressively as Germany and Italy. Preoccupation with the
maj or European prograns (Hermes, Ariane 5), |ess enphasis on
m crogravity science within the French space effort and a
solid donestic mlitary reentry technol ogy base have al
contributed to placing a lower priority on reentry capsul es.
| nst ead, concepts proposed have been driven by a desire to
fill secondary payl oad capacity on Ariane boosters. France
is currently working wwth Germany to devel op a | arge Apoll o-
type capsule (1,812 - 2,600 kg) for Ariane 4/5 and has

conpl eted a concept definition study. The Mcroliner, a

Di scoverer-type capsule flown to geosynchronous orbit, has
al so been proposed as an Ariane 4 secondary payl oad.

d. Geat Britain - The British have a strong reentry

t echnol ogy base achi eved during 1960-1980 through the

devel opnment and operation of strategic weapons systens.
During 1988-1989, British Aerospace proposed the Miulti-Role
Capsul e (MRC) concept, which is a sem -ballistic
configuration that can be adapted for nmanned ascent or
rescue, or unmanned mcrogravity science mssions. Wrk on
the MRC was initiated to conpete for the NASA Space Station
crew rescue vehicle (ACRV) but it was not sel ected.

e. Japan - Japanese governnent and industry have targeted



reentry capsules as a strategic technol ogy for devel opnent
during the early 1990's. The National Space and Devel opnent
Agency (NASDA) and the Mnistry of International Trade and

| ndustry (M TIl) agencies, with N ssan, Mrubeni, M tsubishi,
and other industrial and trading conpanies, are closely
monitoring US, German, and Italian capsule R& prograns. In
addi tion, NASDA is sponsoring the donestic devel opnment of a
smal | experinmental capsule to collect reentry data in
support of their manned spacecraft project. This capsule is
scheduled to fly as a piggyback payload in 1993 on Japan's

t wo- st age heavy | aunch vehicle, the H 2.

f. Soviet Union - The Soviet Union's hard currency

requi renents have pushed d avkosnos, the Photon Design
Bureau and Soyuzkarta to rapidly commercialize and market
services in the West. An aggressive booster and services
pricing policy, reliable technology and a wi de range of
servi ces and systens have generated inportant successes,
nost notably in Germany; Kayser-Threde and | ntospace changed
suppliers to fly the Cosima-2 protein crystal experinent in
Sept enber, 1989, on the Resurs-F. A good ground
infrastructure capabl e of supporting Western scientists

| aboratory, communi cations, and data requirenents

conpl ements the on-orbit service during the pre-launch and
post -recovery phases.

The Sovi et Union has inplenented increnental inprovenents in
flight-proven systens flown for nmanned and mlitary photo-
reconnai ssance m ssions. The original Vostok spheri cal
nodul e has been adapted for use as Photon, Resurs-F, and the
Iife sciences Biocosnbs capsul es. @ avkosnos recently
announced that its inproved N ka reentry vehicle, outfitted
with solar panels for long duration flights, is slated for
commercial introduction in 1993-1994.

Qutside the commercial real m NASA and Sovi et scientists
continue to cooperate on joint Biocosnos biosatellite

m ssi ons under the Joint US/ USSR Bi ol ogical Satellite
Program started in 1975. Since this began, Anerican space

bi ol ogi sts have participated in seven m ssions covering

bi ol ogi cal and radi ati on physics experinents. An additional
flight is expected in 1991 under current agreenents.

g. China - The Chinese Acadeny of Space Technol ogy (CAST)
undert ook devel opnent of donestic reentry system technol ogy
in the early 1970's in support of mlitary photo-

reconnai ssance and earth resources m ssions. The first
capsule flew in 1975 and has since flown over 10 m ssions
with land recoveries in central China.

The China Geat Wall Industry Corporation has shown interest
in reentry systemtechnol ogy and has flown two mcrogravity
experinments for Matra Espace of France in August of 1987.

h. United States - Presently, in the United States, two
NASA- sponsored reentry capsul e prograns are expected during



the 1990's. First, the NASA Ofice of Commercial Prograns,
CCDS (Centers for Commercial Devel opnent of Space), Center
for Aerospace Research, issued Requests for Proposals for

t he Commercial Experinent Transporter (COVET) Flight Program
in the summer of 1990. The COMET programis designed to be
the first US space systemto be | aunched, controlled, and
recovered by the comrercial sector. This university-mnmanaged
program pl ans one | aunch a year for three to five years.

Payl oads will range between 20 and 120 kg, with 15-30 days

m ssi on duration.

