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ment would reduce the risk.’Even if an aternate
crew return capability were provided and worked as
planned, it would not eliminate all risks to station
crewmembers. In deciding whether or not to fund
development of a crew escape vehicle, Congress
may wish to ask NASA to conduct an analysis
comparing the risks faced by crews living on the
Space Station to those of reaching the Space Station
and returning to Earth.

CREW EMERGENCY RETURN

If, in the judgment of NASA officials and
Congress, a risk assessment demonstrates the need
for emergency crew escape, two basic options
present themselves:

1. Simple capsule designs with an ablative heat
shield reminiscent of the “Viking” and “Dis-
coverer” reentry capsules from the early days
of spaceflight. Also included in the capsule
category, although it has a more extended
““loiter time”° than those described above, is
an Apollo derivative capsule that would also
include an ablative heat shield (figure 6-2).
Advantages of capsules include simplicity,
relatively low cost, and proven technology.
Capsule designs aso need little or no piloting,
which would be a mgjor advantage. Requiring
that a pilot be available at all times on the
Space Station would be expensive and a
guestionable use of resources. In addition,
pilots might become too weak to function as

pilots after astay in space of 20 or more days,
making capsule designs desirable.

2. Small, aerodynamically stable gliders (me-
dium lift/drag lifting bodies)'that can land by
parachute or at low speed on arunway. A Crew
Emergency Rescue Vehicle (CERV) config-
ured for water recovery (figure 6-3) would
provide a wider range of landing sites and
greater time margins for reentry and recovery
and a softer ride than capsules (important if an
injured crew member is returning).” However,
aglider would cost at least 20 to 30 percent
more than the simplest chute version of a
capsule.’

NASA has also considered a Space Taxi and
Return (STAR) vehicle, which could serve several
missions:

. Crew emergency rescue Or escape;

. assured crew access (an ‘‘up-CERV,” which
could complement the Shuttle);

. small logistics transport; and

. use as an on-orbit maneuver vehicle as shown
in figure 6-4.

CERV or STAR spacecraft could be launched by
Titan 111 or Titan IV launchers, an Advanced Launch
System, or a booster based on a Shuttle liquid rocket
booster. A Shuttle could put two crew rescue
vehicles up at one time for docking at the Space
Station. Which dternative is chosen depends on
which options NASA chooses for the Personnel
Launch System.

SWhat is “acceptable” crew risk is, of course, an emotional issue. Those doing hazardous work on Earth, such as construction and mining,
acknowledge risk and expect a certain number of fatalities on a project such as abridge, skyscraper, Of tunnel. Some feel that a hard ook must be given
at spending afew billion dollars to rescue (assuming it is even a survivable emergency) afew people at the Space Station. Any appropriations would
have to compete with efforts that maybe seen as saving more lives, such as research on cancer and infant mortality. (Tom Rogers, quoted in “Fleein,
[Space Station] Freedom, by Richard DeMeis, Aerospace America, May 1989, pp. 38-41.)

Others believe that no matter what the cost-benefit analyses say, that arescue craft is a necessity -
The prospect of al the world seeing the ordeal of a stranded crew or a dying crew member nightly ontelevision is chiIIin% The national nightmare of a crew in trouble

with no timely way home, N0 matter what the chances of occurrence, is reason enough for many both within and outside of NASA 1o push for a rescue vehicle as a political
necessity.

(Richard DeMeis, Ibid.)

6Loiter J1VES ap indication of how rapidly a vehicle plummets towards Earth. Extended oiter allows more flexibility for landing during certain
advantageous “windows"and greater crossrange, allowing for landings a more desirable locations.

7Some experts distinguish between gliders, which have true wings and provide arelatively high lift-to-drag ratio, and lifting bodies, which have no
wings, and a lower lift-to-drag ratio.

8A glider would experience ©n€1otWo g's while capsules would experience almost four g's for the Discoverer or Apolloshape,orseveng'’s for the
Viking shape.

9Engineers at NASA Langley belicve the differential t. be 20 to 30 percent. However, other engineers that OTA consulted believe the differential
could be even greater, perhaps 50 percent.
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Figure 6-2--Design Reference Missions (DRMs)
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Figure 6-3--CERV Glider Configured for Water Recovery
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Figure 6-4--Assured
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If the United States wants to develop an escape or
rescue capability independent of the Shuttle, and if
Space Station deployment remains on schedule, a
decision should be made within the next 2 years
concerning whether to pursue capsules or gliders.

The fastest, cheapest way to allow crew escape
from the Space Station would beto dock reentry
capsules of proven capability--shaped like NASA's
Apollo or Viking capsules or the Department of
Defense’s Discoverer capsules-to the Space Sta-
tion for emergency use. Development costs could
run between $300 million and $500 million. NASA
estimates that development and testing of a capsule
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On-orbit maneuver vehicle

would take about 5 years. However, capsules have
less development potential than gliders since gliders
could be eventually upgraded to perform tasks other
than crew escape.

As noted, glider development would cost more
and would probably take longer (although it could
gtill be ready in time for Space Station use). At even
greater cost, NASA could procure extra Shuttle
orbiters and keep one docked to the Space Station.”
Other options might be available in the next century.
For example, NASA could rely on “NASP-
derived” spaceplanes”for crew rescue.

10However, leaving the Shuttle at the Space Station would be expensive and have amajor impact on the Station’s operations ang logisiics. For
example, there would be increased station drag and inertia changes that would require use of more attitude control fuel. The Shuttle itself would probably

require major modifications to achieve long staysin orbit.
11These Would probably not be available until 2010, See ch. 5.
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Photo credit: National aeronautics and Administration

Artist’s conception of a glider-type escape vehicle about to
touch down at sea after reentry.

DOCKING ISSUES

As noted above, one or two escape vehicles could
be docked at the Space Station or a rescue vehicle
could wait on a launch pad”on Earth. Both basing
modes have their proponents. An escape vehicle
docked at the Station could be used rapidly. NASA
estimates that emergency response times would
range from 17 minutes in the best case to 48 minutes
if an accident occurred while crew was involved in
extra vehicular activity. **Once the escape vehicle is
freed, it could be launched towards Earth as soon as
alanding window is available. However, an escape
vehicle might be sitting idle in the space environ-
ment for long periods of time-up to 2 to 4
years-which could adversely affect its reliability.”

