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As the world around us changes, new and complex
technological challenges greet us at every turn. At the Marshall
Space Flight Center, a talented team of scientists and engineers
with a synergistic spirit rises to meet those challenges with faith
in Marshall’s credo: That our capabilities and successes are
possible by a continuing emphasis on scientific research and the
development of technology.

People across the country and around the world have benefited
by our work in ways that once were only imagined, and it is that
limitless imagination and the new ideas of the NASA “can-do”
spirit that form the very cornerstone of our Nation’s space
program.

As we move toward the goal of increasingly accessible space
transportation and the next generation of propulsion systems and
launch vehicles, as well as long-term research aboard the
International Space Station, our scientific and engineering teams
continue to probe the vast frontiers of challenge and change. In
the following pages, you will see a sample of the scope and
diversity of the research and technology activities conducted
here and catch a glimpse of stimulating future goals for the
exploration of space.

<\~\U<~ﬁw g‘%/

J. Wayne Littles
Director
Marshall Space Flight Center
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T his year’s Research and
Technology Report, “Beyond
Our Boundaries,” is about
unveiling the secrets of other
worlds. Thanks to the
technological and scientific
strides being made by NASA’s
Marshall Space Flight Center,
other field centers and
contractors, reaching beyond
our boundaries, and sharing in
the wealth of knowledge gained
from worlds rich with
possibilities, is no longer just a
dream. We have already
exceeded our ancestors’ wildest
dreams, and with new and
exciting technologies at our
fingertips, the door to other
worlds is wide open...



The heat insulating properties of space aerogel
are shown with help from a little Hershey Hug™.

At Marshall, three interrelated areas of focus—space
transportation, microgravity research, and optics research—
continue the strides that will take humanity beyond mere
imagination in our quest for knowledge of the heavens and
how that understanding can benefit our own world.

NASA's space transportation efforts build on current tech-
nologies to transport payloads, research facilities, and
humans into space safely and efficiently. Marshall’s vision is
to help our country maintain its role as the world’s leader in
space transportation. In order to achieve that, we developed a
space transportation strategic plan that directly supports the
NASA Strategic Plan, and provides a 25-year transportation
vision to support anticipated future Agency and national
needs. To that end, NASA has begun concentrated efforts to
balance current space transportation systems with invest-
ments in improved technologies, with the potential to
significantly reduce these costs.

NASA has two strategic roles in these endeavors. The first is
to provide the technology base required to satisfy long-term
strategic plans for Space Science, Mission to Planet Earth,
and the Human Exploration and Development of Space. The
second is to perform the research and development necessary
to enable the U.S. launch vehicle industry to compete
globally in the ever growing space launch market. The
Reusable Launch Vehicle (RLV) Technology Program and
Advanced Space Transportation Program (ASTP) will
develop and demonstrate the needed technologies and
operational systems to meet these needs.

The ASTP and RLV programs are complementary space
transportation technology development efforts. While the
RLYV program addresses the relatively near-term technology
needs for a next generation reusable launch vehicle, the
ASTP provides space transportation technologies for all
other needs not addressed by the RLV effort. The RLV
program will provide technology demonstrations in support
of a national decision to either develop a new fully reusable
spaceship or to upgrade the Space Shuttle for use far into the
future. ASTP is a technology demonstration and validation
program and has the charter for space transportation tech-
nologies from basic technology research to flight-system
demonstrations.

The scientific research that will be accomplished once the
International Space Station is in operation is being

An artist’s concept of the X-33 RLV, a future Space
Shuttle, depicting a solar thermal array launch.



The High Resolution Mirror Assembly, with all
four H mirrors instalied and visible.

approached with the same practical strategies
that will put the Station in orbit. Biotechnology
and materials research conducted during Space
Shuttle Spacelab missions have paved the way
for investigations on the Space Station, with
experiments already having yielded valuable
results. Microgravity research facilities flown
on the Shuttle represent an integrated program
comprised of Government, academia, and
private industry participation, and by using
instruments developed by neighboring coun-
tries, this research helps broaden the basis for
international cooperation in space.
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As the Lead Center for Microgravity Research, Marshall is
responsible for all microgravity integrated program planning
and direction, program resource management, program
assessment, and program outreach and education to the
scientific and industrial communities, as well as the public.
Commercially, the Microgravity program seeks to promote
industry participation and to facilitate the use of space for
commercial products and services. The industry-driven,
high-technology program supports goals of implementing
research and development to enable commercial space
advances and expansion of current markets, and to enable
U.S. industry to develop new, profitable space industries. It is
this kind of concentrated effort and organization that brings
us closer each day toward stable, long-term research on
board the premier orbital laboratory, the International Space
Station.

Telescopes and other scientific instruments already have
given us an exciting glimpse into a universe filled with
endless possibilities. Through the use of optics, Marshall
provides support to NASA’s Science Enterprise to examine
the content, structure, origin, and evolution of our galaxy and
the universe. In order to see vast distances in the universe in
great detail, accuracies pushing beyond the existing capabili-
ties will be required. Fabricating the next generation of
optical and x-ray telescopes will require state-of-the-art
delicate and precise cutting, grinding, shaping, and polishing
tools for optical components. Special mirror coatings will
also be needed for various astronomical applications. Optics
work literally is in the details, and such precise operations
require the finest “surgeons.” At Marshall, a skilled team of
scientific artisans are the caretakers of the equipment and the
knowledge that will help us find the answers to never-ending
questions about the final frontier.

The Marshall Center is steeped in tradition.
The pride in excellence that was forged with
NASA'’s inception remains a driving force
behind the Agency’s goal of providing a space
program that satisfies the needs of the Ameri-
can public. MSFC is well equipped with the
knowledge, courage, and a broad experience
base to help reach our Nation’s goal, but it is a
limitless vision that will carry us beyond our
boundaries and into another realm. At
Marshall, we continue to dream. And what’s
more, we turn those dreams into reality.

AXAF H1 mirror and atignment '
system being lowered into place. X
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As the Lead Center for Space Transportation Systems Development, MSFC plays a vital role in
NASA’s overall missions and long-range goals. To reach beyond our world and expand our
destinations beyond where we thought possible is our primary focus.

Believing that strength concentrated in one particular area will provide the very best end product,
Marshall serves as a Center of Excellence for providing cost-effective and reliable space propulsion
technologies, thus assuring continued safe and efficient operation of the Nation’s Space
Transportation System.

Marshall’s research into the advanced technologies for a Reusable Launch Vehicle will lead to an
economical, safe, and robust launch system to meet the growing needs of placing a diverse range
of payloads into orbit. The main goal of the Advanced Space Transportation Program led by MSFG
is to dramatically reduce the cost of Earth-to-orbit transportation in order to spur commercial
growth. The International Space Station, to which MSFC lends valuable support, will provide a
permanent human outpost at the gateway to the last frontier. As the Lead Center for Microgravity
Research, Marshall manages Spacelab missions which have already yielded Earth-based benefits,
yet it has merely grazed the surface of the discoveries that await humankind on board the Space
Station.

The series of articles that follow attest to years of education, training, and experience in technology
programs under Marshall’s capable direction. The Marshall team is committed to utilizing
information from space exploration to improve life on Earth.

Sherman Jobe
Director
Science and Engineering
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Magnetohydrodynamics:
H20TSTUF

Tony Robertson/EP32
205-544-7102
E-mail: tony.robertsan@msfc.nasa.gov

Two activities are underway in the area of
magnetohydrodynamics (MHD). The first,
called H2ZOTSTUF, is an investigation of
using high temperature water as the
medium for an MHD generator and
accelerator. The second called “Investiga-
tions of External MHD Slipstream
Accelerator Technologies,” investigates the
use of external electromagnetic fields to
accelerate the air flowing past the vehicle
for propulsion.

Several studies have examined the use

of MHD accelerators and generators to
augment current chemical, nuclear, and
solar thermal rockets. These studies have
relied heavily on analytical models and
numerical codes to calculate performance.
Little experimental data is available to
verify these predictions. Among the
experimental works that have been
performed are those of NASA Langley
Research Center and Amold Engineering
Development Center. The work at these
centers on MHD accelerators for accelerat-
ing air in a hypersonic wind tunnel was
performed about 35 years ago.!-2 During
this same time Dr. Vadim T. Alfyorov
started a program to develop an MHD
augmented hypersonic test facility at the
TSAGi research center. This work continues
today, and a small-scale facility is opera-
tional. It produces very high velocity flows,
but at temperatures too high to simulate the
correct Mach numbers for hypersonic flow.?

While this work gives us a base point from
which to begin, it does not provide the
necessary experimental data to validate
existing codes used to predict the perfor-
mance of MHD accelerators and generators.
Looking at the big picture of where MHD
augmentation can be used, we see a broad
range of propellant, pressure, and

temperatures in which we would like to
operate. A single rocket would not be
capable of exploring this broad range of
parameters. A facility is needed where
varied propellants can be heated and fed
into an MHD accelerator/generator.

Some key experimental data to be gained

by this type facility are:

« A velocity profile at the exit of the
accelerator/generator;

* Conductivity as a function of seeding
ratio, temperature, pressure, and other
plasma properties;

« Boundary layer voltage drop/electrical
loss;

* Validation of friction and heat transfer
models used in existing codes; and

¢ The quantification of nonuniform
velocity profiles, pressure distributions,
temperature distribution, etc. and their
effect on the plasma flow.

The UAH Propulsion Research Center has
proposed a facility that should be capable of
obtaining most of this data without firing a

rocket. They plan to use a microwave
plasma generator to heat various propel-
lants. A seeding system is being designed
to seed these propellants with potassium. A
vacuum system is in place that will allow
simulation of orbital conditions for
upperstage applications. Spectrometers

are available to determine temperature,
pressure, and species concentrations in the
plume. Laser diagnostic equipment is being
sought to obtain velocity profiles at the exit
and within the plume. Also, a strain gage
thrust stand is being designed to measure
the thrust from which the exit velocity can
be calculated.

The thrust of this research is directed at
validating the performance of H2OTSTUF,
a solar thermal/MHD water rocket. The data
obtained from this detailed study of water
will be directly applicable to the augmenta-
tion of or power generation by a lox/LH,
rocket, as water or steam is the primary
combustion product from this rocket. Other
propellants will be tested under this
program in an attempt to determine the best
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Ficure 1.—Microwave cavity electrothermal thruster prototype design.



propellant combinations for MHD accelera-
tion/generation. Other chemical rocket
exhaust can be studied in the system by
heating the products that would be obtained
in their respective chemical reactions with
the microwave plasma generator. Also, air
could be heated and accelerated to verify
necessary operational parameters in a
ducted MHD rocket.

The development of this laboratory is the
next logical step for the MHD program.
With the experimental validation of existing
MHD codes, an optimal system can be
found through numerical simulation, thus
allowing a prototype of this optimal system
to be designed, built, and flown. The
expertise to accomplish these tasks is
available by combining the resources and
personnel of the Marshall Center, the
University of Alabama in Huntsville, and
the University of Tennessee Space Institute.

Sponsor: Advanced Space Transportation
Program

University Involvement: UAH Von Braun
graduate fellow Jonathan Jones

Biographical Sketch: Tony Robertson, of
the Component Development Division in
the Propulsion Laboratory, has been serving
as an advanced propulsion engineer and
technical manager in several areas of
advanced propulsion since 1995, including
magnetohydrodynamics and magnetic
levitation. Robertson provides support to
Program Development and the Advanced
Space Transportation Program in these and
other advanced propulsion areas. Robertson
earned a B.S. in physics and mathematics
from the University of North Alabama in
Florence, AL, 1982; earned a master’s in
operations research from the University of
Alabama in Huntsville, AL, 1993; will soon
complete a second master’s in engineering
management from the University of
Alabama in Huntsville, AL, (mid-1997);
and plans to seek a Ph.D. in engineering
management. @&

Magnetohydrodynamics:
Investigations of External
MHD Slipstream

Accelerator Technologies

Tony Robertson/EP32
205-544-7102
E-mail: tony.robertson@msfc.nasa.gov

Electric propulsion systems, like the
external MHD slipstream accelerators, have
excellent prospects for greatly improving
the specific impulse of advanced rocket-
based combined-cycle engines designed for
high-performance, reusable launch vehicles
(RLV’s) for Earth-to-orbit applications of
the future. These MHD thrust augmentation
systems will require high-performance
rocket-driven MHD generators, as well as
special electromagnetic slipstream ioniza-
tion systems that can enhance the electrical
conductivity of slipstream air at the lower
hypersonic flight Mach numbers; beyond
Mach 18, naturally occurring conductivities
may suffice.

Current solid chemical-fueled rocket-driven
MHD generators have a propellant
utilization efficiency of 0.5 KJ/Kg, whereas
2.0 KJ/Kg may be feasible with

advanced liquid fuels. In

Technology Programs

complicated hypersonic flow phenomena
created within MHD slipstream accelerators
and air ionization systems. Since there is
practically no data available in the open
literature on this technology, it is proposed
to conduct a combined experimental,
theoretical, and computational investigation
of the hypersonic flow for such MHD thrust
augmentation systems. A CFD algorithm to
model this flow will be necessary for
simulating the MHD slipstream accelerator
(and air spike) performance along a
transatmospheric trajectory to orbiting
velocity (i.e., Mach 25).

The proposed research program will be
carried out at Rensselaer Polytechnic
Institute in Troy, NY, and will involve
hypersonic testing of two different MHD
slipstream accelerator models (one perhaps
incorporating an air spike, an air ionization
device).

Five major goals for this research project

include:

« To demonstrate the ability to control
slipstream electrical conductivity;

« To prove that external MHD thrust
production is possible;

contrast, utilization efficien- Thermal

cies of laser-heated Insulation t\il' Plas”ma
hydrogen-fueled, Housing for Paddle
rocket-driven MHD Superconductors _
generators promise to (12 cm dia.) B

be several orders of
magnitude higher (e.g.,
300 to 800 KI/Kg),
which could elevate
specific impulses for
such advanced beam-
boosted RLV engines
into the range of 6,000 to
16,000 sec—i.e., truly
revolutionary advances.

To pursue this cutting-edge
research, it is necessary to
understand the physics of the

Applied
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Figure 2.—External MHD accelerator.
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* To determine the necessary levels of
applied magnetic field and plasma current
density for efficient MHD acceleration;

* To annihilate the bow shock wave with
external MHD forces, and confirm this
accomplishment with Schlieren photos;
and

* To measure pressures (and perhaps heat
transfer rates) across the powered and
unpowered hypersonic models (i.e., with,
and without the MHD accelerator
operating).

Both slipstream accelerator experiments
will utilize Rensselaer’s Mach 25-class
hypersonic shock tunnel (2-ft diameter test
section) at Mach numbers of 8.5 to 25 and
stagnation temperatures up to 4,100 K.

Sponsor: Advanced Space Transportation
Program

University Involvement: Principal
Investigator: Leik N. Myrabo, Ph.D.,
Associate Professor of Engineering Physics,
Rensselaer Polytechnic Institute; Troy, NY.
Co-Investigator: Professor Henry T.
Nagamatsu, Ph.D., Active Professor
Emeritus, Rensselaer Polytechnic Institute;
Troy, NY.

Biographical sketch: Tony Robertson, of
the Component Development Division in
the Propulsion Laboratory, has been serving
as an advanced propulsion engineer and
technical manager in several areas of
advanced propulsion since 1995, inciuding
magnetohydrodynamics and magnetic
levitation. Robertson provides support to
Program Development and the Advanced
Space Transportation Program in these and
other advance propulsion areas. Robertson
carned a B.S. in physics and mathematics
from the University of North Alabama in
Florence, AL, 1982, and earned a master’s
in operations research from the University
of Alabama in Huntsville, AL, 1993. He
will soon complete a second master’s in
engineering management from the Univer-
sity of Alabama in Huntsville, AL, (mid-
1997), and plans to seek a Ph.D. in
engineering management. &

Solar Thermal Propulsion
Absorber/Thruster

Harold P. Gerrish Jr./EP42
205-544-7084
E-mait: harold.gerrish@msfc.nasa.gov

In-house studies at MSFC show reduced
costs for orbit transfer using solar thermal
propulsion (STP) systems. STP uses
concentrated sunlight inside an absorber
cavity to heat hydrogen (to 2,700 K) and
expel it from a conical nozzle. STP systems
are low thrust (4.4 to 44 N) and require
about a month to transfer payloads from
low-Earth orbit to geosynchronous-Earth
orbit. Cost savings are primarily from
reduced weight and high specific impulses
(800 to 900 sec). A ground demonstration
STP absorber/thruster has been designed
and fabricated with two main objectives:
* Develop a STP fabrication procedure; and
* Verify expected STP performance with
simulated ground tests.

The design (fig. 3) of MSFC’s first STP
absorber/thruster is cylindrical for simplicity
and operates under the “direct gain”
principle (focused sunlight provides
immediate thrust). The inner cavity is highly
reflective close to the front opening (833-K
surface temperature) and more absorbing
deep inside (2,700 K surface temperature) to
control light distribution of high-energy
solar wavelengths. Heat transfer of solar
energy energizes the propellant, hydrogen.

Tungsten ($4/N) is the refractory

metal with the highest melting point and
was selected for the first thruster. Rhenium
($133/N) has the next highest melting point,
but is very costly. Tungsten is brittle and
very difficult to machine at room tempera-
tures. A procedure has been developed that
fabricates inner and outer tungsten shells
which, when joined, creates an absorber
cavity with helical flow channels and a
nozzle. The procedure involves vacuum
plasma spraying tungsten over a graphite
mandrel with an outer surface designed to
meet requirements of the inner surface of a

tungsten shell. The graphite is removed with
a drill bit and plastic bead blaster. Shell
length is cut using a brass wire electric
discharge machine (EDM). A hone device
using polyurethane pads, diamond powder,
and a glycerin slurry was used to polish the
tungsten surface inside the absorber to

75 percent reflectivity. Figure 4 shows an
outer shell made of tungsten. The tungsten
shells are brazed to a nickel face plate,
which has hydrogen inlet lines.

Insulation is made of a rigidized graphite
felt to lower temperatures on the thruster’s
outer surface to 444 K. Graphite diffuses
into tungsten at high temperatures. A
protective coating of tantalum carbide (TaC)
or niobium carbide (NbC) is required at
each material interface to minimize a
buildup of tungsten carbide.

The next STP absorber/thruster will be
made of a tungsten/rhenium alloy ($44/N)
which has better ductility. The fabrication
procedures developed from the first thruster
greatly reduces the time and cost associated
with expensive material.