In addition, the NASA Life Sciences Ofice LifeSat program
is currently under study with first launch attenpt planned
for late 1994. LifeSat is a |arge sophisticated capsule
(1,200 - 1,400 kg) flown on a Delta-class booster. It is
intended for long duration (up to 60 days) radi ation bi ol ogy
experinments in support of NASA' s Human Expl oration
Initiative.

US entrepreneurial conpani es have been active in
commercializing reentry technol ogy that had been classified
or governnent-sponsored. COR Aerospace, Instrunentation
Technol ogy Associates, Orbital Recovery Corporation, and
Space | ndustries have proposed both ballistic and lifting
reentry vehicle designs. Table 2; lists present reentry
system projects in the US and abroad.



B. Reentry Vehicle Design Considerations - Reentry vehicles
provi de researchers in several diverse fields of interest with a
met hod of access to space for extended periods of tinme and
eventual intact recovery of the experinents on |and, air or
water. Some vehicle capability factors that are consi dered when
desi gning these vehicles are: 1) being |launched by a variety of

| aunch vehicles, 2) operating in low earth orbit as a free-flying
unmanned | aboratory, and 3) an independent atnospheric reentry
with an air-snatch recovery or a soft landing at a presel ected
site (land or water), providing the experimenter with rapid
access to the payload. Sone specific design considerations are
as follows:

1. Shapes - The aerodynam ¢ shape configuration (ballistic
or lifting) of a reentry vehicle determ nes the severity,
duration, and flight path of reentry experienced by the
vehicle. This, in turn, affects the vehicle systens
conplexity and the heating | oads on the payload. See Figure

56-
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Source: NACA Research Memorandum L58E07a
Figure 5. Comparison of Capsule Shapes -

Alifting reentry vehicle has many operati onal advantages
over a non-lifting vehicle. Primarily, the reentry | oads
can be mnimzed to al nost any desired level, with
flexibility in landing site selection. The vehicle has the
ability to deviate its reentry trajectory to reach sel ected
| andi ng sites "cross range" fromthe orbital track, and to
fine tune deorbit propulsion systemerrors. Spherical and
ballistic vehicles can only deorbit to selected sites which
are on the orbital ground track. Spherical shapes are used
on the Sovi et Photon spacecraft, and the ballistic reentry
shape is used on the German EXPRESS ( EXPerinent REturn
Service from Space) reentry vehicle.

A di sadvantage of the lifting shape over the non-lifting
shape lies in the conplexity and high cost associated with
gui dance and control of the lifting vehicle. A failure of
t he gui dance or control systemcould render the vehicle
uncontrol |l able and cause it to diverge a great distance off
cour se.

The sinple, blunt-body configuration simlar to the NASA

Bi osatellite, the Air Force D scoverer, and the Chinese
capsul e shapes is the shape nost often used. Once reentry
has been initiated, the body essentially falls uncontrolled
t hrough the atnosphere with little excursion fromthe

nom nal trajectory; however, there is the penalty of higher
g-loadings than a lifting shape. Various payl oad nass-

vol une conbi nations for the blunt-body configuration are
shown in Figure 6,.

2. Sizes - The size of a reentry vehicle has depended, for
the nost part, on the capabilities of avail able |aunch
vehicles. For exanple, the |argest size of a blunt-nose
configuration that is conpatible with the Scout |aunch




vehicle is one with a 96.5-cm di aneter base, while a Delta
Il can accommpdate a vehicle wth a 254-cm di aneter base.
However, Ariane now offers a limted capability to configure
the launch vehicle to neet the boost requirenents of the
reentry vehicle. In general, the governnent-funded vehicles
have been designed for the large (Delta Il1) class of
expendabl e | aunch vehicles while commercial design has been
targeted to a smaller class, such as the Scout, Pegasus, or
Amroc. The reentry vehicle user (government or conmercial)
has the option of using a fully dedicated | aunch vehicle, or
riding "piggyback" as a secondary payl oad.

Q her considerations that determ ne size are sufficient
resources for life science and ot her payl oads, the adequacy
of avail able power, and costs. There are nmany ot her
tradeof fs and options associated wth reentry vehicle
design. See Table 3, for candidate RV | aunch vehicles. See
Table 4, for the results of tradeoff studies by NASA Anres
Research Center for a set of selected vehicle sizes.