Basing a rescue vehicle on a launch pad could
provide added flexibility for rescue, for example, to
send personnel or supplies to the Space Station, to
provide medical assistance, maintenance, or to
dispatch a replacement crew. Maintenance and
replacement of critical systemsis also easier when a
rescue vehicle is based on Earth, but it could not be
used for emergencies requiring quick response. The
rescue spacecraft and its launcher would need a
dedicated launch pad and would take a relatively
long time to reach the Station and return. Under
existing launch operations conditions, a launch
vehicle would also take weeks to prepare, even if it
were ready and able to use a dedicated launch pad.
NASA has not estimated comparative costs or safety
benefits for al of these options. However, pad
basing does not meet NASA’s medical requirement
of returning a sick or injured crew member to
Earth-bound medical care within 24 hours. Thus,
NASA has decided not to pursue pad-basing con-
cepts, although others believe that this option should
remain open for further study.

OPERATIONS SUPPORT

Before committing to a rescue strategy, system
designers will have to address the costs of develop-
ing the necessary support infrastructure and operat-
ing the chosen system. Because @ rescue system, if
built, would be needed for the life of the Space
Station, its total recurring costs could easily exceed
its development costs. Support infrastructure might
include ground operations hardware and personnel
at the mission control site, landing site crews located
around the world, and the necessary subsystems and
logistics support to resupply, replenish, and possibly
repair a CERV on orbit. Depending on the detailed
design of the CERV, each of these factors can
serioudly influence the operational characteristics
and costs of the system.

Asillustrated by the Space Shuttle, operating
costs can constitute a major component of the
life-cycle costs of a system.” Decisions made early

12+ ‘Pad basing’’ as ysed here means having a launch vehicle stored on-site with a launch pad suitable for it available on demand. In practice, a vehicle
would not be routinely sitting on a launch pad for Iong periods because the environment at existing launch sites is corrosive.

13* *ACRC—CERYV Phase A Studies, Book 1,”* NASA Johnson Space Center, JSC- 23265, Nov. 15, 1988, p. 4.18. See sec. 4.0 Reference
Conjuration OperationsStudies/ 4.1 Emergency Timelines for Use of CERV.

141bid. sec. 5, General (operational Studies/ 5,3CERYV Daylight baling Study.

15For initial WOrk on this see, ibid, scc. 2.8, CERY Maintenance.

16 ife-cycle costs include both the nonrecurring €Osts Of development and procurement and the recurring costs Of maintenance and operations.
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in the development of the Shuttle to minimize
“‘up-front” costs led to greatly increased operating
costs,” In order to avoid mortgaging future genera
tions, any rescue system should be designed from the
outset to minimize oper ational costs.

OTHER RESCUE EXAMPLES

The need to provide means for rescuing crews
working in isolated, hostile environments is not new.
Other experiences with designing and using rescue
capability might provide useful data for examining
the risks and benefits of providing aternative crew
rescue vehicles for the international Space Station.

« U.S Sylab: During the Skylab space station
missions, the United States maintained the
ability to launch a rescue Apollo craft and
outfitted it with a prepared “kit’ kept in
readiness at Kennedy Space Center. However,
this rescue mission probably could not have
been launched in less than 2 weeks under the
best of circumstances. Also the Apollo vehicle
that transported the crew to Skylab was kept
attached to the space station during each
mission, providing the crew with the means to
reach Earth independent of ground launched

U‘;}g?ﬁ Soyuz. The Soviet Union keeps a
Soyuz capsule attached to its space station Mir
at all times when there is a crew on board.
When avisiting crew reaches Mir, the older
Soyuz, aready at the space station, is used to
return crew membersto Earth. The Soviets
have used their emergency return capability
severd timesto return ailing crew.

. Antarctic Research Sations. Antarctic stations
provide interesting analogues of the Space
Station. Each research station typically main-
tains a backup station, kept physically separate
from the main station. Usually, an old research
building (some dating from the early 1950s) is
kept supplied and operational in case of fire or
other disaster that would cause the research
crew to abandon the operational station. These

older stations are physically separated to avoid
the spread of fire and only maintained well
enough to provide a backup capability. During
the winter months, the stations are very iso-
lated, but a few emergency rescue missions
have been performed and supply drops are
possible.” The various countries that maintain
Antarctic research stations have also coop-
erated to rescue research parties in emergen-
cies.

COOPERATION ISSUES RELATED
TO STATION SUPPLY OR RESCUE

The United States has aways maintained a
vigorous program of international cooperation in
space. As noted in an earlier OTA report:

“U.S. cooperative Space Projects continue to serve
important political goals of supporting global eco-
nomic growth and open access to information, and
increasing U.S. prestige by expanding the visibility
of U.S. technological accomplishments. ’

The Space Station is a major cooperative program in
which the United States will provide the basic ‘core
gtation, ' and Canada, ESA, and Japan will contrib-
ute sizable subsystems.”

Today, because other countries have developed
their own indigenous launch capability, and because
progress in space will continue to be expensive,
cooperating on space transportation could be highly
beneficial to the United States. For example, the
United States could share responsibility for resupply
of the international Space Station with its Space
Station partners, and it could begin to share launch
technology in a variety of areas where such sharing
could be mutually beneficial.

ESA has proposed using the Ariane 4 and 5
launchers as alternative means for carrying cargo to
the Space Station. The United States would gain
additional assurance that critical cargo could reach
the Space Station in the event the Shuttle or U.S.
expendable launchers are for any reason unable to do

17U S. Congress, Office of Technology Assessment, Reducing Launch Operations Costs: New Technologies and Practices, OTA-TM-ISC-28

(Washington, DC: U.S. Government Printing Office, September 1988).

18Delays of up 1o 2 weeks are not uncommon as a result of weather and equipment problems.
19U.S. Congress, ©ffice of Technology Assessment, Insernasional cCooperation and Competition in Civilian Space Activities, OTA-1SC-239

(Washington, DC: July 1985).

20Canada will contribute a servicing module and ESA and Japan will contribute pressurized laboratory modules.
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s0, which could save money and make the Space
Station more effective. Europe would gain experi-
ence in automated docking systems and be able to
use Ariane to make inkind contributions for Space
Station operations, a much more attractive arrange-
ment for European governments than one in which
they contribute funding alone.

In order for other countries to use their launch
systems to supply the Space Station, or to dock with
it, these countries will have to reach agreement with
the United States on appropriate standards for
packaging, docking, and safety. ESA and NASA
have established a working committee to discuss
these matters. If discussions prove successful, the
experience of the committee could eventually be
used as a basis for extending cooperative agreements
to include cooperation on more sensitive aspects of
space transportation.

In addition, Europe has proposed using the
Hermes to carry crews to the Space Station and to
service its Columbus module. Japan is aso inter-
ested in using its H-11 launcher for supplying the
Space Station, and would eventually wish to employ
its proposed spaceplane, HOPE, for the same
purpose.