Sponsors: Advanced Space Transportation
Program; Aerospace Industry Technology
Program; Center Director’s Discretionary
Fund (CDDF)

Industry Involvement: Rockwell Interna-
tional Rocketdyne Division

Biographical Sketch: Harold P. Gerrish Jr.
is an aerospace engineer for MSFC’s
Propulsion Systems branch. He is principal
investigator for the STP project funded by
CDDF and leads a small team charged with
thruster design/fabrication and activation of
special test equipment for ground demon-
strations. His 10 years in propulsion cover
solar thermal propulsion, nuclear thermal
propulsion, and hypergolic combustion
engines. He received a B.S. in aerospace
engineering from Auburn University, and an
M.S. in aeronautics and astrnonautics from
Purdue University. @
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Low-Cost Booster
Propulsion System
Test Article

Mark F. Fisher/EP42
205-544-9503
E-mail: mark fisher@msfc.nasa.gov

The propulsion test article (PTA) provides a
flexible test-bed environment to evaluate
low-cost hardware RP-1/lox options for use
on a future small payload expendable
boosters. The test-bed will be in a stacked
configuration as shown in figure 5 and will
be tested in the B-2 test stand at Stennis
Space Center (SSC). The major components
of the PTA include the support structure, the
lox and RP-1 tanks, the RP-1 and lox
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Ficure 5.—The propulsion test article.

feedlines, the pressurization system
including a heat exchanger, flight type
avionics and test instrumentation and the
60-klbf thrust MSFC Fastrac engine. The
Fastrac engine is scheduled for use on the
X-34 program, therefore establishing this
test-bed as the engine development and
verification facility for the X34 engine.

The PTA design began in May of 1996 and
had as one of its fundamental requirements
the necessity to fire the engine and
propulsion system by January of 1998. The
major milestones of the project are the
systems requirements review held June 27,
1996, the preliminary design review held
August 20, 1996, the critical design review
scheduled for December 16, 1996, cold
flow checkouts in November of 1997 and
the first hot fire in January of 1998.

The PTA will provide a system test-bed to
evaluate low-cost propulsion system
components developed by NASA, tradi-
tional and nontraditional industries, as well
as universities. The traditional industries
refer to the classic space contractors
possessing years of experience with flight
hardware. The nontraditional industries are
those business concerns which produce
components and materials which are
applied 1o commercial areas (i.e., gas
bottles for hospital use, gasoline storage
tanks for service stations). The heart of the
low-cost booster technologies program lies
in this canvassing of all of these groups to
develop and test, both at a component and at
a system level components and materials
which could eventually be applied to use on
commercial launch vehicle, developed by
industry, which would have an extremely
low-cost payload capability ($/1b).

The PTA design is being led by members of
MSFC and the SSC. The design approach
has entailed the use of the product develop-
ment team (PDT). The project design is
centered around four PDT’s. They are the
engine PDT, the Systems Integration PDT,
the Avionics PDT and the PTA PDT, which
has responsibility for the coordination and
integration of the hardware into the PTA
and the test stand. The test operations

Ficure 6.—The Fastrac engine.

personnel for the SSC serve as part of the
test team. This close working relationship
ensures the concurrent engineering required
to complete this task in the aggressive
schedule which has been underiaken. When
the design is complete and the hardware is
procured, it will be sent to SSC integrated
and tested in the B-2 test stand.

The PTA will provide development data on
a wide range of propulsion hardware which
will allow the future development of an
extremely low-cost launch vehicle. This
capability will most likely be utilized in the
launch of small payloads to a wide range of
potential orbital inclinations. These small
payloads could include scientific and
engineering payloads in the areas of
medicine, materials and space manufactur-
ing. The design is based around a
72-in-diameter tank set and would be



representative of a booster with a 220-1b
capability to low-Earth orbit.

The PTA will provide a flexible test-bed
with the ability to test various propulsion
components in a system environment,
allowing NASA and industry to evaluate
these components, with the perspective of
their use in a low-cost booster, providing
less expensive access to space.

Sponsor: Advanced Space Transportation
Program Office

Biographical Sketch: Mark Fisher is
member of the Propulsion Systems Branch
in MSFC’s Propulsion Laboratory. He has
been an employee of NASA since 1990.
Fisher leads the PTA product development
team, an interlaboratory, intercenter team
charged with the design, development and
test of the PTA system. He received a B.A.
degree in mathematics from Edinboro
University of Pennsylvania, and a B.S. and
an M.S. degree in mechanical engineering
from Pennsylvania State University. @

Integrated Propulsion
Technology Demonstrator

Joe L. Leopard/EP13
205-544-3950
E-mail : larry.leopard@msfc.nasa.gov

Improved propulsion system integration
methods are the answer to reduced flight
cost of any propulsion system. The
propulsion system is a significant factor not
only in weight, but in both turnaround time
and operations cost of any reusable launch
vehicle. Historically, the design of such
systems has considered weight and
“hardware” as the primary technical
challenges. This type of approach has been
demonstrated again and again resulting in
uncoordinated and inefficient operations.
Bottom line: You have good designs and
reliable hardware, but you can’t launch it on
time and at low cost! The integration
technology needs are basic and focus on
two areas: First, develop hardware designs
based on operational efficiency, and second,
implement automation for all operations.
Technology developed in both of these areas
will result in well-integrated, highly
efficient, and low-cost test/launch opera-
tions. The integrated propulsion technology
demonstrator (IPTD) charter is to provide a
platform to make significant advancements
in both of these areas.

The overall goal of the IPTD program is to
enable NASA and industry to jointly
develop system requirements and validate
integrated vehicle, engine, and subsystem
requirements in the advanced conceptual
design phase of a program through the
preliminary design phase. This early
validation of requirements with empirically
derived integrated performance and
operational data is necessary to enhance the
credibility of operational cost projections
for the next launch vehicle program.
Advancements in integrating propulsion
systems, focused on operations costs and
efficiency of launch and test operations, will
enable the United States to provide reliable
and repeatable low-cost access to space.

Technology Programs

MSFC, through a cooperative agreement
(NCC8-47) with Rockwell International,
developed this integrated propulsion system
test-bed known as the IPTD. Figure 7
illustrates the IPTD Phase I test configura-
tion. Five major propulsion system
technologies were implemented and
evaluated during Phase 1 IPTD testing. The
majority of Phase I testing focused on
demonstrating complex facility/vehicle
checkout and launch operations which
could be integrated and automated to
provide “on-time” launches at reduced cost.
Component/system technologies were also
evaluated during the course of Phase I
testing.

Automation of LO, component checkout
and propellant loading was successfully
demonstrated utilizing one operator,
computer hardware, and expert software.
Following are details of the specific
accomplishments and their benefits.

LO, and LH, component checkout software
was co-written by a small government/
industry team in G2 (expert system
software) and executed within the propul-
sion checkout and control system (PCCS)
architecture to conduct automated checkout
tests. Five Shuttle checkout tests were
chosen for automation demonstrations
where operation improvements could be
quantified by comparing to existing Shuttle
timelines and manpower estimates. A
reduction in manpower of 266 man-hours
(Shuttle) to 6 man-hours and a reduction in
actual clock time of 77 hr (Shuttle) to 1.5 hr
was demonstrated for LO, system check-
out/retest. These quantified results and
technical expertise obtained during IPTD
testing provide the basis for implementing
significant cost savings via automation on
existing or future launch systems and
facilities.

The IPTD team successfully demonstrated
the total automation of LO, loading and
launch operations including real-time
facility and vehicle reconfiguration upon
anomaly detection. The demonstration
consisted of one control workstation and
operator automatically configuring the
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MSFC west test area facility and the IPTD
for LO, actual loading, simulated launch,
safing, and securing. During this test, the
automated control and evaluation software
detected a limit violation during terminal
count and automatically proceeded to scrub
safing which immediately safed the IPTD
LO, module and facility. The limit was
reset and LO, flow was restored automati-
cally within minutes. After loading was re-
entered, the software automatically
proceeded to and through the appropriate
chilldown and loading phases and advanced
to terminal count. Terminal count and
simulated launch was successfully demon-
strated and was followed by module and

facility safing and final securing. This major
IPTD milestone demonstrates that, low-cost

and very time-efficient vehicle and launch
facility operations can be achieved by
implementing highly “integrated” propul-
sion health monitoring and control systems.

A full-scale 12-in-diameter composite feed
line was successfully integrated and tested
in the LH, propulsion module (PM). The
feed line and composite flanges performed
as designed when subjected to two
cryogenic cycles at LH, temperatures. This
was a first major milestone with full-scale
hardware that demonstrated composite feed
lines and flanges can potentially be used in
some cryogenic MPS systems applications
for significant weight reduction.
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Figure 7.—IPTD Phase | testing configuration.

Electromechanical actuator (EMA)
technology was evaluated by integrating and
testing two EMA's in the LH, module. A
MOOG, Inc.-designed EMA was installed
in the LH, bleed line and a NASA-designed
EMA was installed in the LH, fill and drain
line. Both actuators were successfully
cycled during LH, testing. These EMA tests
were the first to test EMA technology in a
full-scale cryogenic propulsion system
environment, allowing engineers to assess
the potential operation improvements/issues
related to implementing EMA technology in
existing and/or future vehicles.

An MPS hazardous gas leak detection
method which could potentially identify
leaks at a zone/component level was
demonstrated during LH, testing. The
method utilized mass spectrometry with
real-time gas sampling at multiple locations
(zones) in an enclosed compartment. The
leak detection system performed as
designed and provided engineers with
preliminary data for improving current
state-of-the-art leak detection methods.

Industry designed and manufactured close-
coupled cryogenic pressure transducer
technology was evaluated during Phase 1
LO, and LH, testing. A TABER 2211LT
pressure transducer was installed on the
LO, module and another on the LH,
module to provide data at both cryogenic
temp ranges. Both sensors tracked pressure
changes very well, but exact magnitudes
were slightly off. Integration and evaluation
of these commercial transducers is a
classical example of industry/Government
partnership developed during IPTD testing
to benefit each party involved.

Rockwell’s informed maintenance tech-
niques were demonstrated throughout IPTD
testing. These demonstrations were the first
steps toward proving that well-designed
software can detect errors, generate an error
report, recommend corrective action,
schedule work, and provide a work order
with associated procedures for component
repair or replacement. This type of “in-the-
loop” hardware operations testing will
continue to help develop and validate the



tools required for eventually implementing
“airline”-type operations for launch vehicles
and support systems.

Sponsor: X-33 Program

Biographical Sketch: Joe L. Leopard has
been with MSFC’s Propulsion Laboratory
since 1990 working in several areas
including engine testing, analysis, and
expert systems design for test and flight
operations. While working in Propulsion
Laboratory’s Propulsion/Systems Branch,
he served as NASA’s principle investigator
on the IPTD project directing the day-to-
day implementation of each technology
demonstration. He currently works in
Propulsion Laboratory’s Engine Design
and Analysis Branch. @

Uni-Element Injector
Testing

John M. Cramer/EP12
205-544-7090
E-mail: john.cramer@msfc.nasa.gov

John J. Hutt/EP12
205-544-7125
E-mail: john.hutt@msfc.nasa.gov

In order to develop improved injectors for
liquid rocket engines, a low-cost, time-
effective method for evaluating injector
characteristics is needed. A new methodol-
ogy and test facility are being developed for
this purpose at MSFC.

Historically, large subscale hardware at the
40,000-1b thrust level has been used for this
purpose. This test hardware is approxi-
mately 5 to 15 percent of typical full-scale
hardware for launch vehicle applications.
Because of the expense and limited data
quality of this test approach, injector
development programs using it are typically
limited to evaluating a small number of
injector designs. These designs are usually
similar to injectors with an established
performance data base.

Technology Programs

An alternative method for characterizing
injectors is to use a small combustion
chamber with windows to conduct extensive
evaluation of a single or a small number of
injection elements. Quantitative, as well as
qualitative, data can be obtained using a
combination of advanced optical diagnostic
methods and conventional methods. A
facility has been established at MSFC for
this type of advanced injector development.

The combustion chamber currently being
used, known as the uni-element injector test
article, is on loan from Aerojet
TechSystems. The combustion chamber,
which has a 3.42-in inner diameter, is
designed to accommodate windows with a
viewing diameter of 1.125 in. Three sets of
windows provide optical access to the
combustion chamber at axial distances of
x=0.5,2.25, and 4.0 in from the injector
face. At each axial location, windows are at
four circumferential positions: 0, 150, 180,
and 270 degrees. This configuration allows
for a variety of optical techniques that
require the light source and receiving optics
to be oriented at different angles.

The uni-element hardware was used to
examine an oxidizer-rich swirl injection
element. The injection element was
provided by the Pennsylvania State
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Ficure 8.—Oxidizer-rich swirl injection eiement.
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University’s Propulsion Engineering
Research Center (PERC), and it is identical
to elements that have been tested at PERC.
A cross-sectional diagram of this element is
shown in figure 8. The central oxidizer post
has an inner diameter of 0.135 in and an
outer diameter of 0.165 in. Angular
momentum, or “swirl,” is imparted to the
oxidizer flow as it passes through the slotted
openings in the swirl nut at the head end of
the injector. The fuel annulus which
surrounds the oxidizer post has an outer
diameter of 0.280 in.

Liquid oxygen (lox) and gaseous hydrogen
(GH,) were used as the propellants. The lox
mass flow rate was fixed at 0.25 Ib_ /sec or
0.40 Ib_ /sec. The GH, mass flow rate was
varied to provide mixture ratios (O/F) over
the range of 50 to 175. Gaseous nitrogen
(GN,) was injected through the annular
injector circuits (both fuel and oxidizer).
Additional GN, was used in the film

Face Nut

GH, Flow———
Lox Flow ——»

coolant circuit at the injector periphery. The
GN, flowing into the chamber contributed
significantly to the total chamber pressure.
The mass flow rate of GN, was adjusted to
set the steady-state chamber pressure at
approximately 400 or 800 psia.

Several combustion diagnostic techniques
are being applied or are being developed for
application to this problem. For example,
ultraviolet (UV) images have been taken
with an intensified charge coupled device
(CCD) camera and a UV filter. Figure 9
shows a series of these individual images
taken at a gate speed of 3 usec. These
images were taken at the first window
position (x=0.5 in), and the direction of
flow is from left to right. White pixels
indicate regions of high flame intensity. The
instantaneous flame structure in these
images is quite complex, and significant
variation can be seen from frame to frame.
The final frame in this sequence is an

average of 35 individual images. This
average image shows a spray cone with
remarkable symmetry, with the region of
highest flame intensity located very close
to the injector face (<0.5 in).

Other diagnostic techniques under develop-
ment include the phase doppler particle
analyzer (PDPA) system and Raman
spectroscopy. PDPA is an established
method for measuring the important
characteristics of a liquid spray, in particu-
lar droplet size and velocity distributions.
Refinement of this technique for rocket
engine injection elements is underway at
PERC, and collaboration between PERC
and MSFC will continue in this area. Recent
experimental studies indicate that Raman
spectroscopy is a promising technique for
gathering local data on major species and
temperature with reasonable levels of
accuracy. MSFC’s approach is to apply a
spontaneous Raman scattering technique

Figure 9.—Uliraviolet images of combustion zone at first window position (x=0.5 in).
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developed at ambient pressure to pressures
of interest for rocket engine applications
(>1,000 psia). This previous work demon-
strated a temporal resolution of 20 ns and a
spatial resolution of 0.4 mm. Comparable
levels of resolution are expected at MSFC.

A new approach for assessing the perfor-
mance of liquid rocket engine injection
element designs at MSFC has been
established. The test facility and test
hardware are operational, and a range of
combustion diagnostic techniques to
characterize important physical processes
are being developed.

Hutt, J.J.; and Cramer J.M.: “Advanced
Rocket Injector Development at the
Marshall Space Flight Center.” AIAA
96-4266, 1996 AIAA Space Programs
and Technologies Conference, Huntsville,
AL, September 24-26, 1996.

Sponser: Office of Space Access and
Technology; Space Transportation Division

University/Industry Invelvement: Aerojet
Tech Systems; University of Alabama in
Huntsville—Propulsion Research Center;
Pennsylvania State University—Propulsion
Engineering Research Center

Biographical Sketch: John Cramer and
John Hutt are aerospace engineers in the
Combustion Physics Branch of the
Propulsion Laboratory. Cramer is a graduate
of Purdue University and the University of
Wisconsin—Madison. Hutt is a graduate of
the University of Alabama, Tuscaloosa, and
the University of Alabama in Huntsville. @]

Thin Membrane Fresnel
Lens for Solar Thermal
Propulsion

Vinson B. Huegele/EB52
205-544-3475
E-mail: vinson.huegele@msfc.nasa.gov

Solar concentrators made from deployable
thin membranes offer a significant size and
weight savings as a propulsion power
source for spacecraft upper stages. A
membrane cast into a fresnel lens can
collect and focus the sun into a thermal
cavity so that the energy absorbed there by
a fluid creates a low thrust but a high initial
specific impulse (Isp). MSFC is developing
a demonstration in space of this solar
thermal technology with the shooting star
flight experiment.

A polyimide developed by Langley
Research Center can be cast into an ultra-
thin, strong membrane tolerant of space
environments. Work has been ongoing
since 1988 at MSFC on fabrication and
testing of membrane reflectors with this
polyimide!. The material has been
produced into specimens that are 0.001-in
thick and 8-ft wide. Although originally
spin cast on flat plates, the material can be
molded on a mandrel to produce a groove
pattern. The polyimide membrane can be
folded and stowed, then recover its shape
when released and supported.

The shooting star flight experiment will use
a deployable 6-ft-diameter £/1.25 fresnel
lens to concentrate sunlight. A fresnel lens
focuses light with a series of small
concentric circular prismatic wedges
instead of a curved surface, and can be
molded into the polyimide membrane. A
12-in-diameter scale model was made to
test and prove the concept, specifically the
fabrication technique and the optical
performance.

The optical prescription for the fresnel lens
was designed and converted into a groove
pattern compatible with the tooling

Technology Programs

controller on the Moore M-40 diamond
turning machine at the MSFC Optics
Branch. An aluminum blank was attached
on to the machine and the grooves cut in the
blank to make the mandrel. The mandrel
was sent to United Applied Technology as
part of a SBIR Phase 2 contract who cast
the lens by pouring the dissolved polyimide
onto the mandrel and spinning it in a
temperature and humidity controlled
environment. The cured lens was returned
to MSFC where it was optically tested. The
lens was fully illuminated by a collimated
laser beam and the focused spot was
observed and compared to the design value.
The lens was also attached to a heliostat and
the size and power distribution of the solar
image was measured. Four lenses were
produced and studied.

The lenses showed the casting and
production process to be consistent. The
measured optical performance was nominal,
and the iens proved itself suitable as a
concentrator. The focal length and solar
image size were observed to be as pre-
dicted, but there were noticeable transmis-
sion losses through the lens due to the
scattering from the very small groove
pattern.

The success of this model allows the
continuation of fresnel research and
manufacturing to scale up to the full-size
lens for the flight experiment. By making
and testing a thin membrane fresnel lens
from the polyimide, this investigation has
expanded the data base and developed better
expertise to understand the fabrication
techniques and technology to make larger
solar concentrators for upper stage
propulsion. New designs and materials such
as this are essential to further advance space
deployable optics.