3. Subsystens Requirenents - A payload nodule is normally
used in a reentry vehicle to separate the experinent from

t he support systens. However, in sone very limted cases,
where an experinental payload may not require any support
during the m ssion, the payload could be nounted inside the
payl oad envel ope within the vehicle. In additionto a

payl oad, which contains |ife sciences, naterials or other
experinments, a reentry vehicle usually requires several
support subsystens.
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Table 3. Candidate RV Launch Vehicles

Launch Vehicle Manufacturer Orbit Inclination Payload { Price $ PerKg
(Km) (deg) Cap(Kg) | ($Mil)
DELTA i 6920 MCDAC 370x370 28.7 3682 a3 8963
DELTA 1i 7920 MCDAC 370x370 28.7 4773 33 6914
FBM Lockheed 370x370 28.5 505 12 23783
ILv-1 AMROC 370x370 90 1368 12 8771
ILV-s AMROC 370x370 980 268 75 27966
LIBERTY 1A Pacific Am. 370x370 90 182 2 11000
Launch Serv.
PEGASUS OSC/HERCULES 370x370 "0 273 6 22000
TITAN Il Martin Marietta 185x370 63.4 2045 UNK UNK
PROTON SL-12 Glavkosmos 370x370 516" 10682 14 1310
USSR
H-2 Heavy Industries 370x370 32 8727 UNK UNK
Japan
LONG MARCH CZ-3 Great Wall Industries 370x370 . 31.1 6059 30 4951
China
Table 4. Reentry Vehicle Characteristics
BASE DIAMETER - cm 97 132 163 191 218 254
SPACECRAFT MASS - kgs 204 463 771 1134 1361 2540
BALLISTIC COEFFICIENT - kg/M* 385 449 517 567 591 680
PAYLOAD + BATTERY MASS - kg 82 227 374 563 925 1497
PAYLOAD MASS - kg 41 113 204 318 408 567
PAYLOAD SIZE - Dia X Ht - cm. 69x31 | 89x48 | 107X61 | 125X76 | 140X76 | 163X76
PAYLOAD VOLUME - cucm 11325 31143 59454 | 93428 | 116078 | 167038
BATTERY ENERGY - KWhrs 7 20 31 45 50 170
EXPERIMENTS ACCOMMODATED 1 . 12 2 3 4 6
CANDIDATE LAUNCH VEHICLE SCOUT | SCOUT | AMROC | AMROC | AMROC| DELTA




Many of these systens provide the same support that is used
for any other orbiting satellite, such as providing the
payl oad with electrical power, thermal control, comand
signals and telenetry capability. However, for a reentry
vehicle, additional subsystens are nornally used to effect
controlled deorbit, reentry, and an intact, soft |anding or
air recovery of the vehicle. See Figure 75 for a bl ock

di agram of typical reentry vehicle subsystens. Sone typica
spacecraft subsystens are as follows; systens that apply
only to a reentry vehicle are shown in italics:

a. Attitude and Spin Control Subsystem - This system
normal ly i s conposed of sensors, control electronics and
several low thrust thruster assenblies that performa
vari ety of functions, such as:

. to stabilize the reentry vehicle,

. to convert errors in orbit placenent or to trimthe
orbital period to adjust a projected orbital ground
track,

. to maintain reentry vehicle orbital altitude,

. to spin the reentry vehicle to induce artificial

gravity or to inertially fix the direction of the main
retro-rocket(s) thrust vector, and

. to trimthe deorbit maneuver to null errors in the
performance of the solid rocket burn.

b. Deorbit Propul sion Subsystem - This system provides the
required velocity decrenent to deorbit the reentry vehicle
and place it on a trajectory that is ainmed at the | anding
site. A typical change in velocity requirenent to do this
may be approximately 290 msec for lowaltitude satellites
in near-circular orbit and for landing sites in the orbital
pl ane.

c. Structures - Structural design takes into consideration,
in addition to the | oads inposed on any other satellite, the
| oads i nposed during deorbit, reentry, and |anding.

d. Power Subsystem - The power source for the reentry
vehicle is a critical item as with other satellites, and is
typically a tradeoff anong batteries (and types of

batteries) vs fuel cells vs solar power systens.

e. Power Interface Units - These units control and
distribute primary power to the payload and the reentry
vehi cl e.

f. Tracking - A tracking aid, such as a transponder, is
normally required in the reentry vehicle as an aid in
recovery.



g. Communi cations Subsystens - Each payl oad normal |y has
its own dedicated data and control systemthat controls
payl oad functions and collects and stores its data between
reentry vehicle to Earth comruni cati on peri ods.

h. Reentry Vehicle Parachute Subsystem (or ot her
retardation system) - This systemis designed to retard the
reentry vehicle's vertical velocity and provide a relatively
soft touchdown. For systens that have parachutes, two types
could be used for this application: a conventional type and
alifting parafoil. The advantages of a conventi onal
parachute are reduced wei ght and | ess conplexity. The
lifting parafoil has three advantages over the conventi onal
type: 1) being able to reduce the dispersions associated
wth the deorbit and reentry trajectories by using its
maneuverability to glide to a predeterm ned point, 2) having
the capability of being manually controlled to m nimze

| andi ng area inpact dispersions and, 3) by flairing, to
reduce the vehicle inpact shock at touchdown.

i. Reentry Thermal Protection Subsystem - The function of
this systemis to protect the reentry vehicle from

aer ot her nodynam ¢ heati ng during atnospheric entry.