Cooperation could assist U.S. efforts in other
ways. NASA estimates that developing a crew

emergency return capability would cost between $1
billion and $2 billion, depending on its level of
sophistication. NASA could potentially rely on
space vehicles being developed by foreign partners
for crew rescue. These include Hermes, HOPE,
Saenger, or possibly Hotol (ch. 4). Severa factors
must be remembered, however. The Hermes crew
would nominally be only three or four people,
limiting its CERV capabilities in case the full Space
Station contingent (8 crew) had to return.” Also, the
scheduled date for permanently manning the Space
Station is 1996 (athough this date could dlip).
Hermes operational flights would start in 1999 or
2000 and its nominal orbit would be at 2 degrees
inclination, far from the 28.5 degree Space Station
orbit-making rescue more difficult and time consum-
ing. The initial Japanese HOPE vehicle will not
carry crew; a crew-carrying version may be devel-
oped early in the 21st century. A prototype Saenger
could be finished by 2000 with an operational
vehicle coming several years later. Hotol for most
missions would be launched in an automated con-
figuration and would not be ready until at least 2000.
Use of an off-the-shelf Soviet spacecraft for rescue
has been suggested as another international ap-
proach, although NASA has no plans to pursue this
option.

2iSome have suggested that the United States could fund part Of the European Heroes in order to speed UP itS development and to incorporate station
rescue provisions in the design. This could cost the United States less than devel oping its own rescue vehicle.
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Appendix A

Benefits and Drawbacks of Liquid Rocket

Boosters for the Space Shuttle

Potential Benefits
Safer Abort Modes

Figure A-1 and table A-1 give abort mode comparisons
for different Shuttle/booster configurations. The Liquid
Rocket Boosters (LRBs) allow a variety of safe abort
modes, that is, several engines could fail on lift-off and
sill not cause a catastrophic mission failure’ A Solid
Rocket Booster (SRB) or Advanced Solid Rocket Motor
(ASRM) failure, however, is generally catastrophic be-
cause solids cannot be turned off after they are ignited.
The LRB configuration consists of two boosters, each
with four liquid-fueled engines. The ASRM and SRB
configurations each consist of two solid booster rockets.
All configurations rely on three Space Shuttle Main
Engines (SSMEs) on the orbiter.

Long History, Potentially Greater Mission Reliability

All major launch systems use liquid engines for part or
al of the first stage; there is an extensive data base on their
performance and use and fuel handling needs. LRBs can
be test fired before launch. If the engine monitoring
instruments indicate a problem, the engines can be shut
down and the flight aborted on the pad. This is presently
done with the SSMEs for a very short period before the
solids are ignited.’Once a solid rocket is ignited it cannot
be shut off-it burns through all of its fuel.’

The LRBs can also be tightly monitored during flight
and can be shutdown if a problem arises-perhaps before
a catastrophic engine failure occurs. If the system were
designed with sufficient margin, the thrust of the remain-
ing engines could be increased to compensate for the

shut-down engine, and the mission completed without
requiring an abort mode.

Shutting down a liquid engine would present some
problems of vehicle control in part because the control
system would have to balance the thrust of a the remaining
engines. Because the remaining engines can be throttled
(unlike solids) it is possible to compensate for changed
moments of force about the vehicle's center of gravity to
reduce airframe stress and prevent cartwheeling. The
failure of more than one engine would be even more
difficult to compensate for. Control of these types of
potential failures have not been thoroughly investigated.

Increased Lift Capability

The LRB performance improvement for the Shuttle
could be an additional 20,000 pounds’to low-Earth orbit
as shown in figures 3-7 and A-2.

Mission Profiles Can Be Changed Relatively Easily

As noted above, LRBs can be throttled while solid
boosters cannot. Once a solid is poured to a predetermined
configuration, its burn and hence thrust characteristics are
set, fixing the direction and speed of the Shuttle on ascent.
(Some flexibility is allowed by throttling the three SSMEs
but this entails severa potential problems and is avoided
if possible.) These solid booster thrust characteristics
sometimes change unpredictably when the solids age. In
contrast, throttling LRBs within reasonable thrust ranges
is relatively easy and can be used to compensate for
different payloads, atmospheric conditions, desired tra-
jectories or orbits, etc. This can lead to more “efficient”
launches and perhaps dlightly heavier payloads.

Al of these assume that asingle engine (or motor) failure doesnot affect the operation of arty other engine (or motor). A catastrophic failure Of one engine (Or motor)
could of course destroy the Shuttle (no abort mode).

2The reliability of liquid engines versus solid rockets is the subject of heated debate andincreasing study. NASA s creating a database that COvers every U.S. launch and
full -scale engine test—over 1,300 liquid or solid propulsion events. It will include date, vehicle, engine type, top three anomalies (if there were problems) with corrective action
taken, comments, documentation, and location of documentation. This database should be available soon. NASA intends 10 keep it updated With future launches and engine
tests. Study of this database could help resolve some of the present uncertainty in liquid v. solids reliability statistics. (The Aerospace Corp. aso has a significant database
on engine successes and failures and the American Institute of Aeronautics and Astronautics has working groups analyzing these solids v. liquids reliability issues).

Some LRB proponents feel that arguing about solid versus liquid engine reliability 1s not german €; they believe that the probability of mission success, or the ability to
abort amission safely, are the critical points. They argue that even if a given LRB engine were slightly less reliable than a given solid rocket motor, because of the ability
to shut down the liquid engine in flight, the mission reliability for the vehicle using LRBSs would be higher than than for a vehicle using solid rocket motors.

30n one Shuttle mission, one of the three SSME'swasshut down &fter the Shuttle was already well into its flight, and the mission was not affected. Shutting down an
SSME takes about 30 seconds. The proposed LRBs are simpler enginea and can be shut down essentially i ly (4 diate fuel cutoff) thus making catastrophic
engine faifure easier 10 avoid “in case engine monitors detectan anomaly.

4Intheory,if ¢ solid iSalready ignited, one could provide & means to blow out the opposite end of the motor and ignite it also, yielding essentially zero thrust. However,
the other solid (even if functioning properly) would also havelobe'‘ shutdown™ in the same manner in order [0 prevent vehicle cartwheeling. With both solids essentially
shut-down the Shuttle would have to be well into its trajectory to affect any reasonable ¢ bort. The joha to the Shuttle system and connec t points would also be revere and the
Shuttle would probably break ® part. Thus thisis nota viable option.

5This performance increase, which is nearly double that planned for the ASRMs, would be possible in part because the LRBs would be longer and of greater diameter
than the ASRMs. NASA held the diameter and length of the ASRM design to dimensions that would necessitate little or no ateration of the mobile launch platform. Because
liquid engines would require fuel tanks that are larger than the ASRM dimensions to reach even 12,000 pounds additional thrust, NASA relaxed the geome trical constraints
in the LRB design.

-105-
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Figure A-1-Intact Abort Modes for Space Shuttle Missions
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A Shuttle orbiter is not expected to survive a ditching at sea, although the crew might escape and survive if controlled gliding flight is established before ditching.