'Huegele, V.B.: “Thin Film Electrostatic
Controlled Reflector.” MSFC Research
and Technology Report 1991.

Sponsor: Office of Space Access and
Technology
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Industry Involvement: United Applied
Technology

Biographical Sketch: Vinson Huegele is
an optical physicist in the Optics Branch
and is the optics lead for the shooting star
flight experiment. Huegele has been with
MSIC since 1980. He received his B.S. in
physics trom David Lipscomb University
and his M.S. in enginecring from the
University of Tennessee Space Institute. B
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Nuclear Fission Propulsion

Bill Emrich/PS05
205-544-7504
E-mail: bill.emrich@msfc.nasa.gov

Missions to Mars will almost certainly
require propulsion systems with perfor-
mance levels exceeding that of today’s best
chemical engines. A strong candidate for
that propulsion system is the Nuclear
Thermal Rocket or NTR. Solid core NTR
engines should have specific impulses in the
range of 925 sec as opposed to chemical
lox/hydrogen engines with specific
impulses in the range of 450 sec. NTR’s
operate by using a nuclear reactor to heat
hydrogen propellant to high temperatures
and then expelling the resulting exhaust
through a nozzle to produce thrust.

In the early 1970’s, a nuclear rocket
program was instituted called ROVER/
NERVA which demonstrated a 75,000-1b
thrust class engine. This engine was tested
in the Nevada desert by allowing the hot
hydrogen propellant exhaust to escape
directly into the atmosphere. Such testing
would not be permitted in today’s regula-
tory environment; therefore, the current
emphasis is on much smaller nuclear
engines with thrust levels of less than
15,000 Ib. These engines are small enough
to be tested in current closed-loop test
facilities, thus avoiding the expense of
constructing large, expensive test facilities
that would be required for the larger
engines. High values of thrust can be
attained, at the expense of specific impulse,
by injecting and burning oxygen in the
supersonic portion of the nozzle. Investiga-
tions are also being pursucd for using these
engines in “dual mode” operation—the
engine reactor could be used both for thrust
and power production. Figure 10 illustrates
a nuclear thermal engine. Research is
underway with LeRC and LANL to
understand the benefits and problems with
oxygen augmentation and dual-mode use.

Another nuclear thermal engine concept
that is being investigated is the gas core

nuclear rocket. This engine concept offers
the possibility of even higher performance
levels than the solid core nuclear rocket
with specific impulses in the order of
1,500 to 5,000 sec. These engines use a
fissioning uranium plasma to heat hydrogen
gas to ultra-high temperatures betore being
expelled through a nozzle. The technical
difficulties associated with constructing a
gas core NTR are formidible. Before a gas
core nuclear engine can be constructed, it
will be necessary to
answer fundamental
feasibility questions
related 10 maintaining
uranium plasma
stability, minimizing
uranium plasma loss
through the nozzle,
and maintaining
separation of the
hydrogen propetlant
trom the uranium
plasma while
maximizing their
energy exchange.
Research is being
conducted with
LLANL to answer
some of these gas
core issues.

Ficure 10.—Nuclear
thermal
engine.

Sponsor: Advanced Space Transportation
Program

Biogaphical Sketch: Bill Emrich is an AST
Aerospace Flight Systems engineer. He
serves as a project engineer for advanced
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and design techniques for advanced
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Fusion Propulsion

Bill Emrich/PS05
205-544-7504
E-mail: bill.emrich@nasa.msfc.gov

One of the great deterrents to the large-scale
exploration of the solar system has been and
continues to be the tremendous cost
associated with putting the massive amounts
of equipment and infrastructure into space
to support such endeavors due to the relative
low specific impulse available from
chemical engines. Ideally, for solar system
exploration, one would want a vehicle with
specific impulses in the range of 10,000 to
200,000 sec and at least moderate levels of
thrust. Fusion engines, if they can be built
in reasonable sizes, match these require-
ments quite closely and would be most
suitable as the primary propulsion system
for an interplanetary vehicle. Such a vehicle
would be quite capable of accomplishing
manned missions to any planet in the solar
system.

Several manned missions to various planets
have been analyzed to determine fuel
requirements and launch windows for
vehicles employing such propulsion
systems. For all cases studied, the fuel
weight remained a minor component of the
total system weight regardless of when the
missions commenced. In other words, the
use of fusion propulsion virtually eliminates
all mission window constraints and
effectively allows unlimited manned
exploration of the entire solar system.
Missions employing vehicles with fusion-

based main propulsion systems may begin
and end at times convenient to meeting the
mission objectives rather than being
artificially constrained by launch window
considerations. These vehicles also mitigate
the need for large space infrastructures
which would be required to support the
transfer of massive amounts of fuel and
supplies to lower a performing spacecraft.

Efforts are currently underway to examine
the various fusion concepts that have been
developed over the years to determine
which configurations are most suitable for
use as propulsion systems. Three concepts
currently being studied for possible use as
propulsion systems include the gasdynamic
magnetic mirror, the colliding conical theta
pinch, and the field reversed configuration.
Other concepts will also be considered if
evaluations appear to show their viability as
propulsion systems. Figurel1 illustrates a
vehicle design based upon a Gasdynamic
Mirror Fusion Engine.

Sponsor: Advanced Space Transportation
Program

Biographical Sketch: Bill Emrich is an
AST, aerospace flight systems engineer.
He serves as a project engineer for
advanced propulsion systems, developing
analytical and design techniques for
advanced propulsion systems and defining
ancillary propulsion system elements.
Emrich received his B.S. at Georgia
Institute of Technology, his M.S. at
Massachusetts Institute of Technology, and
conducted his postgraduate work at
Princeton University. @)

Ficure 11.—Inferplanetary vehicle using a gasdynamic mirror fusion

propulsion system.

Technology Programs

Components for Beamed
Energy Transportation

Edward E. Montgomery/PS02
205-544-1767
E-mail: sandy.montgomery@msic.nasa.gov

The Beamed Energy Transportation (BET)
program is a component of the Advanced
Space Transportation (AST) program. The
objective is to exploit recent R&D advances
such as high average power lasers, atmo-
sphere compensating beam directors, and
high specific impulse space propulsion in
order to achieve the capability of transfer-
ring large amounts of power over great
distances. Such a capability would remove
from the launch vehicle and space transfer
stages those systems needed to generate
power, thus improving the overall mass
fraction. In addition, the availability of large
amounts of energy to propulsion systems
enables more efficient high specific impulse
propulsion technologies. Microwave
rectenna power transmission, while limited
in range, may be a useful augmentation for
Earth-to-orbit transportation. The develop-
ment of laser-photovoltaic power transmis-
sion may also provide the basis for new
capability in supporting orbiting spacecraft
propulsion from the ground. A spinoff for
NASA will be a capacity to support
scientific, life support, and other housekeep-
ing operations for space stations and lunar
bases. Also, long distance high-bandwidth
communications will be made possibie.
Initially, within the next 20 years or so, the
technology will be used to transmit power
from the ground, where it is relatively
plentiful and inexpensive to obtain, to space
where power generation is one of the major
design constraints on orbital systems. As
access to space becomes more routine and
less expensive, the power generation
capabilities will be available in orbit, and
the transmitters will also be based in space.

The current program goals of the BET are
to provide a demonstration before the year
2000 which verifies that beamed energy can
be used to remotely power a space

13
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transportation system, and to follow that
demonstration with an initial operational
capability of a launch system by 2004 and
a space transfer stage by 2006.

The technologies being developed will be
critical to the transport of payloads to space
and in space using transportation systems of
low mass and cost.

At MSFC, the BET program is going
forward in three main thrust areas: Efficient
high average power lasers, economical large
aperture beam directors with adaptive
optics, and innovative propulsion concepts.

MSFC is leading the development of an
efficient high-power laser based on the
concept of building an array of many small
semiconductor laser diodes (SL.D’s) similar
to those used in compact disk players and
bar code scanners. Two approaches are
being pursued. MSFC, in conjunction with
USAF Philips Laboratory and the Univer-
sity of Alabama in Huntsville, has been
engaged in the development of a method of
phase-locking fiber optic device that can
efficiently coordinate a large array of
SLD’s. In conjunction with the Lawrence
Livermore National Laboratory, the
production of higher power and more
compact, but less efficient incoherent diode
arrays are being researched. In the future,
research into free electron lasers and
efficient microwave generators is antici-
pated.

MSFC is also sponsoring the testing of
innovative beam-energized “accelerator-
class” advanced engine concepts with

Dr. Leik Myrabo of the Rensselaer
Polytechnic Institute in Troy, NY, utilizing
the high-energy laser system test facilities at
White Sands, NM. A variety of experimen-
tal apparatus are being used in these tests
including dynamic impulse pendulums, a
fully instrumented static impulse plate
(equipped with numerous piezoelectric
pressure transducers) to measure time-
resolved pressures, several parabolic
receiving mirrors and 0.5 Tesla permanent
magnets. This experimental data will be
compared with theoretical predictions for
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engine performance, and engineering
implications for a flight demonstration
drone will be determined.

Karpinsky, John; Lindsey, Randall: “Final
Report: Demonstrator for an Innovative
Mirror Segment Edge Sensor.” SY
Technology, Inc., Contract Order
#H-25794D, Huntsville, AL.

Sponsor: Advanced Space Transportation
Program; Office of Space Access and
Technology; Advanced Concepts; Center
Director’s Discretionary Fund

Biographical Sketch: Edward Montgom-
ery is an Advanced Space Transportation
(AST) aerospace engineer at the Marshall
Space Flight Center. He earned a B.S.
degree in aerospace engineering at Auburn
University, and received a master’s degree
in science and engineering from the
University of Alabama in Huntsville. @]

Advanced Reusable
Transportation
Technologies Project

James E. Turner/EE61
205-544-2679
E-mail: jim.e turner@msfc.nasa.gov

The primary goal of the Advanced Reusabie
Transportation Technology (ARTT) project
is to reduce by a factor of 100 over today’s
costs the payload transportation cost to low-
Earth orbit by maturing technologies
beyond X-33 for medium class launch
vehicles (fig. 12). In doing so, the project’s
technology goals focus on combined cycle
rocket-based propulsion systems and
advanced materials (e.g., structures, tankage
and TPS). These rocket-based combined
cycle (RBCC) engines transition from an
initial air-augmented rocket mode takeoff to
ramjet mode, then to a scramjet mode and
finally to an all rocket mode for orbital
insertion.

The state-of-the-art all rocket single stage to
orbit vehicle must have approximately

90 percent propellant and 10 percent inert
mass. This inert mass must include the
vehicle structure, propulsion hardware and
the vehicle’s payload. Modern operational
engines, such as the SSME and the
RD-0120, are essentially at the technical
limit of rocket propulsion; further technol-
ogy gains will only increase rocket
performance (Isp) slightly. The use of
RBCC propulsion may provide Isp gains of
approximately 50 to 150 sec. These types of
increases in mission average Isp would
result in doubling the allowable launch
vehicle inert mass fraction available for
launch vehicle design. This additional
margin could be utilized as increased
operating margin by making the design
more robust or to reduce the overall launch
vehicle size. Either or both of these
approaches would directly contribute to a
major reduction in both operational costs
and cost of payload to orbit.



Ficure 12.—Artist’s concept of RBCC flying through atmosphere.

The ARTT project currently in progress
focuses on ground testing those technolo-
gies deemed critical for the successful
demonstration of an RBCC engine.
Attention is being focused on the ability to
design, fabricate, install and demonstrate
small rockets in a carrying structure. These
rockets will be required for the initial
takeoff and low-speed operation of the
launch vehicle. The rockets will then be
turned off as the engine transitions to ramjet
and scramjet modes. The rockets will finally
be turned back on and the engine inlet
closed for orbital insertion. The results of
this testing will be incorporated with flow
path work currently ongoing. The engines
will be subscale, on the order of 1/6 scale,
and will be flight-like but not flight-weight.
Tests will include direct connect and freejet
testing of these rockets in various test
facilities, both industrial and government, in
this country.

The incorporation of a supercharging fan
increases the operability of a RBCC vehicle
by adding a self-ferrying capability and
additional abort-mode option. Technology
issues associated with a supercharging fan
will be addressed and tested in the ARTT
project.

A large percentage of the launch vehicle
cost reduction goal will be achieved by
incorporation of RBCC propulsion.
However to achieve a 1/100 reduction in the
vehicle recurring cost, additional technolo-
gies will be required. Along with the RBCC
technologies, advanced vehicle technologies
will also be pursued. The main focus of this
activity will be on primary structures,
cryogenic tankage and thermal protection
systems, and avionics.

Sponsor: Office of Aeronautics and Space
Transportation Technology

Biographical Sketch: Jim Turner is the
chief engineer for the Advanced Reusable
Transportation Technologies Project. He
holds a bachelor’s degree in chemical
engineering and a master of materials
engineering from Auburn University, and
has worked for MSFC for 14 years. @
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Solar Thermal Propulsion
Flight Experiment

Leslie A. Curtis/NAO1
205-544-2486
E-mail: leslie.curtis@msfc.nasa.gov

One of the space transfer technologies of
promise in the Advanced Space Transporta-
tion Program is solar thermal propulsion.
This type of propulsion system could be
used for advanced upper stages that could
provide low-cost transportation of payloads
from low-Earth orbit to geosynchronous-
Earth orbit and beyond. Solar thermal
propulsion requires large lightweight
concentrators, high-temperature materials
for the engine, integrated controls and
pointing, and long-term storage of cryo-
genic hydrogen. Several of these technolo-
gies are being matured to support solar
thermal propulsion including a flight
experiment to demonstrate a solar thermal
propulsion system in space operation. This
experiment is called the shooting star
experiment (SSE) and will be flown in
FY99. Deployed configuration is shown in
figure 13.

The shooting star experiment will demon-
strate the deployment of a lightweight
inflatable support structure, precise sun
acquisition and collection, high-temperature
engine operation resulting in high specific
impulse (Isp). The experiment is designed
to concentrate solar energy with a fresnel
lens that will be connected to an inflatable
torus which will be supported by three
inflatable struts. The concentrated solar
energy will be focused into a thermal
storage engine where stored propellant will
be used to provide a small thrust. The
inflatable concentrator system will be
launched deflated and packaged in a
container to protect it during pre-launch
processing and launch environments and to
reduce the launch vehicle payload volume.

The spacecraft bus is the physical structure

to which all the subsystem components will
be attached and will interface to the launch
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Ficure 13.—Deployed flight configuration of shooting star experiment.

vehicle via the payload adapter interface. It
also provides the thermal protection to all

subsystems from the thermal engine module.

The thermal engine assembly is designed to
convert the solar energy focused into the
engine inner cavity, store it as heat and
transfer the energy to a gaseous propellant
injected into the engine heat exchanger,
resulting in an increased Isp over that
obtained by just flowing the monopropeliant
through the engine nozzle. For SSE, the
engine is operated in pulse mode, (i.e., it is
thermally charged and then discharged by
injecting the propellant when the operating
temperature is reached). During the
experiment operation, multiple cycles will
be attempted, at increasing start-point
temperatures. The final goal is 2,760 °C. At
this temperature, it is estimated the resulting
Isp should approach 800 sec.

There will be a Sun-centering detector
system to direct the focused solar flux into
the engine cavity. The cavity diameter is
about 3.8 cm. Part of the Fresnel lens will
be dedicated to provide a light ring at the
approximate outer diameter of the bus
where four optical detectors will be located.
The centering processor will forward
commands to the guidance and control
software for corrections to keep the energy
centered. A lost Sun mode has been
baselined in order to reorient the SSE lens
from any orientation back toward the Sun.
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The electronic heart of the SSE is the on-
board computer system (OBCS), (fig. 14),
and the inertial measuring unit (IMU). The
OBCS contains and executes the pro-
grammed sequential and housekeeping
software and the IMU provides navigational
and stability measurements. All experiment

Thrusters

functions are controlled in flight by the
OBCS. There is no capability for ground
control after launch.

The successful space demonstration of
several key technologies in this flight
experiment will help mature solar thermal
propulsion to the point where full-scale
development of an upper stage using this
technology could be undertaken.

Sponsor: Advanced Space Transportation
Program

University/Industry Involvement: Univer-
sity of Alabama in Huntsville; United Applied
Technologies; Plasma Processing, Inc.
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as manager for the Space Transfer Technolo-
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Fisure 14.—Shooting star control system.



Magnetic Lifter

Joe T. Howell/PS05
205-544-8491
E-mail: joe.howell@msfc.nasa.gov

Achieving an affordable and reliable launch
infrastructure for low-cost, routine access to
space is one of the enduring challenges of

the space age. In a marketplace dominated
by expendable launch vehicles grounded in
the technology base of the 1950°s and
1960’s, diverse innovative approaches have
been conceived since 1970 for reducing the
cost per pound for transport to low-Earth
orbit. For example, the Space Shuttle—a
largely reusable vehicle—was developed in
the 1970’s with the goal of revolutionizing
Earth-to-orbit transportation. Although the

Technology Programs

Shuttle provides many important new
capabilities, it did not significantly lower
space launch costs. During the same period,
a variety of other launch requirements (e.g.,
for vehicle research and development and
microgravity experiments) have been met
by relatively expensive, typically rocket-
based solutions (e.g., rocket sleds and
sounding rockets).
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Ficure 15.—MagLifter Space Launch System (configuration “i”): Notional, full-scale system concept. This version of MagLifter
is configured for a highly reusable vehicle that does not involve the use of aerodynamic lift during launch (i.e., a
ballistic ascent frajectory).
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There are several basic strategies for cost
reduction, including: (1) reducing the cost
of hardware expended in launcher systems
per pound of payload, (2) increasing the
reusability per flight of highly reusable
vehicles, and (3), for both of these, reducing
the cost of launch operations. A variety of
space launch concepts is still under study in
this context, ranging from single-stage-to-
orbit vehicles to “big, dumb boosters,” and

Other Facilities
Not Shown
(e.g., Control
Center, Landing
Area, Storage,

from air-breathing hypersonic Earth-to-orbit
vehicles like the National Aerospace Plane
to advanced rocket concepts such as space
nuclear thermal propulsion. Some exotic
concepts involving “gun-type” systems have
also been studied.

However, past analyses of launch systems
involving electric propulsion have been
largely limited to electromagnetic versions

A-HRV
Release Point

of “cannons,” such as rail guns and coil
guns. Despite significant theoretical
advantages, these systems have had both
technical and programmatic difficulties in
maturing beyond research and development
and prototype-level demonstrations.