Abl ative material such as phenolic nylon, elastoneric
silicon material (ESM, and white oak have been used in the
past to protect agai nst excessive heating. For protection
agai nst the considerably | ower heating rates that occur on
the conical skirt of the vehicle, two types of thermal
protection systens have been used: the ablative type or a
ceram c-based surface insulation type. Oher nethods have
been investigated, such as reusabl e heat shields.
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j. Thermal Control Subsystem - The reentry vehicl e poses
sone uni que design problens concerning the thermal control
and managenent aspects of the vehicle. |[If the nodul ar

payl oad concept is used, the vehicle is intended to support
and accommodate a w de range of payl oads through a generic
interface. This w de range of payload types with different
associ ated thermal requirenments also inplies that the
reentry vehicle and payl oad thermal control system nust
accommodate a wi de range of thermal |oads. This includes

t hose generated by biol ogical specinens. The payl oad nodul e
may, dependi ng upon the type of payl oad, require atnospheric
controls within the nodule. Sonme controls normally required
ar e:

Control of tenperature, humdity, and pressure
Control of contam nate |evels

Provide for circulation of atnosphere

Provi de venti ng

C. Reentry Vehicle Qperationsg

1. Pre-Launch - Prior to launch, the payload is integrated
into the reentry vehicle. Installation of sonme experinental
speci nens and support equi pnment into the reentry vehicle may
be perforned before the reentry vehicle is mated to the

| aunch vehicle; however, final installation is normally
acconpl i shed on the [aunch pad, with final payl oad and
reentry vehicle closeout being conpleted as close to | aunch
as practical. This is done to avoid contam nation of the
payl oad and to all ow nonitoring of the experinents.

2. On-Obit Considerations

a. Obital Lifetime - An inportant advantage of the
reentry vehicle is its ability to maintain experinents
in orbit for Iong periods of tine, depending on the
experinment and limted by the capability of the RV
support systens. Several factors affect the lifetine
of an RV and these include the power requirenents,
orbital altitude and inclination, atnospheric density,
vehi cl e mass, coefficient of drag and exterior geonetry
of the RV.

b. Obit Selection - The RV can operate in a variety
of user-specified orbits or orbits specified by the
requi renents of a shared | aunch. The mcrogravity
specifications of the experinent normally drives the
altitude of the orbit. Crcular orbits wthin the
altitude range of 350 to 900 kilonmeters are normal ly
used. Wth a non-lifting RV, which has no |ateral
maneuvering capability during atnospheric reentry, it
IS necessary that the orbit inclination of the RV be



equal to or greater than the latitude of the pre-
selected landing site in order to land at that site.

Al though the nom nal mssion lifetinme may be of a
specified duration, certain payloads nmay require
shorter durations and energency deorbit due to an
unexpect ed experinmental condition. Another
consideration is that recovery at a single site could
be del ayed by one or nore days because of | ocal weather
conditions, and a m ssed deorbit opportunity could
cause a considerable delay while waiting for the RV
orbit to reposition itself coincident with the |anding
site. Finally, if parachute recovery is used, it is
less difficult to recover during daylight, especially
during the cool norning hours when the surface w nds
are generally | ower.

One approach to acconplishing these requirenents is to
choose a proper altitude, inclination and nodal

pl acenent to ensure that the ground track of the
satellite permts deorbit and | anding at a desi gnated
recovery site twice a day during the mssion. These
orbits are terned "integer orbits" in that the orbits
have a repeating ground track each day. Sone
correction of the orbital paraneters after |aunch may
be necessary to adjust for insertion errors and to
synchroni ze the integer orbit ground tracks with the

l anding site. Oher corrections may be required to
adjust for drag effects, however, in nost cases these
will be negligible. It should be noted that the above
orbit selection scenario is probably only possible for
a dedicated | aunch of an RV. Shared |aunches may not
permt the independent selection of all orbital
characteristics.



If the first payl oad deposited in orbit is an RV, al
orbital maneuvers are |imted by the capabilities of
the RV Attitude Control System (ACS). These maneuvers
may be necessary to nmake the projected ground track
coincident wwth the landing site. However, if the RV
is the | ast payl oad deposited in orbit, it is possible
that the launch vehicle upper stage may have sufficient
remai ning performance (if it is restartable) to alter
the RV orbital paraneters.