SOURCE: General Dynamics.

Safer Shuttle Processing Flow

LRBs are fueled just before launch. SRMs, on the other
hand, carry explosive fuel at al times and must be handled
carefully. Safety considerations are a critical, and expen-
sive, part of SRM use—from manufacture, to transport, to
launch vehicle mating, to liftoff. At some points in the
Shuttle processing flow, entire buildings must be evacu-
ated while a handful of people cater to the solid rockets.’
Liquid cryogenic fuels are well understood and have a
good safety record.’

Lighter Structure Would Allow Horizontal Assembly

Empty LRB tanks are lighter than assembled solid
rocket segments, which are stacked vertically, For exam-
ple, the Soviet Energia heavy-lift launch vehicle is
assembled horizontally and then raised to the vertical only
shortly before launch. Horizontal assembly and transport
is much easier than vertical processing.

6Five or more days are lost during this procedure. Twenty to thirty people are idled.

THypergolics are dangerous and potentially detrimentaliothe environment, but these are not being proposed for LRBs. LRBs would use some form of liquid oxygen/liquid
hydrogen fuels or perhaps liquid oxygen/hydrocubon fuels. Hydrocarbons such as methane or kerosene arc relatively benign environmentally.
9The hut of the exhaust of any of these rockets may produce small amounts of nitric and nitrous oxide from the nitrogen in the air, just as automotive and jet engines do.
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L RBs Are More Environmentally Sound

The exhaust of an LRB fueled by liquid hydrogen
would consist solely of steam. The exhaust of an LRB
fueled by RP-1 (kerosene) or some other hydrocarbon
would contain both steam and carbon dioxide, along with
small amounts of other gases. In contrast, the exhaust of
atypical solid-propellant rocket contains large amounts of
hydrochloric acid.’

Synergisms With Other Programs

The proposed ALS launcher could use the same
engines developed for the LRB, or vice-versa. The LRB,
if developed, could be used as a stand-alone launch
vehicle.

Potential Drawbacks

Technical Uncertainties

The engine technology is known but the engines do not
yet exist. Other uncertainties exist as to whether LRBs
should be pump-fed or pressure-fed,’what fuel combina-
tions (LOX/LOH, LOX/HC)"to use and for which stages
or even whether to look at different cycle concepts.11
Earlier, NASA expressed a concern that the larger LRBs
would place unacceptable loads on the Shuttle wings.
Subsequent wind tunnel tests have shown that the wing
loads are acceptable.

Long Development Times

NASA has estimated that if an LRB program started
today, liquid boosters might not be available until at least
1997.%This long time period results from the stringent
development and testing requirements inherent for a new
engine, particularly one that must be “crew-rated.”
ASRMs themselves could not be on-line until 1994, and
they represent less development risk than do the LRBs.

High Initial Cost

NASA estimates that LRBs would cost $3 hillion. Pad
modifications would cost about $0.5 hillion. A new flight
dynamics data base would also have to be generated. By

Table A-1—Abort Mode Comparison of Shuttle/
Booster Configurations

Engine
failure® Abort mode
Booster + SSME SRB ASRM LRB
0 1 RTLS RTLS TAL
0 2 Split-S or ditch Split-S or ditch Loft-return
0 3 spiits or ditch Split-S or ditch Loft-return
1 0 None None ATO
1 None None RTLS
1 2 None None Loft-return
3 None None Loft-return
2 0 None None TAL
2 None None RTLS
2 2 None None Loft-return
2 3 None None Loft-return

8Agsumes engines fail at liftoff.

KEY: ASRM=advanced solid rocket motor; ATO=abort to orbit; LRB=liquid rocket
booster; RTLS=Retumn to launch she; Split-S=aircraft landing maneuver involving
a reverse of direction and rapid baa of attitude; SRB=solid rocket booster;
SSME=Space Shuttle main engine; TAL=transatiantic abort.

SOURCE: General Dynamics.

comparison, the cost for the ASRMs is estimated at $1
billion DDT&E and $300 million for construction of
facilities. At this point it is hard to know how accurate
these estimates reelly are. Rocketdyne Corp. has sug-
gested that it would be possible to build a much cheaper
engine, based on its engine used on the Atlas 11 and Delta
Il expendable launchers.”If LRBs cost significantly
more to develop than ASRMs, they could strain an
aready tight NASA budget.However, developing
LRBs in consort with ALS propulsion needs could
actually be a cost-effective path and could help both the
Shuttle and AL S programs.

Unique Operational Requirements

The samepad could in theory accommodate both solids
and liquids, but as a practical matter NASA would need
to dedicate a unique pad to each during the transition from
solids to liquids because fuel handling, launch tower
needs, component logistics, etc. would differ from those
on the current Shuttle system.”It may be too expensive
to keep both forever just to increase resiliency-but this
could be explored. For example, Pad B at KSC could

9Pump-fed appears to have the advantage since, for one thing, pressure-fed would take 5 years longer to develop than pump-fed,

10Liquid Oxygen/Liquid Hydrogen or Liquid Oxygen/Hydrocarbon
!guch asthe Pratt and Whitney split-expander cycle.

12{f Phase B started in 1990 with several contractors competing, one winner could be chosen in 1991 for full-scale development. The LRBs would be ready for flight in
1997. However, in the Rocketdyne concept, the engines could be available earlier since much hardware aready exists and is proven.

13Rocketdyne briefing to OTA, May 1989-

[4This extra cost WOUd seem small, however, f 5 solid rocket again destroyed a Shuttle. Loss Of the Challenger cost the Nation between §7 billion and $13.5 billion,
depending on how the accounting is done for the cost of failure, Yet, a new engine, like that needed for an LRB, would have ita own significant risks of failure.

15Lockheed recently completed a study ©f operational C@,Which would be required at KSC in order 1o use LRB's on the Shutde. “‘Liquid Rocket Booster integration
Study,” Final Report, Vets. 1-5, Lockheed Space Operations Company report to NASA-KSC Advanced Projects and Technology Office, LSO-000-286- 1410, NAS 10-11475,

November 1988.
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Figure A-2--Options for Increasing Shuttle Payload Capability v. Date of Availability
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remain a solids facility while the presently unused Pad A building (VAB) would be faster and less dangerous with
could be converted to accommodate LRBs. One opera- liquid boosters.”
tional advantage is that processing in the vehicle assembly

16However, Shuttle turnaround time is constrained DY orbiter processing, hence fester VAB processing does not necessarily mean faster STS turnaround times.