A new approach, involving the use of
superconducting, magnetically levitated
(“maglev”) and propelled vehicles, has been

etc.) Engine Start for Pre- Launch
Release Check-Out A ;
. ) - pproximately
Primary Power (Design Option) ! 15-20 deg. y 10,000 ft
" zysgmz s Total Ascent:
Option) 6-9 miles — . ; Decelerator Approximately
) - 0.5 mile h 6,500 ft
\ Staging | | Vehicle vee 4 Guideway
G Facility %’:ét\fgzg p \ Approximately
) \ Power Storage 3.500 ft
Accelerator Substations Refersnce Vehicles
. SIS I BTN NN EARN NN DNEARE Guldeway RocketsZ.ﬂMlh
SurlaceOplion VNS RIS NN RN RUTUNERNAANEERERND atsoomph 10,
Aerodynamic-Highly A/B-R <1.0 Mib
Reusable Vehicle (A-HRV) at 1,200 mph

(@)

o \ \- Maglev
Periodic Power

' Guideway
Storage Units

System
Cross Section

‘llIIllllllllllll'lllllllllll.ll'

SpnssENRRNRRNRSRONORESEBOEERRRERFRRNTTY

Maglev Accelerator-
Carrier Vehicle

4 s AN BN NNCARNRRARRAREARBRNREY I‘
‘lllIllllllllllllllll.lllllll'

Structural Supports
(Distribution of Loads
on Payload Vehicle)

SansesnEmnEaNmaaAnNESERUEERRDRER?

‘IIIIIIIIIIIIIIIIIUIIIIIIIIIIlllllllllllllllllllllllllll-‘

Ficure 16.—MagLifter Space Launch System (configuration “ ). Notional, full-scale system concept. This version of MagLifter
is configured for a highly reusable vehicle that does involve the use of aerodynamic lift during launch.
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developed. Three configurations of the
MaglLifter concept shown in figures 15, 16
and 17 combine the technology base of
maglev systems being proposed and
demonstrated for terrestrial applications
with the best planned improvements in
expendable launch and/or highly reusable
vehicle systems. Together, the results
suggest dramatic improvements in Earth-to-
orbit costs may be possible. The MagL ifter

Other Facilities
Not Shown
(e.g., Control
Center, Landing
Area, Storage,
etc.)

Primary Power

System
Cross Section

"llllllllllllll.llllllllllIllll

Engine Start for Pre-
Release Check-Out

draws on a heritage of electromagnetic
launch concepts and technical literature, but
embodies several new technical characteris-
tics which have not been thoroughly
considered to date.

The Magnetic Launch assist shown in figure
18 depicts the goal of a magnetic launch
assist concept, potential developing
technologies, maglev testing and flight

A-HRV
Release Point

Technology Programs

demonstration. A strong synergism exists
between the magnetic lifter technologies
and the multi-use technology applications
involving other Government agencies and
private industries.

Sponsor: Office of Space Access and
Technology; Advanced Space Transporta-
tion Program
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Ficure 17.—MagLifter Space Launch System (configuration “k”): Notional, full-scale system concept. This version of MagLifter
is configured for a highly reusable vehicle that does involve the use of aerodynamic lift during launch and runs
horizontally—0-degree inclination—at release of HRV.
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Ficure 18.—Magnetic launch assist, technologies, and goal.
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Superconductor
Interactions With Gravity

Ron Koczor/EAQ1
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E-mail: ron.koczor@msfc.nasa.gov

NASA'’s Advanced Space Transportation
Program (ASTP) is charged to investigate
technologies and concepts which will result
in future reductions in the cost of space
travel. The program has established an area
of investigation in breakthrough propulsion
physics. These basic investigations focus
on ideas which are beyond our present
capability to implement, yet offer some
theoretical or experimental basis to warrant
further research.

One of these areas involves the possible
gravitomagnetic effects of high-speed
rotating superconductors in strong
magnetic fields. Published reports! indicate
a possible gravity shielding effect with
such an apparatus. Podkletnov devised an
experiment in which a large disk of high-
temperature ceramic superconducting
material was magnetically levitated and
rotated at high speed (up to several
thousand r/min) in the presence of an
external magnetic field. In the course of the
tests he noted that objects above the
rotating disk showed a variable but
measurable loss in weight (variable from
less than 0.5 to around 2 percent). He had
no explanation for this effect and went
through a self-described rigorous effort to
eliminate systematic or other possible
sources of error. Having done so, he found
that the effect remained. The effect, while
small, offers significant potential for
propulsion, if real.

Dr. Ning Li, University of Alabama in
Huntsville (UAH), has established a theory
which establishes a theoretical basis for
such gravity-superconductor interac-
tions.%>* Based upon the reported
experimental data and the Li theory, MSFC
and UAH are preparing a cooperative
experiment to determine, with scientifically

supportable rigor, whether the reported
effect is real and measurable.

The test apparatus consists of a disk of
high-temperature superconducting ceramic
(YBCuO material) levitating and rotating in
a magnetic field. Measurements will be
taken of the local gravity field surrounding
the disk before, during, and after operation.
Several independent methods will be used
to monitor the gravity field. As the
properties of this material are highly
variable and very dependent upon process-
ing, considerable effort will be expended
characterizing both the superconducting
material and disk processing.

Ipodkietnov, E.; Niemanen, R.: “A
Possibility of Gravitational Force
Shielding by Bulk YBa2Cu307-x
Superconductor.” Physica C 203, pp.
441-444, 1992.

2Li, N.; Torr, D.G.: “Effects of a Gravito-
magnetic Field on Pure Superconduc-
tors.” Physical Review D, pp. 457459,
1991.

3Li, N.; Torr, D.G.: “Gravitational Effects
on the Magnetic Attenuation of Super-
conductors.” Physical Review B, vol. 46,
no. 9, pp. 5489-5495, 1992.

4Torr, D.G.; Li, N.: “Gravito-electric
Coupling via Superconductivity.”
Foundation of Physics letters, vol. 6, no.
4, pp. 371-383, 1993.
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The pulse detonation engine (PDE) is an
innovative concept for producing thrust for
an aerospace vehicle. The PDE injects low-
pressure fuel and oxidizer into a tube and
initiates a detonation. The detonation wave,
which travels through the tube at a very
high velocity (~Mach 4 to 6), compresses
the combustion products behind it. This
high-pressure gas acts on the closed, head
end of the tube to produce thrust. By
operating at a high repetition rate, the PDE
generates a quasi-steady thrust.

Because the propellants are injected at low
pressure, the PDE feed system hardware is
less complex than that of a conventional
liquid rocket engine. The transient nature of
the PDE combustion process means that the
tube walls are exposed to hot gases for only
a small fraction of each cycle, unlike a
conventional engine that is continuously
exposed to hot gases. Because of these short
exposure times to hot gases, active cooling
of the the detonation tube may not be
required. These simplifications should result
in a significant reduction in development
and production costs of a PDE.

Another potential advantage of the PDE
involves the nature of the combustion
process. A conventional rocket engine burns
propellants continuously at constant
pressure. Thermodynamic cycle analysis
shows that the constant volume combustion
process of the PDE is inherently more
efficient than constant pressure combustion.
However, the actual efficiency improvement
suggested by this analysis is yet to be
demonstrated.

Although advanced development of the
PDE has focused on air-breathing applica-
tions in recent years, a similar concept can
be applied to rocket engines. MSFC has
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Ficure 19.—Profotype hardware for a puise detonation engine.

conducted a rocket engine system design
study to identify potential PDE configura-
tions for applications such as upper stage
engines and small-scale booster engines.
The study has identified the key technology
issues, and it has defined a technology
development plan for addressing these
issues.

A technology development program is
underway to address the major technical
issues. In FY97 MSFC will begin testing
subscale PDE hardware provided by one or
more contractors. The product of this task
will be a prototype PDE that will generate
approximately 1,000 Ibf of thrust by FY99.
The next step in the advanced development
program will be to develop and test a PDE
at the 10- to 20,000-1bf thrust level.
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Advanced Gas/Gas Injector
Technology

Huu P Trinh/EP12
205-544-2260
E-mail: huu.trinh@msfc.nasa.gov

To provide a rocket engine injector
technology base for supporting the
Reusable Launch Vehicle (RLV) engine
development, a study of high-performance
injectors associated with various engine
cycles has been performed by MSFC and
Pennsylvania State University (PSU) under
the NASA Research Announcement (NRA)
Cooperative Agreement NCC8-46. The
recent effort in this activity focused on the
advanced gas/gas injector. Based on the
results of previous investigations on other
injector types, it was suggested that a swirl
coaxial injector may provide effective
propellant mixing; hence it was selected for
this study. Three variations of the swirl
coaxial injector, having oxidizer swirl
angles of 60, 75, and 95 degrees, were
fabricated and tested in a hot-fire environ-
ment. Detailed dimensions of the three
injectors are summarized in table 1. The
injectors were designed for a gaseous
oxygen/hydrogen propellant system at an
oxidizer/fuel mixture ratio (MR) of six with
the chamber pressure of 1,000 psia. The
purpose of the experiments is to evaluate
the mixing/combustion processes and the
injector face heat transfer characteristics.

The experiments were conducted with a

2- by 2-in square uni-element combustor
equipped with helium-cooled windows. The
windows allow optical access into the
combustion chamber for laser-based
diagnostic techniques. Raman spectroscopy
was used to measure the major species at
3.5 in downstream of the injector face. The
species Raman signals were calibrated and
presented in terms of the species mole
fraction, as shown in figure 20, for the test

results of the 60-degree swirl-angle injector.

The measured data indicate uniform
distribution of species in the radial
direction, which suggests that the gaseous

Technology Programs
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TasLe 1.~—~Swirl coaxial injector dimensions.

GO, Post Diameter |GH, Annulus Inner Diameter |GH, Annulus Outer Diameter

(dy) (dr;) (0ro)
60° Swirl |0.210 in (5.33 mm) 0.250 in (6.35 mm) 0.290 in (7.37 mm)
75° Swirl 1 0.277 in (7.04 mm) 0.317 in (8.05 mm) 0.357 in (9.07 mm)
90° Swirl 1 0.370 in (9.40 mm) 0.410in (10.4 mm) 0.450 in (11.4 mm)

propellants were well-mixed and combusted
at this axial location. The other two
derivative injectors also behaved in a similar
manner.

Injector face temperature was measured
with the aid of a type “K” thermocouple
silver brazed at a location 0.425-in from the
injector center line. The temperature
measurements, sampled at 200 Hz for the
2-sec duration rocket firings, as plotted in
figure 21, show that the injector face
temperature is lowest for the 60-degree
oxidizer swirl angle injector and nominally

the same for the 75-degree and 90-degree
swirl injectors. The high temperatures
indicate that the energy release for the swirl
coaxial injector is close to the face, and
hence, the possible use of this type of
injector for actual rocket engines will
require face-cooling schemes.

In conclusion, the results of this investiga-
tion suggest that the generic swirl injector
for a gas/gas propellant system will have
efficient propellant mixing/combustion
characteristics. However, actual implemen-
tation of this type of injector will require a
tradeoff between injector face temperature

1.0
H,0
0.8 |-
S sl
g 04| "
- H, Nir, A W\
ALN 'r\. " W AWORAUT
et AL W TN LA
02 |- l""'\J VVLV‘\'[ v
!
00 —1 | 1 | |
-20 -10 0 10 20
r (mm)

Ficure 20.—Average GH, and H,0 mole fraction for a 60° swirl inject or at pc =993 psia.
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Figure 21.—Injector face temperature for the three coaxial injectors having 60-, 75-,

and 90-degree swirl angles.

requirements and mixing/combustion
efficiency.

Spensor: Office of Space Access and
Technology

University/Industry Involvement: Robert
J. Santoro and Charles Merkle, The
Propulsion Engineering Research Center of
the Pennsylvania State University.

Biographical Sketch: Huu P. Trinh has
worked in the area of liquid rocket engine
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combustion at MSFC since 1987. He has
used computational and analytical models
to analyze rocket engine performances.
Currently, he monitors a project of
providing technologies for main chamber
and preburner injectors. The effort is
conducted under a PSU NRA cooperative
agreement to support the RLV program. In
addition, he evaluates injector performance
of the Fastrac engine and analyzes proposed
Bantam main and gas generator injectors. @

Tripropellant Effervescent
Injector Study

Huu P. Trinh/EP12
205~544-2260
E-mail: huu.trinh@msfc.nasa.gov

To advance the state-of-the-art with respect
to the development of injection elements for
the Reusable Launch Vehicle (RLV) engine,
Pennsylvania State University (PSU) has
designed an effervescent atomizer, as shown
in figure 22. This design has a potential
application on a tripropellant RP-1/0xygen/
hydrogen rocket engine. The injector type is
similar to a shear coaxial element. The
major difference is that both fuels, RP-1
and gaseous hydrogen, share the center
post. The gaseous hydrogen flow enters the
liquid RP-1 through three holes located
upstream of the center post-exit plane and
forms the effervescent fluid. The inside
diameter of the center post is 0.15 in,
whereas the inner and outer diameters of the
gaseous oxygen annulus are 0.18 and 0.5 in.
Drop-size measurements and photographic
visualizations of the flowfield for cold flow
conditions, using gaseous nitrogen and
water as simulants, indicate that for high
gas-to-liquid volumetric flow ratios, the
flow exiting the injector is an extremely
dense cloud of small liquid drops.

A hot-fire test series was conducted using a
2- by 2-in square combustor equipped with
windows on the chamber walls for the
purpose of using a laser-based diagnostic
technique. These windows were cooled with
a nitrogen purge. To identify the injector
performance, the experiments were set up to
measure RP-1 drop size and combustion
efficiency (C*) for hydrogen mass flow rate
additions from 2 to 10 percent with
chamber pressures (Pc) from 230 to

500 psia. This pressure range covers the
sub-, trans-, and super-critical regimes of
RP-1 propellant. Performance enhancement
due to hydrogen addition is also evaluated
from this study. An overall optimum
mixture ratio of oxidizer to fuel was based
upon an established mixture ratio of
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Ficure 22.—Schematic of effervescent injector element used for RP-1/GH, /G0, tripropellants.

oxygen/RP-1 of 2.4 (yielding high
performance) together with the stoichiomet-
ric mixture ratio for oxygen/hydrogen of
8.0 (producing the maximum temperature).

The RP-1 drop sizes in the combusting
flowfield were measured using phase
Doppler interferometry. Measurements at a
location (x=6 in and r=0.2 in), as shown in
figure 23, are compared for three chamber
pressure conditions of 230, 320, and

500 psia. The results show that drop sizes
could be measured at both transcritical

(320 psia case) and super-critical conditions
(500 psia case).

The effects of hydrogen mass addition on
C* efficiency for subject injector are
presented in figure 24 for three chamber
pressure cases. For comparison purposes,
the C* efficiencies at a chamber pressure of
500 psia were calcualted both with and
without the nitrogen purge. The results
clearly show that the combustion efficiency
increases with the increase of hydrogen
mass flow rate. The measurements are
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Ficure 23.—RP-1/GH, /G0, rocket C* efficiency for increasing flow rate of GH, (percentage
of RP-1 flow).
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Ficure 24.—Measured RP-1 drop size probability density tunctions for
three chamber pressure conditions. GH, flowrate equai to
10 percent of RP-1 flowrate.

consistent for the tested chamber pressures
of 230, 320, and 500 psia. For the efferves-
cent injector, atomization is clearly
improved with the addition of hydrogen.
The fast reaction rate of hydrogen/oxygen
as compared to that of RP-1/oxygen
translates to a high-temperature oxidizer-
rich environment near the injector face.
Consequently, the two aforementioned
effects would enhance the combustion
efficiency.

Sponsor: Office of Space Access and
Technology

University/Industry Involvement: Robert
J. Santoro and Charles Merkle, The
Propulsion Engineering Research Center of
the Pennsylvania State University.

Biographical Sketch: Huu P. Trinh has
worked in the area of liquid rocket engine
combustion at MSFC since 1987. He has
used computational and analytical models
to analyze rocket engine performances.
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Currently, he monitors a project of
providing technologies for main chamber
and preburner injectors. The effort is
conducted under a PSU NRA cooperative
agreement to support the RLV program. In
addition, he evaluates injector performance
of the Fastrac engine and analyzes
proposed Bantam main and gas generator
injectors. (@]

Pintle Injector Study
for Liquid Bipropellant
Engines

Huu P, Trinh/EP12
205-544-2260
E-mail: huu.trinh@msfc.nasa.gov

As a part of advancing the injector
technology base in support of the Reusable
Launch Vehicle (RLV) engine development
and other future rocket engines, an effort of
studying a pintle injector for a liquid
bipropellant engine system has been
performed at Pennsylvania State University
(PSU) under a NASA Research Announce-
ment (NRA) cooperative agreement with
MSFC. A typical pintle injection element
has design characteristics as shown in
figure 25. For this study, RP-1 fuel is
injected into the combustion chamber from
the central post, whereas liquid oxygen

8=1(TMR, BF)
(Mdot * U)gp
(Mdot * U),,

TMR =

Blockage _ E Width of Slots

Factor (BF)  perimeter of Tube

Effective Momentum _ m
Ratio (EMR) BF

\— Combined

Spray

Figure 25.—Pintle injector design
characteristics.
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Ficure 26.— Pintle injector lip designs for three injector elements.

(lox) is issued from the outer annulus. Since
the design of the central post is crucial for
achieving good mixing and combustion,
three variations of subject injector configu-
ration, as shown in figure 26, are being
examined.

Cold-flow tests, using water as a propellant
simulant, were conducted for the three
injectors. The matrix of 3 by 3 images from
the test results, as shown in figure 27, were
captured using a 35 mm camera. The three
images in the first column were taken by
positioning the camera directly beneath the
pintle tip with flow only ejected through the
central post. The first image for injector one
shows four liquid sheets emanating from the
four horizontal slots, whereas the next two
images show 24 liquid jets. The middle and
last columns of images were taken by
positioning the camera such that the line of
sight is perpendicular to the injector axis.
The middle column of images for the same
central and outer annular flows display the
effects of the injector geometry on the
resulting spray field. The spray cone angle
for the first injector, which has 4 horizontal
slots, is larger than the one from the 24-slot
injectors. Finally, the last column of images
shows the spray field for flow conditions
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Fieure 27.— Cold flow visualizations for three Pintle injectors.
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Ficure 28.— Panoramic photograph of RP-1/lox rocket firing for Pintle injector.

where the central to outer annular mass flow
rate ratios are higher than that for the
images shown in the center column.

The initial series of hot-fire tests for this
injector was also conducted with an
optically accessible unielement combustor.
A panoramic photographic image of a
rocket firing is shown in figure 28. The
flame luminosity of RP-1/lox combustion is
extremely high as evidenced by the light
level that passed through a neutral density
filter positioned in front of the window.

At present, PSU continues performing
parametric hot-fire tests to provide details
of the combustion flow field and injector
performance characteristics of this injector

type.