3. Deorbit - At the conpletion of the orbital flight
phase, the vehicle may be commanded by ground control,
or by on-board sequence programmer conmands, to
position itself for the deorbit retrothrust maneuver.
In an exanple of a deorbit maneuver, the Attitude
Control Systemtakes readings on the local horizon in
two orthogonal directions and uses gyroscope
measurenents to determne the flight direction. The
Attitude Control Systemthrusters position and
stabilize the | ongitudinal axis (and therefore the
thrust vector) in the correct attitude with respect to
the orbital velocity vector. Thrusters then spin the
vehi cl e about the longitudinal axis to stabilize
inertially the thrust vector to within +/- 1°(a
comonly used 3-signa tolerance) relative to the

requi red deorbit attitude. Thereafter, at the
appropriate tine, the main retrorocket(s) fire to
decel erate the vehicle and provide a sufficient
velocity decrenent to deorbit the RV and place it on a
trajectory that brings it to a descent over the |anding
Site.

4. Reentry - Followi ng the deorbit maneuver, a set of
reverse spin thrusters are used to despin the RV to a
relatively lowrate of spin in anticipation of entering
t he upper atnosphere. The ballistic RV, for exanple,
retains the attitude of the deorbit burn maneuver and
encounters the atnosphere at an angle of attack of
approximately 90 - 110 degrees, depending primarily on
orbital altitude. At alowrate of spin, the RV
reorients itself into a nose-forward attitude. A
[ifting RV nust be reoriented after the deorbit burn to
a nose forward attitude and nust be attitude-controlled
t hroughout the reentry phase because of the | ocation of
the center of gravity. A summary of the tine history
of altitude, velocity, and acceleration for a typical
ballistic atnospheric entry is shown in Figure 8. As
an aid to recovery, a radar beacon is normally used on
the RV to give the |anding site personnel know edge of
the vehicle track fromreentry to | anding.

Debris is a potential safety and liability concern
during reentry. This results fromthe jettisoning of



capsul e parts. The jettison technique is useful in
reducing the reentry and recovery wei ghts, and
sinplifies the ablative shield and parachute systens
design due to the reduced weights. However, it

i ncreases the anmount of debris and the associ ated
hazards due to unpl anned inpacts. Technol ogi cal

devel opnents in the areas of ablatives and parachute
systens design have resulted in the capability of RV s
to reenter as a single unit. This reduces orbital and
reentry debris while reducing the subsystem assenbly
repl acenent requirenents.

5. Term nal Descent - The RV descends over the |anding
site through the altitude range of the generally
preval ent high winds (i.e., the jet stream to

approxi mately 6000 neters, for a typical system where
deceleration is initiated. Deceleration for RV s has
been acconplished primarily by parachute. At the
appropriate altitude, a pilot chute is depl oyed, which
pull s out a drogue chute, thereby slow ng and
stabilizing the vehicle. The drogue chute, in turn,
pulls the main parachute fromthe RV

The parachute nay be of conventional formor may be a
ramair-filled lifting parafoil. |If a conventional
parachute is used, the RV will descend vertically to
the surface (or to the air-snatch site) sonmewhere in
the area defined by the nomnal |anding dispersions. If
a parafoil is used and is deployed at an altitude of
approxi mately 6000 neters, typical performance
characteristics provide the RV with a naneuvering
circle of about 16 kmin radius.

6. Retrieval Methods - Three retrieval nethods have
been used to recover RV's. O the three RV system
retrieval methods, air-snatch, water and | and, water
recovery has been the nost widely used by the United
States. However, each of the nethods has its own

di stinct advantages and di sadvantages. Following is a
brief discussion on each of these nethods:
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a. Air-snatch - This nethod was used only to support
Air Force prograns and used nodified mlitary aircraft
to intercept the descending reentry vehicle parachute
i nes over the ocean. This reduced inpact | oads and
contam nation risks, and renoved retrieval operation
activities from popul ated areas.

Air-snatch places costly demands on the retrieval
operation, however, as it requires skilled pilots and
nodi fied aircraft. Contingency recovery plans, either
water or land, nust also be incorporated into the
design to allow for poor weather in the retrieval zone
or mssed air-snatch attenpts.

b. Witer recovery - This has been the nost w dely used
met hod for the retrieval of unmanned reentry vehicl es.
It is advantageous over the air-snatch nethod because
it reduces the retrieval crew training requirenent.
However, this nmethod may require a | arge recovery crew
to insure rapid access to the RV foll ow ng spl ashdown.
The RV system design is also conplicated by the need
for flotation systens and recovery aids such as dye
mar kers and beacons. Additional factors include the
risk of loss of the RVif the flotation systens fail,
as well as the increased refurbi shnent demands caused
by exposure of the RV to seawater.

c. Land recovery - This is being considered as a
retrieval nethod for sonme reentry vehicle systens.
State-of -the-art parachutes and/or parafoils should
provide the capability to and an RV wi thout danage to
t he payl oad. Various nechani snms such as crushabl e
material in the nosecone may have to be included in the
vehi cl e design to absorb the inpact |oads and di mi ni sh
their effects on the payl oad nodul e.