Appendix B

From Take-Off to Orbit—The X-30 Propulsion System'

For take-off, the X-30 will need an engine that can
produce thrust from a standing-start. An example of such
an engine is the turbojet. Air flowing into a turbojet is
diffused and compressed before it is combined with fuel
and ignited. The compressor is similar to a fan and is
powered by a turbine driven by exhaust products. A
limiting factor in the ability of turbojets to propel aircraft
to high speeds is the ability of the turbine to withstand the
high temperatures caused by combustion and compres-
sion processes. In practice, these problems prevent
turbojets from propelling aircraft to speeds above ap-
proximately Mach 3. Even when aircraft speeds are
supersonic, however, air speeds within the engine com-
bustor remain subsonic as air is slowed during its passage
through the turbomachinery.

An aircraft traveling faster than the speed of sound
causes a shock wave as pressure builds up ahead of
leading edges of the moving body. In effect, pressure
disturbances that travel at the speed of sound build up
faster than they can dissipate. In the ramjet, the compres-
sor and turbine are eliminated, and instead, air entering
the combustor is compressed by the compression wave
(“ram action”) generated by air entering a suitably
shaped engine inlet. Ramjets thus require auxiliary
propulsion to boost the velocity to a point where they can
sustain combustion and generate thrust. In practice,
supersonic speeds are usually necessary before ramjet
propulsion becomes practical.

In order to facilitate mixing and burning of the fuel in
the combustion chamber (combustor) of a ramjet, air is
slowed to subsonic speeds by passage through a diffuser.
The heating inside the engine that results from the
transition to subsonic air speed and from fuel combustion
places a practical limit to ramjet propulsion by hydrocarbon-
based fuels, such as kerosene. Even with special materials
and cooling to solve the material creep problem at high
temperatures, ’if the temperature rises too high the
efficiency of the combustion process decreases because
fuel is no longer burned completely.’For conventional
ramjets this translates into upper limits on speeds of about
Mach 5 to 6. However, the engine | of ramjets falls off
rapidly above about Mach 4 (figure 5.5).

For speeds up to approximately Mach 6 there are

concepts for propulsion systems that combine turbo and
ramjet operation. To propel vehicles faster than this with

air-breathing engines requires a scramjet (supersonic
combustion ramjet); an engine where compression, fuel
mixing, and combustion all occur at supersonic speeds,
This alows, in theory, an engine that could start to work
at about Mach 5 and continue to produce positive thrust
al the way to Mach 25. Hydrogen gas derived from liquid
or slush hydrogen is planned as the fuel source for the
scramjets. Its primary drawback to hydrogen is that its low
mass density results in large containment structures.

There are severa concepts for combining scramjets
with lower-speed propulsion systems. However, as a
result of severa factors, the optimum engine design
changes dramatically at the low- and high-speed ex-
tremes. A key challenge for X-30 designers is to
maximize the performance of low- and high-speed
propulsion cycles over their speed range. As the X-30
accelerates from takeoff to hypersonic speeds, designers
plan to change the shape of engine air inlets by using
variable panels and control internal engine geometry with
movable structures. Still there are fundamental tradeoffs
in design that are unavoidable.

Drag forces on an aircraft moving through the atmos-
phere increase as the sguare of the vehicle' s airspeed and
the power expended in overcoming drag increases as the
cube of the airspeed. However, drag is also proportional
to air density, which decreases with altitude. To minimize
drag and aerodynamic heating, the X-30 will accelerate to
high speed in the uppermost parts of the atmosphere
where the air density is very low. However, generating
thrust at near-orbital speeds requires an engine with large
and efficient air intakes to capture enormous quantities of
air-both because of the thin air at high altitudes and
because air entering the engine is expelled after combus-
tion at arelatively Small increase in speed (although the
mass flow is much higher at the higher speeds). In
contrast, at low speeds, engines take in arelatively small
amount of air and accelerate it (in the combustion process)
to high speeds.

While a subsonic jet might have an inlet covering 15
percent of frontal area, to capture sufficient air at Mach 6
an inlet covering 70 percent of frontal area would be
desirable. However, at orbital speeds (Mach 25) an inlet
covering some 95 percent of frontal area would be
needed. ‘ The geometric cross section of the engine inlet
is too small to achieve these figures. In practice, to capture

1Some of the details of the NASP propulsion cycle are classified. However, the following discussion isillustrative of the propulsion concepts being explored by contractors
waling in the NASP program. A final engine design has not been chosen yet by the NASP Joint Program Office.

2Creep describes the deformation of amaterial thermally cycled at high temperatures.

3At high temperatures the products ©f combustion dissociate into molecular fragments. The dissociation process absorbs energy (most fragments fail 10 recombine in the
nozzle) reducing the total kinetic energy of the fuel fragments, and thus lowering the thrust. See ** The Pocket Ramjet Reader, ” Chemical Systems Division, United

Technologies, Sunnyvale, CA, p. 12.
SEnginc inlet data from Dr. Robert Jones Of NASA Langley.
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the large amounts of air required for scramjets requires
engine inlets where, in effect, the entire front of the
aircraft functions as part of the engine inlet. This
necessitates an integrated engine and airframe designs
On the other hand, a smaler engine inlet would be
desirable to minimize drag for flight at low speeds and
low altitudes. The size of the engine inlet is one design
tradeoff. Another would arise if, as currently anticipated,
auxiliary rocket-based power°were used to supplement

the X-30'S air-breathing propulsion system. Igniting
rockets at relatively low hypersonic speeds might allow
smaller scramjet engines and inlets but only at the penalty
of decreased payload. Alternatively, if designers opt to
keep payload constant the increased weight associated
with rocket propulsion could be compensated by, for
example, designing the X- 30 to have greater lift. Larger
wings would provide more lift, but vehicle size, weight,
and cost would increase too.

5Pod mounted scramjet concepts were explored in the 1%0s but researchers found that air inlets could not capture enough air and, in addition, there was excessive drag

from support struts.

6The auxiliary propulsion system would use liquid oxygen carried on-board the X-30 to supply either the scramjet engines or a small, separate rocket. The tam

“rocket-based power” is used here to refer to either approach.



Appendix C

NASP Materials and the X-30 Materials Consortium

Materials Consortium

The five prime National Aerospace Plane (NASP)
engine and airframe contractors have joined into a
uniquely funded contract arrangement to demonstrate the
production readiness of advanced materials critical to the
success of the X-30. The Materials Consortium (officialy
designated as the NASP Materials and Structures Aug-
mentation Program) places contractors, in competition for
Phase 11l of the NASP program itself, in a cooperative
arrangement. Each of the five contractors has lead
responsibility for the development of one materia type,
including the fabrication processes to produce structures,
but each also participates in the efforts of the others. All
data devel oped by the contractors are shared equally on a
nonproprietary basis, including industrial research and
development (IRAD) that was completed or ongoing prior
to the contract awards. In addition, a large portion of the
funding is being transferred to subcontractors, universi-
ties, and research institutes directly supporting the prime
contractors in advanced development work.