Sponsor: Office of Space Access and
Technology

University/Industry Involvement: Robert
J. Santoro and Charles Merkle/The
Propulsion Engineering Research Center of
the Pennsylvania State University.
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Biographical Sketch: Huu P. Trinh has
worked in the area of liquid rocket engine
combustion at MSFC since 1987. He has
used computational and analytical models
to analyze rocket engine performances.
Currently, he monitors a project of
providing technologies for main chamber
and preburner injectors. The effort is
conducted under a PSU NRA cooperative
agreement to support the RLV program. In
addition, he evaluates injector performance
of the Fastrac engine and analyzes proposed
Bantam main and gas generator injectors. [@;

Solid Rocket Motor
Asbestos-Free
Insulation

John O. Funkhouser/EP12
205-544-7105
E-mail; john.funkhouser@msfc.nasa.gov

Charles L. Martin/EP12
205-544-7098
E-mail: charles.martin@msfc.nasa.gov

Substantial progress has been made to
further develop and qualify an asbestos-free
internal case insulation design for NASA’s
reusable solid rocket motor (RSRM). The
presently used asbestos/silicon dioxide-
filled, acrylonitrile butadiene rubber internal
case insulation material is being replaced
due to health hazard concerns and decreas-
ing availability of all materials containing
asbestos. The primary objective is to
develop and qualify an asbestos-free
internal case insulation design that will
demonstrate similar or better erosion
performance at a reasonable cost.

The first full-scale test with the two
candidate materials was conducted on
November 16, 1995, at the Thiokol
Corporation Space Operations test facilities
located in Utah. The RSRM flight support
motor-5 (FSM-5) was used for this test.
Aramid-filled, ethylene propylene diene
monomer (EPDM) was utilized for both
candidate materials. Both the 7 percent and
11 percent aramid-filled materials were
installed in the high-impingement aft dome
area. The 7 percent aramid-filled insulator
was installed starting at the forward end of
the aft dome and terminated 85 in forward
of the nozzle boss (cylinder area). Erosion
performance prevented the sole use of either
candidate material in the high-impingement
aft dome area adjacent to the submerged
nozzle. The erosion performance of the

11 percent aramid-filled material was
superior to that of the 7 percent material, as
was anticipated from analysis of the
subscale 48-in test motor data. In order to
achieve the desired safety factors in the aft



dome, it was necessary to use the present
RSRM sandwich design with the 11 percent
aramid-filled material replacing the
substrate asbestos material next to the case
wall. The currently used carbon fiber-filled
EPDM adjacent to the propellant has a high
cure shrinkage thus limiting the amount that
can be installed.

Manufacturing and accurate analysis
become much more difficult with the use of
multiple layers of insulation. It is impos-
sible to determine the exact prefire
thickness of each of the multiple materials.
Each material will undergo a different
percentage of shrinkage during the cure
cycle. A relatively large erosion data base is
currently available with the presently used
surface material thus enhancing reliability
and confidence. The substrate material
erosion rate must be estimated based on the
one (FSM-5) full-scale motor test. If the
substrate material is occasionally penetrated
during the test, any statistical analysis is of
little value. It is impossible to determine the
exposure times or exact erosion for each
material.

Analysis of the 7 percent aramid-filled
material in the cylindrical area of the
FSM-35 test indicated that this material will
perform satisfactorily as a sole insulator for
the entire motor except for the aft dome.
Erosion performance was predicted for the
untested portion of the motor using ratios
from previous RSRM data. The erosion
performance predictions for both of the
asbestos-free materials will be evaluated
with three additional full-scale motor tests
prior to the first Shuttle flight.

Data evaluation methodology with a limited
data base remains an undesirable and
somewhat unique situation. The cost of full-
scale testing precludes an adequate number
of tests for standard statistical evaluation.
Subjective decisions are necessary to
determine which analysis technique will
produce a reasonable design with an
acceptable risk. Thiokol and NASA
engineers agreed that erosion performance
analysis using median material losses plus
three standard deviations would be a

reasonable approach to establish initial
design thickness limits. It was further
stipulated that the minimum design
thicknesses would be no less than the
maximum losses (with appropriate safety
factors) experienced at any measurement
station.

Erosion performance data for the two
asbestos-free internal case insulation
materials described above should be useful
information for anyone associated with
solid rocket motor design and performance
evaluation. All component systems will
have to be asbestos-free in the near future.
The subjective nature of the methodology is
unavoidable due to the unique circum-
stances. Further static testing and subse-
quent Space Shuttle flight evaluation will
verify the validity of the analytical
technique utilized.

Sponsor: Space Shuttle Projects Office

Industry Invelvement: Thiokol Corpora-
tion Space Operations

Biographical Sketches: John Funkhouser
is a NASA aerospace engineer in the
Marshall Space Flight Center Propulsion
Laboratory. He is responsible for the NASA
space shuttle RSRM internal case insulation
design and verification.

Charles Martin is a NASA aerospace
engineer in the Marshall Space Flight
Center Propulsion Laboratory. He is
responsible for the NASA Space Shuttle
RSRM ballistics analysis and statistical
evaluation of all applicable motor systems.
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Revolutionary Reusable
Technology Turbopump

Mary E. Koelbl/EP32
205-544-7073
E-mail: mary.koelbl@msfc.nasa.gov

The revolutionary reusable technology
turbopump (RRTT) is a NASA/MSFC
technology program intended to demon-
strate a substantial reduction in the time and
cost to produce reusable turbomachinery. A
reusable liquid oxygen turbopump sized for
a full-flow staged combustion cycle engine
at a thrust of 400,000 1bf was selected as the
demonstration turbopump. The goals of the
program were: (1) to define the design,
perform the required analyses, fabricate the
hardware, and assemble the turbopump
within 18 months; and (2) to limit the
recurring fabrication and first unit cost to
less than $600,000. This is a factor of three
reduction in schedule and a factor of five
reduction in cost from traditional rocket
engine turbomachinery. Rocketdyne was
selected as the contractor for the program
which began in September 1995.

To achieve the aggressive schedule goal, a
document called a product and process plan
of action (PPPOA) was jointly written
between Rocketdyne and NASA/MSFC. It
combined an engineering design and
analysis plan, a manufacturing plan, a
quality plan, and a product validation plan
into a single document which was approved
by both Rocketdyne and NASA prior to
initiation of the design phase. The PPPOA
also defined, in detail, all of the ground
rules, assumptions, and the required level of
analysis for each part.

A product development team (PDT) was
established with members from all of the
appropriate disciplines at Rocketdyne,
NASA/MSFC, and the appropriate vendors.
Each team member was an active partici-
pant in the design phase to ensure the
schedule and cost goals could be achieved
while still meeting the design requirements.
The manufacturing and inspection process
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Fieure 29.—Revolutionary Reusable Technoiogy Turbopump (RRTT)

cross section.

development was begun concurrently with
the design process to minimize schedule
and cost risk. With this approach, the
process development is an essential element
of the design itself. In addition, the
three-dimensional computer aided design
(CAD) models were electronically linked
with stress and thermal analysis packages to
enable rapid design generation and
iterations. The vendors were part of the
electronic drawing transfer as well. The
three-dimensional models were used to
produce rapid prototype casting patterns.

This process was significantly cheaper and
quicker than fabricating conventional hard
tooling to produce wax patterns. The
electronic drawings were also downloaded
to the vendor numerically controlled (NC)
machines.

A cross section of the turbopump is shown
in figure 29. The turbopump consists of a
high-pressure liquid oxygen pump driven by
a single stage turbine using an oxygen-rich
working fluid. The fluid requirements for
the turbopump are shown in table 2. The

TasLe 2.—ARRTT fluid conditions.

Pump Turbine

Fluid Lox Oxygen-Rich
Steam
(05 + Ho0)
inlet Pressure (psia) 200 5,034
Iniet Temperature (deg R) 169 1,145
Discharge Pressure (psia) 6,404 3,315
Flow Rate (Ibm/sec) 922 860

30

RRTT is not man-rated flight hardware but
is typical of future reusable turbomachinery.
The life requirements for the RRTT were
derived from the number of tests necessary
to characterize the turbopump and to
validate the processes used during the
design and fabrication.

Considerable effort was spent during the
design and analysis phase on the turbine
design. The design was challenging due to
the requirements of an oxygen-rich turbine.
Materials were carefully chosen for oxygen
compatibility and extensive material testing
was performed to validate the material
selection.

The RRTT hardware is currently in
fabrication. To date the program is only one
month behind and 6 percent over the cost
goal. The assembly of the turbopump is
currently planned to be complete by

April 1997.

Sponsor: Long-term, high-payoff project

Biographical Sketch: Mary E. Koelbl has
been a design engineer in the
Turbomachinery Branch of Propulsion
Laboratory at Marshall Space Flight Center
for 10 years. She works on SSME fuel
turbomachinery as well as turbomachinery
technology programs. &



Electromechanical Actuator
Testing at IPTD

Rae Ann Weir/EP32
205-544-7146
E-mail: rae.weir@msfc.nasa.gov

Electromechanical actuation technology is
currently being investigated and is consid-
ered the likely candidate for future
replacement of the hydraulic systems
utilized in most aerospace actuation
applications today. Marshall recently
demonstrated the maturity of the electrome-
chanical actuator (EMA) technology by
integrating a simplex valve EMA into a
system-level test of the Rockwell Interna-
tional X33 Phase I Integrated Propulsion
Technology Demonstrator (IPTD).

The Simplex Valve EMA used in this
demonstration was originally designed for
and tested as an EMA technology “proof of
concept.” The design (fig. 30) consists of a
three-phase brushless motor that drives a
120:1 reduction harmonic drive. The

harmonic drive is directly mated to the
actuator output spline. Position feedback is
provided by a resolver, which is mounted on
the output of the harmonic drive. Bread-
board control electronics for the EMA were
developed by the Astrionics Laboratory. The
electronics utilize both motor current and
actuator position to provide actuator
control. The actuator was designed to meet
the performance requirements of the Space
Shuttle Main Engine’s main oxidizer valve
(MOV) actuator. Several years after the
EMA had successfully completed labora-
tory performance testing, MSFC’s Propul-
sion Laboratory was provided with the
opportunity to integrate this component into
a higher systems level test.

Rockwell International and NASA under an
X~33 Phase I task agreement developed a
propulsion system test-bed (IPTD) for the
demonstration and development of
propulsion technologies and operations
concepts. System level integration and
operation of MSFC’s EMA was identified
as a viable test for IPTD. The actuator was
installed on an SSME main fuel valve
which had been integrated into a 4-in fill

Technology Programs

and drain line on the liquid hydrogen side of
the propulsion module (fig. 31). The control
electronics and the power source for the
actuator were remotely located on the test
stand to protect against the environment.
The cable length from controller to actuator
was approximately 40 ft. The actuator was
remotely controlled from the blockhouse by
the Rockwell Propulsion Checkout and
Control System (PCCS), which also
provided for remote monitoring of the
position feedback during checkout and test.

Before testing, redlines were developed for
operation of the EMA. The presence of the
EMA introduced an order of magnitude
increase in electrical power (100 Vdc/

100 A) previously seen in the potentially
explosive environment of the IPTD.
Activation of the EMA was therefore based
on the absence of hydrogen in the area. In
addition, the actuator was bagged and
purged with nitrogen to prevent hydrogen
accumulation and moisture from entering
the EMA or electrical connections.
Temperature redlines were also set on the
actuator to prevent overheating and damage
to the motor. Motor current redlines were
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MSFC EMA

Ficure 31.—EMA integrated into the IPTD.

also established. During actual test, position
error was monitored in order to provide
information for manual cut of actuator
power from the blockhouse in case of
actuator failure.

Actuator testing consisted of remotely
cycling the actuator after liquid hydrogen
(LH,) cold shock of the system and later
cycling during LH, flow (approximately
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500 gal/min) using the PCCS. During
actuator operation, the valve temperature
was —130 °F. The EMA had not been
designed for operation under the cryogenic
condition presented by the presence of LH,,
and the possible reduction in performance
due to temperature was a concern for these
tests. Both a thermal isolator between the
valve and EMA and a heater blanket around
the throat of the EMA were utilized to

alleviate performance degradation due to
the environment. A similar procedure is
followed on the SSME with the hydraulic
actuator. During both the cold shock and
flow tests, the actuator performed without
anomalies, successfully demonstrating the
EMA technology at a systems level, under
cryogenic conditions.

Demonstration of this technology in a
propulsion system environment was not the
only benefit of these tests. A valuable
integration and operations data base was
generated which will be directly applicable
to future testing and vehicle implementa-
tion of EMA’s. Possible design improve-
ments and considerations for operations in
flight-type environments (such as place-
ment of electrical components away from
thermal paths and dry lubrication for
cryogenic operations) were noted as well as
integration and operation issues established
for use in the design of EMA’s and of the
systems in which EMA’s will be utilized.

Sponser: Reusable Launch Vehicle
Program
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engineering degree from the University of
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The Propulsion Laboratory of MSFC
currently supports several propulsion
system design efforts. In response to both
internal and industry partner requirements,
the propulsion systems operability and
performance team has been tasked to
develop and maintain a propulsion systems
hardware design reliability analysis
capability. This design reliability analysis
capability will support design trades,
provide an assessment of design against
reliability requirements, and focus reliabil-
ity-related design modifications to high-risk
design elements. Recent research and
development efforts supporting this task
have focused on the development of a
methodology for failure environment
analysis which includes failure propagation
logic modeling and time domain analysis.
Propulsion system design failure propaga-
tion models have been developed to
demonstrate the applicability of this design
reliability analysis approach.

Design failure propagation logic models
represent the propagation logic of failures
from initiation to system events of interest,
including failure mitigating factors, such as
safety system functions, and correlation
between system failures. The models
developed may be used for qualitative and
quantitative analysis. Qualitative models,
operating with true and false states, are used
in two ways. One is to determine what
effects given failure initiation events may
have on the overall system. The other is to
determine what failure initiation events may
cause a given system effect. Applications of
qualitative models include the identification
of common causes of failure, effect of dual
point failures, and minimum cutsets, as well
as improving communication among design
and reliability organizations. Quantitative
models represent failure propagation logic

with probabilities of occurrence assigned to
failure initiation events. Quantitative model
logic propagates the failure initiation event
probabilities to the probability that a system
event will occur, such as system premature
shutdown. These probabilities of occurrence
may be either point probability estimates or
probability distributions. Applications of
quantitative models include identification of
design/operational characteristics that may
adversely affect reliability, determination of
design reliability metrics, and providing
input to performance and cost models.
Failure logic models may also be used to
determine the effect of operation time on
system reliability by assigning failure
probability verses time distributions for
parts and components. The model logic,
from these inputs, constructs system event
probability verses time distributions by a
incremental sampling of the inputs. These
time-domain models may be used in
analyzing component/part life requirements
and operations planning.

To better illustrate the modeling approach,
consider the segment of a full-flow engine
cycle schematic shown in figure 32. Hot
fuel-rich gas from the fuel gas generator
drives the fuel turbine before being burned
in the main combustion chamber. A portion
of the hot gas flow is diverted around the
fuel turbine and is controlled by the fuel
turbine bypass valve. Since the power
delivered by the fuel turbine is determined
by the hot gas flow through the turbine, the
fuel turbine output may be controlled by
controlling the flow of diverted hot gas.
Consider the failure modes where the fuel
turbine bypass valve suddenly fails partially
closed or fully closed. Closure of this valve
has two effects. One is an increase in hot
gas flow through the turbine, thereby
tending to increase fuel pump output and
fuel flow to the main combustion chamber.
The other effect is a temporary increase in
engine fuel flow resistance, which tends to
reduce the fuel flow to the main combustion
chamber. The net result of these opposite
effects on main combustion chamber fuel
flow rate depends on the degree of valve
closure and the time required for the fuel
pump to respond to the valve closure. Since

Technology Programs

changes in the main combustion chamber
fuel flow rate affect combustion mixture
ratio, it is important to be able to predict the
failure propagation path for these failure
modes. Figure 33 shows the failure propaga-
tion logic for these failure modes, including
failure mitigating effects of the engine safety
system. This model assumes that when the
fuel turbine bypass valve fails fully closed,
the fuel flow reduction due to increased
resistance is greater than the fuel flow
increase due to increased turbine hot gas
flow, and when the bypass valve fails
partially closed, the fuel flow reduction due
to increased resistance is less than the fuel
flow increase due to increased turbine hot
gas flow. The fully closed failure mode
includes partially closed conditions which
have the same affect as a fully closed failure.
Assignment of probabilities to these failure
modes are based on a probabilistic predic-
tion of the degree of valve closure and the
timing of failure propagation. When the
models are completed and each of these
failure modes are assigned the probability of
occurrence, the probabilities of inadequate
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Engine Fuel System

Figure 32.—Full flow engine cycle
{partial schematic).
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Fisure 33.—Fuel turbine bypass valve partial failure propagation logic model.

engine performance, premature engine
shutdown, and catastrophic engine failure
are determined.

Recent efforts have focused on developing
failure logic models for reusable launch
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vehicle (RLV) and electromechanical
actuator concepts. These efforts demon-
strate the applicability of the failure
propagation modeling approach and have
identified information resources needed for
propulsion system model development.

Failure logic incorporated into these models
was acquired from system configuration
information, engineering expertise,
description of health management func-
tions, applicable failure reports, and existing
failure assessments. Quantification of these
conceptual design failure logic models was
from four data sources: test data, quality
data, operational data derived from systems
similar to the conceptual design, and a
priori estimates made from an engineering
assessment of the conceptual design and
related existing systems. Currently,
additional data sources and applicable
reliability metrics are being identified.
Propulsion system concept design failure
propagation logic models developed to date
have demonstrated the feasibility of using
these models for design reliability assess-
ment and have resulted in the incorporation
of this approach into current propulsion
system development plans.

Propulsion system design reliability models
will benefit NASA and the aerospace
industry by providing designers a tool to
better understand the failure environment
of their designs, to assess the design against
reliability requirements, and to focus
reliability related design modifications to
high-risk design elements. This capability
will result in more reliable and dependable
propulsion systems.

Sponsor: Reusable Launch Vehicle
Program Office

Industry Involvement: Sverdrup Technol-
ogy Incorporated, Huntsville Office
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In a low-g environment, acquisition of
vapor-free propellant is complicated by the
indeterminate location of bulk liquid with

Paramagnetic Fluid
(lox)

Diamagnetic Fluid
(LH)

Reorientation and
Expuision

respect to the tank outlet. Proper design of
engine feed or propellant transfer systems
requires methods to control liquid orienta-
tion and an understanding of fluid motion in
response to disturbances and imposed
accelerations. Traditional approaches for
controlling and positioning cryogenic
liquids, such as periodic thruster firings and
capillary retention devices, exhibit several
drawbacks that could be mitigated by
employing systems which exploit the
inherent paramagnetism of liquid oxygen
(lox) and diamagnetism of liquid hydrogen
(LH,). With the advent of lightweight, high-
temperature superconductors and high-flux
density, rare-Earth magnets, the use of

Magnet

Tank Fill

Standpipe
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magnetic fields to control large fluid
quantities in microgravity appears feasibile,
and could enable low-g settling, venting, fill
and acquisition without the need for
capillary retention systems or propulsive
firings. Some of these potential applications
are shown in figure 34.