It is desirable by sone experinenters that retrieval
personnel be able to access the RV quickly to ensure
m ni mum t hermal danage to the payload as a result of
bei ng exposed to the | ocal environnent of the |anding
site. One mmjor concern with | and-based recovery is
that it presents additional safety considerations
because of popul ation centers.

D. Reentry Vehicle Hazards - The problens associated with

| aunching reentry vehicles differ fromother |aunches into space
in that a planned deorbit, reentry, and recovery of the payl oad
is an integral part of the mssion. This poses potential hazards
should a failure occur during the deorbit, reentry, or recovery
phases of the mssion. The primary risks are frominpact of the
payl oad, inpact of other RV debris, or the possible dispersal of
hazardous materials. Failures of the payload attitude control
system deorbit propul sion system and/or reentry decel eration
systens influence the | ocation of the inpact area of the RV
hardware. Mbst inland | anding sites have popul ated areas either
near or in the surrounding areas that could be exposed to inpact
hazards resulting fromfailures or errors during deorbit and/or

reentry. |If a systemfailure occurred which |eft the RV in
orbit, it will eventually reenter, and potentially survive to
i npact sonewhere on the surface of the Earth. If a norma

deorbit is achieved and a subsequent failure occurs, the inpact
di spersion area nay becone | arger but should remain centered
around the planned i npact point.

As an exanple, for a nomnal 479 kmaltitude orbit, the change in
velocity required for deorbit is 290 msec. A retrorocket has
been estimated to deliver the total inpulse required for this
velocity change to within +/- 0.5% (3-sigm). For a given
retrovelocity increnment, a non-lifting RV will follow a deorbit
trajectory resulting in along-track dispersion due to errors in

t hrust inpulse. Shown in Figure 95 is an anal ysis of dispersion
for various orbital conditions with a thrust inpulse error of -
0.5% For a nomnal 479 kmaltitude, the total dispersion
footprint due to the conbined 3-sigma errors of +/- 1% in thrust
direction and +/- 0.5%in the thrust magnitude is shown in Figure
10(a)g. The inpact dispersion shown is approximately 30 km
uprange, 29 km downrange, and a crossrange di spersion of 6 km due
to an out-of-plane thrust direction error of +/- 1° The
Attitude Control System (ACS) thrusters may be used to suppl enent
the main retro-thrust in order to fine tune the velocity

i ncrenment, thereby reducing the dispersions due to thrust

magni tude errors. This is possible by using on-board, high-

preci sion accel eroneters and a m croprocessor to conpute the
actual velocity decrenent achieved. This shows how nmuch plus or
m nus velocity increnment nust be supplied by the ACS thrusters.
Knowi ng the velocity error, the ACS thrusters are activated to
null this error in the total velocity. The resultant dispersion
ellipse, using this nethod, is about 6 kmin radius as shown in
Figure 10(b)g. This exanple is for deorbit from479 km altitude;



for higher orbits, the dispersions will be proportionately | arger
for the sane anmount of retropropul sion

It should be understood that this exanple uses a ballistic, non-
[ifting RV and that the inpact dispersions determned in the
analysis are due only to errors in thrust direction and

magni tude. Oher factors may cause significantly |arger

di spersion areas, such as errors in orbital parameters, timng
sequences, and variations in atnospheric density. In addition,
for alifting RV, attitude control systemerrors could cause very
| arge di spersions by causing the vehicle to "pitch" out of the
pl anned trajectory. Also, this exanple does not include

di spersion areas for other reentry vehicle conponent parts that
are jettisoned during reentry and term nal descent.
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APPENDI X | - Manned Reentry Prograns

1. Project Mercury, - NASA' s first manned space program

| aunched its initial research and devel opment flight on
Septenber 9, 1959 aboard an unmanned Atlas D. The program
consi sted of two nore unmanned flights, two with chinpanzees
aboard and six manned flights. Though the capsul es used for
the primates and the astronauts were not reusable, they did
enpl oy nmuch of the technol ogy | earned fromthe Di scoverer

m ssi ons.