The Consortium members and their area of principal
investigation are: Genera Dynamics-refractory com-
posites (including carbon-carbon and ceramic matrix
composites), Rockwell-titanium auminide alloy devel-
opment (Ti,l and TiAl) and scale-up effort, McDonnell
Douglas-titanium metal matrix composites (including
SiC fiber reinforced TiAl), Rocketdyne-high conduc-
tivity materials (including copper matrix composites),
and Pratt & Whitney-high creep strength materias
(including monolithic and reinforced TiAl, using fibers
composed of titanium diboride and alumina).

The consortium was funded in March 1988 at a budget
of $150 million for a 30-month period. Recently, a
subsystems consortium was formed to develop some 11
different systems including avionics and instrumentation,
crew escape, slush hydrogen technology, and turbomach-
inery. As in the Materials Consortium, work in the
subsystems consortium is being done on a nonproprietary
basis. Both the NASP JPO and contractors appear highly
satisfied with the consortium arrangement.

NASP Materials

The X-30 airframe will utilize noninsulated, oad-
bearing hot structures without the thermal protection tiles
of the shuttle. Where necessary, these hot structures will
be cooled with hydrogen using several active cooling
schemes. The projected structural designs for al areas of
the vehicle cal for high-stiffness, thin-gauge product
forms that can be fabricated into efficient load-bearing

components. These in turn require high strength, low
density materials that can retain their properties up to
temperatures beyond the capabilities of present day
commercialy available materials.

Current challenges center around scaling up laboratory
production processes of advanced materials; developing
fabrication and joining techniques to form lightweight
sandwich and honeycomb structures, and forming materi-
as and coatings that can withstand thermal cycling of the
sort that would be seen in a flight vehicle. In addition,
concerns about the possibility of material fatigue must be
resolved (see discussion of transient thermal fatigue in
footnote 30).

The major classes of materials with promise for the
X-30 are rapid solidification technology titanium alu-
minide aloys (RST Ti), metal matrix composites based
on reinforced titanium aluminizes (Ti-Aluminide MMC),
high thermal conductivity materials, carbon-carbon (C-C)
composites, and ceramic matrix composites.

Titanium-based materials are candidates for large
portions of the X-30 external and internal structure.
Currently available titanium alloys are lightweight and
can withstand temperatures of 1,100 “F but in the X-30
even greater temperature tolerance is desirable to mini-
mize active cooling requirements. Higher temperature,
titanium-based materials are possible using recently
developed rapid solidification technology. RST Ti-
aluminide is produced when molten titanium and alumi-
num are dropped on a spinning disk that sprays small
droplets of the material into aregion of cold helium gas.
The material cools at an extraordinary rate-up to one
thousand degrees in one millisecond-and is transformed
into a fine powder with unique properties. In particular,
RST materials are not contaminated with oxygen and the
sudden cooling produces a material without stratification
or other nonuniformities.

At room temperature, RST aluminum displays similar
strength to conventional aluminum. However, RST Ti-
aluminides exhibit much higher strength and stiffness at
high temperatures compared to conventional titanium
aloys while having only one-half the weight of the
material previously used at these temperatures. Alloy
systems based on Ti Al can withstand about 1,500 “F and
aloys based on TiAl can withstand about 1,800 “F. They
are also lighter than the currently available high-
temperature nickel aloys.

TiAl-based alloys are the most desired of the Ti-
aluminides because of their combination of high-

1The material in this section draws extensively on Terence M. F, Ronald, ‘‘Materials Challenges For The National Aero-Space Plane, " Review of Progress in Quantitative

Non-Destructive Evaluarion (New York, NY: Plenum Press, May 1989). See also: Ned Newman and Richard Pinckert, “Materials for NASP,” Aerospace America, May 1989
pp. 24-26, 31; Alan S Brown, “Taming Ceramic Fiber,” Aerospace America, May 1989, pp. 14-22; and Jay G. Baetz, ‘‘Metal Matrix Composites: Their Time Has Come, "’

Aerospace America, November 1988, pp. 14-16.
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temperate tolerance, light weight, and greater resistance
to hydrogen embrittlement. Their drawback has been that
their brittleness makesiit difficult to roll them into sheets,
anecessary step to fashion sandwich panels. Some recent
progress has been reported, but currently Ti Al-based
aloysfigure more prominently in near-term plans for the
X-30 because of their greater ductility. Use of TiAl-
based aloys instead of TiAl would cause some increase
in vehicle weight because their density is about 10 percent
higher than TiA 1. In addition, Ti Al is more susceptible to
hydrogen embrittlement and would therefore require
barrier coatings if actively cooled with hydrogen.

Metal matrix composites of titanium use embedded
silicon carbide fiber to produce a materia that is much
stronger and stiffer than the unreinforced metal. Silicon
carbide reinforced titanium can reportedly withstand
temperatures of 1,500 “F and is a candidate material for
thin panel structures that will form parts of the X-30'S
skin. There are several technology challenges associated
with incorporation of the fibers into the matrix. Among
them is the therma expansion mismatch between fiber
and matrix, leading to a propensity for cracks to appear in
the low ductility matrix during formation of the compos-
ite or on thermal cycling.

One solution being pursued is the development of
aternative reinforcing fibers that have a better thermal
match, such as titanium diboride and titanium carbide.
NASP is also setting up pilot plants to explore Ti-MMC
composites formed with rapid solidification plasma
deposition methods. Some success has been reported with
Ti,Al-matrix materials and work is underway to extend
this to TiAl-based composites. A challenge for al
Ti-MMC materials will be to develop methods for
evaluating the presence of cracks in the fiber/matrix bond
without compromising the integrity of the material. In
addition, there is a concern with al fiber reinforced
materials related to their reactivity at high temperatures
with the host material.

Carbon-carbon composites (carbon fibers embedded in
a carbon matrix) are candidate materials for heat shields
and large portions of the X-30'S skin. Carbon-carbon is
one-third lighter than aluminum, retains its strength to
very high temperatures, and has been used on the Space
Shuttle leading edges and nose. On the Shuttle, carbon-
carbon on the wing leading edge and the nose cap is
exposed to temperatures as high as approximately 2,750
‘F. Mission lifetimes of Shuttle C-C wing panels are
currently 65 to 85 flights, but new sealant coatings are
being introduced that will increase this figure to 100

flights. The challenge for NASP materials researchers is
to create a materia that is able to withstand repeated
thermal cycling during the specified minimum of 150
X-30 flights.