This project is currently evaluating the

feasibility and practicality of magnetically

actuated propellant orientation (MAPO) for

spacecraft applications. The scope has been

restricted to lox primarily because:

¢ Control of lox offers the nearest term
application of MAPO technology;
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Ficure 34.—Low-gravity fluid orientation concepts using magnetic fields.
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* The magnetic properties of paramagnetic
fluids are well known; and

¢ Lox behavior has been tested before in
low-g on a laboratory scale.

One of the primary objectives is to
determine the range of magnetic field
strengths required to perform reorientation
and maintain liquid orientation during tank
fill and expulsion. This range will provide a
basis for evaluating whether these magnetic
field requirements fall within the capabili-
ties of current or anticipated superconduct-
ing magnet technology.

The project involves low-g experiments
using NASA'’s reduced gravity workshop

(a KC-135 aircraft). All experiments
employ several subscale hardware setups,
one of which is shown in figure 35, and a
noncryogenic ferrofluid that simulates the
paramagnetic behavior of lox. The
ferrofluid is a commercially available water-
based solution containing a suspension of
extremely fine ferrous particles. Several
properties of this fluid (i.e., particle density,
viscosity and surface tension), along with
tank diameter, flowrates and magnetic field
intensities, are being scaled to model lox
behavior in a spacecraft-type application.
Design and assembly of the test articles has
been completed and one flight aboard the
KC-135 was made in September 1995.
Three other flight tests will be conducted in
September and October 1996 and February
of 1997.

Scaling analyses have shown that magnets
in the size range of 1 to 10 Tesla should be
adequate for propellant reorientation in a
full-scale lox application. These results,
however, are rather limited since the fields
can typically assume very complicated
geometries, which are difficult to character-
ize in terms of dimensionless groupings.
Consequently, another aspect of this activity
is focused on modifying an existing compu-
tational fluid dynamic (CFD) to include the
body and surface forces arising from the
interactions between the fluid and magnetic
field. This will provide a more rigorous
means of assessing fluid behavior, and will
enable the modeling of more complicated
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Figure 35.—Low-gravity fluid orientation and transfer lesis aboard KC~135 aircraft.

field geometries and advanced concepts,
such as liquid hydrogen. Videotaped
recordings of fluid motions taken from the
low-g tests will be used to validate the
revised CFD model.

Sponsor: Center Director’s Discretionary
Fund
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The development of high-energy cryogenic
upper stages is essential for the efficient
delivery of large payloads to various
destinations envisioned in future programs.
A key element in such upper stages is
cryogenic fluid management (CFM)
advanced development/technology. Due to
the cost of and limited opportunities for
orbital experiments, ground testing must be
employed to the fullest extent possible.
Therefore, a system level test-bed termed
the muitipurpose hydrogen test-bed
(MHTB), which is representative (in size
and shape) of a fully integrated space
transportation vehicle liquid hydrogen
propellant tank, has been established. The
MHTB is currently being implemented to
evaluate CFM technology in support of the
solar thermal propulsion.

The MHTB tank is ASME coded, is 10 ft in
diameter by 10 ft long, has a 639 fi3
capacity, and is made from 5083 aluminum.
The tank design is based on enabling
accommodation of various CFM concepts
as updated or alternate versions become
available. Major accommodations include: a
24-in diameter manhole; 1-in diameter
pressurization and 2-in diameter vent ports;
a 1-in diameter fill/drain line (through tank
top); the Rockwell pressure control system
enclosure interface provisions; a 3-in dia-
meter drain at the tank bottom for future
growth; a liquid-level capacitance probe;
two liquid temperature rakes; wall tempera-
ture measurements at selected locations;
ullage pressure sensors; pressure control/
relief safety provisions; internal mounting
brackets for future equipment and structural
*“hard points” for temporary scaffolding,
ladder, etc; and low heat leak structural

supports.

Technology Programs

Ficure 36.—Assembled mullipurpose hydrogen test-bed.

Upper stage studies have often baselined the
foam/multilayer insulation (FMLI)
combination concept; however, hardware
experience with the concept is minimal and
it was therefore selected for the MHTB. The
foam element is designed to protect against
ground hold/ascent flight environments, and
to enable a dry nitrogen purge as opposed to
the more complex/heavy helium purge
subsystem normally required with MLI in
cryogenic applications. The MLI provides

protection in the vacuum environment of
space and is designed for an on-orbit
storage period of 45 days. The foam
component consists of an isofoam §8-1171
layer, with an average thickness of 1.3 in,
bonded to the tank wall.

The MLI consists of a double aluminized
mylar (DAM) MLI blanket with an average
layer density of approximately 25 layers/in,
which is composed of 45 radiation shields
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Figure 37.—MHTB TVS concept—spray bar with external active components.

with coarse Dacron net spacer material.
Unique features of the MLI concept include
a variable density MLI (reduces weight and
radiation losses) and fewer but larger
perforations for venting during ascent to
orbit. The tank barrel section MLI was
installed utilizing a commercially estab-
lished roll-wrap process. It is estimated that
the roll-wrap approach will save about
2,400 man-hours, compared with the
standard blanket installation process, on a
10-ft diameter LO,/LH, tank set. The
process reduces heat leak due to the lack of
seams and is less susceptible to structural
damage during ascent flight.

Thermal performance testing was conducted
during three test series conducted between
September 1995 and May 1996. Preliminary
results indicate that the orbital boiloff was
reduced by 40 to 50 percent compared with
the best MLI previously tested, i.e., boiloff
losses were about 0.11 percent per day with
a warm boundary temperature of 520 °R.
The foam evidently performed as expected
but further evaluation is required to quantify
its reusability characteristics.

Thrusters have traditionally been used to

settle the liquid prior to orbital tank venting
with penalties in performance and opera-
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tional complexity (Centaur and Saturn/
S-1VB). The thermodynamic vent system
(TVS) concept enables venting without
resettling, but its utilization is constrained
by a lack of on-orbit experience. The TVS
concept selected for the MHTB differs from
those previously tested in that the active
components (a Joule-Thompson (J-T)
expansion valve, subsystem pump, and
isolation valve) are located external to the
tank, as opposed to inside the tank, in a
stainless steel cylindrical enclosure which is
attached to the bottom of the MHTB tank.
Such an approach enables modification or
changeout of TVS components without
entering the tank. In the mixing mode, fluid
is withdrawn from the tank by the pump and
flows back into the tank through a spray bar
positioned along (or near) the tank
longitudinal axis. The fluid expelled
radially into the tank through the spray bar
forces circulation and mixing of the tank
contents regardless of liquid and ullage
position, assuring destratification and
minimum pressure rise rate. When pressure
relief eventually becomes necessary, a
portion of the circulated liquid is passed
through the J-T valve (expanded to a lower
temperature and pressure) then through the
heat exchanger element of the spray bar,
and finally is vented to space. The vented

fluid thereby cools the fluid circulated
through the mixing element of the spray bar
and removes thermal energy from the bulk
liquid. In an orbital propellant transfer
scenario the spray-bar concept can also be
utilized to assist tank refill. By filling
through the spray bar/heat exchanger the
inflowing fluid can be cooled and used to
mix the tank contents, thereby assuring the
accomplishment of a “no-vent fill” process.
The zero-g vent subsystem testing was
completed in October 1996 and the data
evaluation is in progress.

Sponser: Office of Aeronautics
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The solar thermal propulsion concept
requires that a number of technologies be
matured prior to undertaking full-scale
development including the subcritical liquid
hydrogen (LH,) storage/feed system. MSFC
is participating with an Aerospace Industry
Technology Program (AITP) consortium in
the design and performance testing of a
2m? LH, storage/feed system for the solar
thermal upper stage demonstrator
(STUSTD) program. Elements included are:
Zero gravity venting, capillary screen liquid

acquisition device (LAD), pressurization/
expulsion, and multilayer insulation.
Basically, the propellant management
subsystem concept consists of utilizing the
LAD and thermodynamic vent system
(TVS) to flow 100 percent vapor to the
thruster during burn cycles, i.e., the
insulation is configured to match the LH,
boiloff with the thruster flowrate and
mission burn cycle (typically 100 to

200 burns).

The multilayer insulation (MLI) consists of
100 layers of double-aluminized Kapton
with B4A Dacron net spacers to achieve a
predicted total heat leak of (20.5 Buw/hr).
The TVS includes an active mixer to assure
a homogenous distribution of the thermal
energy within the propellant and a Joule-
Thompson (J-T) expansion valve. The cold
fluid from the J-T valve flows through
tubing brazed into the apex of the LAD,
thereby assuring subcooling both the LAD
liquid and bulk liquid. The LAD consists of

Ficure 38.—AITP cryogenic fluid management subsystem tank.

Technology Programs

four channels spaced at 90 degrees around
the tank, with each leg about 1.6 m in
length. The LAD/TVS subsystem is
designed to feed 0.9 kg/hr (2 lb/hr) to the
thruster at 172 kPa (25 psia). Testing will
first be conducted to establish the baseline
thermal performance (heat leak/LH,
boiloff) for the MLI system. The LH, feed
system will then be operated to simulate a
30-day mission with 140 burns (vent
cycles). The test article assembly is
complete and ambient leak checking has
been conducted in preparation for installa-
tion and testing in the 66 m (20 ft) vacuum
chamber at test position 301. Testing is
expected to be conducted late 1996 through
early 1997.

Sponsor: Office of Aeronautics
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Tridyne is a stable mixture of hydrogen,
oxygen, and an inert gas such as helium or
nitrogen. In this mixture, the inert gas is the
primary constituent, usually 90 to 95 percent
by volume. Tridyne’s usefulness stems from
the ability of hydrogen and oxygen to react
in the presence of a catalyst to form water.
As this reaction proceeds, it releases thermal
energy causing the Tridyne mixture to warm
and expand. Tridyne shows promise for two
potential spacecraft propulsion applications:
* As a pressurant gas for pressurizing
propellant tanks; and
* As a propellant for attitude control
thrusters.

Tridyne offers the advantages of reducing
spacecraft weight by eliminating heat
exchangers and/or reducing the storage
volume required for pressurant gases. To

MSFC Helium Trailer
C

investigate these potential uses, NASA and
the U.S. Army are conducting a joint
research program to study the chemical
reaction characteristics and potential uses of
Tridyne gas.

Tridyne research began in the mid-1960’s
when Rocketdyne performed a series of
experiments designed to reduce the weight
of a propulsion system’s pressurization
subsystem.! The approach was to reduce the
required pressurant mass by increasing its
temperature. The reduction in mass also led
to reductions in storage volume of gas and
hence mass of the storage tank. Later
experiments addressed the use of Tridyne as
a monopropellant for attitude control
thrusters.2> Catalyst beds were sized
empirically rather than analytically—an
approach which makes it difficult to scale
bed sizes for other applications.

The purpose of NASA’s ongoing research is
to bring the Tridyne concept to a higher level
of technology readiness by determining
reaction rate coefficients for use in reactor
sizing.

The Tridyne study is organized into four
phases. Using the apparatus shown in
figure 39, Phase I will compare the activity
of candidate catalysts by measuring tempera-
ture increase across the catalyst bed as a
function of flow rate and inlet temperature.
The selected catalyst will then become the
subject of Phase 11, which will evaluate the
reaction rate coefficient as a function of
temperature for a range of mass flow rates.
Phase III will seek to estimate the expulsion
efficiency for a pressurization system using
Tridyne as a pressurant. Finally, Phase IV
will examine thruster performance using a
truncated nozzle installed immediately
downstream of the catalyst bed.

At the time of this writing, the test article is
98 percent complete. Testing is currently
projected to begin and conclude in the
summer of 1997.

As described above, the primary benefits of
Tridyne are expected to be mass reductions
for spacecraft pressurization systems and
decreased risks associated with handling
storable monopropellants. The decreased
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Fieure 39.—Tridyne gas characterization fluid schematic for Test Phases | and Il.
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handling risk comes from the fact that
Tridyne is a stable mixture and does not
require some of the precautions required for
hydrazine and its derivatives, which are
toxic and carcinogenic.

The primary commercial application for
Tridyne technology is expected to be
propulsion systems for commercial launch
vehicles and spacecraft, with the same mass
reductions and risk mitigation described
previously.

Through the test program described above,
the MSFC Propulsion Laboratory is
seeking to determine the Tridyne reaction
rate constants to enable spacecraft designers
to size Tridyne catalyst beds analytically.
As this capability is developed, Tridyne
should become a more readily available
technology, offering the benefits of mass
reductions and risk mitigation for future
spacecraft propulsion systems.

IBarber, H.E.: “Advanced Pressurization
Systems Technology Program Final
Report.” AFRPL-TR-66-278, 1966.

2Anonymous (Rocketdyne): “Lightweight
Advance Post-Boost Vehicle Propulsion
Feed System.” AFRPL,
F04611-77-C-0068, 1977.

3Barber, H.E,, et al: “Microthrusters
Employing Catalytically Reacted Gas
Mixtures, Tridyne.” AIAA Paper no.
70-614, 1970.
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One of the many technological needs in
making a single-stage-to-orbit (SSTO)
vehicle a reality is being able to reduce
component weight. Making components
lightweight can lead to an increase in mass
fraction and vehicle performance. One area
with potential for substantial SSTO weight
savings is the use of composite feedlines for
the vehicle propulsion system. Typical
feedlines for vehicles are made from
aluminum or stainless steel materials. It is
estimated that a substantial weight savings
over conventional metallics could be
achieved by using composite feedlines. The
potential weight savings makes the use of
composite materials a very attractive feature
for future SSTO vehicles.

In 1995 under a cooperative agreement
contract (NRA8-11) between MSFC and
McDonnell Douglas Aerospace, the first
composite feedline for liquid hydrogen
service was developed. This feedline
successfully demonstrated five key
technology features that are fundamental in
being able to use this material for a feedline
application. These five features were the use
of graphite/epoxy material, the manufacture
and use of composite elbows, the manufac-
ture and use of composite flanges, the
ability to join a composite tube to a
composite tube, and finally the ability to
join a composite tube to a metallic tube.
The feedline was designed by McDonnell
Douglas and manufactured and tested here
at MSFC. The feedline is a part of the
auxillary propulsion system on the DC-XA
Reusable Launch Vehicle and has been
successfully flown on the vehicle. Details
on this composite feedline can be found in
the 71995 MSFC Research and Technology
Annual Report.

Technology Programs

The work performed in 1995 formed the
first building block in a whole new area of
using composite materials. The next logical
step is to expand and improve upon the
previous DC-XA vehicle composite
feedline work. In October of 1995 a small
team of engineers from the Propulsion
Laboratory and Materials and Processes
Laboratory proposed to the Advanced
Propulsion Technology Office here at
MSFC a plan for enhancing the prior
composite feedline work. This plan was
accepted and funded by the MSFC
Advanced Propulsion Technology Office. In
this plan the MSFC team will design,
analyze, manufacture, and test in-house a
composite feedline that will demonstrate
three more key technology features:

» The ability to manufacture a composite
feedline that has a more complex
geometry and do it in one piece with
composite flanges on both ends.

The prior composite feedline work for the
DC-XA vehicle contained several
individual composite components
(elbows and flanges) that were joined
together using a composite splice joint.
Although demonstrating the ability to
make joints in a composite feedline was
one of the program objectives for the
DC-XA vehicle feedline, it is not the
ideal way to make a composite feedline.
Every bonded joint in a composite
feedline is another potential structural
failure point and leak point. The MSFC
team will build a feedline with no bonded
joints, thus eliminating those potential
failure points.

The prior composite feedline work also
demonstrated a complex geometry;
however, it was only in one plane. On
current engines and launch vehicles, the
packaging volume is so tight that
feedlines are sometimes required to be
routed in all three geometric planes, thus
taking on a very complex geometry. This
MSFC team will build a feedline with a
much more complicated geometry than
the DC-XA composite feedline and do it
in two geometric planes. The geometry
proposed will be more typical of those
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used in feedsystems on launch vehicles.
An isometric drawing of the feedline to
be built is shown in figure 40.

‘@

Ficure 40.—Liquid hydragen
composite feedline.

* The ability to manufacture large diameter

composite feedlines.

The prior composite feedline work for the

DC-XA vehicle was for a 2-in-diameter
feedline. Although the feedline demon-
strated the potential for using composites
and saving weight, it did it on a some-

what small scale (2-in-diameter line size).

If maximum advantage of using compos-
ites to save weight is to be taken, then
using this material for the large diameter
feedlines found on launch vehicles
should be looked at as well. These large
diameter feedlines are typically found in
the feedsystem located between the
propellant tank and engine turbopump
interface. On the Space Shuttle these line
sizes range from 6 to 17 in in diameter.

With these larger diameter feedlines there

is significant potential weight savings.
The MSFC team will build an 8-in-
diameter composite feedline to investi-
gate any potential scale-up problems in
going from the previous 2-in-diameter
composite feedline.

* The ability to seal composite flanges.
Since the use of composite flanges for

LH, service is new technology, there has
been very little work performed in the
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area of how best to seal the composite
flanges against LH,. The MSFC team
will evaluate the best flange face design
to use along with the best comercially
available seal for a composite feedline.

In summary, this technology program will

build a composite feedline for LH, service.

The feedline will have composite flanges on

both ends. The feedline design will have a

complex geometry by bending in two planes

and will have a large diameter of 8 in. It

will be manufactured in one piece with no

bonded joints and will also incorporate the

best seal system for the composite flanges.

Performance requirements for the design

include:

« Operating pressure: 100 Ib/in?

¢ Temperature range: 423 degrees
Fahrenheit to +150 degress Fahrenheit

¢ Service life: 20 temperature and pressure
cycles

» Leakage rate: Less than 1.0 x 10E"%7
standard cm?/sec of gaseous helium at
room temperature. Less than 0.14
standard cm?/sec of hydrogen at
cryogenic temperatures.

* Material: IM7/977-3 graphite/epoxy
material or an equivalent.

Currently the MSFC team is completing the
detail design of the composite feedline. A
detail structural analysis of the design is
being performed. This analysis will
optimize the number of plies and angles in
order to meet the performance requirements
while minimizing weight. On the manufac-
turing side, the team is evaluating simple
and low-cost methods for manufacturing the
tooling necessary to hand-layup the
feedline. Several proof-of-concept compos-
ite elbows have already been made using a
foam mandrel.

Once the best tooling methods have been
selected, several development articles will
be manufactured. These articles will be
subjected to a rigorous test program at
MSFC to gain confidence in the design and
manufacturing process. Planned tests
include: Pressure tests, thermal cycle tests,
hydrogen leakage measurement, strength
tests, and vibration tests. Once the test

articles pass these tests, the full-scale line
will be manufactured and it also will go
through a series of similar tests.