The Mercury capsul e, which could accommbdate one astronaut,
was conical wwth a cylindrical neck at the top. It was 3
meters tall and 180 cmin dianmeter at the base. The body of
the capsul e was covered with titanium skin and the abl ative
fi berglass heat shield and retro-rocket package were
attached to the base. The typical Mercury capsul e wei ghed
approxi mately 1300 kg while in orbit. The final five
Mercury m ssions were flown on a nodified Atlas D, which
provi ded 360, 000 pounds of thrust. The |aunch vehicle

wei ghed 118,000 kg and its height, including the 5-neter
escape tower, was 28 neters. Table A 1; illustrates key
facts about the Mercury program

TABLE A.1 RECAP OF PROJECT MERCURY MANNED MISSIONS

FLIGHT LAUNCH LAUNCH | PAYLOAD | ORBIT (km) RESULTS
VEHICLE DATE W%I‘G)HT (incl)
g
MR-2 REDSTONE |31 JAN 60 Carried Ham the chimp who endured 17g

during lift-off and splashdown 212 km from
target in a leaking spacecratft after six
minutes of weightlessness

MR-3 REDSTONE | 05 MAY 1280 First American in space, Alan Shepard
61 reached an altitude of 116.5 miles,
Freedom 7 capsule recovered 303.8 miles
downrange
MR-4 REDSTONE |21 JUL 61 1276 2nd US manned spaceflight, Virgil

Grissom reached altitude of 118.3 miles,
Liberty Bell capsule was not recovered

MA-5 ATLAS D 13 SEP 1200 156X248 | Enos the chimp completed two of three
61 (32.6) planned orbits, a flight length of 3 hrs. 16
min.

MA-§ ATLASD |20FEB62 1352 159X265 | John Glenn became the first American to
(32.5) orbit the earth aboard Friendship 7,
capsule was recovered 64.5 km from

target
MA-7 ATLAS D 24 MAY 1349 154X260 | Scott Carpenter and his Aurora 7
62 (32.5) spacecraft missed the landing target by
420 km
MA-8 | ATLASD 030CT 1370 153X285 | Sigma 7 with Wally Schirra recovered
62 (32.5) within five miles of the carrier after six
orbits (9.2 hrs.)
MA-9 ATLAS D 15 MAY 1370 161X267 | Gordon Cooper and Faith 7 recovered
62 (32.5) after 22 orbits, 34.3 hrs., Completed

Mercury program




2. Project Gemini,; - NASA s second set of mssions leading to
a noon | anding used a two-man spacecraft and had astronauts
practicing docki ng maneuvers, extravehicular activities and
guided reentry. The Gem ni capsule was an outgrowth of the
Mercury capsul e's conical design. The reentry nodul e had
rendezvous and recovery, reentry control, and cabin sections (50
percent nore than Mercury) and was 230 cmin dianeter at the
base. It was made primarily of titanium wth external skin of
beryllium and nickel alloy. The adaptor nodul e, which was
jettisoned before deorbit, contained retrograde and equi pnent
sections.

Modified Titan Il ICBM rockets were used for all the Gemn

m ssions. The hypergolic liquid propellant vehicle with a

430, 000 pound-thrust first stage and the 100, 000 pound-t hrust
second stage had a total height of 33 neters. Table A 2; gives
hi ghlights of Project Gem ni.

TABLE A.2 RECAP OF PROJECT GEMINI MANNED MISSIONS

FLIGHT LAUNCH LAUNCH | PAYLOAD | ORBIT (km) RESULTS
VEHICLE DATE W%:G)HT (incl}
)
GEMINI 3 TITAN I} 23MAR 3220 160X240 First manned flight in the program, Virgil
65 (325) Grissom and John Young completed 3
arbits in 4.9 hours
GEMINI 4 TITAN It 03 JUN 65 3569 162X281 (32) | Edward White performed a 20 minute
. . EVA, landed with James McDivitt after 66
orbits, 97.9 hours
GEMINI § TITAN It 21 AUG 3600 197X303 | First extended US manned flight, Gordon
85 {3256} Cooper and Charles Cooper landed after
128 orbits, 190.9 hours
GEMINI 7 TITAN It 04 DEC 3658 100X204 Frank Borman and James Lovell went a
85 (28.9) record 220 orbits, 330.6 hours, served as
Gemini 6 rendazvous target
GEMINi & TITAN It 15DEC 3548 258X271 Wally Schirra and Tom Stafford
65 (28.9) rendezvoused within one foot of Gemini 7,
landed after 17 orbits 25.9 hours
GEMINI 8 TITAN 1 16 MAR 3789 159X265 Docked with target launched aboardan
66 (28.9) Atlas Agena on the same day, short circuit
forced an early landing after 6.5 orbits,

10.7 hours, Neil Armstrong and David
tt were the astronauts

GEMINI 8 TITAN It 03 JUN 66 3750 270X272 Rendezvous and EVA tests carried out by
(28.9) Tom Stafford and Gene Cernan, landed
after 47 orbits, 72.3 hours

GEMINI 10 TITAN It 18JUL 68 3757 160X268 Docked with target launched aboard an
(28.9) Atlas Agena D, EVA to Gemini 8 target,
John Young and Mike Collins landed after
46 orbits, 70.8 hours

GEMINL 11 TITAN I! 12SEP 3793 161X280 Docked with target launched aboard an

66 (28:8)  |Adas Agena D, Charles Conrad and
Richard Gordon landed after 47 orbits,
71.3 hours

GEMINI 12 TITAN I 11 NOV 3655 243X310 | Docked with target launched aboard an
) 66 (28.9) Atlas-Agena D, after 63 orbits, 94.6 hours,
éwes ovell and Buzz Aldrin conducted




3. Project Apollo, - NASA' s premer project of the 1960's
culmnated in July 1969 when Neil Arnstrong took his one snal
step on the lunar surface.