At very high temperatures, untreated carbon-carbon
would react with oxygen and form carbon dioxide.
Researchers are testing a large number of protection
schemes for carbon-carbon, including the application of
specia coatings that can form a barrier to oxygen, and the
addition of oxidation inhibitors to the carbon matrix. The
oxidation problem is exacerbated by the necessity on the
X-30 to make carbon-carbon structures and oxidation
coatings very thin to save weight. Although tests on
samples of carbon-carbon materials during simulated
NASP temperature-pressure cycles demonstrate increas-
ing longevity, the durability of the composite is not yet
equal to the materials used on the Shuttle.* The advanced
carbon-carbon composites being developed for NASP are
expected to provide greater strength than the C-C used on
the Shuttle. With appropriate oxygen barrier coatings,
temperature resistance to over 3,000 “F should be
possible.’

Some parts of the X-30, such as leading edges and the
nose cap, would exceed the temperature limits of carbon-
carbon. In addition, these sections of the vehicle would be
exposed to very high heat loads. Researchers are inves-
tigating the use of alternative composites that would be
actively cooled as one solution to this problem. Ablative
coatings of carbon-carbon are still another option; how-
ever, their use would increase maintenance and support
Costs.

On the Shuttle, carbon-carbon is placed on top of a
metal load-bearing substructure. However, to save
weight, carbon-carbon would be used at some locations in
the X-30 as a load-bearing structure. Engineers have a
particular concern with the use of C- C as aload-bearing
structure because of the potential for cracks to form as a
result of therma cycling. Finding coating materials
whose thermal expansion coefficient is close to that of the
carbon-carbon substrate will be necessary to prevent
cracks and subsequent oxidation of the substrate.

Joining of carbon-carbon is another area of concern.
Close fitting of parts and control of surface finish is
necessary because at hypersonic speeds small irregulari-
ties in surface smoothness, or gaps where materias are
joined, could generate hot spots that would be sufficient
to burn through surface materials. On the Shuttle,
dimensional tolerances of carbon-carbon can be now be

2Recent tests with small samplesof speciaily prepared carbon-carbon have withstood some 200 hours (roughly equivalent to 100 flights) of simulated NASP temperature
and pressure flight profiles. However, researchers have not yet fabricated large structures with this material and there is some concern that the material will not retain its
characteristics when fabricated in full-scale pieces. In addition, the material is relatively heavy because of its thick coating. Other types of carbon-carbon do not suffer from
these problems, but they have not demnonstrated as long a lifetime under simulated NASP flight profiles.

3Garland B. Whisenhunt, Director Carbon-Carbon Technology Applications, LTV Cap., briefing to OTA, May 30, 1989.
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controlled to 0.010 inches.’Researchers expect similar
performance will be available on the advanced carbon-
carbon composites that would used on the X-30.

For operation above about 2,500 ‘F designers are also
investigating the possibility of ceramic-matrix compos-
ites. These materials could form lightweight structures
with better oxidation resistance than carbon-carbon.
Historically, a problem with ceramic materials has been
their brittleness and propensity to develop cracks. Re-
searchers are attempting to find a reinforcement material
for the ceramic matrix that will help alleviate this
problem. Ceramic-composites are candidate materials for
selected airframe applications, such as surfaces adjacent
to the nose cap and leading edges of the X-30, and also for
engine components and panels.

Two classes of ceramic-matrix materials are being
studied. Glass-ceramic composites may be useful up to
about 2,200 “F and can be fashioned into honeycomb-core

panels and other complex shapes. They are a possible
alternative to some titanium aluminizes. Advanced ceramic-
matrix composites, such as silicon carbide fiber inbedded
in a silicon carbide matrix (SiC-SIC), are not as well
developed as the glass-ceramics, but their resistance to
hydrogen embrittlement makes them an attractive mate-
rial for actively cooled hot structures, Again, the potential
for cracking is a concern with all Ceramic-matrix materi-
as.

Graphite reinforced copper matrix composites are
being studied for structures that will be actively cooled.
This material is expected to be durable and it exhibits
higher thermal conductivity (in the direction of the fiber),
lower density, and higher strength than pure copper.
NASP is exploring production methods for this material
and is also investigating the possibility for creating other
reinforced high thermal conductivity copper composites.

4Ibid.
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The Defense Science Board Report on NASP'

Among the most thorough outside technical reviews of
the X-30 program to date is that of the Defense Science
Board Task Force on NASP. The DSB task force,
composed of eminent aerospace experts, was asked to
eva uate the degree to which the technology base could
support a decision for NASP to advance to Phase |11—the
design, fabrication, and flight test of a selected engine and
airframe configuration.

Most of DSB’swork was performed in the first half of
1987, athough the study was not released publicly until
October 1988. NASP officias believe some parts of the
DSB study are now out of date and note that the DSB
report occurred while airframe and engine configurations
were still in a very preliminary design stage. In particular,
vehicle designs being examined by the DSB closely
resembled initial concepts that came from the Copper
Canyon study of 1986. These concepts have been
abandoned by NASP as overly demanding of near-term
technology.

The DSB found that NASP was a vitaly important
national program and affirmed decisions to focus the
program around the objective of achieving single-stage-to-
orbit. However, the DSB also noted that, “early estimates
of vehicle size, performance, cost, and schedule were
extremely optimistic. “ The DSB concluded that NASP's
Technology Maturation Program was inadequate to
sjsigzport NASP s schedule with an acceptable degree of
MsK.

In response to the DSB report and internal evaluations,
NASP officials modified their schedule; focused their
program on a small number of vehicle and engine options;
established an elaborate risk-closure plan based on the
achievement of a specific series of technical objectives or
milestones, and combined the five major engine and
airframe contractors in a novel Materials Consortium.
NASP believes rapid progress has been made in the key
enabling technologies of the X-30 since the DSB per-
formed their study. A brief review of some of the DSB's
conclusions and NASP' s response is given below. Space
alows only a cursory review of the many areas of
technical concern.

In aerodynamics DSB found the greatest uncertainty in
predicting the point at which air flowing smoothly over
the vehicle (laminar flow) becomes turbulent. Lift de-
creases, drag increases, and heat transfer rates change
when airflows become turbulent. Thus, predicting the
location of this “boundary layer transition” has a

profound effect on vehicle design. For example, the DSB
noted that location of the transition point could affect the
design vehicle take-off gross weight by afactor of two or
more

As noted earlier, progress has been made in the ability
of computational fluid dynamics to characterize the
boundary layer transition since the DSB report. Further-
more, X-30 designers believe that a vehicle designed with
‘‘conservative’ assumptions about the boundary transition-
such as assuming laminar flow only between Mach 4 and
Mach 15, and only over part of the forebody-would still
alow a vehicle design that would meet the primary
objective of single-stage-to-orbit. Nevertheless, until an
X-30 undergoes flight testing there will be uncertainty
regarding the adequacy of computational predictions.