It is anticipated this program will be
complete by August 1997. The success of
this program will again advance the
technology of using composite materials for
launch vehicle feedline applications. This
program will not only address the techno-
logical aspects but also the issue of making
it cost effective.

Tygielski, P.: “A Lightweight, Composite,
Liquid Hydrogen Feedline.” 1995 MSFC
Research and Technology Report.

Sponsor: Office of Space Access and
Technology

Biographical Sketch: Philip Tygielski
graduated from the University of Alabama
in Huntsville in 1982 with a bachelor of
science degree in mechanical engineering.
He currently works in the Mechanical
Systems Design Branch of the Propulsion
Laboratory at MSFC. Tygielski has been
involved in several different vehicle and
engine propulsion feedsystem designs for
many years. He most recently managed the
composite feedline technology program for
the DC-XA vehicle. @



Soft Umbilical Test-Bed

Rodney Krienke/EP43
205-544-4346
E-mail: rodney krienke@msfc.nasa.gov

The Space Station Furnace Facility (SSFF)
is a centerpiece for the material science to
be conducted on the International Space
Station. This facility will accommodate
several different types of furnaces used for
semi-conductor crystal growth in space. In
order to maintain the proper environment
for optimal crystal growth, these furnaces
are mounted in isolation systems to protect
them from unwanted vibrations and motion
generated by the Space Station. The current
generation of furnace isolation systems
performs well, and maintains the proper
environment for crystal growth. The
drawback to these systems is that they
cannot tolerate excessive loads during
operation. The main source of excessive
loads is the set of umbilicals used to supply
station resources to the furnaces. These
umbilicals consist of electrical power
cables, data cables, gas and cooling water
hoses, and vacuum lines. Each furnace
requires a unique set of umbilicals that must

Fisure 41.—Large subscale solid rocket
combustion simulator.

be designed and tested to ensure proper
isolation capability. The soft umbilical test-
bed will be used to measure the forces
produced by these umbilical sets in order to
verify that proper isolation will be possible
during on-orbit operation.

The soft umbilical test-bed consists of a
6-degrees-of-freedom load cell mounted on
a three-axis motion system operated by
computer control. This assembly is mounted
on a large optical table which can accom-
modate any foreseeable size of umbilical
member. One end of the umbilical is held
fixed, and the other end is aftached to the
load cell. The load cell is moved throughout
the operating range of the isolation system
while force and moment data are continu-
ously collected. These data can be displayed
visually, as well as saved to disk for later
retrieval. The control program is written in
Labview, which is a graphically oriented
data acquisition language, along with
Motion Toolbox, which is used to operate
the motion control system. The motion
control and data acquisition occur simulta-
neously, and act as a standard computer
application requiring minimal operator
training.

Utilizing the soft umbilical test-bed will
allow Space Station engineers to test all
required configurations of furnace umbili-
cals. Future additions to this system will
allow the testing of the entire umbilical set
in one operation, saving considerable
development time.

Sponsor: Space Station Furnace Facility

Biographical Sketch: Rodney Krienke is
currently a cooperative education student in
his senior year of mechanical engineering at
the University of Alabama in Huntsville. He
is in his third work term here at NASA
working in the Mechanical Systems Design
Group of the Propulsion Laboratory. As an
avionics technician in the United States
Marine Corps for over 4 years, Rodney has
extensive experience with electronic
systems especially including computer-
controlled, automated test equipment. @
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Advanced Docking
Mechanism

Alan J. Bean/EP43
205-544-9401
E-mail: alan.j.bean@msfc.nasa.gov

Docking technology began with the
development of the Gemini and Apollo
docking systems by the United States, and
the successful probe and drogue series of
docking systems by the Soviet Union. These
early systems laid the groundwork for the
development of the Apollo-Soyuz docking
system from which the current manned
spacecraft docking hardware is derived, the
U.S. Space Station Phase B docking/
berthing system and the Russian automated
payload attach system (APAS). Both U.S.
and Russian docking experts have recog-
nized a new approach, termed capture-
berthing, as a leading candidate for the next
generation of spacecraft mating hardware.
Traditionally, docking systems rely on the
loads generated by contact of the two
mating spacecraft to enable the docking
process. This leads to potentially high loads
in the spacecraft being mated. Capture-
berthing, however, is a process by which
one spacecraft “reaches out,” attaches to,
and mates with the other spacecraft after the
two spacecraft are station-keeping within
close proximity of each other. This process
greatly reduces the potential loads which
could be generated in both spacecraft.

The proposed effort seeks to take one of the
current docking system designs, the Space
Station Phase B docking/berthing system,
and modifying it to develop a capture-
berthing system and then characterize the
systems performance. The present design of
the space station Phase B docking/berthing
system lends itself well to the application of
capture-berthing. The system was devel-
oped in a joint program between MSFC and
McDonnell Douglas Aerospace during the
Phase B phase of the Space Station
Freedom program.
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Fisure 42.—Active docking mechanism.

Work has begun on the project. Figure 42
shows the hardware setup. The active
mechanism represents the chase spacecraft
and the suspended ring represents the target
spacecraft. The active mechanism has an
extendible ring which is attached by six
linear actuators. These actuators, through
the use of a control program, position the
centroid of the extendible ring on the
centroid of the suspended ring, thus
enabling the capture-berth. The actuators
then damp the motion of the suspended ring
and pull the, captured ring down to be mated
with the active mechanism. The target
centroid location is obtained through the use
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of a video guidance sensor which has been
developed by MSFC and this 6-degrees-of-
freedom target data is used by the control
program to determine the positioning of the
extendible ring. The control program was
developed utilizing Labview, an icon driven,
graphical, data acquisition and control
program in conjunction with Motion
Toolbox, an application used to control the
actuators. The control program uses the
target location and the geometry of the
active mechanism to determine the required
lengths of the six actuators to bring the two
centroids together. The test stand provides
5-degrees-of-freedom motion, excluding

roll, to the suspended ring to simulate the
relative motion of two spacecraft in close
proximity.

In developing and proving the new
technology, the proposed activity seeks to
lay the groundwork for the next generation
of spacecraft mating hardware. The new
approach, capture-berthing, combines many
of the strengths of previous systems while
avoiding many of their problems and
thereby enabling many different spacecraft
to be mated on orbit.

Sponsor: Center Director’s Discretionary
Fund

Biographical Sketch: Alan Bean has
worked with mechanism design since April
1990 in the MSFC Propulsion Laboratory.
Bean obtained his spacecraft mating
expertise during his work as a design
engineer for the Space Station Freedom
common berthing mechanism. Bean has
also been involved in the development of
advanced proximity sensors which are used
for spacecraft mating. @



Automated Fluid
Interface System

Tony Tyler/EP43
205-544-2135
E-mail: tony.tyler@msfc.nasa.gov

Nick Johnston/EB44
205-544-2055
E-mail: nick johnston@msfc.nasa.gov

The automated fluid interface system
(AFIS) is an advanced development
program aimed at providing a standard

interface for on-orbit consumable transfer.
The AFIS is capable of transferring
propellants, fluids, gases, power and
cryogens from a tanker craft to other
spacecraft. This technology could be
utilized for any on-orbit systems requiring
resupply, including the International Space
Station, satellites, and spacecraft. This
technology could greatly increase the life
and flexibility of future satellites.

An engineering unit has been designed and
built as a joint venture with MOOG, Inc.
This design is lightweight, reliable and
flexible. This can be attributed to an
innovative design in which all required

Ficure 43.—Automated fluid interface systemAhree-point docking mechanism (AFIS/
TPDM). Flat floor test autodocking of AFIS/TPDM before capture.

Technology Programs

operations are accomplished by one
actuator. This actuator rotates protective
covers, locks the two spacecraft sides
together, and engages couplings for transfer
of consumables. The actuator accomplishes
this by providing two motions. The actuator
extends a shaft linearly out and then at the
end of stroke, rotates 45 degrees and
linearly retracts again.

The engineering unit is currently undergo-
ing testing at MSFC. The purpose of the
testing is to determine the acceptability of
the design and determine additional
improvements required. This testing
consists of functional, load, simulated
docking and engagement, thermal vacuum,
and vibration. Most of the testing is
complete. The design has been proven to
satisfy requirements well. However, some
improvements and changes have been
determined and will be implemented in the
next generation design.

This program has laid the groundwork for a
flight qualified system which can be easily
adapted by future users requiring on-orbit
consumable resupply. The future for this
program is to build, qualify, and fly a flight
experiment based on this technology.

Sponsor: Advanced Projects Office, NASA
Headquarters

Biographical Sketch: Tony Tyler has
worked in mechanism design since May
1989 in the MSFC Propulsion Lab.

Nick Johnston has worked as an electrical

engineer in the robotics group since 1989 in
the MSFC Astrionics Laboratory. [@;
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Structures and Dynamics

TREETOPS Structural
Dynamics and Controls
Simulation System
Upgrade

George Myers/ED12
205-544-1477
E-mail: myers@ed12L.msfc.nasa.gov

The objective is to provide current and
complete upgrade for the TREETOPS suite
of analysis tools. TREETOPS is a time
history simulation of the motion of a
complex multibody flexible structure in a
tree topology with active control elements.
TREETOPS refers to the simulation
program, TREETOPS plus two interactive
preprocessors, TREESET and TREEFLX,
an interactive postprocessor, TREEPLOT
and an adjunct program, TREESEL.

The simulation provides an advanced
capability for analyzing the dynamics and

Beam Properties

L=8M

E = 6.895E10 N/MA2
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control-related issues of complex flexible
structures. The code has been used to
analyze and design controllers for a
number of large space systems including
the Hubble Space Telescope. TREETOPS
is capable of simulating the dynamics and
control of flexible systems as complex as
the Space Station mission, the rendezvous
and docking of spacecraft and the robot
tasks and manipulations.

TREETOPS, a multibody dynamics and
controls analysis tool, has undergone
various upgrades to improve its applicabil-
ity as well as modeling fidelity. These
upgrades have included basic formulation
enhancements as unrestricted boundary
conditions for flexible bodies, accommo-
dation of effects due to geometric
nonlinearities, additions of sensor and
actuator math models and revisions to
increase computational performance.
TREETOPS development efforts have been
performed largely in a research and
development environment, where the
emphasis has been on adding analysis

features to obtain numerical results. In a
simulation development environment,
emphasis has been placed on documenta-
tion and design details.

This upgrade will provide a format for
maintaining the current tools as well as
accommodations for future enhancements.

As part of the upgrades and enhancements,
geometric nonlinearity was implemented.
This implementation is of the general form
of nonlinear foreshortening effects in
TREETOPS. It gives rise to the theoretical
background on nonlinear differential
stiffness, motion stiffness and the general-
ized active force due to the foreshortening
effects.

Test were done on beam-buckling and
plate-buckling type problems to address
the foreshortening effects. This enhance-
ment offers a tremendous improvement to
the analytical results.
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Ficure 44.—TREETOPS model of spin-up beam.
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Ficure 45.—Effect of geometric stiffening (K_G) on tip response.

Sponsor: NASA Headquarters, Office of
Equal Employment Opportunity, Histori-
cally Black Colleges and Universities
Program

Industry Involvement: Boeing Aerospace,
McDonnell Douglas, Martin Marietta,
Rockwell International Space Division,
General Motors Company

University Involvement: Stanford
University, Massachusetts Institute of
Technology, Georgia Institute of Technol-
ogy, University of lowa, University of
Toronto, University of Alabama, Auburn
University, University of Alabama in
Huntsville, Howard University, University
of Maryland, and University of Colorado.

Other Involvement: Johnson Space Center,
Goddard Space Flight Center, Langley
Research Center, Stark Draper Laboratory,
Sandia National Laboratory, Oak Ridge
National Laboratory

Biographical Sketch: George Myers has a
B.S. and M.S. in applied mathematics with
16 years of experience in control systems.
He has experience in structural dynamics,
control system design and attitude control
of multibody systems. He has over 10 years
of experience in multibody modeling for

large space structures. He has coordinated
activities related to TREETOPS with
universities and the aerospace industry, in
the field of multibody modeling. He has
served as the focal point for TREETOPS
multibody modeling activities for over

10 years. @,
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Experimental
Determination of Preswirl
Effects on Damping Seal
Performance

Eric M. Earhart/ED12
206-544-2417
E-mail: eric.earhart@msfc.nasa.gov

The destabilizing forces generated by the
seals, turbines, splines, and impellers of a
turbopump increase with pump speed.
These whirl drivers are opposed by the
stabilizing damping forces associated with
the seals and bearings of the pump. At high
speeds the destabilizing forces exceed the
stabilizing forces and the rotor will whirl at
frequencies near the lowest critical
frequency of the rotor. This self-excited
vibration is potentially destructive and
imposes limits on turbomachinery perfor-
mance. For example, a high-pressure
oxidizer turbopump was destroyed early in
the development program by
subsynchronous vibration and a speed limit
had to be imposed on the turbopump. The
whirl problem was eliminated by adding
two shaft pilots and replacing two labyrinth
seals with damping seals.

Computer codes developed at MSFC have
shown that damping seals inhibit
subsynchronous whirl by providing more
damping than whirl forces. These codes
indicate seal roughness and fluid preswirl
have important effects on the seal’s
stabilizing capacity. The objective of this
program is to experimentally assess the
effect of roughness and fluid preswirl on
damping seal performance. The effect of
roughness will be established using an
existing test rig to compare the performance
of a smooth seal and a seal with an isogrid
roughness pattern. Tests will be performed
at 5,000-, 10,000-, and 15,000-r/min and
1,000-, 1,500-, and 2,000-1b/in? delta
pressure. The effect of fluid preswirl will
then be established by repeating this test
series with a new shaft that will greatly
increase the tangential velocity of the fluid.
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Resulting data will be compared to
computer program predictions, and
anchored programs will then be used to
design new turbomachinery.

Sponsor: Center Director’s Discretionary
Fund

Industry Involvement: Wyle Laboratories

Biographical Sketch: Eric Earhart holds a
B.S. degree in mechanical engineering from
the University of Wisconsin. He has been
with the Marshall Space Flight Center for

7 years and specializes in rotordynamics. @
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Measurement of Damping
of Advanced Composite
Materials for
Turbomachinery
Applications

Donald L. Harris/ED23
205-544-6265
E-mail: don.harris@msfc.nasa.gov

The previous phases of this task have shown
that advanced composite materials in
general, and specifically fiber reinforced
ceramic matrix composites (CMC’s), do
indeed possess higher damping properties
than the baseline metal sample, Inconel 718.

Currently, nickel-based super alloys, like
Inconel 718, are used in rocket engine
turbomachinery applications. Fiber-
reinforced ceramic matrix composites can be
used to replace the current selection of metal
alloys due to their high-strength, low-weight,
high-temperature capability and increased
damping capacity. With the increased
material damping in CMC’s, additional and
often complex mechanical dampers will not
be needed to allow the component to
withstand higher dynamic loading.

This damping study is in its final phase and
is tentatively scheduled for completion by
June 1997. The study was approved in
October 1993. Phases 1, 2 and 2a were
completed by the summer of 1996 and
consisted of damping tests on many beam
specimens.
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Ficure 46.—CDDF/CBLISK beam samples damping results (FY96).



First Bending Mode

Second Bending Mode

Ficure 47.—Beam mode shapes in free-free boundary condition.

This task was developed to measure the
inherent material damping capacity of
composite materials that have promise for
use in rocket engine turbine applications.
This information can be used in dynamic
analysis to predict the dynamic stress of a
component under loading.

During this phase of testing, the damping
capacities of eight beam samples and two
disks of the size used in rocket engine
turbines were determined. The beam
samples were composed of carbon/silicon
carbide (C/SiC) and silicon carbide/alumina
(SiC/alumina), where the first term is the
fiber and the second is the matrix material.
Three fiber architecture’s were evaluated,
(0/90), (0/90) with 15-degree offset and
quasi-isotropic. All three architecture’s were
represented for the C/SiC material while for
the SiC/alumina, only the (0/90) was tested.
The two disks, 22.86-cm in diameter, were

0.35

purchased from Oak Ridge National
Laboratory (ORNL) Oak Ridge, Tennessee.
The disk samples were composed of silicon
carbide/silicon carbide (SiC/SiC) and only
differed in fiber architecture, polar woven
and cloth lay-up. The polar woven preform
was provided by ORNL free of charge. That
preform was surplus from an Air Force
CMC Disk/Blisk task. The cloth preform
was provided at cost as well as the
densification and additional handling. The
damping capacities for these samples were
determined through impact tests conducted
at MSFC.

The data obtained from this task can aide in
the selection of materials for
turbomachinery applications. Turbopump
components produced from composite
materials will allow the engine to be lighter,
thus providing an improved thrust-to-weight
ratio. Composites in the turbine area could
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Ficure 48.—Disk damping results.
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allow the engine to run at higher tempera-
tures which would increase performance.
With the addition of higher inherent
material damping, additional external
mechanical dampers would not be needed,
allowing the component to withstand higher
dynamic loading and reduce the possibility
of failure through high-cycle fatigue. This
increased performance equates to larger
payloads or the delivery of smaller payloads
to higher orbits.

With the commercialization of space, this
data can be utilized by private companies in
the development of space vehicles. These
vehicles will be lighter, able to perform
better and do so at lower development and
operations cost.

Composite materials can offer lighter
weight, and less costly components to
rocket engine applications. The test data
from this task has shown that fiber-
reinforced composites provide higher
material damping than the selected baseline
advanced metal alloy. Additionally, with
higher damping, composites may increase
the life of components subjected to high-
vibration environments. The study of the
damping properties of advanced composites
can aide the engine component designer in
the selection of materials for high-vibration
environments.

Sponsor: Center Director’s Discretionary
Fund

Biographical Sketch: Donald L. Harris
started his career with NASA as a coopera-
tive education student from Tuskegee
University in 1986. Harris, upon graduation
from Tuskegee in 1990 with a bachelor’s
degree in aerospace science engineering,
accepted a permanent position with NASA/
MSFC. He is an aerospace technologist
(AST), Structural Dynamics, performing
structural dynamic analysis on liquid rocket
engine components. @
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Analytical Model
Improvement Using
Singular Value
Decomposition With

a One-Dimensional Line
Searching Technique

Matthew F. Orr, Jr./ED23
205-544-1534
E-mail: matthew.orr@msfc.nasa.gov

The goal of analytical model improvement
is to systematically improve a finite element
model so that predicted responses such as
mode shapes and natural frequencies
closely match those measured by actual
experimental tests. The updated finite
element model can then be used to more
accurately predict transient response loads
and displacements. In general, both the
experimental data and the analytical model
may contain errors, and the improvement
process should detect and minimize these
differences.