The Apollo reeentry vehicle, which housed a three-man crew, was
3.66 neters high and had a base dianeter of 4 neters. The
interior structure was primarily alum num and the sides were
stainless steel eith an ablative coating. The base was covered
by an abl ative heat shield. The total weight of the nodul e was
about 5400 kg. Onboard systens included conmuni cations, guidance
and navi gation, environnental control, attitude control,
batteries and drogue and main parachutes for earth | anding.

The saturn V rocket, which |aunched all but the first nmanned
Apoll o m ssion, was 111 neters high and weighed 2.7 mllion kg.

Its three stages had a conmbined throust of 8. 7 mllion pounds.

Tabl e A 3; gives a sunmary of the manned Apoll o m ssions.

TABLE A.3 RECAP OF PROJECT APOLLO MANNED MISSIONS

FLIGHT LAUNCH LAUNCH | PAYLOAD | ORBIT (km) RESULTS
. VEHICLE DATE WEIGHT (incl)
(kg)
APOLLO 7 SATURN 1B | 110CT 14674 231X297 Reentered 10/22/68, first manned flight,
68 (31.64) 163 orbits, 260.2 hours
APOLLO 8 SATURN V 21 DEC 28833 191X191 Reentered 12/27/68, recovered in
68 (32.6) mid-Pacific after 10 lunar orbits, mission
lasted 147 hours
APOLLO 9 SATURNV | 03 MAR 36511 203X229 | Reentered 3/13/69, first manned flight of
69 (32.6) LM, splashdown after 151 orbits, 241.9
hours
APOLLO 10 SATURN V 18 MAY 42530 183X184 | Reentered 5/26/69, second circumlunar
69 (32.5) flight, piloted LM within 9.26 miles of

moon, splashed down after 192.1 hours

APOLLO 11 SATURNYV |16JUL6S| 43811 183X184 Reentered 7/24/69, first manned lunar
(32.7) landing, Eagle landed on Sea of
Tranquility and stayed for 21.6 hours,
splashdown after 195.3 hours

APOLLO 12 | SATURNV | 14 NOV 43848 183X199 | Reentered 11/24/69, LM stayed 31 hours
69 on moon's surface, mission lasted 244
: hours
APOLLO 13 | SATURNV 11 APR 43924 156X156 | Reentered 4/17/70, failure of onboard
. 70 (33.5) oxygen tank 56 hours into mission caused
abort, splashdown after 143 hours
APOLLO 14 SATURNV [31JAN71| 44456 186X186 | Reentered 2/9/71, lunar landing on 2/5/71,
. (32.5) mission duration of nine days
APOLLO 15 SATURNV [26JUL71| 46723 169X173 | Reentered 8/7/71, lunar landing on
(32.5) 7/30/71, mission duration of 295 hours
APOLLO 16 SATURN V 16 APR 46733 Reentered 4/27/72, longest solo flight in
. 72 M gommand module, mission duration of 266
ours

APOLLO 17 SATURNV | 07DEC 46743 169X178 | Reentered 12/19/72, last lunar landing,
72 - (32.5) mission duration of 302 hours




APPENDI X |1

The following is alimted list of primary agencies and
organi zations, foreign and donestic, that have done research
in devel oping reentry vehicle systens. It should be noted

t hat NASA Anes Research Center is the | ead governnent al
agency in the US that is doing this research.

UNI TED STATES

NASA Anmes Research Center

CGE Aerospace

Stanford University

Uni versity of Tennessee

Sci ence Applications International Corporation (SAl C
COR Aer ospace

| nstrunent ati on Technol ogy Associ at es

Orbital Recovery Corporation

Space | ndustries, Inc.

GERVANY

Dor ni er

VBB/ ERNO

FRANCE

MAN Technol ogi e

Matra Espace

| TALY

Aeritialia

GREAT BRI TAIN

British Aerospace

JAPAN

Nat i onal Space and Devel opnent Agency ( NASDA)
Mnistry of International Trade and |Industry (MTI)
CHI NA

Great Wall Industry Corporation

USSR

A avcosnos
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