In propulsion DSB expressed a large number of
concerns including: the integration of a low-speed propul-
sion system with a ramjet/scramjet; the potential effect of
combustion instabilities, transients, or even flameout
during acceleration; engine performance at high Mach
numbers; and the adequacy of knowledge of thermal loads
(influenced by uncertainties in the boundary layer prob-
lem noted above). The DSB called for increased experi-
mental verification to improve understanding of the
complex NASP design. In particular, they suggested
NASP consider performing fully integrated engine tests in
avariable Mach wind tunnel.

To address these concerns, NASP officials plan to
conduct over 20,000 hours of wind tunnel testing in Phase
Il of the program. These tests would include near
full-scale wind tunnel tests at Mach 8, Additional Phase
Il engine qualification and certification tests are also
being planned. Officials have rejected recommendations
to improve hypersonic test facilities beyond what is
aready planned because of their cost (hundreds of
millions of dollars) and long developmental lead times,
Nevertheless, a recent National Research Council Air
Force Studies Report considered the development of new
hypersonic test facilities an urgent requirement.

NASP officias also believe that, based on their latest
anaysis and ground tests, the problem of large engine
thrust changes or flameout (here collective y referred to as
“‘unstarts”) will not occur outside the range of Mach 2 to
8. To control engine unstarts within this region, NASP
contractors are planning to implement engine designs that
could survive the unstart condition, control the unstart,

‘Repon of the Defense Science Board Task Force on the National Acrospace Plane (NASP), (Washington DC: Office of the Under Secretary of Defense for Acquisition,

September 1988).
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and be relit.” Safe mission aborts are also being designed.
However, not all experts appear satisfied that the issue of
combustion instabilities has been resolved.’

Some of the details of the NASP propulsion system are
classified, preventing a complete discussion here. NASP
has reduced the number of potential engine types to two
and will select one (along with one airframe) in late 1990.
At least in principle, the problem of designing a propul-
sion system that can accelerate a candidate X-30 airframe
from a standing start to Mach 25 has been solved. How
well theoretical expectations match up to experimental
performance would be demonstrated in a flight test
program.

In addition to its concern with the pace of materials
development, DSB was concerned with the lack of
knowledge characterizing the behavior of potential mate-
rials when fashioned into aircraft structures-some of
which would be subjected simultaneously to severe
aerodynamic and aerothermal stresses. The large uncer-
tainties in theoretical predictions, and the lack of an
adequate experimental data base appeared especialy
worrisome given the design regquirement to minimize
structural weight. In fact, the DSB stated that the

knowledge base at the time of their report was such that
a decision to proceed to Phase 111 ‘‘is considered an
unacceptable risk to program success and in fact could
impose serious flight safety risks. ”

NASP officials have stated that if the technology is not
sufficiently mature to support a decision to begin Phase 11
they will not do so, but will continue technology
development until a positive decision can be made.
Furthermore, there are contingency plans in most of the
technical risk areas identified by JPO. For example, in the
structures and materials program, a heavier material
closer to availability may be substituted for aless mature
material. The increased weight could be accommodated at
acost in payload; an increase in vehicle size, weight, and
cost; or the substitute of rocket propulsion for scramjet
propulsion (which in turn will lower payload or increase
the vehicle's gross weight). The tradeoff process is an
ongoing one. Since the time of the DSB report, several
higher risk materials have been eliminated from consid-
eration for use in the X-30 and the Phase |11 decision has
been delayed 1 year to provide additional time to mature
key technologies.

2Between about Mach 1 and Mach 2 a $hock wave must pass through the engine inlet without causing the engine o fl ameout Changes in air flow patterns that cause a
sudden loss of thrust must also be avoided. In addition, sieady fiow conditions must be maintained 28 engine OpeTation js sransformed from ramjet 10 scramjet mode. Unstans
can result in hazardous asymmetrical thrust conditions unless corrected quickly. They were a problem in early flights of the Au Free's high-altitude, Mach 3+, SK-71
“Blackbird” reconnaissance aircraft, but are now routinely controlled. In briefings and letters to OTA, Pratt & Whitney and Rocketdyne officials prowled details of their
methods to avoid and control thrust instabilities. Both contractors supported the NASP JPO contention that instabilities would not be a severe problem despite the reservations

expressed in the DSB report, and more recently by the Air Force Studies Board Report.

3For example, see Hypersonic Technology for wilitary Applications. . . . Op-cut, footote*



Appendix E

Recent Accomplishments of the NASP Program—
An Abbreviated List Supplied By The NASP Interagency Office

The earlier discussion of NASP Technologies naturally
focused on the technical challenges for the NASP
program. This list, provided to OTA by NASP program
officials, is provided to complement that discussion.

Detailed SSTO Vehicle designs from three aerospace
companies.

. Polar orbit, fuel for powered landing with go-around.

« Design payload and 4X payload.

. Reusable air frame without refurbishment.

. Wind tunnel verification of subscale models to Mach

20.
. CFD verification of full scale design.

Detailed propulsion system designs from 2 engine
companies.

e Mach 0-20 (airbreathing and rocket).

e Wind tunnel test of sub scale engines to Mach 7.

» Wind tunnel test of large combustor models to Mach
12,
Mixing and over 95 percent combustion with wall
injectors in 2-inch combustor.
Wind tunnel tests of inlets to Mach 14 to 16.
Demonstration of hydrogen film cooling for friction
reduction and heat transfer reduction in combustor.

A completely new family of Full Navier-Stokes (FNS)
and Parabolized Navier-Stokes (PNS) computer codes
that calculate airflow and reactions from nose to tail over
complex geometries:

. Integrated into these analysis tools are: air reactions,
combustion reactions, boundary layer characteris-
tics, shock wave characteristics, flow interactions,
and algorithms to expedite conversions of solutions.
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+ A fast solving PNS code that can calculate the flow
characteristics from the nose, through the engine
with combustion, and out the nozzle, including
free-stream air interactions.

Greatly expanded hypersonic test capabilities:

e Low turbulence wind tunnels for prediction of
boundary layer transition: Mach 6, Mach 20.

o GASL/NASA free piston expansion tube pilot oper-
ating with velocity to 25,000 feet per second.

® Rocketdyne large free piston shock tube (RHYFL)
under construction for 1990 completion.

e Large engine test facilities (ETF) for test of large
engine models have been constructed at Marquardt
and Aergjet.

Active thermal control:

. Heat pipe cooling of nose and engine struts,

. Hydrogen cooling of inlet combustor and nozzle.

Structure:

« Integrated structure using fuel tank integrated with
vehicle skin,

. Fuel storage and handling systems,
. Integrated thermal control systems.

Materials Development Consortium:
Z Titanium-aluminide sheet fabrication and advanced
carbon-carbon with new coating systems.

. Joints and fasteners of carbon-carbon and titanium-
aluminide.