The software code AMI (analytical model
improvement) used in this study, was
developed for both structural optimization
applications and for analytical model
improvement applications. AMI consists of
a UNIX script file which calls NASTRAN
to provide structural data and also calls
several FORTRAN codes that calculate
improved or optimized design parameters.

The methodology developed for AMI uses
several advanced mathematical techniques.
A search direction is first calculated with a
linear least-squares solution, using singular
value decomposition (SVD). Second order
information is then utilized, in a one-dimen-
sional line search, to determine a step size
which yields the optimal match between
experimental and analytical data. Two
approximation functions are considered for
use in the one-dimensional line search.

The analytical model improvement analysis,
in its simplest form, is essentially a linear
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least-squares problem. That is because the
number of Eigenvector degrees-of-freedom
and Eigenvalues, measured during the
modal test, usually greatly exceed the
number of design variables that are to be
solved for. In matrix notation, this can be
expressed by a linear equation as,

A=1%

where A is a vector containing the differ-
ences between experimental measured and
analytical quantities such as eigenvalues
and eigenvectors. The vector 8 contains the
design parameter changes to be solved for
in order that the experimental and analytical
quantities are in agreement. The Jacobian
matrix J contains the sensitivities of the
analytical modal quantities with respect to
the design parameters.

Using SVD the Jacobian matrix J can be
written as the product of three matrices,

J=uwvT

And the above linear equation can be solved
as,
d=vw-1luTa

The solution that this SVD method yields,
is the so-called minimal p-2 norm residual
error solution. It basically represents the
best fit of the analytical model to the
experimental data possible. Any ill
conditioning present in the system of
equations becomes readily apparent when
examining the singular values or the
resulting condition number which is the
ratio of the largest singular value divided by
the smallest singular value. Singular values
less than a given tolerance level are
discarded, thus removing any ill condition-
ing, and insuring the accuracy of the
solution.

In practice, the relationship between
experimental and analytical eigenquantities
is often not well approximated by the above
linear equation. Significant nonlinearities
may exist. The problem then becomes one
of nonlinear data fitting which can generally
only be solved by iteration. For this reason,

the analytical model improvement problem
is best approximated as a series of sequen-
tial linear least-squares problems. With this
method, the FEM is updated during each
analytical model improvement cycle, and if
convergence is not achieved, the process of
calculating sensitivities and solving the
resulting linear least-squares equations is
repeated.

Sometimes the linear least-squares
incremental solution, § will produce a more
accurate parametric model than existed
originally. Often times, however it may be
wildly divergent. It can be shown that there
exists a step-size parameter o, such that o
times the vector 8 will yield an incremental
solution for the design variables,

' incremental = & b

with a residual error that is guaranteed to be
less than the previous residual. If the
residual error can be sequentially mini-
mized, the final resulting solution should be
the best solution possible.

In this mathematical scheme, the linear
solution 3 is used as the search direction
and the step size parameter o represents
what portion of the linear solution is to be
used. The trick then, is to determine what
value of the step-size parameter « to use.
With a constant search direction & , the
estimated design variable values are solely a
function of the parameter o,

() esimaed=% 8 + B ipisial

Approximations for Eigenvalues and
Eigenvector degrees-of-freedom, which are
a function of the estimated design variables,
8(®) grimatea are also required. Two methods
for the approximations were evaluated. The
first method uses a special version of the
method of moving asymptotes (MMA) to
approximate the eigenquantities. The
second method uses a generalized quadratic
equation (GQE) for the approximations.
The approximate eigenquantity functions
are such that they exactly match the
eigenquantities and their first and second
derivatives at the initial design parameters.



Using the approximation functions (MMA
or GQE), the p-2 norm residual error
between the estimated and the test measured
eigenquarililies is next determined. This
estimated p-2 norm residual error is now
only a function of the parameter o..

A one-dimensional line search optimization
routine in the International Math and
Statistics Library (IMSL) is next used to
find the value of &, which minimizes the
estimated residual error. This value of the
parameter, say a*, is then used to get an
improved estimate of the design variables.

Both approximation functions, MMA and
GQE, use second order eigenquantity
information, namely primary second

Longeron

derivatives, determined through a forward
finite difference technique. Whenever a
second derivative term is zero or is negative,
a small positive number is substituted. This
provides for a so-called convex approxima-
tion which provides for a unique solution.

A fixed-base modal survey was conducted at
Marshall Space Flight Center on December
11, 1991, which experimentally determined
the lower-frequency dynamic characteristics
of the Small Expendable Deployer System
(SEDS). Figure 49 shows the finite element
model for the SEDS test article including
several of the major structural components.
This analytical finite element model contains
approximately 6,600 degrees-of-freedom.
The first two natural frequencies and mode

Technology Programs

shapes were used for this correlation study;
the corresponding frequency range of
interest was 50 Hz and less. The first test
and analysis mode shape was a pitch mode
of the canister about the x-axis. The second
was a lateral canister translation in the

x direction.

Table 3 shows the design variables that were
chosen to be updated in this study. Design
variable number one is the canister delta
mass moment of inertia about the x- or
z-axis. This variable augments the finite
element model prediction of the mass
moment of inertia of the tether which is
inside of the canister. It tends to compensate
for modeling the tether with using only two
lumped masses connected by very stiff bar

Cannister

Cannister Support

Test Fixture
Rotational Stiffnesses

Figure 49.—Smail Expendable Deployer System (SEDS) finite element mode|
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Table 3.—Design parameler definitions.

Design Parameter ‘

Description
1 Cannister Delta Moment of Inertia
2 Aft Test Fixture Rotational Stiffness Ko,
3 Brace to Torquebox to Cannister Stiffness K
4 Aft Test Fixture Rotational Stiffness Ky,
5 Longeron Stiffness E (modulus of elasticity)
6 Aft Test Fixture Rotational Stiffness Kg,
7 Brace Stiffness E (modulus of elasticity)
8 Cannister Support Stiffness E (modulus of eiasticity)

106
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102

Design Parameters
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105
104
103
102

Design Parameters
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elements; the mass moments of the tether’s
inertia had not been determined exactly. The
modulus of elasticity of the longeron, of the
canister support or torque tube, and of the
brace were also chosen as design variables.
Three rotational stiffnesses design variables,
at the aft ends of the longerons, represent test
fixture effects. Another design parameter is a
bearing stiffness between the brace and
canister support and canister.

With the eight design parameters chosen, the
unbounded linear solution was prone to fairly
large excursions. This is partly due to
combining mass or inertia design variables
with stiffness variables during the analysis.
Using physically realistic design parameters
is an important requirement for this type of
analysis, however, if the results produced are
to be meaningful. Figure 50 shows several
analyses using four different options for
selecting the step-length parameter o A
constant move-limit assumption indirectly
specifies the parameter o since the largest
design variable is limited to a given fraction

— 1 Cannister Delta—Moments

-X.- 2 Aft Test Fixture Stiffness
K_theta_y

* 3 Brace-Torquebox—Cannister
Stiffness K

—— 4 Aft Test Fixture Stiffness
K_theta_x

-5~ 5 Longeron Stiffness_E

—a— 6 Aft Test Fixture Stiffness
K_ theta_z

-5 7 Brace Stiffness E

—a § Cannister Support Stiffness_E

Figure 50.—Analytical model improvement analysis—design parameters versus iteration number for various methods of computing a.
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Table 4. —SEDS simuiated data test cases.

Test Case Description

Test Case | Design | Changes From
Number | Variable | Nominal Case
1 1- +100%
2 3- +100%
3 5 +13.3%
4 8- +13.3%

1- +100%
5 3- +100%
& +13.3%
1- +100%
2- +100%
3- +100%
6 4- +100%
5- +100%
6- +66.7%
7- ~44 4%
8- ~66.7%

Iterations Required

Maximum % Error

to Converge in Predicted Design

Variables
4 0.0
4 0.0
3 0.1
3 0.1
6 0.1
7 0.2

of its previous value and other design
parameters are ratioed accordingly. This
move limit option is often used in structural
optimization problems. The move-limit
options using move-limits of 0.5 and of 1.0,
however, did fail to converge even after

18 iterations.

The processes using the method of moving
asymptotes and generalized quadratic
equation converge in eight and nine
iterations respectively. These results show
the advantage of using approximation
functions with second order information.

The AMI software also includes a
FORTRAN code that monitors various test-
related parameters such as modal assurance
criteria numbers (MAC) and cross-
orthogonality numbers. The final MAC
numbers predicted were 0.994 and 0.993 for
the first two modes. The diagonal cross
orthogonality numbers between analysis
and test were 0.999 for both sets of modes;

the off-diagonal values were only 0.004 and
0.003. And frequency errors were mini-
mized to 0.05 percent for both modes.
Acceptable values for frequency errors are
usually three to five percent, and diagonal
cross-orthogonality numbers are usually
required to be 0.900 or greater; off
diagonals should be less than 0.1. The
above results predicted by AMI are
significantly better than these requirements.

The second order approximation functions
were very effective for reaching a converged
solution in a reasonable number of
iterations. The accuracy of the solution was
still somewhat in question, however. For
this reason, six simulated test cases were
designed where the target solution was
known before the AMI analysis was begun.
Table 4 gives results of this study. The
MMA determination of the step size o was
used for this study since it seemed to yield
somewhat better results than the GQE
method.
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For test case number one, the first design
variable was increased by 100 percent from

its nominal value, i.e., increased from 268.7 to
537.4 Ib/in?, as given in weight units. Modal
data were calculated for this configuration and
used as experimental test data. The analytical
model improvement analysis matched the
design parameters for this test case in four
iterations with negligible errors.

For every one of the six test cases in fact, each
of the design parameters was predicted to the
correct value with negligible errors. The most
difficult test case considered, number six,
took more iterations (seven) to converge—as
would be expected—since this configuration
had been substantially modified from the
nominal configuration,

The AMI software is a useful tool that can be
used by the analyst for the sometimes difficult
task of analytical model improvement. The
approximation functions, using second order
information, converge to an accurate solution
in a reasonable number of iterations.
Improved design variables calculated by AMI
are both physically realizable and also very
realisitic.

Orr, MF, Ir.: “Analytical Model Updating
Using Singular Value Decomposition With
a One-Dimensional Line Searching
Technique.” AIAA/ASME/AHS Adaptive
Structures Forum, Salt Lake City, UT,
1996.

Sponsor: International Space Station

Biographical Sketch: Matthew F. Orr, Jr. has
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Automated Signal
Processing System

of High-Frequency
Dynamic Measurements
for Engine Diagnostics

Tony Fiorucci/ED23
205-544-1551
E-mail: tony@gomez. msfc.nasa.gov

NASA'’s advanced propulsion systems have
been undergoing extensive flight certifica-
tion and development testing. This process
involves large volumes of health monitoring
measurements. Under the severe tempera-
ture, pressure, and dynamic environments
sustained during operation, numerous major
component failures have occurred resulting
in extensive engine hardware damage and
schedule impact. To enhance engine safety
and reliability, detailed analysis and
evaluation of the high-frequency measure-
ment signals are mandatory to assess the
propulsion system dynamic characteristics
and operational conditions. An efficient and
reliable automated signal processing system
that can analyze large amounts of high-
frequency dynamic measurements can
provide timely assessment of engine
performance and diagnosis. Such a system
will reduce catastrophic system failure risks
and expedite the evaluation of both flight
and ground test data, thereby reducing
launch turnaround time.

During the development of the Space
Shuttle Main Engine (SSME), a hierarchy
of advanced signal analysis techniques for
mechanical signature analysis has been
developed by NASA and ASRI for the
improvement of safety and reliability for
Space Shuttle operations. These techniques
can process and identify intelligent
information hidden in a measurement signal
which is often unidentifiable using
conventional signal analysis methods. By
providing additional insight into the system
response, the techniques can better identify
well-hidden defect symptoms as well as
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false alarm signatures. As a result, use of
signal analysis techniques reduces false
alarm/misinterpretation rates and greatly
improves system reliability. These tech-
niques have been tested using SSME static
test and flight data and appear to be
extremely promising for failure analysis and
detection in other complex machinery. These
advanced mechanical signature analysis
techniques as shown in table 5 have been
integrated into an advanced signal analysis
library (ASAL) for use at MSFC’s Structural
Dynamics and Loads Branch on the operator
interactive signal processing system
(OISPS).

The mechanical signature analysis tech-
niques in the ASAL library have been used
extensively in supporting critical, day-to-day
MSFC SSME project flight and test program
operations. The detection and understanding
of anomalous signatures and their physical
implications is the most important function
of the ASAL techniques. However, due to
the highly interactive processing require-
ments and the volume of dynamic data

involved, such detailed diagnostic analysis
is currently being performed manually
which requires immense man-hours with
extensive human interface. The advanced
nonlinear signal analysis topographical
mapping system (ATMS) utilizes a rule-
based expert system to supervise a sequence
of diagnostic signature analysis techniques
in the ASAL library in performing auto-
matic signal processing and anomaly
detection/identification tasks in order to
provide an intelligent and fully automated
engine diagnostic capability.

Figure 51 shows the logic flow of the
overall ATMS system. Typical input to the
system for SSME ground tests contains

60 to 80 channels of dynamic data at a
sample frequency of 10,240 Hz for a test
duration of approximately 550 sec. SSME
flight data inputs range from 24 to 36 dy-
namic channels sampled at 10,240 Hz for
approximately 520 sec. The interfaces
between the CLIPS expert system and the
ASAL programs were developed first. A set
of ASAL execution rules of how to perform

TasLe 5.—ATMS Advanced Signal Analysis Library (ATMS-ASAL).

cross-coupling

* Auto/Cross Bi-Spectral Analysis for quadratic nonlinear correlation identification

¢ Auto/Cross Tri-Spectral Analysis for cubic nonlinear correlation identification

« Hyper-Coherence Analysis for harmonic correlation identification

» Hyper-Coherence Filtering for waveform enhancement

« |nstantaneous Frequency Correlation for frequency synchronous correlation analysis
* Micro-Frequency Cross Correlation technique for time delay estimation

« Composite-Modulation Analysis for higher order nonlinear correlation identification
» Phase Synchronous Enhancement Method for spectral resolution enhancement

» Coherent Phase Wideband Demodulation for cavitation detection

» Synchronous Time Averaging for waveform enhancement with keyphasor data

« Synchronous Phase Averaging for waveform enhancement without keyphasor data
* Rotary Spectral Analysis for dynamic orbit analysis

» Adaptive Comb/Notch Filter for dynamic orbit enhancement

» Recursive Least Square adaptive filter for adaptive noise cancellation

¢ Phase Domain Average technique for signal discreteness determination

» Topographical Algorithm for signal mapping and compression

» High-frequency Envelope Analysis for bearing fauit detection

» Modified Wigner Distribution for high-resolution spectral analysis without
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Ficure 51.—ATM system logic flow.

the analysis of each ASAL program with
correct parameter settings were established
in the automated signal processing
subsystem (ASPS) knowledge base (ASPS-
KB). Based on this knowledge base, the
ASPS then utilizes the CLIPS expert system
to supervise the ASAL in performing a
sequence of standard analysis tasks for
engine postflight/test evaluation. The ASPS
will automatically convert high-frequency
dynamic signals from the engine opera-
tional run into a bank of succinct image-like

patterns in a compressed topographical
format and other various special formats to
be stored in the compressed topographical
data base (CTDB). The results of the ASPS
operations thus provides the basic fact data
base and key statistic information for more
detailed analysis in the subsequent anomaly
detection and identification subsystem
(ADIS). In addtion, the signature retrieval
subsystem (SRS) can be enacted to provide
fast signature retrieval, trending, and fault-
pattern comparison/identification
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capabilities which allows the entire engine
test history to be readily accessible.

The ADIS is the most intelligent element of
the ATMS. Its major function is to first
detect the existence of any anomaly in the
CTDB data base created by ASPS. Anomaly
identification will then be performed in
order to determine the physical underlying
cause of the anomaly. The signature
analysis techniques in ASAL can often
provide valuable insight about the source of
an anomaly and identify its underlying
causes. Table 6 lists the typical anomaly
detection and identification capabilities
offered by ASAL for engine diagnostic
evaluation. This anomaly detection and
identification task requires interactive
processing of various signal analysis
techniques in ASAL. An ADIS knowledge
base (ADIS-KB) was designed and
established by extracting the knowledge and
thought logic of experienced human experts
in performing such anomaly detection/
identification, and reducing them into a set
of rules for expert system execution. The
ADIS then utilizes the CLIPS expert system
to automate an intelligent ADIS analysis
task by performing an extensive and highly
interactive analysis for anomaly detection
and identification.

A typical example of the ADIS logic flow
will now be given. If a strong anomaly is
detected at some frequency in the acceler-
ometer data from the SSME high-pressure
fuel turbopump (HPFTP), the ADIS will
perform a sequence of appropriate signal
analyses in order to identify the potential
sources of this anomaly as:

¢ A high vibration level at the HPFTP
synchronous and/or harmonic frequency
due to rubbing, imbalance, misalignment,
or instability;

* A bearing defect (inner race defect, outer
race defect, rolling element defect)
characteristic frequencies of various ball/
roller bearings (pump-end ball (PEBB),
turbine-end ball (TEBB), turbine-end
roller ball (TERB));

* A modulation/sideband spectral compo-
nent of a bearing fault pattern;
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TasLe 6.—ATMS-ADIS anomaly detection/identification capabilities.

fault mechanisms

» |dentify pure-tone electric line noise

« Detect nonlinear modulation/sideband phenomenon associated with bearing

+ Detect wideband modulation phenomenon associated with cavitation-induced vibration
« |dentify feed-through or resonance from neighboring equipment

« |dentify RPM/harmonics interference/overlap within a multi-rotor system

« Discriminate rotor-related vibration from independent nonrotor-driven source/noise

* Identify syncronous (RPM) modulated spectral component associated various nonlinear

vibration mechanisms (including mechanical-driven) such as deadband interaction,
and fluid-driven such as cavitation-induced asynchronous vibration, etc.

» |dentify structural/acoustical resonant mode

e Detect Frequency Modulation (FM) phenomenon associated with various FM vibration
mechanisms such as shaft torsional vibration or gearbox transmission error

« |dentify signal source through time-delay estimation
¢ Improve the signal-to-noise ratio in the vibration measurement data corrupted by noise
« Enhance spectral resolution for all RPM-related vibration components

* A synchronous/harmonic frequency feed-
through from other engine turbopumps;

¢ Aliasing;

* An electrical line noise;

* A cavitation-induced vibration; or

¢ A structural mode, etc.

If the anomaly cannot be absolutely

identified, ADIS will then try to identify

certain dynamic characteristics associated

with the anomaly such as:

* Whether it is synchronous frequency
related or synchronous-independent;

» The anomaly modulation relationship
with synchronous;

* The discreteness of the anomaly; or

* The instantaneous frequency/amplitude
characteristics (periodic or random) of
the anomaly, etc.

Preliminary t